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Abstract

Abstract

A meridional transect of high-resolution Holocene to late Pleistocene sediment archives
along the Northwestern Australian Margin provides crucial information to explore the
spectrum of natural climate variability and to untangle dynamic processes and feedbacks
controlling climate evolution. This information is needed to constrain modeling experiments
of past and future climate change, as modern greenhouse gases emission rates constantly
increase. A multitude of proxy reconstructions at drill sites located in the eastern Indian Ocean
along the Northwestern Australian Margin is presented in this thesis, with the main objectives
of: (1) evaluating the phase relationship between orbital forcing and Australian monsoonal
climate and (2) increasing our knowledge on the coupling between local climate variability in
northwest Australia and global climate changes (Intertropical Convergence Zone (ITCZ) and
Indonesian Throughflow).

The variability in sediment discharge from northwestern Australia provides a powerful
tool to monitor changes in the position and intensity of the Australian monsoonal rainbelt.
Elemental composition of core-top samples retrieved during R/V Sonne cruise SO257 along
the Northwestern Australian Margin closely match elemental signatures of major river
catchments and sediment accumulation rates generally increase northward. We integrate high-
resolution X-ray fluorescence (XRF) scanning elemental records, carbon and oxygen isotopes
and Mg/Ca derived sea surface temperatures from Core SO257—-18548 and International Ocean
Discovery Program (IODP) Site U1482, situated southwest of the Scott Plateau at the southern
edge of the present-day monsoonal belt, from Core SO257-18571, located within the dust-
cyclone belt offshore Northwest Cape south of the Exmouth Plateau, and from Core MDO1-
2378 and IODP Site U1483, located within the Timor Sea in the easternmost Indian Ocean.

The chronology of these sediment successions is based on '*C dating over the last glacial
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termination and on correlation of the benthic oxygen isotope record to the LR04 stack (Lisiecki
and Raymo, 2005).

We use XRF scanner-derived estimates of terrigenous fluvial discharge and eolian dust
combined with foraminiferal isotope and Mg/Ca-derived sea surface temperature data in a suite
of sediment cores to reconstruct monsoonal climate evolution over the last four glacial cycles.
This latitudinal transect includes the tropical monsoon region of northwestern Australia, and
the arid zone where rainfall mainly occurs during landfall of tropical cyclones. Our results
suggest that the intensity of Australian monsoon precipitation and the position of ITCZ were
strongly affected by changes in Southern Hemisphere temperatures and the interhemispheric
temperature gradient. Interglacial and suborbital Southern Hemisphere warm periods were
associated with intensification and southward migration of the Australian monsoonal rain belt
and heightened cyclone activity, whereas cold periods were characterized by weakened
monsoon, extended aridity and intensified trade winds increasing dust fluxes. The intensity of

summer monsoon rainfall during glacial terminations is strongly correlated to Antarctic ice

core greenhouse gas (CO2 and CHs) concentrations and SST records off northwestern Australia.

Distinct pCO; and methane maxima at the end of Terminations I-IV, in particular the
characteristic methane-spike at the end of the last glacial termination (~10-7 ka), are paralleled
by massive increases in monsoonal runoff from northwestern Australia. Comparison of our
precipitation record with published precipitation records from the northern margin and
meteorological center of the Indo-Pacific ITCZ shows that precipitation changed nearly in-
phase between the hemispheres on the precession band, possibly linked to expansion and
contraction in the latitudinal extent of the Indo-Pacific ITCZ. In contrast, interhemispheric
precipitation was nearly in anti-phase on the obliquity band, likely due to latitudinal migration
of the Indo-Pacific ITCZ. Our findings imply that tropical hydroclimate cycles were regulated

by the orbital forcing but with significantly different response to changes of the ITCZ on
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precession and obliquity bands. In Chapter 2, the additional oxygen isotopes and Mg/Ca based
temperature of planktonic foraminifers data from core top samples collected during R/V Sonne
Cruise SO257 in May 2017 present a steep Southward increase in planktonic §'%0, associated
with a decrease in SST, which indicates that the southwestern front of the Indo-Pacific Warm
Pool is located between 23 and 24°S during austral fall. In Chapter 3 benthic and planktonic
carbon isotopes integrated with XRF scanner derived barium, Log(iodine/calcium) and
bromine enable us to determine that productivity fluctuations over the last 450 kyr were
strongly influenced by Australian summer monsoon variability offshore northwestern Australia
(23 and 19 kyr) and were also modulated by glacial-interglacial variability (100 kyr) associated
with the intensity of trade winds and sea level-related variations in the intensity of the

Indonesian Throughflow (100 kyr).
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Zusammenfassung

Zusammenfassung

Ein meridionaler Transekt hochauflosender holozdner bis spétpleistozédner
Sedimentarchive entlang des westaustralischen Kontinentalrandes liefert wichtige
Informationen, um das Spektrum der natiirlichen Klimavariabilitit zu erkunden und
dynamische Prozesse und Riickkopplungen zu entwirren, die die Klimaentwicklung steuern.
Diese Informationen werden auBlerdem niitzlich sein, um Modellierungsexperimente des
vergangenen und zukiinftigen Klimawandels, wenn die Treibhausgasemissionsraten stindig
steigen, zu unterstiitzen. In dieser Arbeit wird eine Vielzahl von Proxy-Rekonstruktionen an
Bohrstellen im Ostlichen Indischen Ozean entlang des westlichen australischen
Kontinentalrandes vorgestellt, mit den Hauptzielen: (1) Bewertung der Phasenbeziehung
zwischen Orbitalantrieb und australischem Monsunklima und (2) Beitrag zum Verstindnis der
Kopplung zwischen der lokalen nordwestaustralischen Klimavariabilitit und globalen
Klimaverdanderungen (Intertropische Konvergenzzone (ITCZ) und indonesischer Durchstrom).

Die Variabilitit des fluviatilen Sedimenteintrags aus dem Nordwesten Australiens
bietet ein leistungsstarkes Instrument zur Rekonstruktion von Anderungen der Position und
Intensitdt des australischen Monsunregengiirtels. Die Elementzusammensetzung der
Sedimentoberfldchen-Proben, die wihrend der R / V Sonne-Expedition SO257 entlang des
nordlichen und westlichen australischen Randes entnommen wurden, stimmt eng mit den
Elementarsignaturen ~ der  wichtigsten  Flusseinzugsgebiete  iiberein, und  die
Sedimentakkumulationsraten nehmen im Allgemeinen nach Norden hin zu. Wir integrieren
hochauflosende Rontgenfluoreszenz (XRF)-Scanner-Elementaufzeichnungen, Kohlenstoff-
und Sauerstoffisotope und von Mg / Ca abgeleitete Meeresoberfldchentemperaturen (SST) aus
dem Sedimentkern SO257-18548 und IODP (International Ocean Discovery Program)-
Bohrung U1482 silidwestlich des Scott-Plateaus am siidlichen Rand des heutigen

Monsungiirtels, von Core S0257-18571, innerhalb des Staubsturmgiirtels vor dem
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Nordwestkap siidlich des Exmouth-Plateaus, und von Core MD01-2378 und IODP-Bohrung
U1483, in der norddstlichen Timor Sea. Die Chronologie dieser Sedimentfolgen basiert auf der
14C-Datierung iiber die letzte glaziale Termination und auf der Korrelation des benthischen
Sauerstoffisotopendatensatzes mit dem globalen LR04-Stack.

Wir verwenden vom RFA-Scanner abgeleitete Schitzungen des terrigenen
Flusseintrags und #olischen Staubes in Kombination mit an oberflichennah lebenden
planktonischen Foraminiferen gemessenen Sauerstoffisotopen- und Mg/Ca-Daten
rekonstruierten SST, um in einer Reihe von Sedimentkernen die Monsunklimaentwicklung
iiber die letzten vier Glazialzyklen zu rekonstruieren. Der durch die drei Kernlokationen
abgedeckte Transekt umfasst die tropische Monsunregion im Nordwesten Australiens und die
stidlich anschlieBende aride Zone, in der Niederschldge fast ausschlieBlich wihrend des
Landfalls tropischer Wirbelstiirme (Zyklone) auftreten. Unsere Ergebnisse legen nahe, dass die
Intensitdt des australischen Monsunniederschlags und die Position des ITCZ stark von
Anderungen der Temperaturen der siidlichen Hemisphire und des interhemisphirischen
Temperaturgradienten beeinflusst wurden. Interglaziale und suborbitale Warmperioden der
stidlichen Hemisphédre waren mit einer Intensivierung und Verschiebung des australischen
Monsunregengiirtels nach Siiden sowie einer erhdhten Zyklonaktivitit verbunden, wéhrend
Kilteperioden durch abgeschwidchten Monsun, verlangerte Trockenperioden und verstérkte
Passatwinde gekennzeichnet waren, die den Staubfluss erhohten. Die Intensitdt der
sommerlichen Monsunregenfille wihrend der glazialen Terminationen korreliert stark mit den
Treibhausgaskonzentrationen (CO2 und CH4) in den antarktischen Eiskernen und den
Meeresoberflaichentemperaturen vor Westaustralien. Deutliche pCO;- und Methan-Maxima
am Ende der Termionationen I-IV, insbesondere die charakteristische Methanspitze am Ende
der letzten Termination (~ 10-7 ka), gehen mit einem massiven Anstieg des monsunalen

Sedimenteintrags aus Nordwestaustralien einher. Ein Vergleich unserer Niederschlags-

vi
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Rekonstruktionen mit verdffentlichten Rekonstruktionen vom nérdlichen Rand und vom
meteorologischen Zentrum der indopazifischen ITCZ zeigt, dass sich die Niederschldge in den
beiden Hemisphéren auf dem Pridzessionsband (23 kyr) nahezu gleichphasig verdndert haben,
moglicherweise im Zusammenhang mit einer Expansion und Kontraktion in der
Breitenausdehnung der indopazifischen ITCZ. Im Gegensatz dazu war der interhemisphérische
Niederschlag auf dem Obliquitdtsband (41 kyr) nahezu gegenphasig war. Unsere Ergebnisse
deuten darauf hin, dass tropische Hydroklimazyklen durch den Orbitalantrieb reguliert wurden,
jedoch mit einer unterschiedlichen Reaktion der ITCZ auf die Variabilitdt der Prézession und
Schiefe der Erdachse. In Kapitel 2 zeigen in einem N-S Transekt von Oberfldchen-
Sedimentproben der R/V Sonne-Expedition SO257 im Mai 2017 die Sauerstoffisotope und die
auf Mg/Ca planktischer Foraminiferen basierenden Meeresoberflichentemperaturen einen
steilen Anstieg des planktischen §'80-Werte stidlich von 23°S auf, der mit einer Abnahme der
Meeresoberflichentemperatur (SST) verbunden ist. Dies weist darauf hin, dass sich die
stidwestliche Front des Indopazifischen Warmpools im australischen Herbst heute zwischen
23° und 24° S befindet. Der Gradient zwischen planktischen und benthischen
Kohlenstoffisotopwerten, zusammen mit Schwankungen im Barium, Jod und Brom-Gehalt der
Sedimente aus XRF-Scannerdaten ermoéglichen es wuns, die Variabilitit der
Oberflachenproduktivitét liber die letzten 450 kyr zu rekonstruieren. Diese zeigt eine starke
Variabilitit im Bereich des Pridzessionsbandes (23 und 19 kyr) und ist zusétzlich durch
glaziale-interglaziale Variabilitdt kontrolliert. Diese Phasenbezichungen lassen darauf
schlielen, dass die Produktivitdt vor der Kiiste Nordwestaustraliens stark von der Intensitéit des
australischen Wintermonsuns (Passatwinde) und der Intensitéit des Indonesischen Durchstroms

beeinflusst wurde.
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Introduction

1.1 Background and Motivation

The Intertropical Convergence Zone (ITCZ) is commonly defined as an equatorial zone
where the trade winds converge. As the ascending branch of the Hadley circulation (Waliser
& Gautier, 1993), the ITCZ is characterized by deep convective and heavy precipitation
(Schneider et al., 2014) and thus exerts a significant influence on global hydroclimate change.
Today, the ITCZ moves seasonally toward the Southern or Northern Hemisphere, but the mean
position of the ITCZ is mostly north of the equator, likely linked to the northward energy

transport of the Atlantic meridional overturning circulation (Marshall, 2014).

Western Australia is located at the southern limit of the seasonal (austral summer)
displacement of the ITCZ and is marginally affected by the Australasian monsoon system today.
The climate and hydrography are strongly influenced by seasonal changes in wind direction
associated with the southward migration of the ITCZ during austral summer. During
December—February, NW winds predominate and rainfall increases over Indonesia and
northern Australia (Australian summer monsoon), whereas dry SE Trade Winds prevail during
austral winter (June-November). On longer timescales, Variations in Australian summer
monsoon are related to changes in precessional summer insolation, sea level fluctuations and
atmospheric CO; concentrations (e.g. Dinezio & Tierney, 2013; Griffiths et al., 2009; Kuhnt
et al., 2015; Wyrwoll et al., 2007) and the latitudinal extent of monsoonal rainfall controlled
by the meridional position of the ITCZ which is highly possibly dependent on the
interhemispheric temperature gradient (e.g Mohtadi et al.,, 2016; Schneider et al., 2014).
Climate models predict drier subtropics in the Southern Hemisphere during interstadials
(Broccoli et al., 2006; Chiang et al., 2008) due to northward shift of the ITCZ during Northern
Hemisphere warming (B-A, 15 — 12.9ka) and intensification of the austral summer monsoon

during Northern Hemisphere cooling (Heinrich Stadial 1 (HS 1), 18 — 15 ka and YD, 12.9 —
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11.7 ka). However, model predictions of a hemispherical seesaw during the last glacial
termination are not fully supported by climate proxy data (De Deckker et al., 2012; Denton et
al., 2010; Shakun et al., 2012) and remain contradictory in particular for the earliest part of the
last deglaciation (HS 1). The response of the Australian Monsoon to high-latitude temperature
fluctuations on orbital, suborbital and millennial timescales is still poorly understood due to
the scarcity of continuous high-resolution precipitation and runoff records from the Australian

continent.

The oceanography of Western Australia, in particular regional temperature, salinity and
productivity, is fundamentally influenced by the Indonesian Throughflow (ITF) and Leeuwin
Current. The ITF transfers surface and intermediate waters from the Pacific Ocean, thus
regulating the heat and freshwater budgets of tropical water masses and affecting regional and
global climate. The Leeuwin Current is initiated through a build-up of sea-level by monsoonal
winds during December — February in the Gulf of Carpenteria (Ridgway and Godfrey, 2015)
and propagates further southwest along the continental shelf of Western Australia as a warm,
fresh and oligotrophic current compared to adjacent surface water masses (Weller et al., 2011).
The ITF and Leeuwin Current volume transport varies during the El Niflo—Southern Oscillation
(ENSO) cycle, being stronger during the La Nifia phase and weaker during the El Nifio phase
(Clarke and Liu, 1994; Feng et al., 2005; Feng and Meyers, 2003; Liu et al., 2015; Meyers,
1996). ENSO is the most important year-to-year fluctuation of the climate system on our earth,
which is the positive feedback between trade wind intensity and zonal contrasts in sea surface
temperature (SST) ( e.g. Cai et al., 2015; McPhaden et al., 2006). This inter-ocean
transmittance of lower frequency climate signals by the ITF must also have affected insolation-
modulated long-term ENSO variability and thus impacted the orbital scale variability of

temperature and salinity variability along the northNorthwestern Australian Margin. The
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region represents a key area to chart the temporal variability of the ITF and Leeuwin Current,

thereby to determine the relationships to ENSO and high and low latitude climate change.

In my thesis, I present temperature, salinity and runoff data from high-resolution
Holocene to late Pleistocene sediment archives from a transect along the Northwestern
Australian Margin (Figure 1) that provide crucial information to explore the spectrum of
natural climate variability and to untangle dynamic processes and feedbacks controlling
climate evolution in relation to high latitude climate change. These data will additionally be

useful to constrain modeling experiments of past and future climate change.
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Figure 1. Locations of cored sites studied in the present thesis. Integrated Ocean Drilling Program
(IODP) Expedition 363 Sites U1482, U1483 (yellow dots), MD01-2378 and SO257-18548 and -18571
(white dots) Base map created with https://worldview.earthdata.nasa.gov.
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1.2 Research Questions and Thesis Outline

RQ I: How did the Australian Monsoon respond to the variability in atmospheric
greenhouse gas concentrations and high-latitude temperature fluctuations over the last four
glacial cycles?

RQ II: What was the phase relationship between insolation, high latitude climate and
Australian Monsoon variability?

RQ III: How did the ITF and Leeuwin Current temporally vary and how were
fluctuations in these current systems connected to ENSO-like climate variability and to changes
in Western Australian monsoonal climate?

RQ IV: How was Southern Hemisphere deglacial warming related to insolation changes
and atmospheric carbon dioxide increases? What was the phase relationship between changes
in insolation, deglaciation, Southern Hemisphere/tropical warming and greenhouse gases?

RQ V: How did the Western Australian arid zone and dust belt evolve over the last four

glacial cycles?

The main objectives of this thesis are:

Chapter 1: We compare X-ray fluorescence (XRF) core scanner-derived elemental
records in two extended sediment successions retrieved at the southern edge of the present-day
monsoonal belt southwest of the Scott Plateau and within the dust-cyclone belt offshore
Northwest Cape to monitor monsoonal runoff and dust fluxes on millennial timescales over the
last four glacial cycles. Our main objectives are to reconstruct the variability of the tropical
convection along the southernmost displacement of the ITCZ during austral summer in relation
to changes in high-latitude climate, sea level and atmospheric greenhouse gas concentration in
order to monitor changes in the latitudinal temperature gradient and the intensity of the Walker

circulation.
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Chapter 2: We monitor the variability of Southern Hemisphere tropical and subtropical
hydrology in core top samples collected during R/V Sonne Cruise SO257 in May 2017 at
sensitive locations along the southwestern front of the Indo-Pacific Warm Pool (IPWP). We
additionally reconstruct SST, sea surface salinity (SSS) and 3'30 seawater (8'®Osw) over the
last 450 kyr in two sediment successions located at the southwestern edge of the IPWP (within
the monsoonal rain belt) and southwest of the IPWP (outwith the monsoonal rain belt). Our
main objectives are to monitor the variability of Southern Hemisphere tropical and subtropical
SST and SSS on millennial timescales and to relate their variability to sediment discharge
records of the Australian Monsoon, insolation forcing, high latitude climate evolution and
changing atmospheric greenhouse gas concentrations.

Chapter 3: We present muti-proxy records of productivity from two sediment cores
retrieved at the western edge of the IPWP, and within the dust-cyclone belt offshore Northwest
Cape to track changes in intermediate water ventilation and paleoproductivity over the last 450
kyr. Both cores are located downstream of the main outflow of the ITF through the Timor Strait
and are well suited for investigating variations in tropical productivity that may be related to
thermohaline circulation changes and tropical climate dynamics. Our main objectives are (1)
to determine the geochemical proxies for reconstruction of paleoproductivity. (2) to investigate
changes in the productivity driven particle flux to the deep ocean in relation to orbital forcing,
(3) to assess linkages of paleoproductivity and carbon flux variations to Austral Summer
monsoon precipitation and winter monsoon (4) to investigates the connections between the
benthic 8'°C and glacial-interglacial global carbon cycle changes.

Chapter 4: We present a new well-dated and high-resolution long-term summer
monsoonal precipitation record spanning the past 410 kyr from IODP Site U1483 situated at
the southern margin of the Indo-Pacific ITCZ and compare our rainfall records to published

data from different regions. Our main objectives is to form a meridional transect across the full
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extent of the Indo-Pacific ITCZ, providing an unprecedented opportunity for us to gain insight

into the overall dynamics of the ITCZ on orbital timescales.
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Monitoring Australian Monsoon variability over the past four glacial cycles
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Key findings:
e Rapid intensification of Australian Monsoon at end of glacial Terminations I to IV
e Monsoon intensification coincided with atmospheric COz increase
e Austral spring insolation drove southward shift of ITCZ and monsoon intensification
e Formation of regional heat lows instrumental for monsoonal hydroclimate

e Acolian dust dominant during glacials and MIS 5a-d south of 20°S.

Keywords:

ITCZ, Glacial terminations, Dust, Terrigenous discharge, Oxygen isotopes, X-Ray fluorescence

Abstract

We analyse changes in terrigenous sedimentation along the Northwestern Australian
Margin to monitor the latitudinal migration of the Intertropical Convergence Zone (ITCZ) and
the shifting boundaries of climatic belts during the last four glacial cycles. We integrate high-
resolution X-ray fluorescence (XRF) scanning elemental records from Core SO257—-18548 and

International Ocean Discovery Program Site U1482, situated southwest of the Scott Plateau at
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the southern edge of the present-day monsoonal belt, and from Core SO257-18571, located
within the dust-cyclone belt offshore Northwest Cape south of the Exmouth Plateau. The
chronology of these sediment successions is based on “C dating over the last glacial
termination and on correlation of the benthic oxygen isotope record to the LR04 stack (Lisiecki
and Raymo, 200) and Antarctic ice core chronology. Our XRF derived records of riverine
terrigenous run-off and aeolian dust input reveal rapid intensification of monsoonal
precipitation and reduction of atmospheric dust during the Younger Dryas and early Holocene
as well as during the terminal phase of other major deglaciations. Short-lived monsoonal
maxima in the early Holocene (~10 ka), MIS 5e (~130 ka), MIS 7 (~200, ~220 and ~ 240 ka),
and MIS 9 (~280, ~305 and ~ 330 ka) coincide with maxima in atmospheric carbon dioxide
and methane concentrations. Monsoon intensification occurs during maxima in Southern
Hemisphere spring (September) insolation, when intense heat low pressure cells over the
Pilbara region trigger the southward shift of the ITCZ. Within the dust-cyclone belt, riverine
sediment discharge was restricted to intervals of high atmospheric CO, concentrations, when
sea surface temperature thresholds promoted cyclone formation in the tropical Indian Ocean.
Northwestern Australia remained dry and arid during MIS 5a-d, when the ITCZ was locked in

a more northerly position and temperature thresholds were not attained.

1. Introduction

The climate and hydrography of the eastern Indian Ocean (Timor Sea) and northwestern
Australia are strongly influenced by seasonal changes in wind direction associated with the
southward migration of the Intertropical Convergence Zone (ITCZ) during austral summer.
During December—February, NW winds predominate and rainfall increases over Indonesia and
northern Australia (Australian summer monsoon), whereas dry SE Trade Winds prevail during

austral winter (June—November). Today, a striking feature of northwestern Australian climate
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is the formation of low pressure cells between September and November, which precede the
monsoon season by up to three months. The development of these heat lows is a critical factor
in the formation of the Australian summer monsoon circulation, as they trigger strong westerly
winds (Suppiah, 1992). These heat lows form over the desert regions under clear skies at high
insolation in areas were surface albedo is high. The intensity and geographic extent of these
heat lows are highly sensitive to changes in insolation, thus responding to both external
insolation and internal greenhouse forcing.

On longer timescales, variations in monsoonal rainfall are related to changes in
precessional summer insolation, sea level fluctuations and atmospheric CO, concentrations
(e.g., Wyrwoll et al., 2007; Griffiths et al., 2009; DiNezio and Tierney, 2013; Kuhnt et al.,
2015). There is also a broad consensus that the meridional position of the ITCZ, which controls
the latitudinal extent of monsoonal rainfall, is strongly dependent on the interhemispheric
temperature gradient (e.g., Schneider et al., 2014; Mohtadi et al., 2016). Climate models predict
drier subtropics in the Southern Hemisphere during interstadials due to a northward shift of the
ITCZ during Dansgaard-Oeschger (D/O) warming events in the Northern Hemisphere and a
southward displacement of the ITCZ during Northern Hemisphere cooling (Claussen et al.,
2003; Broccoli et al., 2006; Chiang et al., 2008). These changes likely result from shifts in the
atmospheric heat exchange between the tropics and mid latitudes and attendant variations in
Trade Winds (e.g., Broccoli et al., 2006). However, the response of the Australian Monsoon to
high-latitude temperature fluctuations on orbital, suborbital and millennial timescales is still
poorly understood due to the scarcity of continuous high-resolution precipitation and runoff
records from the Australian continent.

The sedimentary archives along the northNorthwestern Australian Margin, south of the
fulcrum of the ITCZ’s seesaw, are ideally situated to test the validity of these model predictions.

The seasonal southward and northward migrations of the ITCZ and associated austral
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monsoonal rain belt directly influence sedimentation patterns in the Timor Sea. Austral
summer monsoon rainfall during southward shifts of the ITCZ increases river discharge,
leading to enhanced deposition of terrigenous sediment along the continental margin. In
contrast, when the ITCZ is locked into a more northerly position, the austral summer monsoon
weakens, vast areas of northern Australia dry out and intensified Trade Winds in austral winter
carry increased amounts of dust from the arid zones of central and northwestern Australia into
the SE Timor Sea. Sedimentation patterns along the northNorthwestern Australian Margin are,
thus, directly related to the latitudinal migration of the monsoon rain belt, making this area
ideally suited to test model predictions of Southern (Northern) Hemisphere temperature forcing

of the Australian Monsoon.
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Fig. 1. A. Main rivers discharging sediment to the north Northwestern Australian Margin and average
Holocene-MIS-6 sedimentation rates (cm/kyr) along the margin. Water depth scale in m. B. Summer
monsoonal (February) vegetation and precipitation patterns. Average sedimentation rates (cm/kyr) are
from Sonne 257 cores offshore Australia (from Keep et al., 2018; Kuhnt et al., 2018). February
precipitation is based on 30 yr standard climatology (1961-1990) in mm/month from Australian Bureau
of Meteorology (2010). Satellite Image is from February 2004 from NASA Blue Marble. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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Today, the delivery of dust from the Australian continent towards the eastern Indian
Ocean is controlled by the seasonal change in wind direction associated with the southward
migration of the ITCZ during austral summer. During December—February, NW winds
predominate and rainfall increases over Indonesia and northern Australia (Australian summer
monsoon), whereas dry SE Trade Winds, which transport dust particles originating from the
central Australian deserts, prevail during austral winter-spring in June—October. Pioneering
sedimentologic studies of sediment cores offshore northwestern Australia suggested that
changes in grain size offer a valuable proxy to estimate the amount of wind-blown desert dust
in the terrigenous fraction of hemipelagic sediments in this area (Heirtzler, 1974; McTainsh,
1989; Hesse and McTainsh, 2003). Furthermore, these studies provided evidence that

provenance and transport mechanisms (wind direction and intensity) were highly variable over

orbital timescales. For example, grain size analysis in Core SO14-08-05 (16° 21'S,118°23' E)
on the Rowley terrace between the Scott Plateau and Exmouth Plateau indicated that the dust
flux consisted of coarser grains during the Last Glacial Maximum (LGM) in comparison to the
early Holocene (Turney et al., 2006). This record also exhibits maxima in dust flux at ~8, 14,
30 and 150 ka (MIS 6), associated with Southern Hemisphere cooler climate phases (Hesse
and McTainsh, 2003; Hesse et al., 2004; Turney et al., 2006). Spikes of aeolian quartz grains
in Lake Carpentaria also coincide with Northern Hemisphere warm phases/Southern
Hemisphere cool phases (De Deckker, 2001), in particular dust peaks centered at 24.0, 25.4
and 29.5 ka and two peaks within broader maxima at ~34.6 and ~ 38.6 ka are associated with
D/O-Events 3, 4, 7 and 8.

Previous studies of Australian sedimentary archives also suggested that the northern
Australian monsoonal rainbelt expanded and intensified during suborbital cooling and drying
phases in the Northern Hemisphere. The Lynch’s Crater sediment records provided evidence

for intensified monsoonal rainfall over northern Australia during Heinrich 1-3 stadials (HS 1-
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3) and the Holocene 8.2 ka cold event (Muller et al., 2008). By contrast, Northern Hemisphere
tropical and equatorial rainfall was weakest during these cold phases. In records from the SE
Asian Maritime Continent, such as northern Borneo (Partin et al., 2007), the Sulu Sea
(Rosenthal et al., 2003) and Sulawesi (Schroder et al., 2016, 2018), the weakest tropical
convection and driest conditions characterize the early deglaciation HS 1 (18—15 ka). While
there is evidence of a suborbital seesaw in monsoonal rainfall intensity for the LGM,
deglaciation and early Holocene, the long-term orbital and suborbital evolution of the
Australian Monsoon remains enigmatic, mainly due to the scarcity of continuous high-
resolution records extending beyond the last glacial cycle. The only high-resolution monsoonal
records that cover this extended time interval are located further to the northeast and are
strongly influenced by upwelling-related productivity changes of the Indonesian Throughflow,
driven by monsoonal winds during glacial low stands (Holbourn et al., 2005; Kawamura et al.,
2006; Sarnthein et al., 2011). IMAGES Core MDO00-2361, located at the margin of the
Exmouth Plateau near the North West Cape, tracked glacial-interglacial changes in riverine
and dust supply over the last 550 kyr, but the relatively low mean sedimentation rates of 2.5
cm/kyr with substantially lower rates during glacials did not allow full reconstruction of
millennial scale monsoonal variability at this location (Stuut et al., 2014).

Here, we compare X-ray fluorescence (XRF) core scanner-derived elemental records
in two extended sediment successions retrieved at the southern edge of the present-day
monsoonal belt southwest of the Scott Plateau and within the dust-cyclone belt offshore
Northwest Cape to monitor monsoonal runoff and dust fluxes on millennial timescales over the
last four glacial cycles. Our main objectives are to reconstruct the variability of the tropical
convection along the southernmost displacement of the ITCZ during austral summer in relation

to changes in high-latitude climate, sea level and atmospheric greenhouse gas concentration in
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order to monitor changes in the latitudinal temperature gradient and the intensity of the Walker

circulation.

2. Regional setting
2.1. Climate archives along the northNorthwestern Australian Margin

Deep-water sediments along the north Northwestern Australian Margin consist of
autochthonous biogenic carbonate with a small biosiliceous component and fine-grained
terrigenous input from the Australian continent, which bypasses the broad shelf in suspension.
One of the most prominent features is a distinct NE-SW decrease in late Pleistocene — Holocene
sedimentation rates (Keep et al., 2018; Kuhnt et al., 2018). This trend has been explained by a
combination of southward decreasing subsidence and accommodation space with increasing
distance from the northern margin of the Australian plate (Keep et al., 2018) and decreasing
discharge of riverine sediment southward of the Australian monsoonal rain belt (Gingele and
De Deckker, 2004; De Deckker et al., 2014; Kuhnt et al., 2015). R/V Sonne Cruise 257
(WACHEIO) retrieved a suite of sediment cores along transects seaward of the northwestern
Australian shelf to better understand the sediment transport offshore and the dynamics of
depositional systems and to reconstruct long-term climate evolution from these high-resolution
sediment archives. Preliminary evaluation indicates that sedimentation rates exceeded 5 cm/
kyr during the late Pleistocene to Holocene in the northeastern part of the margin, whereas the
Rowley Terrace between the Scott Plateau and Exmouth Plateau displays intermediate
sedimentation rates ranging between 2.8 and 5.0 cm/kyr (Fig. 1). South of the Exmouth
Peninsula, sedimentation rates are generally below 2 cm/kyr and increase basin-wards, which

highlights the important role of slope-parallel sediment advection in this area (Fig. 1).
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2.2. Factors influencing fluvial sediment discharge

The amount and chemical composition of sediment discharge by rivers from the
Australian continent are influenced by multiple factors including the catchment-basin size, the
relief and associated stream gradient, the bedrock lithology, the tectonic setting, and ultimately
the amount and seasonality of rainfall. The succession of climate belts in northwestern
Australia from (1) monsoonal tropical humid in the north through (2) tropical semiarid with
sporadic rainfall from cyclones during the summer monsoon season, (3) arid and (4) temperate
with dominant rain in austral winter in the south (Fig. 1) is reflected in the composition of the
river sediment loads and marine surface sediments along the adjacent margin. However, clay
mineral distribution offshore northwestern Australia does not exhibit a simple latitudinal
distribution pattern, with kaolinite (Al Fe rich) dominating in warm and humid latitudes and
illite/chlorite (K-rich) in cold and arid regions (Gingele et al., 2001). High illite and chlorite

concentrations also occur near the equator and high kaolinite concentrations were observed

south of 35°, which has been attributed to specific local sources (Gingele et al., 2001; Gingele
and De Deckker, 2004). These authors found illite concentrations of 25-36% in rivers
discharging from the monsoonal climate zone in northern Australia with particularly high illite
concentrations (50 and 54% of the clay mineral content) in sediments from the Ashburton River
and adjacent Mangrove Creek, which discharge from the semiarid Pilbara mountain range.
These results are consistent with potassium (K) concentrations in chemical analyses of
sediments from these rivers and adjacent offshore regions (Fig. 2). A possible explanation for
the high illite content in clay mineral assemblages and the associated high K concentrations in
the elemental composition of the fine grained sediment from the semiarid zone is the intense
erosion in elevated parts of the catchment during catastrophic rainfall events and the rapid and

direct sediment transport in sporadic flash floods.
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3. Material and methods

3.1. Core locations and sediment recovery
Piston Core SO257-18548 (15°3.591' S, 120° 18.846" E, 1608.2 m water depth, 11.2
m core length) and International Ocean Discovery Program (IODP) Site U1482 (15° 3.32'S,

120° 26.10’ E, 1466 m water depth), located close to the modern southern limit of the seasonal
(austral summer) displacement of the ITCZ, are influenced by the monsoonal discharge from
the nearby Fitzroy River (Fig. 2). Core SO257—-18548 is located ~7 nm west of IODP Site
U1482 at the western edge of an elevated plateau that forms the northeastern part of the Rowley
Terrace between the Scott Plateau and Exmouth Plateau. Core SO257-18548 was retrieved
during a site survey in the vicinity of IODP Site U1482. The main objective of coring at this
location was to recover the upper Pleistocene to Recent sedimentary record, which is missing
at Site Ul482, as a local sediment gravity flow eroded sediments younger than MIS 9.
Recovered sediments consist of homogenous mottled olive greenish gray to dark gray clay-rich

calcareous ooze (Kuhnt et al., 2018; Rosenthal et al., 2018; Supplementary Fig. S1).

Gravity Core SO257-18571 (22° 667 S, 113° 29,688" N, 1052 m water depth, 20.1 m
core length) was retrieved offshore the North West Cape Peninsula south of the Exmouth
Plateau (Fig. 2). The core is located within the “dust-cyclone” climate belt at the northern end
of the arid climatic zone in Western Australia and is only marginally affected by the austral
summer monsoon rain belt. This area receives mainly water and sediment from the Ashburton,
Fortescue, Gascoyne and De Grey Rivers, which sporadically have high discharges following
torrential rainfall after the landfall of tropical cyclones (Fig. 2C). Core SO257-18571 is located
at the western edge of an £-W orientated ridge at a position, where 8 khz seismic reflectors
indicated locally higher sedimentation rates. Recovered sediments consist of clay-rich
nannoplankton ooze with distinct intercalations of dark reddish brown, clay-rich intervals and

light olive gray calcareous ooze (Kuhnt et al., 2018; Supplementary Figs. S2 and S3).
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Figure 2. Location of Cores SO257-18548 and -18571 and IODP Site U1482 offshore northwestern
Australia (A). Base map created using www.maps-for-free.com. Detailed maps (B-C) show positions
of coring sites in relation to adjacent main rivers and concentrations of main terrigenous elements (Si,
Al Fe, K and Ti)) in fine-grained (<63 um) fractions of terrigenous material in marine sediment cores
(B) and river sediments (C). Approximate extension of glacial Fitzroy River on shelf is indicated by
blue dashed line in B.

3.2. Sampling and processing

The working halves of Cores SO257-18548 and —18571 were initially sampled at 10
cm intervals (1 cm-thick half slices of 11 cm diameter cores). Additional samples were taken
over Termination I (6 samples from Core SO257-18548 between 94.5 and 204.5 cm depth)

and Termination II (10 samples from Core SO257—-18548 between 456.5 and 576.5 cm depth)

Published in Paleogeography, Paleoclimatology, Paleoecology 568 (2021): 110280. -
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to refine the age model. Four holes were cored at Site U1482 during IODP Expedition 363
(Rosenthal et al., 2017, 2018). The working halves from the composite sediment succession
(shipboard splice) between 24.76 and 30.22 m composite depth (mcd) were sampled at 20 cm
intervals (2 cm-thick half slices of ~7 cm diameter cores). The sediment succession from
Core SO257-18548 and nearby Site U1482 were combined, based on correlation of the high-
resolution XRF scanner elemental records (Supplementary Figs. S4 and S5). The tie point,

corresponding to an age of ~324 ka, is located at 10.84 m in Core SO257-18548 and at 24.97
mcd in Site U1482. All samples were oven dried at 40 °C and weighed prior to washing over

a 63 um sieve. Residues were oven dried at 40 °C on filter paper, then weighed and sieved

into the fractions >315, 315-250, 250-150 and 15063 pm.

3.3. Stable isotope analysis

Stable oxygen isotopes of the epibenthic foraminifera Cibicidoides wuellerstorfi were
measured in 132 samples from Core SO257-18548, 28 samples from Site U1482 and 150
samples from Core SO257-18571. In each sample, 3—6 well-preserved specimens of C.
wuellerstofi were picked from the fraction >315 um and/or 315-250 um. Selected well-

preserved specimens were crushed into large fragments, agitated with ethanol for 2-3 s in an

ultrasonic bath, decanted and dried at 40 °C prior to analysis with a Thermo Finnigan MAT
253 mass spectrometer at the Leibniz Laboratory for Radiometric Dating and Isotope Research,
Kiel University, Kiel. The mass spectrometer is coupled to a Kiel-Carbo IV device for

automated CO, preparation from carbonate samples. Sample reaction was induced by

individual acid addition (99% H3PO4 at 75 °C) under vacuum. The evolved carbon dioxide

was analyzed eight times for each individual sample. As documented by the performance of
international [NBS19: +1.95%0 VPDB ('*C), —2.20%0 VPDB ('*0); IAEA-603: +2.46%0 VPDB

(*C), —2.37%0 VPDB ('®0)] and laboratory-internal carbonate standards [Helal: +0.91%o
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VPDB (3C), +2.48%0 VPDB ('80); HB1: -12.10%0 VPDB (13C), — 18.10%0 VPDB ('80); SHK:
+1.74%0 VPDB ('*C), — 4.85%0 VPDB ('30)], analytical precision of stable isotope analysis is
better than +0.08%o for 5!30 and better than +0.05%o for 3'C. Values are calibrated relative to

Vienna Pee Dee Belemnite.

3.4. Age models

Between 0 and ~ 21 ka, the age models of Cores SO257-18548 and SO257-18571 are
based on '#C dates obtained from the surface-dwelling planktonic foraminifera
Globigerinoides ruber (white). Between 600 and 800 specimens of the planktonic foraminifer
G. ruber > 250 pum were picked for AMS dating in order to reach a sample weight of 12 mg.
In both cores, we selected samples at depths close to the transition between the Bolling-Allerad
and the Younger Dryas and close to the center of the LGM. Samples were measured at the
Leibniz Laboratory for Radiometric Dating and Isotope Research, Kiel University, Kiel.
Conventional radiocarbon ages were converted into calendar ages using Calib 7.1 (Stuiver et
al., 2019). We applied a marine reservoir age of 510 years for the sample at a depth of 70 cm
in Core 18548 (>13 ka), 200 years for the sample at a depth of 140 cm in Core 18571 (>10 ka)
and 1600 years for the samples at a depth of 100 cm in Core 18548 and at a depth of 190 cm
in Core 18571 (<20 ka), following corrections determined at the nearby Core MDO01-2378
(Sarnthein et al., 2011).

For the interval older than 21 ka, we derived age models for Cores SO257-18548 and -
18571 and for Site U1482 (between 24.76 and 30.22 mcd) by correlating the benthic
foraminiferal 'O records to the reference benthic isotope stack LR04 (Lisiecki and Raymo,
2005), using linear interpolation between tie points (Linage) in AnalySeries 2.08 (Paillard et

al., 1996).
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3.5. XRF scanner derived elemental composition

Bulk-chemical composition of the sediment cores was determined using a 2nd
generation Avaatech XRF core scanner at the Institute of Geosciences, Kiel University. Before
measurement, the sediment surface was smoothed and covered with a 4.0 pm thick Prolene®
Thin-Film foil to minimize surface irregularities and to avoid direct contact between the
sediment and the detector. Measurements were carried out on the archive halves at 1 cm
intervals over a 1.2 cm? area with a down core slit size of 10 mm, using generator settings of
10, 30 and 50 kV tube voltages. We performed measurements for 15 s with 200 pA without
filter for the 10 kV runs and for 10 s with 1000 pA using a Pb and Cu-filter for the 30 and 50
kV runs, respectively. The spectra were transferred into elemental area counts using the
software bAxil Batch by Brightspec NV and are reported as area counts per second. Results
are reported in logarithms of elemental ratios, which provide the most easily interpretable
signals of relative changes in chemical composition downcore and minimize the risk of
measurement artefacts from variable signal intensities and matrix effects (Weltje and Tjallingii,
2008).

We used the sum of the spectral area counts of the elements aluminium (Al), silicon
(Si), potassium (K), iron (Fe), titanium (Ti) as proxies for the terrigenous derived sediment
component (abbreviated as “Terr”) mainly originating from riverine transport from the
Australian continent. We normalized these elements against calcium (Ca), derived from the
biogenic carbonate of marine plankton. An alternative normalization was performed against
barium (Ba), which is related to particulate organic matter and/or the precipitation of barite by
marine bacteria and is, thus, independent of carbonate production and dissolution. The
Log(Terr/Ba) curve exhibit similar trends in all cores as Log (Terr/Ca), suggesting that the
variability of these records is mainly driven by increasing or decreasing terrigenous flux

(Supplementary Fig. S6). Core scanner measurements of the split core sediment surface
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commonly underestimate concentrations of the light elements Al and Si, due to the influence
of pore water in unconsolidated sediment (Tjallingii et al., 2007). However, replicate XRF
scanner measurements of compressed dry powder from the same core interval show that pore
water bias affects only the uppermost ~100 cm of our cores. The Log(Al/Ca) and Log(Si/Ca)
curves in this interval become noisier in both cores, but do not substantially differ from curves
of the heavier elements (Log(K/Ca), Log(Ti/Ca), and Log(Fe/Ca)) over the last glacial
termination and Holocene (Supplementary Fig. S7A and B).

Differences in the abundance of zirconium (Zr) and light elements (Al, K or rubidium
(RDb)) reflect the grain size and transport pathway of terrigenous particles, since K, Al and Rb
are preferentially incorporated in river-transported fine-grained clay, whereas larger and/or
heavier wind-blown grains from the Australian desert have relatively high Zr values.
Zirconium is the main component of the heavy mineral zircon, which is subject to sorting and
preferential settling close to river mouths and on the continental shelf, and thus mainly
characterizes wind transported dust at distal locations. In particular, Zr/Rb in sediment has been
shown to reflect the initial grain size distribution (coarser sediment Zr-enriched, finer
sediments clay mineral bound Rb-enriched) of wind-blown sediments, due to the immobility

of the two elements during post depositional processes (Liu et al., 2002).

3.6. Calibration of XRF scanner data by melt XRF analysis of discrete samples

To calibrate the XRF scanner data, 11 homogenized and discrete samples of the
terrigenous sediment component from Core SO257-18571 and 9 samples from Core SO257—
18548 were analyzed using quantitative XRF analysis of fused beats. For discrete sample
measurements, all samples were decarbonatized by adding 10% HCI until the reaction stopped.
The suspension was neutralized after centrifugation for 10 min at 3000 revolutions/min,

decanted and refilled with deionized water. This neutralization was repeated six times. The
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neutralized suspension was wet sieved over a 63 um sieve and the fine fraction (<63 pum)

collected and filled into beakers. After 5 weeks, the supernatant was carefully pumped out.

After drying at 50 °C, aliquots of each sample were used to produce fused beads and pressed

pellets (Garbe-Schonberg and Miiller, 2014). Fused beats were produced by mixing the sample

material with lithium-tetraborate and heated to ~1050 °C. Major and trace elements were
determined on the fused lithium-tetraborate glass disks with a X-ray fluorescence spectrometer
(XRF - Panalytical MagixPro) at Hamburg University using the software of Vogel and Kuipers
(1987). Accuracy was controlled by analyses of several international standards. The precision
of the instrument is 1-2% for major elements and 5-20% for trace elements depending on the

concentration. Loss on ignition (LOI) was determined gravimetrically after heating the samples

to 1050 °C for 3 h (Lechler and Desilets, 1987). Pressed pellets were produced by grinding
down the dried material first with a mortar and afterwards with a Pulverisette 7 premium line
from Fritsch, pressed into pellets and measured with the second generation Avaatech XRF core
scanner at the Institute of Geosciences, Kiel University. Analytical results of quantitative fused
beats XRF and corresponding XRF scanner area counts for Core SO257—-18548 are provided
in Supplementary Table S1A and B and for Core SO257-18571 in Supplementary Table S2A

and B. Linear regression plots are shown in Supplementary Fig. S8.

3.7. Elemental signatures of Western Australian river sediments

To determine the provenance of the terrigenous component of marine sediments,
samples from Core SO257-18548 (core-top samples) and Core SO257-18571 (core depth
113.5 cm) were compared with fine-grained (<63 um) sediments from the main rivers in
northwestern Australia. The chemical composition of marine and river sediments was analyzed
by melt XRF analysis of discrete samples. Aliquots of the same samples were additionally

analyzed in discrete pellets with the XRF scanner at Kiel University. After decarbonatization,
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the samples were pulverized in an agate mortar and pressed into pellets with a Pulverisette 7

premium line from Fritsch, then analyzed with the XRF core scanner at Kiel University.

4. Results
4.1. Chronology and sedimentation rates

Between 0 and ~ 21 ka, the age models of Cores SO257-18548 and — 18571 are based
on “C AMS dates (Table 1). To derive age models prior to 21 ka in Cores SO257-18548 and
— 18571 and at Site U1482, we selected consistent tie points between the benthic foraminiferal
8!80 curves and the reference benthic isotope stack LR04 (Lisiecki and Raymo, 2005) (Table
2, Figs. 3-4). For the interval from 24.76 to 30.22 mcd at Site U1482, shipboard biostratigraphic
datums provided additional age constraints between 0.29 and 0.44 Ma (Rosenthal et al., 2018)
(Fig. 3).

Sedimentation rates (SR) in Core SO257—-18571 exhibit a distinct glacial-interglacial
variability (Fig. 4). Mean SR range between 8.6 cm/ kyr during MIS 5e and 11.5 cm/kyr during
the Holocene, whereas mean SR are substantially lower during glacial periods, varying
between 3.7 cm/kyr during MIS 6 and 4.5 cm/kyr during the LGM. Sedimentation rates during
MIS 3, 4 and 5a-d also remain low, as during the LGM and MIS 6. By contrast, sedimentation
rates for Core SO257-18548 and at Site U1482 show more consistent trends of 2.5 to 5.5
cm/kyr without major glacial and interglacial differences (Fig. 3).

We additionally tested the robustness of the age models by correlating our oxygen
isotope records to the Antarctic 6D derived temperature record (Bazin et al., 2013). Within the
range of error in our intermediate resolution (~2—4 kyr) isotope records, the onset of glacial
terminations occurs simultaneously, whereas the end of glacial terminations (temperature

maximum) is 2 to 5 kyr later in the marine record (Supplementary Fig. S9).
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Table 1. AMS "C dates from analysis of Globigerinoides ruber (white)

Kiel AMS o Uncorr. 1*C Reservoir  Calibrated
Depth  Foraminiferal Error
Laboratory Core ] Age (years Age Age (years
(cm) species bar
Number B.P.) (years) B.P.)
KIA 53786  S0O257-18548 70 G. ruber 11765 45 510 13114
KIA 53787  S0O257-18548 100 G. ruber 18305 70 1600 20154
KIA 53788  S0257-18571 140 G. ruber 9980 40 250 10738
KIA 53789  S0257-18571 190 G. ruber 18830 75 1600 20778

Table 2. Age tie points to LR04 benthic isotope stack (Lisiecki and Raymo, 2005)

S0257-18548 and U1482 S0257-18571
Core 3130 (%o Core Depth  8'%0 (%o Age (ka) Descriptions of tie points
Depth (m) VPDB) (m) VPDB)
2.7 3.68 3.6 3.3 62 3!80 maximum in center of MIS 4
3.7 3.11 5.1 3.05 87 3!80 maximum in center of MIS 5b
4.4 3.11 6.9 3.07 109 3!80 maximum in center of MIS 5d
5.1 3.76 9.2 3.6 135 Onset of Termination II
6.5 3.4 11.1 3.12 188 Onset of MIS 6
7.6 3.49 14.4 33 223 Onset of Termination I1Ib
8.4 3.56 16.2 3.17 252 Onset of Termination I1la
9 3.49 16.9 3.1 277 Onset of second §'0 maximum in MIS 8
9.7 3.38 17.7 2.9 294 First '%0 maximum in MIS 8
10.5 2.86 19.3 2.43 318 End of first 5'%0 minimum in MIS 9
11.7 3.73 342 Onset of Termination IV
13.9 3.3 392 End of first 8'3%0 minimum in MIS 11
15.5 3.8 433 Onset of Termination V

4.2. Composition and provenance of terrigenous sediment discharge

Comparison of the terrigenous elemental composition of Core SO257-18548 with
that of the riverine sediment discharge from the Kimberley coast, which is the closest sediment
source on the Australian continent shows a high degree of affinity (Fig. 2, Table 3). In particular,
the terrigenous component of Core SO257—-18548 is very close to that of the fine-grained clay-

fraction dominating the King Sound sediment near Derby, where the Fitzroy River enters into
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the shelf sea. The coarser grained, silt-dominated sediment, sampled upstream of the Fitzroy
River exhibits higher Si percentages, which is mainly due to the higher quartz content of the
silt fraction. The elevated K content is typical for this area, which agrees with clay mineral
analyses showing higher percentages of the K-rich clay mineral illite (Gingele and De Deckker,
2004). In the vicinity of the Northwest Cape Peninsula, the sediment loads of the Ashburton,
Fortescue and Gascoyne Rivers exhibit similar elemental compositions with higher Fe
concentrations, which are closely reflected in the composition of the Holocene terrigenous

sediment fraction in Core SO257-18571, located offshore from these rivers (Fig. 2, Table 3).
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Figure 3. Correlation of benthic foraminiferal 3'*0O from Core SO257-18548 and Site U1482 to benthic
isotope stack LR04 (Lisiecki and Raymo, 2005). Dashed black lines indicate tie points used to derive
age model. Dashed red lines indicate AMS'C ages. Orange dashed lines indicate biostratigraphic
datums: B = Base, T = Top (from Rosenthal et al., 2018).
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Figure 4. Correlation of benthic foraminiferal 'O of Core SO257-18571 to the benthic isotope stack
LRO04 (Lisiecki and Raymo, 2005). Dashed black lines indicate tie points used to derive age model.
Dashed red lines indicate AMS"C ages.

4.3. Variations in riverine terrigenous sediment input

Log (Terr/Ca) is used to estimate the contribution of terrigenous sediment discharge
normalized against the marine biogenic carbonate flux, which is considered to be relatively
constant offshore northwestern Australia (Kuhnt et al., 2015). In Cores SO257-18571 and —
18548 and at Site U1482, Log (Terr/Ca) shows glacial-interglacial variability that is generally
coherent with the §'80 records (Supplementary Fig. S10A). In Core SO257-18548, glacial-
interglacial (~100 kyr) coherence is >0.8 with an out-of-phase relationship (highest
Log(Terr/Ca) coincide with lowest 8'0), while coherence at the precessional band (23 kyr) is
highest (0.83). However, there is a distinct mismatch between 8'%0 and terrigenous runoff

during MIS 5a and 5c, when terrigenous runoff remains comparable to glacial levels in Cores
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S0O257-18548 and — 18571. In Core SO257-18571, coherence is highest (~0.85) at the glacial-

interglacial scale, whereas it is lower (~0.76) at the precessional band (Supplementary Fig.

S10B).

Table 3. Concentration of main terrigenous elements in Cores SO257-18548 and -18571 and close by

rivers. Fitz = Fitzroy River, Ashb = Ashburton River, Fort = Fortescue River, Gasc = Gascoyne River

18548 Derby Fitz1 Fitz2 18571 Ashbl  Fortl Fort2 Gascl  Gasc2

Elements
(%) (%) ) ) () (%) (%) (%) (%) (%)
Si 65.72 60.28 79.67 7734 6737 68.84  66.08 65.63 63.18 66.38
Al 21.75 24.35 11.81  13.19 19.72 15.69 14.15 14.27 22.10 19.26
Fe 8.56 10.90 5.25 6.04 9.30 12.03 16.85 17.27 11.08 10.44
K 3.06 3.44 2.05 2.39 2.37 2.33 1.72 1.71 2.50 2.43
Ti 0.90 1.03 1.22 1.03 1.24 1.10 1.21 1.12 1.14 1.50

During glacial stages, mean Log(Terr/Ca) is distinctly lower in Core SO257-18571
than in Core SO257-18548, with a minimum value of -1.5 during MIS 5d to MIS 2 and higher
values of -1.2 to -1.3 during MIS 8 and MIS 6, respectively. In Core SO257-18548, mean
Log(Terr/Ca) is —1.1 for MIS 5d and MIS 2 and —0.9 for MIS 8 and MIS 6. Maximum values
are reached in both cores as distinct peaks at the end of glacial terminations or at the beginning
of interglacials: at ~10 ka (end of Termination I/early Holocene), ~130 ka (end of Termination
[I/early MIS 5e), ~200, ~220 and ~ 240 ka (end of Termination III/ early MIS 7 and
precessional insolation maxima within MIS 7) and at ~280, ~305 and ~ 330 ka (end of
Termination ['V/early MIS 9 and precessional insolation maxima within MIS 9 and MIS 8).
Maxima are comparable (between -0.2 and -0.5) in both cores, although minima are distinctly
lower in Core SO257-18571, suggesting a higher amplitude change of sediment discharge
from the semiarid zone in northwestern Australia than from catchments within the monsoonal
rainbelt. In addition, the deglacial onset of enhanced discharge from the semiarid zone was

more rapid, in particular during Termination II, when Log(Terr/Ca) in Core SO257—-18548
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already exhibits an increasing trend in the late MIS 6, whereas Core SO257-18571
Log(Terr/Ca) shows an abrupt change point at the onset of the glacial termination. The runoff
pattern across MIS 11 differs markedly from the later interglacial trends: the Log(Terr/Ca)
curve is almost symmetrical without a distinct peak in the early part of the interglacial.
Accumulation rates of the terrigenous component in Core SO257-18571 are lower than
~1 g/(cm?kyr) during glacial MIS 24, 6 and 8 and reach maxima of >4 g/(cm?kyr) during
interglacial MIS 9, 7, S5e and 1 (Supplementary Fig. S11). The increases in accumulation rates
occur abruptly close to the end of glacial terminations in parallel to increases in carbonate
accumulation associated with increasing biogenic carbonate production (Supplementary Figs.
S11 and S13). The deglacial increase in terrigenous accumulation rates in Core SO257—-18548
is less dramatic and restricted to MIS 7 and MIS 1, while the accumulation rates of both the
carbonate and terrigenous components remain low during MIS 5e (Supplementary Figs. S11
and S12). Carbonate accumulation rates are below ~1 g/(cm’kyr) during MIS Se, which is
lower than during the preceding glacial stage. During MIS 5d to MIS 5a, carbonate
accumulation rates increase continuously, then fluctuate at ~2 g/ (cm?kyr) during MIS 4 to 2,
which is ~0.5 g/(cm’kyr) lower than average Holocene values. In contrast, changes in
sedimentation rates between glacial and interglacial stages at Site SO257—18548 are relatively
low or even absent in the case of MIS 5, although the sediment composition changes
significantly from carbonate dominated during glacials to terrigenous clay dominated during

interglacials.
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Figure 5. Temporal evolution of XRF scanner derived elemental ratios and benthic foraminiferal §'*0
in Core SO257-18548, Site U1482 and Core SO257-18571 . MIS = marine isotope stages. (A-B)
Log(Zr/Rb) from Core SO257-18548 and Site U1482 (orange) and from Core SO257-18571 (red); (C-
D) Log(Terr/Ca) from Core SO257-18548 and Site U1482(black) and from Core SO257-18571 (purple);
(E-F) benthic §'®0 from S0257-18548 and Site U1482 (dark blue) and from Core SO257-18571 (light
blue). Blue shading indicates marine isotope glacial stages (MIS), following Lisiecki and Raymo (2005).
4.4. Variations in dust input
Log (Z1/Rb) in Core SO257-18571 exhibits a distinct glacial/interglacial cyclicity,

in contrast to the record from Core SO257-18548 and Site U1482, which shows relatively low
values with only subtle shifts between glacial and interglacial periods. This distinct cyclicity
in Core SO257—-18571 parallels the oxygen isotope trend and is in antiphase to that of Log

(Terr/Ca). The abrupt decreases in dust input and increases in riverine terrigenous input of clay

minerals occur almost simultaneously during Terminations I, II and III. During interglacial
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periods, Log (Zr/Rb) remains low, ranging between 0.28 and 0.5 (20 point smoothed data),
whereas mean values are high (0.6 to 1.0) during glacial stages. Parallel to the marked decrease
in Log (Terr/Ca) at the end of MIS Se, Log (Z1/Rb) displays the largest increase within the
record and exhibits a distinct maximum during MIS 5d. Between this maximum and the next
pronounced peak during the LGM, three smaller maxima with an amplitude < 0.2 occur. These
peaks approximately coincide with the cold MIS 5b and MIS 4 intervals and the central part of
MIS 3 (Fig. 5). Between the LGM and the Holocene, Log (Zr/Rb) decreases markedly once
again. This decline is not continuous, but is interrupted by small plateaus at ~25 to 23 ka, ~ 21
to 17.5 ka, and ~ 14 to 10 ka. During the Holocene, Log (Zr/Rb) ranges between 0.27 and 0.43

with a standard deviation of 0.03.

5. Discussion
5.1. Reconstruction of monsoonal discharge

Terrigenous flux reconstructions are based on XRF scanner derived concentrations of
Al, Si, K, Fe and Ti. These elements are commonly used to estimate the proportion of
terrigenous (lithogenic) content in marine sediments, however, there are various caveats
associated with each element. The concentration of Al is preferentially used to estimate the
total lithogenic content of sediments because its concentration is very consistent in the
continental lithosphere (Turekian and Wedepohl, 1961; Wedepohl, 1971; Taylor and
McLennan, 1985). Silicon is present in all aluminosilicates and also occurs as quartz (SiO»),
which is the main component in the silt fraction of sediments and sedimentary rocks (Calvert
and Pedersen, 2007). Core scanner measurements of the splitcore sediment surface commonly
underestimate concentrations of the light elements Al and Si, due to the influence of pore water
in unconsolidated sediment (Tjallingii et al., 2007). However, replicate XRF scanner

measurements of compressed dry powder from the same core interval show that pore water
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bias affects only the uppermost ~100 cm of our cores and does not substantially affect the shape
of the Log(Terr/ Ca) curve over the last glacial Termination and Holocene (Supplementary Fig.
S6).

Potassium predominantly occurs as a component of the clay mineral illite in fine-
grained riverine runoff. Its concentration is reliably estimated by the XRF scanning technique
(Tjallingii et al., 2007) and it has been previously used to monitor monsoonal riverine runoff
across the last glacial termination (Kuhnt et al., 2015). Iron and Ti were used to evaluate the
changing input of fine-grained terrigenous siliciclastic sediment from adjacent continental
margin offshore Venezuela and Java (Jansen et al., 1998; Mohtadi et al., 2011; Haug et al.,
2001), which was driven by variations in rainfall and runoff from the watersheds of local rivers.
However, Ti usually exhibits fairly low counts, when analyzed with the XRF scanner, and the
Fe content may be partly biased by the formation of authigenic iron/manganese crusts or pyrite
(Calvert and Pedersen, 2007; Poulton and Raiswell, 2002).

Using the sum of terrigenous elements instead of individual elements reduces the noise
in XRF scanner data, since this produces higher counts and reduces the effects of possible
biases in single element counts. Here, we used the logarithmic ratio of the sum of the
terrigenous elements Al, Si, K, Fe, and Ti to Ca (Log(Terr/Ca)). This approach is commonly
used in carbonate-rich pelagic environments, where carbonate dissolution plays no major role
(Kuhnt et al., 2015). The carbonate concentrations vary between 54 and 80.5% in Core SO257—
18548 and between 50 and 86% in Core SO257-18571. We assume that the variability in
Log(Terr/Ca) in these two cores is mainly driven by changes in terrigenous input. Calcium is
relatively rare in terrigenous sediments and in marine deep-water environments mainly derived
from biogenic carbonate. To further test this hypothesis, we normalized against Ba
(Supplementary Fig. S6), which is related to particulate organic matter flux and/or the

precipitation of barite by marine bacteria (Gonzalez-Muioz et al., 2012; Griffith and Paytan,
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2012) and, thus, has no direct relation to carbonate flux. In previous records from the
northNorthwestern Australian Margin, CaCOs and organic productivity indicators such as total
organic carbon (TOC) and chlorins did not show any positive correlation (Holbourn et al.,
2005). Thus, we conclude that the consistent behavior of terrigenous elements normalized
against Ca or Ba indicates that fluctuations in the Ca-normalized terrigenous elemental curves
are caused by fluctuations in terrigenous input rather than changing marine carbonate

production/ dissolution.

5.2. Monsoonal response to changes in atmospheric greenhouse gas concentrations and
high-latitude temperature fluctuations

Model predictions of changes in the latitudinal extent of the ITCZ’s seasonal swing and
the development of an interhemispheric seesaw during the last glacial cycle are contradictory
and not fully supported by climate proxy data, which are still scarce for the Southern
Hemisphere (Denton et al., 2010; Shakun et al., 2012; De Deckker et al., 2012; Kuhnt et al.,
2015). In particular, increasing greenhouse gas concentrations during HS 1 (Liithi et al., 2008;
Shakun et al., 2012) should have resulted in tropical expansion (Seidel et al., 2008) at the end
of the LGM. Expansion and contraction of the monsoonal rain belt triggered by greenhouse
gas concentrations are supported by a comparison of high-resolution Northern and Southern
Hemisphere speleothem records over the last three millennia, which indicates coeval
intensification/ poleward shift and weakening/equatorward shift of monsoonal rain belts on
suborbital timescales in both hemispheres (Denniston et al., 2016). However, substantial
regional cooling associated with wide-spread drying in the subtropics and tropics in the
Northern Hemisphere during HS 1 and preceding Heinrich stadials was attributed to a
southward shift of the ITCZ and associated monsoonal rain belt (Claussen et al., 2003; Chiang

and Bitz, 2005; Chiang et al., 2003, 2008; Broccoli et al., 2006; Muller et al., 2008, 2012;
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Bayon et al., 2017; Strikis et al., 2018; Lauterbach et al., 2020). By contrast, a recent
compilation of model ensembles for different forcings demonstrated the importance of
additional forcings on the variability of the ITCZ, including disturbance of the global ocean
circulation by North Atlantic hosing and LGM boundary conditions (Atwood et al., 2020).
While insolation differences between hemispheres and atmospheric pCO, are important, they
may not alone force a mean shift of the tropical rainbelt. Moreover, precipitation proxy data
compilations demonstrated that the height of HS 1 coincided with a latitudinally widespread
drought, which also affected the Southern Hemisphere (Stager et al., 2011). According to these
authors, the widespread geographic range of aridification during HS 1 suggests a severe
weakening of the tropical rainfall systems probably as a response to global sea surface cooling.

Our high-resolution runoff records from Core SO257-18548 and Site U1482, and from
Core SO257—-18571 also exhibit no distinct increase in riverine discharge in the early part of
Termination I, suggesting that northwestern Australia remained largely arid during HS 1. A
massive and rapid increase in riverine discharge started only at ~13 ka at these sites following
the Antarctic Cold Reversal (~15-13 ka). This is consistent with records within the core area
of the Australian monsoonal rain belt further to the northeast, where terrigenous runoff also
did not significantly increase prior to 13 ka (Kuhnt et al., 2015). These generally dry conditions
were only locally interspersed by transient rainfall episodes during HS 1, HS 2, and HS 4, as
indicated by composite stalagmite 3'3C records from caves in the Kimberleys in northwestern
Australia (Denniston et al., 2017). On orbital timescales, it is remarkable that the ITCZ appears
to have consistently remained in a more northerly position during MIS 5b and 5d and associated
stadials and that northwestern Australia remained consistently dry and dusty. By contrast,
eastern Australia experienced increased precipitation linked to southward expansion of the
ITCZ (Bayon et al., 2017). Recent modelling studies underline the role of longitudinally

variable responses of the ITCZ to different climate forcings (Atwood et al., 2020) which could

_38-



Chapter 1

explain different responses to Northern Hemisphere cooling in eastern (Bayon et al., 2017;

Muller et al., 2008) and western Australia.
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Figure 6. Comparison of monsoonal discharge (Log(Terr/Ca)) in composite record from Core
SO157-18548 and Site U1482 with evolution of Antarctic temperatures (Epica Dome Concordia
(EDC) 6D from Bazin et al., 2013) and Northern Hemisphere monsoon intensity (Chinese speleothem
880 record from Dongge, Hulu and Sanbao Caves. Wang et al., 2001,2008; Dykoski et al., 2005;
Kelly et al., 2006; Cheng et al., 2009, 2016). Note that monsoonal discharge record is tuned to LR04
stack (Lisiecki and Raymo, 2005) and, thus, independent of EDC ice core age model. Glacial
Terminations I-V in LR04 stack are marked with blue (onset) and red (end) dashed lines;
corresponding ages are 18-9 ka (Termination I), 135-126 ka (Termination II), 252-240 ka
(Termination III), 341-329 ka (Terminations IV) and 431-410 ka (Termination V).
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Although our records do not resolve short-term local precipitation changes, they may
provide a better estimate of time- and regional- averaged long-term precipitation and runoff
trends on millennial time- scales. The dampened response to changes in the interhemispheric
temperature gradient in these “smooth” records supports the hypothesis of global subtropical
megadroughts during intervals of globally cool climate and low atmospheric pCO,. Major wet
periods in northwestern Australia are restricted to warmer-than-present climate intervals in the
early Holocene (~10 ka), early MIS 5e (~130 ka), MIS 7 (~200, ~220 and ~ 240 ka), and MIS
9 (~280, ~305 and ~ 330 ka), when monsoonal rainfall also increased in many Northern
Hemisphere monsoonal regions (Liu et al., 2014; Cheng et al., 2016; Kathayat et al., 2016). In
particular, the intense monsoonal peaks centered at~10, ~130, ~240 and ~ 330 ka, which follow
Southern Hemisphere high-latitude temperature maxima at the end of glacial terminations (Fig.
6), suggest an enhanced regional response of the Australian Monsoon, driven through internal
feedbacks. The general coherence between the intensity of the Australian Monsoon and global
pCO, and climate trends is also reflected in the high coherence and consistent antiphase
behavior of benthic !0 and monsoonal discharge in our records (Supplementary Fig. S10).
Model experiments with warm Pliocene boundary conditions indicated that an intensification
of subtropical precipitation in both hemispheres may have been driven by reduced meridional
sea-surface temperature gradients in a warmer world (Burls et al., 2017) and was decoupled

from shifts of the ITCZ on millennial timescales (Sniderman et al., 2019).

5.3. Temporal changes in the extent of the northwestern Australian arid zone

Today, estimates of terrigenous dust accumulation off northwestern Australia range
between 1 and 5 g/(m?yr) (Jickells et al., 2005), which represents ~2—5% of the total sediment
mass accumulation or > 10% of the terrigenous component at marine sites within the dust belt

with typical deglacial sedimentation rates of ~5 cm/kyr (Fig. 1A) (Kuhnt et al., 2018). The
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proportion of dust-blown sediment considerably decreases towards the northeast, where
sedimentation rates increase and dust accumulation decreases, implying that a substantial
proportion of the Zr, Ti and Fe content is of aeolian origin only at the southerly location of
Core SO257-18571. The aeolian terrigenous material that reaches distal marine locations is
usually deposited during extreme dust outbreaks (Rea, 1994). The occurrence of discrete Zr-,
Ti- and Fe- enriched layers in the glacial intervals of Core SO257-18571 may, thus, represent
a record of major dust storms (Rea, 1994; Hanebuth and Henrich, 2009).

Riverine transported fine-grained terrigenous discharge and aeolian dust input in Core
SO257-18571 exhibit a clear antiphase relationship with no recognizable phase lags,
suggesting coeval and abrupt changes towards wetter climate and increased fluvial discharge
during glacial terminations and rapid re-aridification at the end of the unusually warm isotope
stages MIS 9, 7 and 5Se. Increased dust transport to the eastern Indian Ocean implies a reduced
vegetation cover during periods of increased seasonal aridity in the source area, following
changes in preferential wind direction and/or strengthening of winds. The rapid intensification
of monsoonal rainfall and rearidification at the onset and end of the warmest intervals with
highest atmospheric greenhouse gas levels suggest that these rapid transitions were defined by
transgressing boundary condition thresholds. However, there are striking differences in the
sedimentation processes and the climate of the catchment area at the locations of Core SO257—
18548 and Site U1482 within the monsoonal belt and of the more southwestern Core SO257—
18571 within the dust-cyclone belt. Precipitation in the arid zone almost exclusively occurs
during the landfall of major tropical cyclones, which form in the tropical Indian Ocean during
the monsoonal season, when SST thresholds of 2627 °C are reached (Tory and Dare, 2015).
Increased cyclone activity during monsoon intensification is also reflected by massive

increases in sedimentation rates during the warm stages MIS 1, MIS 5e and the warm parts of

MIS 7 and MIS 9 in Core SO257-18571 (Fig. 4), whereas sedimentation rates in Core SO257—
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18548, which is dominated by seasonal monsoonal discharge, remain more consistent (Fig. 3).
Southern Hemisphere subtropical sea surface temperatures may have played a major role in
setting these boundary conditions. However, boundary conditions remained below the
threshold necessary for the formation of tropical cyclones during the slightly cooler interglacial

MIS 5a and MIS 5c, which remained dry and dusty within the dust-cyclone belt (Fig. 5).

~460_ gl 2 n 4 “ 6 mMIS
o E E
G
B 2 420
§ga00 |/ VAV
s & 380 5
= ® 3603 B2
®) 548 2
525 3
505 2
48 *5,:,)“
023 ¢) 18548 and U1482 46 2¢
04 en 2%

[II

Log(Terr)/Ca)

L, 606

N = 00 O®
I|l|

N
N
L

(D) 18571 | _—800
\4 /‘)‘\ ml =700 s
(E) [ L t. f} =600 g
BirviY, in mwuf | /f 500
s R N AV e
E 260 - 300
£2403 |
9220 /\J W A
200 \
o 100 200 00 400

Figure 7. Comparison of terrigenous discharge records from Cores SO257-18571, SO257-18548 and
Site U1482 to external and internal forcing mechanisms. (A) Insolation 21* of September at 20°S; (B)
Insolation gradient between 10 and 30°S; (C) Log(Terr/Ca) from Core SO257-18548 and Site U1482
(black); (D) Log(Terr/Ca) from Core SO257-18571 (purple); (E) EPICA Dome Concordia (EDC)
CHs record (Loulergue et al., 2008); (F) EDC CO> record (Liithi. et al., 2008.). Green shading marks
monsoonal peaks associated with pCO, maxima occurring at austral spring insolation maxima and
minimal gradient between 10 and 30° S insolation, which favors southward migration of the ITCZ.
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5.4. Monsoon forcing mechanisms

The intensity, seasonality and latitudinal extent of monsoonal rainfall during the
summer season depend on the seasonal displacement of the ITCZ, which is influenced by
insolation differences between the Northern and Southern Hemispheres (Broccoli et al., 2006)
and is also highly sensitive to greenhouse gas forcing (Cai et al., 2012). However, the response
of the ITCZ to interhemispheric insolation and temperature differences appears regionally
variable and dependent on additional local forcings (Atwood et al., 2020). Sedimentary
successions at the more northeasterly situated Site U1483 and Core MD01-2378 in the Timor
Sea display a similar monsoonal runoff pattern as Core SO257—-18548 and Site U1482 (Zhang
et al., 2020). The runoff record at these locations exhibits in-phase variability with Northern
Hemisphere monsoonal precipitation records on the precession band, which was interpreted as
an expansion (contraction) of the latitudinal extent of the ITCZ during Northern Hemisphere
insolation maxima (minima) (Zhang et al., 2020).

Our comparison of two sedimentary succession providing a transect across the
southernmost limit of the Australian Monsoon shows that regional factors additionally play a
crucial role in controlling the seasonal position of the ITCZ and intensity of monsoonal rainfall
over northwestern Australia. In particular, the seasonal and interannual heat and air pressure
variability over the more elevated Pilbara area acts as a main driver of monsoonal hydroclimate.
In austral winter and spring, subtropical high-pressure systems are positioned over the central
part of the Australian continent forcing dry easterly or southeasterly Trade Winds over the
Pilbara region, thus maintaining intensely arid conditions (Charles et al., 2015; Sudmeyer,
2016). The seasonal southward movement of subtropical high-pressure systems in September
results in the dominance of tropical heat lows over the Pilbara region during the extremely hot
and dry spring and the summer wet season. The position of this heat low is related to the

location of the Pilbara region between the relatively cooler marine area to the north and
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latitudinally decreasing solar insolation to the south. In recent decades, an expansion of the
Southern Hemisphere Hadley Cell in association with global warming caused a northward shift
of frontal systems at the northern end of the Hadley Cell during austral winter and
intensification of winter aridity in the Pilbara region (Lu et al., 2007; Risbey et al., 2009;
Frederiksen et al., 2013).

The most intense phase of the heat low, which occurs in spring and early summer
(September—November), precedes the monsoon season and is not associated with local rainfall
(Charles et al., 2015). However, the intensity and position of the heat low have significant
repercussions in “pulling” the monsoonal rain belt southwards, resulting in a coupled
relationship between the strength of the monsoonal circulation and associated heavy rainfall
with the intensity of the heat low (Suppiah, 1992). Important controlling factors on the
variability in the intensity and position of the heat low on multidecadal, millennial and orbital

timescales include (1) the precessional variability of spring (September—October) Southern
Hemisphere orbital insolation, (2) the insolation gradient between tropical (~10° S) and

subtropical (~30° S) insolation, which prevents the heat low from moving southwards into areas
of lower insolation when the gradient is steep and, (3) the concentration of atmospheric
greenhouse gases, which contributes to the intensity of the heat low. During the last 450 kyr,
maxima in these three factors occurred at ~10, ~130, ~200, ~220, ~240, ~280, ~305 and ~ 330
ka, when terrigenous flux from monsoonal runoff strongly increased or was at a maximum,
mostly close to the end of glacial terminations (Figs. 6-7, Supplementary Fig. S14).

During MIS 12 to 10, insolation forcing over the Pilbara region was minimal and the
insolation gradient between 10 and 30°S remained elevated, which resulted in a more gradual
monsoonal onset with muted response to precessional forcing. This weaker and more gradual
monsoon intensification at the end of glacial Termination V (MIS 11) may have been

additionally affected by pronounced vegetation changes leading to lower austral spring albedo
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of the Pilbara mountains. Palynological data indicate a major change in northwestern
Australian subtropical vegetation patterns and hydroclimate associated with the onset of
intense aridification at ~350 ka during MIS 10 (Kershaw et al., 2003; Kawamura et al., 2006).
This major, long-term change in Australian subtropical hydroclimate was associated with the
Mid-Brunhes Climate Transition (Jansen et al., 1986; Barth et al., 2018), which occurred during
an interval of low precessional insolation forcing between 430 and 350 ka and was followed

by an increase in the amplitude of the Earth’s 100 kyr glacial-interglacial climate cycles.

6. Conclusions

XRF scanner derived increases in terrigenous discharge indicate rapid intensification
of the Australian Monsoon at the end of glacial terminations with short-lived peaks in the early
Holocene (~10 ka), MIS 5e (~130 ka), MIS 7 (~200, ~220 and ~ 240 ka), and MIS 9 (~280,
~305 and ~ 330 ka). The correlation of monsoonal precipitation and runoff proxies and
Antarctic temperature, CO, and CH, concentrations during the last five glacial terminations
suggests that the intensification of heat low pressure cells over northwestern Australia at the
end of glacial terminations was mainly driven by rapidly increasing atmospheric greenhouse
gas concentrations in conjunction with a low insolation gradient between Southern Hemisphere
tropics and subtropics and rising and/or high Southern Hemisphere spring-early summer
insolation. The formation of intense heat low pressure cells in the Pilbara region of
northwestern Australia in late September may have played a crucial role in driving the ITCZ
southwards and triggering intensified monsoonal rainfall on orbital timescales, when Southern
Hemisphere insolation was at a maximum. Changes in riverine terrigenous sediment supply at
the onset of MIS 11 were more gradual and do not indicate an abrupt change from arid to
monsoonal wet conditions, suggesting that an extended period of low variability in precessional

spring insolation and expanded vegetation cover over northwestern Australia weakened the
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heat low pressure cell over the Pilbara mountains. Southward swings of the ITCZ amplified
and deglacial monsoonal onsets intensified with aridification of northwestern Australia ~350

kyr ago.
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1. Line scan images of Cores SO257-18548 and SO257-18571

Line scan photographs and RGB measurements (resolution of 143 pixel per 1 cm or
70 um per pixel) were acquired from the cleaned surface of Cores SO257-18548 and -18571.
We used a Jai CV-L107 3 CCD color line scan camera equipped with a Nikon 60 mm macro
lens and three sensors of 2048 pixels and dichroic RGB beam splitter prism (RGB channels at
630 nm, 535 nm and 450 nm). The camera is mounted on the Avaatech XRF-scanner at the
Institute of Geosciences, Kiel University. Line scan photographs of the 1 m archive halves
(12 for Core SO257-18548 and 20 for Core SO257-18571) are labeled with cumulative core
depth in cm and shown in Supplementary Figures S1-S3:
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Supplementary Figure S1: Line scan images of Core SO257-18548, Sections 1-12.
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Supplementary Figure S2: Line scan images of Core SO257-18571, Sections 1-10.
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Supplementary Figure S3: Line scan images of Core SO257-18571, Sections 11-20.
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2. Splicing of Core SO257-18548 with composite sediment succession from IODP Site
Ul1482 using XRF scanner Log(Terr/Ca)

The sediment successions from Core SO257-15848 and nearby Site U1482 were spliced using
the XRF scanner Log(Terr/Ca) records (Supplementary Figure S1).
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Supplementary Figure S4: Correlation between Core SO257-18548 and Site U1482, based on high-
resolution XRF scanner-derived Log(Terr/Ca) records. Composite sediment succession plotted on new
composite depth scale (mcd = meters composite depth) (A) and plotted against age (B). Vertical black

line indicates splice tie point.
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Supplementary Figure S5: Correlation of benthic §'*0 records from Core SO257-18548 and Site

U1482 plotted on new composite depth scale (mcd = meters composite depth) (A) and plotted against

age (B). Vertical black line indicates splice tie point.
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3. Normalization of terrigenous elements against barium
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Supplementary Figure S6. Log(Terr/Ba) in Core SO257-18571 (A) and Core SO257-18548 (B).
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4. Effect of pore-water content on XRF-scanner derived Log(Terr/Ca)
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Supplementary Figure S7. Comparison of light elements aluminium and silicon (plotted as
Log(Al/Ca) and Log(Si/Ca)) to heavy elements potassium, iron and titanium (plotted as Log(K/Ca),
Log(Fe/Ca) and Log(Ti/Ca)) derived from XRF scanning in Core SO257-18548 (A) and Core SO257-
18571 (B). The similarity of the curves for light and heavy elements demonstrates that there is no
significant effect of increasing pore-water content on the shape of the Log(Terr/Ca) records in the

upper part of the cores.
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5. Calibration of XRF-scanner measurements

Supplementary Table S1A. Major element concentrations in selected samples of Core SO257-

18548, based on fused beats XRF of decarbonatized sediment. Values were recalculated as

percentages of total sediment including carbonate.

S0257- | S0257- | SO0257- | SO257- | SO257- | SO257- | S0257- | SO257- | S0257-
18548- 18548- | 18548- | 18548- | 18548- | 18548- | 18548- | 18548- 18548-
IW 41- | 3W_19- | 4W 28 | 5W 79- | 6W_19- | 7W_69- | 9W 53- | 10W 46- | 12W_55-
42 cm 20 cm 29 cm 80 cm 20 cm 70 cm 54 cm 47 cm 56 cm
‘zi%‘ 425 150.5 259.5 4115 4525 602 788 881 1090
Si (%) 21.8148 | 145644 | 15.1065 | 102804 | 202279 | 15.6996 | 23.7497 | 15.9740 | 24.9412
Al (%) 7.8792 41049 | 42876 | 32819 | 64454 | 44436 | 7.8676 | 4.3120 8.2018
Fe (%) 2.7552 13277 1.4337 1.0940 | 2.0239 13832 | 2.6300 | 1.3776 2.6220
Mg (%) 0.6762 03869 | 03807 | 02477 | 05254 | 03444 | 0.6675 | 0.3584 0.6762
Mn (%) 0.0084 0.0080 | 0.0081 0.0039 | 0.0074 | 0.0084 | 0.0089 | 0.0084 0.0092
Ca ((02‘;‘0) 0.2982 0.2041 0.1890 | 0.1209 | 02183 | 0.1652 | 02492 | 0.1568 0.2576
K (%) 1.0584 05592 | 0.5697 | 0.4661 0.8584 | 0.6104 | 1.1214 | 0.5824 1.1500
Ti (%) 0.4074 02226 | 02376 | 0.1892 | 03367 | 02492 | 04228 | 0.2520 0.4324
Rb (%) 0.0071 0.0032 | 0.0032 | 0.0028 | 0.0051 0.0035 | 0.0070 | 0.0033 0.0071
Zr (%) 0.0066 0.0046 | 0.0050 | 0.0034 | 0.058 | 0.051 | 0.0070 | 0.0057 0.0075
Car?;ﬂ’;ate 58.00 73.50 73 80.50 63.00 7 55.50 7 54

Supplementary Table S1B. Major element ka-area counts (cps) in selected samples of Core SO257-

18548, using Avaatech second generation XRF-scanner

S0O257- S0O257- S0O257- SO257- SO257- SO257- SO257- S0O257- SO257-
18548- 18548- 18548- 18548- 18548- 18548- 18548- 18548- 18548-
1W_41-42 3W_19-20 4W_28- SW_79- 6W_19- TW_69- 9W_53- 10W_46- | 12W_55-
cm cm 29 cm 80 cm 20 cm 70 cm 54 cm 47 cm 56 cm
]?fglt)h 425 150.5 259.5 4115 452.5 602 788 881 1090
Si 49856 60534 49538 53991 104187 59881 138393 87817 162921
Al 4084 5096 4053 3144 9569 4911 11506 7342 14435
Fe 168937 70702 77986 59007 128554 79633 202657 85834 191426
Mg 411 541 441 402 641 412 837 543 1036
Mn 2995 2991 2685 2381 3913 4785 2992 4156 2592
Ca 1237095 2238436 2082853 2565279 2111130 2102140 1703889 2420087 1834232
K 50921 36432 35642 29043 61571 38808 81286 46180 85989
Ti 10846 5528 5897 3928 9547 6001 13841 7093 13719
Rb 1908 565 743 604 1390 767 2141 779 1930
Zr 2133 1910 2549 2311 1781 1985 2651 2492 2243
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Supplementary Table S2A. Major element concentrations in selected samples from Core SO257-

18571 using fused beats XRF of decarbonatized sediment. Values were recalculated as percentages of

total sediment including carbonate.

30_257 S0257- | S0257- | S0257- | S0257- | SO257- | SO257- | SO257- | S0257- | SO257- | S0257-
18571, | 18571 18571- 18571- | 18571- | 18571- | 18571- | 18571- | 18571- | 18571- 18571-
ow 3. | 2W.36- | 2W. 98- | 3W.S0- | 4W 29- | 4W_ 62- | SW_I-2 | SW 44- | 6W_12- | TW_14- | 8W_14-
4 ém 37 cm 99 cm 51 cm 30 cm 63 cm cm 45 cm 13 cm 15 cm 15 cm
depth cm) | 103.5 136.5 198.5 2515 3295 364.5 403.5 446.5 5125 613.5 7145
Si (%) 27‘3 251 126339 | 9.0975 | 110754 | 107424 | 107712 | 108144 | 84048 | 8.1746 | 7.6965 19.3476
Al (%) 8.0300 | 3.3787 1.4415 1.8756 1.9836 | 2.0070 1.9836 1.7808 | 1.4686 | 1.7895 5.1371
Fe (%) 3.7850 | 1.2696 0.5745 0.7416 | 07524 | 07398 | 0.7488 | 0.7568 | 0.6552 | 0.8520 2.2598
Mg (%) 0.7650 | 0.2691 0.1080 0.1512 | 01512 | 01404 | 0.1188 | 0.1216 | 0.1050 | 0.1215 0.5969
Mn (%) 0.0100 | 0.0046 0.0030 0.0036 | 00036 | 00036 | 00036 | 0.0032 | 00014 | 0.0030 0.0069
Ca ((02‘;‘0) 0.2950 | 0.0736 0.0855 0.0936 | 00828 | 00792 | 0.0774 | 0.0656 | 0.0560 | 0.0600 0.1863
Na (%) 0.1900 | 0.0759 0.0765 0.0864 | 00792 | 00900 | 0.1134 | 0.0608 | 0.0644 | 0.0615 0.1380
K (%) 0.9650 | 0.4002 0.2130 02772 | 02808 | 02952 | 03168 | 02368 | 02100 | 02280 0.6969
Ti (%) 0.5050 | 02231 0.1215 0.1476 | 01512 | 01584 | 0.1386 | 0.1312 | 0.1176 | 0.1260 0.3243
Rb (%) 0.0054 | 0.0023 0.0011 0.0014 | 00015 | 00015 | 00016 | 0.0013 | 00011 | 0.0012 0.0039
Zr (%) 0.0100 | 0.0049 0.0041 0.0049 | 00045 | 00052 | 0.0044 | 00035 | 00036 | 0.0031 0.0066
Car(tf,/‘:‘)late 50 77 85 82 82 82 82 84 86 85 65.5
Supplementary Table S2B. Major element ko-area counts (cps) in selected samples of Core SO257-
18571 using Avaatech second generation XRF-scanner.
$0257- S0257- S0257- | S0257- | SO257- | SO257- | S0257- | SO257- | SO257- | SO257- | S0257-
18571 18571- 18571- 18571- 18571- 18571- 18571- 18571- | 18571- 18571- 18571-
oW 3dem | ZW36-37 | 2W 98- | 3W.S0- | 4W 29- | 4W_ 62- | SW_1-2 | SW d4- | 6W_I2 | TW_I4-15 | 8W_I4-
- cm 99 cm 51cm 30 cm 63 cm cm 45 cm -13cm cm 15 cm
]?fg)h 103 136 198 251 329 364 403 446 512 613 714
Si 127231 49636 50378 44036 41598 52488 50687 34121 42263 32085 85967
Al 10209 2746 2789 2054 1991 2273 2149 2103 2360 3086 6049
Fe 261323 63004 25690 29289 35821 34917 27846 23966 | 20676 28268 131142
Mg 854 517 768 510 406 455 448 410 484 483 665
Mn 1676 1026 889 905 591 603 692 780 444 661 847
Ca 1462297 2173011 | 3051209 | 2608208 | 2288047 | 2540524 | 2202014 | 2403031 286713 71 2915024 2167567
K 60878 24127 19495 16939 19378 20488 17643 17593 17532 18568 43561
Ti 14362 4179 2603 2865 2676 3664 2785 2571 2225 2078 9146
Rb 1433 454 170 337 393 346 370 136 198 134 1066
Zr 3307 2208 1746 1424 1467 1933 1595 1661 1675 2217 2327
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Supplementary Figure S8. Regression plots between XRF-scanner area counts (cps) and fused beats

XRF analyses of discrete samples from the same depth intervals in Cores SO257-18548 and -18571.

Red line indicates linear least-squares regression.
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6. Comparison to Antarctic temperature record
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Supplementary Figure S9. Comparison of chronology based on correlation of benthic oxygen
isotope records to the LR04 stack (Lisiecki and Raymo, 2005) with Antarctic 8D derived temperature
record (Bazin et al., 2013).
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7. Coherence, phase and response of benthic 6'°0
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Supplementary Figure S10: Coherence and phase of Log(Terr/Ca) to benthic foraminiferal 'O in

the spliced sediment record from Core SO257-18548 and Site U1482 (A) and from Core SO257-
18571 (B). Blackman Tukey spectrum using a Bartlett window. Bandwidth is 0.011194. Non-zero

coherence >0.550342. Error estimation on power spectrum is 0.488632 < APower / Power < 3.0732.
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8. Accumulation rates of terrigenous elements and carbonate in Cores SO257-18548 and

$0257-18571

Bulk sediment mass accumulation rates (MARs) were calculated by multiplying linear
sedimentation rates (LSRs derived from the age model of Cores SO257-18548 and -18751)
with average dry bulk density (DBD) in 9 samples from Core SO257-18548 (0.7346 g/cm?,
standard deviation 0.0747) and 11 samples from Core SO257-18571 (0.9024 g/cm?, standard
deviation 0.0767).

Accumulation rates of individual elements or groups of elements were calculated by
multiplying MARs with the proportion (weight percent/100) of each element or group of

elements.
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Supplementary Figure S11. Accumulation rates of terrigenous elements and carbonate in Core

SO257-18548 (A) and Core SO257-18571 (B).
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9. Riverine runoff proxy (Log(Terr/Ca) time series in comparison to 23 kyr precessional

insolation
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Key Points:

e Southwest front of modern Indo-Pacific Warm Pool is located between 23 and 24°S
during austral fall

e Northwestern Australian Margin north of 15°S remained seasonably influenced by
Indo-Pacific Warm Pool throughout past 450 kyr

e Ningaloo-Nifio type warming and freshening lead to unusually warm and wet
conditions following glacial terminations

Keywords
Australian monsoon, Mg/Ca paleothermometry, SST, IODP, IPWP, SSS

Abstract

We collected a suite of core top samples during R/V Sonne Cruise SO257 in May 2017
along the southwestern front of the Indo-Pacific Warm Pool (IPWP) to monitor the variability

of Southern Hemisphere tropical and subtropical sea surface hydrology and to assess
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temperature and salinity reconstructions with data sets reflecting conditions in the post-
monsoonal season. In our core top samples, a steep increase in planktonic §'80, associated with
a decrease in sea surface temperature (SST), indicates that the southwestern front of the [PWP
is located between 23 and 24°S during austral fall. We additionally reconstructed SST, sea
surface salinity (SSS) and 8'%0 seawater (8'%0sw) over the last 450 kyr in two sediment
successions located within and beyond the monsoonal rain belt. The regional differences in the
SST and SSS records reveal that the Northwestern Australian Margin north of 15°S remained
seasonally under the influence of IPWP water masses, even during glacials. The temporal
variability in SSS along the Northwestern Australian Margin differs from local monsoonal
sediment discharge, which is highly coherent to precessional insolation forcing. By contrast,
SSS variability represents an integrated signal of precipitation, runoff and advective mixing
along the pathway of the Indonesian Throughflow. Our records also show that SST maxima at
the end of glacial terminations coincided with maxima in atmospheric pCO2, Southern
Hemisphere spring insolation and latitudinal insolation gradients. We speculate that these
combined forcings contributed to more frequent Ningaloo-Nifio type events, leading to

unusually warm and wet conditions off Western Australia following glacial terminations.

1. Introduction

The influence of precessional insolation and latitudinal insolation gradients on tropical
hydrology, in particular the intensity and spatial extent of the Indonesian-Australian monsoonal
rain belt, is still a matter of debate, since extended, orbital scale records remain extremely
scarce (e.g. Holbourn et al., 2005; Zhang et al., 2020), as most studies focused on the last
glacial cycle (e.g. Mohtadi et al., 2011; Ayliffe et al., 2013; Denniston et al., 2013; Kuhnt et
al., 2015; Eroglu et al., 2016; Field et al., 2017; Ishiwa et al., 2019). Global sea surface

temperature (SST) stacks over the last deglaciation indicated significant inter-hemispheric
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differences during deglacial warming, in particular for the phasing between globally increasing
atmospheric carbon dioxide and regional warming in both hemispheres (Shakun et al., 2012b).
This global compilation included high-resolution SST reconstructions over the last two glacial
terminations in the Timor Sea (Xu et al., 2006, 2008, 2010), at locations situated within the
Indo-Pacific Warm Pool (IPWP). However, these reconstructions were based on Mg/Ca
thermometry of near-surface and upper thermocline planktonic foraminifers in an area directly
influenced by the Indonesian Throughflow (ITF) and, thus, inherit some Northern Hemisphere
temperature signature, such as a cool Heinrich Stadial 1 (HS1, ~15 to 18 ka) and an onset of
deglacial warming during the Belling/Allered (~13 to 15 ka). Cores in the tropical Indian
Ocean offshore southern Java, within the Timor Strait, Flores Sea, and Makassar Strait exhibit
a similar delayed warming trend following HS 1 (Holbourn et al., 2011; Mohtadi et al., 2011;

Schrdder et al., 2018).

Substantial regional cooling in the Northern Hemisphere and widespread drying in the
subtropics and tropics in the early stage of the last deglaciation (HS 1) were originally attributed
to a southward shift of the Inter Tropical Convergence Zone (ITCZ) and associated tropical
rain belt (Broccoli et al., 2006; Chiang et al., 2003, 2008; Chiang & Bitz, 2005; Claussen et al.,
2003; Muller et al., 2008, 2012). However, a global data compilation demonstrated that the
height of this stadial (~16 to 17 ka) coincided with an extreme and widespread megadrought,
which also affected the Southern Hemisphere (Stager et al., 2011). The widespread extent of
the HS 1 megadrought suggests a severe weakening of the entire tropical convective rainfall
system, probably as a response to tropical sea surface cooling on a global scale. Temperature,
precipitation and monsoonal sediment discharge proxy records from the subtropical Indian
Ocean and off northwestern Australia indicated a subsequent major intensification of the
Australian Monsoon at ~13 to 14 ka (De Deckker et al., 2014; Denniston et al., 2013; Field et

al., 2017; Ishiwa et al., 2019; Kuhnt et al., 2015). However, the occurrence of widespread
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tropical aridification reaching into the Southern Hemisphere during the early stage of
deglaciation, when atmospheric pCO> levels were still substantially lower than pre-industrial,
remains uncertain. Insights into the phase relationships between precessional insolation,
atmospheric pCO», local SST and monsoonal discharge over several glacial terminations are,
thus, critical for a better understanding of the processes driving climate warming and

convective rainfall intensification in the Southern Hemisphere.

On orbital timescales, Northern and Southern Hemisphere temperature records exhibit
an unexpected similar response to precessional insolation forcing with temperature maxima at
precession minima (Northern Hemisphere insolation maxima) (Huybers & Denton, 2008;
Laepple et al., 2011; Uemura et al., 2018). Southern Hemisphere monsoonal proxy records
display a similar response to insolation/temperature forcing with maxima in monsoonal
intensity close to precession minima even though Southern Hemisphere peak daily summer
insolation was at a minimum (e.g. Zhang et al., 2020). Several mechanisms have been
suggested to explain this phase-locked behavior of climate on the precessional band in the two
hemispheres: (1) extended austral summer duration (maximum number of days with high
average insolation in the Southern Hemisphere) at precession minima (Huybers, 2009); (2)
maximum daily insolation in austral spring (September) at precession minima, which decreases
sea ice cover around Antarctica and intensifies heat transfer towards the Antarctic interior with
repercussions over the entire Southern Hemisphere (Timmermann et al., 2009); (3) zonal and
cross-equatorial transfer of the Northern Hemispheric insolation signal to the Southern
Hemisphere by atmospheric or ocean circulation (Chiang et al., 2008; Deininger et al., 2020);
(4) steepening of latitudinal insolation gradients driven by the interference of precessional
forcing and orbital obliquity (Bosmans et al., 2018; Chiang & Friedman, 2012; Mantsis et al.,

2014).

- 76 -



Chapter 2

Here, we monitor the variability of Southern Hemisphere tropical and subtropical
hydrology in core top samples collected during R/V Sonne Cruise SO257 in May 2017 at
sensitive locations along the southwestern front of the IPWP. We additionally reconstruct SST,
sea surface salinity (SSS) and 8'%0 seawater (8'*0sw) over the last 450 kyr in two sediment
successions located at the southwestern edge of the [IPWP (within the monsoonal rain belt) and
southwest of the IPWP (outwith the monsoonal rain belt). Our main objectives are to monitor
the variability of Southern Hemisphere tropical and subtropical SST and SSS on millennial
timescales and to relate their variability to sediment discharge records of the Australian
Monsoon, insolation forcing, high latitude climate evolution and changing atmospheric

greenhouse gas concentrations.

2. Regional oceanographic and climatic setting

The hydrologic setting at the southwestern margin of the IPWP is crucial for
understanding climate evolution on the Australian continent and tropical climate interactions
between the Pacific and Indian Oceans. The Northwestern Australian Margin along the eastern
Indian Ocean is characterized by a steep SST gradient from temperatures above 28°C within
the IPWP to the northeast to cooler temperatures with stronger seasonal variability between 22
and 25°C to the southwest (Figure 1A). There is also a marked northeastern-southwestern SSS
gradient with higher salinities to the southwest (Figure 1B). The seasonal variability of SST
and SSS along the margin is affected by the intensity of the ITF and Leeuwin Current, which
carry warm, low salinity water from the Timor Strait and eastern part of the North West Shelf

towards the southwest (Church et al., 1989; Feng et al., 2015; Fieux et al., 2005).

The seasonal salinity gradient is influenced both by the lower salinity of Banda and

Arafura Sea waters that are transported by the ITF through the Timor Strait and along the North
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West Shelf and by freshwater discharge from the large rivers that drain the northern Australian
monsoonal region (Phillips et al., 2005).The seasonal dynamics of the IPWP southwestern front
are strongly influenced by the interplay of the ITF and Leeuwin Current. The latter is initiated
through a sea-level build-up by monsoonal winds during December-February in the Gulf of
Carpentaria (Ridgway & Godfrey, 2015). The Leeuwin Current flows southward along the
continental shelf of northwestern Australia as a shallow (<300 m), narrow band (<100 km wide)
of warm, lower salinity, nutrient depleted water of tropical origin, which mixes with cooler and
saltier waters from the northward flowing West Australian Current during austral summer
(Church et al., 1989; Cresswell & Peterson, 1993; Pattiaratchi, 2006; Ridgway & Condie, 2004;
Smith et al., 1991). The unusually warm Leeuwin Current is seasonally strongest during austral
fall and winter (May-July) and on an interannual time scale during La Nifa years.
Intensification of the Leeuwin Current promotes evaporative heat loss and upper ocean
stratification and reduces upper ocean mixing, nutrient fluxes, and productivity (Feng et al.,
2009). The current intensity is additionally increased by the heat flux over the Pilbara region
during late austral summer, since increasing depth-averaged temperatures on the Pilbara shelf
contribute to elevated sea level, when the warm surface water is vertically mixed by strong
tides. This leads to seasonal advection of warm water westward and southward (Ridgway &
Godfrey, 2015). The sea-level anomaly that drives the current system propagates southward
against the prevailing wind direction and dominates the surface ocean along the Western

Australia Margin during austral fall and early winter.
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Figure 1A. Seasonal distribution of modern sea surface (0 m) temperatures in the eastern Indian Ocean
and along the Northwestern Australian Margin. Data from WOA13 (Locarnini et al., 2013) plotted using

Ocean Data View (Schlitzer, 2020).
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Figure 1B. Seasonal distribution of modern sea surface (0 m) salinities in the eastern Indian Ocean
and along the Northwestern Australian Margin. Data from WOA13 (Zweng et al., 2013) plotted using
Ocean Data View (Schlitzer, 2020).

The seasonal discharge of the major northern (Alligator, Daly, Johnson, Pentecost,
Victoria, Mary) and northwestern (Fitzroy, Ord) Australian rivers reaches the coast at the end
of the austral summer monsoon season (Figure 1C). The total annual discharge of these larger
rivers is relatively low (in the order of 56 km?/yr, Milliman & Farnsworth, 2011), but highly

seasonal with 3'®0 values of precipitation in the range of —6%o vs. VSMOV (Vienna Standard

Mean Ocean Water) during the monsoonal season in the Darwin area (J. Liu et al., 2010). This

Manuscript submitted to Palaeoceanography and Paleoclimatology (in review)

- 80 -



Chapter 2

discharge affects SSS and 8'®0 mainly in the post-monsoonal season in the areas adjacent to
the river mouths. However, the signal is intensified by direct precipitation into the sea, and
contributes to a first salinity minimum along the Northwestern Australian Margin in early
austral fall (March-May) (Figure 1C). For the few rivers, where sediment load and discharge
data are available (e.g. Ord River, Milliman & Farnsworth, 2011), the ratio of sediment to
freshwater discharge is high, which is likely due to the high seasonality and lack of vegetation
cover in the more elevated parts of the catchments.
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Figure 1C. Monthly records of sea surface temperature (SST), salinity (WOA13) and rainfall
(http://www.bom.gov.au/climate) along the Northwestern Australian Margin. Red and blue curves
indicate temperature and salinity at 0 m from WOA13: (a) 15.1°S/120.3°E; (b) 18.4°S, 115.2°E; (c)
22.1°S/113.5°E; (d) 29.0°S/112.9°E. Pink and light blue curves indicate temperature and salinity
closed to mouths of Ord River and Fitzroy River: (a) 15°S, 124.6°E; (b) 18°S, 121,9°E. Grey columns
show mean precipitation from 1961 to 2020; black columns show precipitation in 2017: (a) Station
Legune, 15.21°S/129.45°E; (b) Station Yeeda, 17.62°S/123.65°E; (c) Station Learmonth airport,
22.24°S/114.10°E; (d) Station Badgingarra, 30.34°S/115.54°E). Yellow stars indicate SST and SSS
measured during R/V Sonne Cruise SO257 in May 2017.
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3. Materials and Methods

3.1. Core locations and sediment recovery

We analyzed a suite of surface sediment samples from core tops retrieved with a
multicorer in May 2017 during R/V Sonne Cruise SO257 WACHEIO (Kuhnt et al., 2017). The
37 core top sediment samples were retrieved within the area of 15°3.591°S, 120°18.846’E and
27°15.325’°S, 112°2.177°E along the Northwestern Australian Margin (Figure 2, Table S1).
This data set from the sediment-water interface is compared to downcore measurements in two
sediment successions spanning the last four glacial-interglacial cycles that are located in
contrasting oceanographic and climatic settings along the Northwestern Australian Margin

(Figure 2).

The composite sediment succession from piston Core SO257-18548 (15°3.591°S,
120°18.846’E, 1608 m water depth, 11.2 m core length) and nearby International Ocean
Discovery Program (I0ODP) Expedition 363 Site U1482 (15°3.32'S, 120°26.10'E, 1466 m water
depth) is located close to the modern southern limit of the seasonal (austral summer)
displacement of the ITCZ (Figure 2b). The sediment records from Core SO257-18548 and Site
U1482 were spliced into a composite record because a local sediment gravity flow eroded
sediments younger than MIS 9 at Site U1482. The sediment from these locations consists of
homogenous mottled olive greenish grey to dark grey clay-rich calcareous ooze (Kuhnt et al.,
2017; Rosenthal et al., 2018). Gravity Core SO257-18571 (22°6.666'S, 113°29.688'N, 1052 m
water depth, 20.1 m core length), retrieved in the southern part of the Exmouth Plateau,
offshore the North West Cape Peninsula (Figure 2c), is situated south of the modern southern
limit of the ITCZ. The sediment at this location consists of clay-rich nannoplankton ooze with
distinct intercalations of dark reddish brown, clay-rich intervals and light olive grey calcareous

ooze (Kuhnt et al., 2017).
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Figure 2. Oceanographic setting and core locations along the Northwestern Australian Margin. (a)
Major ocean circulation pathways. Red thin arrows: Indonesian Throughflow (Gordon et al., 2012), red
thick arrow: Leeuwin Current, blue thick arrow: West Australian Current (Gallagher et al., 2009). Red
dashed lines indicate the 28°C limit of annual SST from WOA13. (b-d) Locations cored during R/V
Sonne Cruise SO257. Red dots indicate positions of Core SO257-18548, IODP Expedition 363 Site
U1482 and Core SO257-18571. White dots indicate locations of core top samples analyzed in this study
Map created with Ocean Data View (Schlitzer, 2020).

3.2 Sampling and processing

We measured austral fall SST, SSS, and §'Osy in the second half of May 2017 during
R/V Sonne Cruise SO257 and compared these measurements to reconstructed SST, SSS, and
8'80 from multi-corer core tops retrieved between the 1000 and 2000 m water isobaths. The
year 2017 was an unusually wet and warm year in the monsoonal region of the Northern
Territories and the northeastern part of Western Australia, while the west coast of Western

Australia was drier than usual. Total annual rainfall across the Northern Territories was 19%

Manuscript submitted to Palaeoceanography and Paleoclimatology (in review)

-83 -



Chapter 2

above average mainly due to several wet months in the rainy season earlier in the year. Western
Australian annual rainfall was 42% above average, mainly recorded in the monsoonal northern

and eastern parts of Western Australia (http://www.bom.gov.au).

Multicores were sampled immediately after retrieval in 1 cm slices and the uppermost
five slices were preserved in a mixture of ethanol and Rose Bengal in 300 ml Kautex bottles.
A SBE 911 plus CTD (Conductivity Temperature Depth) profiler was used at 10 stations to
record the vertical variability of temperature, salinity, and oxygen, and to obtain water samples
over the water profiles. The shipboard CTD of R/V Sonne is equipped with a rosette sampler
with 24 Niskin bottles. 3'® Oy was analyzed with a Gasbench II, which is connected to a
DeltaPlusXL mass spectrometer from the three uppermost Niskin bottles deployed at 5, 10 and
20 m below sea surface. Between stations, SST and SSS were continuously measured using a

Seabird thermosalinograph mounted to the hull of R/V Sonne.

The working halves of Cores SO257-18548 and -18571 were initially sampled at 10 cm
intervals (1 cm-thick half slices of 11 cm core diameter). Additional samples were taken over
Termination I (six samples from Core SO257-18548 between 94.5 and 204.5 cm core depth)
and Termination II (10 samples from Core SO257-18548 between 456.5 and 576.5 cm core
depth) to refine the age model. Four holes were cored at Site U1482 during IODP Expedition
363 (Rosenthal et al., 2017, 2018). The working halves from the composite sediment
succession (shipboard splice) between 24.76 and 30.22 meters composite depth (mcd) were
sampled at 20 cm intervals (2 cm-thick half slices of ~7 cm core diameter). The sediment
succession from Core S0257-18548 and nearby Site U1482 were combined, based on
correlation of the high-resolution resolution X-ray fluorescence (XRF) scanner elemental
records. The tie point between these records, corresponding to an age of ~324 ka, is located at

10.84 m in Core SO257-18548 and at 24.97 mcd in Site U1482 (Pei et al., 2021).
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All samples were oven dried at 40°C and weighed prior to washing over a 63 pm sieve.
Residues were oven dried at 40°C on filter paper, then weighed and sieved into the

fractions >315, 315-250, 250-150 and 150—-63 pm.

3.3. Chronology

The age models of Cores SO257-18548 and -18571 over the last glacial termination
and Holocene are based on *C accelerator mass spectrometry (AMS) dates obtained from
Globigerinoides ruber (white) >250 um. The age model prior to 21 ka was generated by
correlating the benthic foraminiferal 'O to the benthic isotope stack LR04 (Lisiecki & Raymo,
2005). Details of the *C and oxygen isotope stratigraphy of Cores SO257-18548, SO257-

18571 and Site U1482 between 24.76 and 30.22 mcd are provided in Pei et al. (2021).

3.4. Globigerinoides ruber (white) stable isotopes and Mg/Ca

We selected 45 to 50 well preserved specimens per sample of the planktonic
foraminifer G. ruber (white) (size fraction 250-315 pum) for paired Mg/Ca and stable isotope
analysis. All tests were checked under the microscope for cement encrustations and infillings
before being broken into large fragments. Samples were crushed between two glass plates to
open all chambers of the tests. Approximately one quarter of the sample material was used for
stable isotope analysis. After crushing, samples for isotope analysis were cleaned with ethanol
(>99.7%) for two to three seconds in an ultrasonic bath, decanted and dried at 40°C prior to
analysis with a Thermo Finnigan MAT 253 mass spectrometer at the Leibniz Laboratory for
Radiometric Dating and Isotope Research, Kiel University, Kiel. The mass spectrometer is
coupled to a Kiel-Carbo IV device for automated CO> preparation from carbonate samples.

Sample reaction was induced by individual acid addition (99% H3PO4.at 75°C) under vacuum.
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The evolved carbon dioxide was analyzed eight times for each individual sample. As
documented by the performance of international [NBS19: —2.20%0 VPDB ('*0); —2.37%o
VPDB ('80)] and laboratory-internal carbonate standards [Helal: +2.48%, VPDB ('*0); HBI1:
~18.10%0 VPDB ('*0); SHK: —4.85%0 VPDB ('%0)], analytical precision of stable isotope
analysis is better than +£0.08%o for 8'30. Values are calibrated relative to Vienna Pee Dee

Belemnite (VPDB) scale.

Mg/Ca was measured on approximately three quarters of the picked G. ruber tests. The
samples were cleaned of the contaminant phases using the cleaning procedure with a reductive
step detailed in Martin and Lea (2002) and Barker et al. (2003). The elemental composition of
the foraminiferal calcite was analyzed with a Spectro Ciros SOP CCD inductively coupled
plasma optical emission spectrometer (ICP-OES) at the Institute of Geosciences, CAU, Kiel.
To control the quality of the measurement and the machine drift over the measuring period,
every sixth sample is a calibration standard consisting of the certified reference material ECRM

752-1 with a mean value of 3.821 mmol/mol Mg/Ca (Greaves et al., 2008).

3.5. Mg/Ca temperature estimates

Sea surface and mixed-layer temperatures were estimated from G. ruber Mg/Ca in
down-core and core top samples using the calibration derived from sediment trap samples

(Anand et al., 2003):
Mg/Ca = 0.395 + 0.009 exp (0.090 * T).

We chose this equation because it has consistently been used for temperature
reconstructions in this region (Schréder et al.,, 2016; Xu et al., 2006, 2008) and yields
comparable results to other widely used equations (e.g. Dekens et al., 2002; Figure 3a). We

compared the results of the local core top calibration data to seasonal and annual mean SST
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from the World Ocean Atlas (WOA13) and to shipboard thermosalinograph measurements
taken during R/V Sonne Cruise SO257 in late May 2017 (Figure S1A). Errors in SST
reconstructions were calculated by propagating the errors introduced by Mg/Ca measurements
and the Mg/Ca temperature calibrations mentioned above, following the approach described in
Mohtadi et al. (2014). A comparison of SST based on different calibrations for the two cores

is shown in Figure S1B.

3.6. Sea surface water 6'%0 (6'80y) reconstructions

We calculated 8'30sw from 6'30 of foraminiferal calcite and Mg/Ca-based temperature
estimates of G. ruber for near surface waters in sediment successions from Core SO257-18548,
Site U1482 and Core SO257-18571. We applied the equation from Bemis et al. (1998) to

calculate 8'®Qsyw in surface waters.
51805 = 0.27 + (T — 16.5 + 4.8 * 51306 ruper) / 4.8

We applied an ice volume correction of 60% of the original benthic foraminiferal §'%0O
variability in Core SO257-18548, Site U1482 and Core SO257-18571 (Pei et al., 2021; Figure
S2). Since the gradient of the original benthic foraminiferal §'*0 between modern and the LGM
(1.6%0) exceeds the global mean value of ~1.1%o (Waelbroeck et al., 2002), we assume that the
contribution of deep water temperature accounts for the difference. A comparison of corrected
880w values for different estimates of the ice volume component in benthic foraminiferal 8'%0

is shown in Figure S2.
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4. Results

4.1. Calibration of temperature reconstructions using modern sea surface data

We followed two different approaches to calibrate G. ruber Mg/Ca to sea surface
temperatures. We used (1) published calibration equations (Anand et al., 2003; Dekens et al.,
2002), which are frequently applied globally, and (2) a local regression of G. ruber Mg/Ca
against annual average SST from WOA13 at our core top locations (Figure 3a). Additionally,
we compared the results of these two approaches to regressions of G. ruber Mg/Ca to seasonal,
in particular late summer/fall (March-May), SST from the WOAI13 and to direct
measurements during R/V Sonne Cruise 257 in May 2017 (Table S1, Figure S1A). We
observe a systematic deviation of the reconstructed temperatures from local annual average
temperatures using the global calibration equations. This deviation increases towards the
southwestern (south of 23°S latitude) stations, where reconstructed temperatures are in the
range of ~25°C, whereas calibration against local annual average temperatures results in
substantially cooler temperatures of ~22°C. In contrast, temperatures reconstructed with the
global calibration equation closely match austral late summer-fall temperatures in this area
(Figure 3b). This suggests that the deviation of reconstructed temperatures from annual
average SST along the Northwestern Australian Margin is caused by a seasonal bias of G.
ruber abundances towards the late summer-fall season, when the Leeuwin Current is
intensified. Differences between the two calibration approaches are less pronounced at
stations within the IPWP further to the northwest, where the seasonality of SST is reduced
and summer SST is close to the annual average. At the northernmost stations SO257-18547
and -18548, modern SST is on average ~29°C during austral summer (January-March) and
~27°C during austral winter (July-September) with an annual average of 28.2°C (Figures 1, 3;

Table S1). This annual average is within error matched by G. ruber Mg/Ca temperatures using
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both the regression against the local annual average temperatures and the global calibration

equation (Figure 3a).

4.2. Modern distribution of Globigerinoides ruber 630 along the Northwestern

Australian Margin

Globigerinoides ruber 3'®0 measured along the SO257 NE-SW transect in the second
half of May 2017 increases consistently from a minimum of nearly —3.0%o at the northeastern
end of the transect to values between 1.3 and 1.6%o at the southernmost stations (Figure 4). We
recognize a distinct break between two clusters of values, a northerly group with 5'30 values
of —2.1%o or lower and a southerly group with values above 1.8%o. The limit between these two
groups, which is located offshore the Northwest Cape at 23°S (Figure 2), can be defined as the

seasonal position of the oceanic front at the southwestern edge of the IPWP.
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4.3. Measured and reconstructed seasonal and annual average surface 6'%0 seawater:

Relation to seasonal and annual average SSS

We reconstructed 8'80sy from 6'80 and Mg/Ca-based temperature estimates of G. ruber
in core top samples using the relationship of Bemis et al. (1998). We then compared the results
to measured 530y at 5, 10 and 20 m water depth at 10 stations along the SO257 latitudinal
transect (Figure 5a, b). Measured 8'3Osw ranges between —0.07%o at 20 m water depth at the
most northeasterly CTD station SO257-18546 (15°S) and 0.36 to 0.39%o at 20 m water depth
at the three southwestern CTD Station SO257-18577, -18583 and -18590 between 25 and 29°S
(Table S2). Measured 330w increases steadily southward with a slope of 0.025%o per degree
latitude. By contrast, reconstructed 8'Osy exhibits a much steeper slope than measured 5'¥Ogy

with an increase of 0.05%o per degree latitude. The increase with

latitude is less uniform and characterized by two distinct clusters with low values north
of 23°S and high values south of 23°S. Our data also show a clear §'3Osy-salinity correlation

along the Northwestern Australian Margin, indicating that 8'®Os reconstructions are highly
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suited to evaluate the amount of monsoonal freshwater flux in this region. The local

relationship of measured SSS and 830, at 5 to 20 m water depth is:
8805w =—11.66 + 0.34 * SSS

which corresponds to a slope of 0.34%o per psu (Table S2, Figure 5a). This is in the range
of tropical central Pacific mixed layer values and closely matches the relatively steep 8'80sw
per SSS slope in the center of the IPWP near Palau (Morimoto et al., 2002; Conroy et al., 2014,

2017).

4.4. Globigerinoides ruber 630 variability over the last 450 kyr

The G. ruber 8'30 record displays marked glacial-interglacial variability with values
oscillating between —2.75 and —0.73%o in Core SO257-18548 and Site U1482 and between —
2.27 and —0.47%o in Core SO257-18571 (Figure 6). In Core SO257-18548 and Site U1482, G.
ruber 3'%0 fluctuates between —1.25 and —0.81%o during MIS 12, then decreases to —2.59%o
during Termination V. Values increase consistently from —2.00 to —1.04%o during MIS 10 and
vary between —1.70 and —2.71%o during MIS 9, increasing to a maximum of —1.06%o during
MIS 8. Values fluctuate between —1.50 and —2.37%o during MIS 7, reaching a peak of —0.97%o
during MIS 6. After the onset of Termination II, '*O decreases sharply to a minimum of —
2.75%0 before increasing to reach highest values (—0.73%o) during the LGM. During
Termination I, §'80 exhibits a decrease from —0.73 to —2.61%o. In Core SO257-18571, G. ruber
8180 increases from —2.07 to —0.35%o during mid MIS 9 and mid MIS 8, then decreases to —
1.91%o during Termination III. Values oscillate between —0.81 and —1.97%o during MIS 7 and
fluctuate between —1.50 and —0.60%o during MIS 6, before decreasing to their lowest value of
—2.37%o during MIS 5Se. During the last glacial cycle, values increase once more to reach a

maximum of —0.47%o during the LGM. Holocene values exhibit a minimum of —2.15%..
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4.5. SST variability over the last 450 kyr

Globigerinoides ruber Mg/Ca varies between 3.29 and 5.57 mmol/mol over the past 450
kyr in Core SO257-18548 and Site U1482, corresponding to SSTs between 23.5 and 29.4°C
(Figure 6), in comparison to the modern annual SST average of 28.2°C at this location
(WOAI13) (Table S1). During MIS 6 to 12, SSTs show marked glacial-interglacial variability,
fluctuating between ~24 and 28°C. Peak temperatures of 29.4°C and 28.8°C were reached
during MIS 5e and the early Holocene, respectively. The glacial-interglacial SST difference is
~4°C for Terminations I and II. During Termination II, SSTs exhibit a sharp increase, rising
from 25.3°C to a maximum of 29.4°C during MIS 5e. SSTs decreased to their lowest values
(~23°C) during MIS3 and the LGM, then rose to a second maximum of 28.8°C during the early

Holocene (Figure 6a).

In Core SO257-18571 the glacial-interglacial temperature contrast is lower, which is
mainly due to lower interglacial SSTs (Figure 6a). Mg/Ca fluctuates between 3.38 and 4.99
mmol/mol and SSTs range from 23.8 to 28.2°C, in comparison to the modern annual SST
average of 25.0°C at this location (WOA13) (Table S1). During MIS 6 to 9, SSTs show glacial-
interglacial variability between 23.8 and 27.9°C, which is less pronounced than in Core SO257-
18548 and Site U1482. During MIS 5e, SSTs were ~2°C higher than today, fluctuating between
~27 and 28°C. An abrupt cooling by ~2°C occurred at the end of MIS 5e followed by an overall
cooling trend from ~26 to ~24°C during MIS 5d to MIS 2. During Termination I, SSTs display
a steady rise, reaching 27.3°C in the Holocene, which is ~1°C lower than during MIS 5e (Figure

6).
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4.6. Seawater oxygen isotope composition and salinity variability over the last 450 kyr

Today, the northeasterly Core SO257-18548 and Site U1482, which are more directly
influenced by river discharge from the Australian monsoon region and advection of freshwater
from the Indonesian archipelago, exhibit annual average core top 8Osy of 0.17%o
(reconstructed from core top G. ruber Mg/Ca-derived temperatures and G. ruber §'%0) and
seasonally lighter seawater 8'®Ogy of —0.04%o in May 2017 (direct measurement of seawater
sampled with the CTD Niskin bottle at 5 m water depth). The southwesterly Core SO257-
18571 displays an annual average 8'®Osyw 0f 0.47%o and a seasonal value of 0.17%o in May 2017,
resulting in seasonal offsets between ~0.2 and 0.3%o and regional offsets in the same order of
magnitude for annual average and the post-monsoonal season. Mean '%0sy in Core SO257-
18571 (0.43%o0) is ~0.3%o higher than in Core SO257-18548 and Site U1482 (0.07%o) over the
last four glacial cycles, corresponding to a salinity, which is higher by as much as ~1 psu
(Figure 6). Today, the annual average salinity difference at these stations is 0.5%o and the
salinity difference in austral fall 2017 was in the same order of magnitude (Table S2). The
highest 8'® 0w and salinities occurred during glacials and in the early phase of glacial
terminations. Lowest salinity is synchronous in the early part of interglacials at both sites with
the exceptions of MIS 3, which is characterized by low “interglacial” values (8!30sw between
-0.2 and -0.4%o) in Core SO257-18548 and Site U1482. In contrast, Core SO257-18571

exhibits a high “glacial” salinity (ice volume corrected 3'¥Osw between 0.4 and 0.8%o).
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5. Discussion

5.1. Factors influencing seasonal and annual SST and SSS reconstructions along the

Northwestern Australian Margin
5.1.1. Seasonality in G. ruber distribution

Reconstruction of 3'¥Ogy/salinity is usually based on temperature correction of G. ruber
8!80 with Mg/Ca-derived SST reconstructed with globally applicable calibrations such as
Dekens et al. (2002) and Anand et al. (2003). However, we recognized that reconstructed
temperatures in our core top dataset overestimate annual average temperatures at the
southwestern (cooler) stations by ~2 to 3°C (Figure 3). Warm temperatures that match Mg/Ca-
derived estimates at these southwestern locations are only reached during austral fall (March-
May), when the warm Leeuwin Current is active (Fieux et al., 2005). A bias by dissolution or
carbonate ion effects can be excluded, since warm temperatures at the most northeastern
stations are accurately reconstructed and deviations towards higher Mg/Ca and warmer
temperatures only occur at the southwestern stations. A potential cause for this discrepancy is
a seasonal bias of the G. ruber population density towards the warm season at the cooler
southwestern stations. This bias may be accentuated by the fact that G. ruber tests are carried
southward from the warm area east of the Northwest Cape to the cooler waters along the
Northwestern Australian Margin with the strengthening Leeuwin Current, as is the case for

clay minerals (Gingele et al., 2001).

To evaluate the impact of this seasonal bias on our SST reconstructions, we compared
the results of global Mg/Ca calibrations to measured annual average and seasonal SST from
WOAT13 and shipboard CTD and thermosalinograph measurements in May 2017 at 40 stations
sampled during R/V Sonne Cruise SO257 along the Northwestern Australian Margin (Figure

S1A). This comparison shows that global Mg/Ca calibrations closely match the SSTs of the
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post-monsoonal WOA13 fall dataset and temperatures measured in the near surface CTD and
thermosalinograph measurements in May 2017 (Figure 3a and b, Figure S1A). Using the local
annual average temperatures as a base for regional calibrations results in temperature estimates
that are ~2°C cooler and exhibit slightly higher glacial-interglacial temperature gradients
(Figure S1B). Thus, we use the calibration of Anand et al. (2003) to estimate downcore SST,
since seasonal population dynamics of G. ruber along the Northwestern Australian Margin are
not known over the last four glacial cycles. However, this approach may lead to slightly
amplified glacial-interglacial gradients in reconstructed SST and SSS, since the seasonality of

G. ruber populations may have been enhanced during glacials.

5.1.2. Temporal and spatial variability of the oceanic front at the southeastern margin of the

PwpP

The most significant feature in the mixed layer temperature record along the SO257
latitudinal transect is the rapid southward decrease in Mg/Ca-derived SST, associated with a
salinity (8'80sw) increase at the southeastern margin of the IPWP (Figure 4). This steep gradient,
which represents the seasonal position of the oceanic front at the southeastern margin of the
IPWP, was identified between 23 and 24°S towards the end of May to early June during
previous cruises (e.g. Weller et al.,, 2011). This temperature gradient is associated with
southward shallowing of the thermocline and intensified current activity, formation of eddies,
enhanced upper ocean mixing and increased nutrient levels in surface water masses (Thompson
& Richards, 2011; Weller et al., 2011). Although this boundary was situated ~1°S south of
Station SO257-18571 at the end of May 2017 during R/V Sonne Cruise SO257, the site would
have been bathed by cooler, nutrient rich surface water masses of southern origin during austral

winter. Temperature and salinity reconstructions at this site are, thus, well suited to monitor
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the spatial expansion and contraction of the IPWP and changes in the related intensity of the

warm Leeuwin Current over the last glacial cycles.

5.2. Phasing of deglacial warming to atmospheric carbon dioxide increase and Southern

Hemisphere insolation forcing

Centennial-scale SST records in combination with AMS !4C dates tuned to
independently dated deglacial '*C plateaus previously suggested that deglacial tropical
warming in the Indonesian Seas and off northwestern Australia led atmospheric CO; measured
in Antarctic ice cores by ~500 years during Termination I (Sarnthein et al., 2011; Schroder et
al., 2018). This relatively short lead is not resolved in our millennial-scale SST records, and
the onset of deglacial warming and atmospheric pCOx rise at the beginning of Terminations I,
IL, III and I'V appears coeval in Cores SO257-18571 and SO257-18548 and Site U1482 (Figure
7). Temperature maxima occur in MIS 1 (~8 ka), MIS 5e (~121 ka), MIS 7e (~238 ka) and
MIS 9 (~324 ka), which, within the limitation of our age models, coincide with atmospheric
pCO2 maxima in Antarctic ice core records and with maxima in monsoonal terrigenous
discharge from the Australian continent (Figure 7). This covariance of atmospheric pCO», SST
and monsoonal terrigenous discharge (Figure S4) suggests that the rise in atmospheric pCO-
and SST in the late phase of glacial terminations triggered an intensification of the Australian

Monsoon during precessional minima.

The atmospheric pCO;, SST and monsoonal runoff maxima at the end of glacial
terminations also coincide with precession minima at obliquity maxima. This orbital
configuration results in a combination of maximum Northern Hemisphere summer insolation
with maximum cross-equatorial heat transfer, due to obliquity induced steepening of summer

inter-tropical latitudinal insolation gradients (Bosmans et al., 2014; Davis & Brewer, 2009;
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Rossignol-Strick, 1983). In addition to Northern Hemisphere summer insolation, Southern
Hemisphere insolation may have contributed to warming in the southeastern Indian Ocean.
Austral spring insolation (daily insolation on 10 September at 65°S) in combination with the
duration of austral summer (days on which diurnal average insolation exceeds 250 W/m? at
77°S) may have triggered Southern Hemisphere warming (as recorded in Antarctic ice cores)
in phase with Northern Hemisphere warming (Huybers, 2009). The variability of austral
spring insolation and the duration of austral summer over the last 450 kyr exhibit close
similarities to Northern Hemisphere precessional summer insolation (daily insolation on 21
June at 65°N) (Huybers, 2009). A possible underlying mechanism is that enhanced austral
spring insolation promoted decreases in the sea ice cover around Antarctica and increases in
the heat transport into the interior of Antarctica with repercussions for the entire Southern
Hemisphere climate (Timmermann et al., 2009). The relative importance of these
mechanisms to explain Southern Hemisphere warming during summer insolation minima is
still an issue of intense debate. Atmospheric carbon dioxide, which is rapidly mixed in the
atmosphere, appears to play a major role in triggering coeval temperature changes in both
hemispheres, although the forcing mechanisms that drive atmospheric pCO> variability on

orbital time scales are unclear.
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Figure 7. Comparison of temperature and terrigenous discharge in Core SO257-18571, Core SO257-
18548 and Site U1482 with insolation and greenhouse gas forcing. Reconstructed SST are based on
the calibrations of Anand et al. (2003). (a) 21 September insolation at 20°S and 10 September
insolation at 65°S. (b) Insolation gradient between 10 and 30°S; SITIG: boreal summer inter-tropical
insolation gradient. (c) Ice volume corrected 5'*Oyy in Core SO257-18571 (light grey) with 3 pt
running average (dark grey). (d) Ice volume corrected §'*Oyy in Core SO257-18548 and Site U1482
(light grey) with 3pt running average (black). (e) SST from Core SO257-18571 (light blue), Core
S0257-18548 and Site U1482 (blue), (f) XRF-scanner derived Log(Terr/Ca) from Core SO257-18571
(orange), Core SO257-18548 and Site U1482 (red) from Pei et al. (2021). (g) EPICA Dome C (EDC)
ice core CO; record (Liithi et al., 2008). Blue shading indicates precessional insolation maxima that
coincide with elevated SST, increased monsoonal discharge and high atmospheric pCO,. Horizontal
dashed red lines indicate average ice volume corrected &'*Ogy from Core SO257-18571 and from Core
S0257-18548 and Site U1482. Vertical purple dashed lines indicate onset of deglacial atmospheric
pCO; and tropical SST rise, which are in phase on millennial-scale time resolution.
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5.3. Hydrological variability during the last four glacial cycles

Today, the seasonality of SSS along the Northwestern Australian Margin is mainly
driven by the advection of low salinity waters originating from the Indonesian archipelago via
the ITF and by local precipitation and eddy fluxes along the pathway of the Leeuwin Current
that freshen the mixed layer (Pattiaratchi, 2006; Thompson & Richards, 2011; N. Zhang et al.,
2016). Salinity fronts migrate seasonally and interannually with the movement of the ITCZ and
the El Nifio-Southern Oscillation (ENSO)-modulated surface component of the ITF (Hu et al.,
2019; Zhang et al., 2016). The strength of the advected freshwater flux is largely dependent on
the intensity of the tropical convective rainfall over the Indonesian Maritime Continent, but is
also affected by intense vertical mixing in the Banda Sea before reaching the Timor Sea.
Differences in the amount and seasonality of precipitation and riverine discharge as well as in
the transport and mixing along the ITF pathway, thus, contribute to a complex salinity signal
in the eastern Indian Ocean. These intricate interactions ultimately drive variability of 8'Osw
and salinity along the Northwestern Australian Margin on seasonal (Condie & Dunn, 2006),

interannual (Cahyarini et al., 2014; Hu et al., 2019) and orbital timescales (Spooner et al., 2011).

The ice volume corrected 880, record in the southwestern Core SO257-18571
exhibits clear glacial-interglacial variability with glacial values between 0.4 and 0.8%o during
MIS 2-4 and MIS 6 (Figure 7). Glacial values during MIS 8 were even higher (between 0.8
and 1.2%o), indicating a less expanded IPWP and weaker Leeuwin Current. By contrast, the
8!80sw record in the northeastern location (Core SO257-18548 and Site U1482) exhibits
subdued glacial-interglacial variability and is characterized by higher frequency and lower
amplitude fluctuations between maxima of ~0.6%o0 and minima of ~ —0.4%o.. This contrast is
especially evident during the last glacial cycle, when 8!30sw was lower during the early part of
MIS 3 than during the Holocene. These differences in temperature and salinity variations

suggest that the northeastern part of the Northwestern Australian Margin remained under the
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influence of IPWP water masses throughout the past 450 kyr, even during glacials. By contrast,
the southwestern Core SO257-18571 was situated in cooler and more saline water masses,

remaining south of the IPWP southwestern front during glacials.

The overall higher SSS during glacials at Site SO257-18571 suggests drier conditions
over the entire Maritime Continent and along the pathway of the ITF. Low salinities and
unusually warm temperatures in the early phase of interglacials at this location bear similarities
to modern conditions during “Ningaloo Nifio” events (Feng et al., 2013). During these events,
low-salinity anomalies in the Indonesian seas and along the Northwestern Australian Margin,
caused by anomalous precipitation in the region and ITF freshwater advection, are carried
southward by the Leeuwin Current. These warming and freshening anomalies that are
associated with prolonged La Nifa periods in the tropical Pacific have been more commonly
observed in the ITF and the Leeuwin Current over the past few decades (Feng et al., 2015).
Ningaloo-Nifio type warming and freshening events seem to become more frequent and intense
at elevated pCO; levels and may have also contributed to the unusual warm and wet conditions

off Australia during intervals of peak pCO: levels following glacial terminations.

5.4. Relative influence of ITF and Indonesian-Australian Monsoon on regional hydrology

The contrasting positions of the two sediment successions in relation to the IPWP is
reflected by different responses of SST to precessional insolation and atmospheric pCO>
forcing (Figures S3, S4). Within the IPWP (Core SO257-18548 and Site U1482), SST is highly
coherent with both precession (coherence: 0.92) and pCO; (coherence: 0.94) and exhibit a
phase lag of 5.1 kyr to precession and an in-phase relationship with pCOz, which suggests a
direct response of SST to atmospheric greenhouse gas forcing (Lea et al., 2006; Medina-

Elizalde & Lea, 2005). By contrast, SST south of the IPWP (Site SO257-18571) exhibits low
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coherence (0.45) with precession, whereas ice-volume corrected 8'%0sw, a direct proxy for
salinity variability, is highly coherent (0.83 in Core SO257-18548 and Site U1482 and 0.72 in
Core SO257-18571) and in phase with precession at both sites. This similarity in ice-volume
corrected 8!80sw suggests that the transfer of the salinity signal from the Indonesian Seas to the
eastern Indian Ocean via the ITF and Leeuwin Current remained consistent over orbital

timescales.

However, this temporal variability in circulation-driven salinity is remarkably different
from the imprint of local monsoonal precipitation and discharge on the sedimentation along
the Northwestern Australian Margin (Figure 7). Monsoonal sediment discharge from the
Australian continent, expressed as Log(Terr/Ca), is highly coherent (coherence: 0.77) with a
consistent phase lag of 5.1 kyr to precession in Core SO257-18548 and Site U1482, which is
directly exposed to monsoonal discharge from the Fitzroy River (Figure S3C). Whereas SSS
variability at this site represents an integrated signal of monsoonal precipitation and runoff as
well as intense advective mixing along the ITF pathway, the terrigenous sediment flux more
directly captures the local monsoonal precipitation and runoff signal from the Australian

continent (e.g. Milliman & Farnsworth, 2011).

6. Conclusions

Temperature, salinity and oxygen isotope analyses of seawater in combination with
stable isotope and Mg/Ca analysis of near-surface dwelling planktonic foraminifers in sediment
core tops from a transect along the Northwestern Australian Margin between 15 and 27°S allow
monitoring of spatial variations of the southwestern edge of the IPWP. Today, the southwestern
edge of the IPWP is characterized by a sharp decrease in SST and concurrent increases in

salinity and planktonic 8'®0 between 23 and 24°S off Northwest Cape during the post-
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monsoonal austral fall (May). Reconstructed mixed layer temperatures and salinities over the
last 450 kyr in two sediment successions at the southwestern edge of the IPWP (Site SO257-
18548/U1482 at 15°S) and southwest of the [IPWP (Site SO257-18571 at 22°S) suggest that
even during glacials the northeastern region remained influenced by IPWP water masses. By
contrast, the southwestern Site SO257-18571 was located in colder, more saline and nutrient-
rich mixed layer water masses, south of the IPWP front during glacials. Sea surface temperature
maxima and salinity minima along the Northwestern Australian Margin in the early parts of
MIS 1, 5, 7 and 9 coincided with peak monsoonal discharge during intervals of global pCO-
peaks at high or increasing Southern Hemisphere spring (September) insolation and maxima
in low latitude N-S insolation gradients at precession minima and obliquity maxima. Coherence
and phase relationship between insolation forcing, atmospheric pCO2, SST and monsoonal
intensity (SSS and terrigenous discharge) suggest that global greenhouse gas concentrations
and Southern Hemisphere spring insolation strongly influenced the spatial extent of the [IPWP

in the Southern Hemisphere and Australian monsoonal climate.
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Figure S1A. Mg/Ca of G. ruber in core top samples versus (a) fall (March-May) SST (°C) at 0 m
from WOA13 (Locarnini et al., 2013), (b) annual average SST (°C) at 0 m from WOA13, (c) Mg/Ca
derived SST (°C) in SO257 core top samples using calibration of Anand et al. (2003), (d) SST (°C)
from shipboard thermosalinograph measurements in May 2017, (e) spring (September-November)
SST (°C) at 0 m from WOA13, (f) summer (December-February) SST (°C) at 0 m from WOA13, and
(g) winter (June-August) SST (°C) at 0 m from WOA13.
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Figure S1B. Comparison of Mg/Ca derived SST (a-b), uncorrected 5'*Osy (c-d) and ice volume
corrected 8'*Ogy (e-f) in Sites SO257-18571 and SO257-18548/U1482, based on different
calibrations. Fall calibration: based on local calibration derived from linear regression between core
top samples Mg/Ca and fall (March-May) SST at 0 m from WOA13 (Supplementary Figure S1A-a);
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samples Mg/Ca and annual SST at 0 m from WOA 13 (Supplementary Figure S1A-b); Anand
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WOAI13 fall dataset. Reconstructions based on annual average WOA13 dataset enhance glacial-
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on Anand et al. (2003) and austral fall temperatures. Largest interglacial-glacial gradients of
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WOAI13 dataset.
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Figure S2. Ice volume correction of %04y in Sites SO257-18548/U1482, and SO257-18571. (a-b)
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Figure S3A. Comparison of precession parameter 2 (standard precession parameter multiplied by -1,
corresponding to Northern Hemisphere insolation, red) to 23 kyr filtered EDC CO> record (black)
(Liithi et al., 2008) and coherence (red) and phase (grey) of precession parameter 2 to EDC CO;
record. Precession parameter 2 (insolation) leads atmospheric pCO; by 4.8 kyr. Bandwidth is
0.011194. Non-zero coherence >0.550342. Error estimation on power spectrum is 0.488632 < APower
/ Power < 3.0732.
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Figure S3B. Comparison of precession parameter 2 (red) to 23 kyr filtered SST in Site SO257-
18548/U1482 (black) and coherence (red) and phase (grey) of precession parameter 2 to SST in Site
S0257-18548/U1482. Precession parameter 2 (insolation) leads SST by 5.1 kyr. Bandwidth is

0.011194. Non-zero coherence >0.550342. Error estimation on power spectrum is 0.488632 < APower
/ Power <3.0732.
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Figure S3C. Comparison of precession parameter 2 (red) to 23 kyr filtered Log(Terr/Ca) in Site
S0257-18548/U1482 (black) and coherence (red) and phase (grey) of precession parameter 2 to
Log(Terr/Ca) in Site SO257-18548/U1482. Precession parameter 2 (insolation) leads Log(Terr/Ca) by
5.1 kyr. Bandwidth is 0.011194. Non-zero coherence >0.550342. Error estimation on power spectrum
is 0.488632 < APower / Power < 3.0732.
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Figure S3D. Comparison of precession parameter 2 (red) to 23 kyr filtered SST in Site SO257-18571
(black) and coherence (red) and phase (grey) of precession parameter 2 to SST in Site SO257-18571.
Precession parameter 2 (insolation) leads SST by 6.2 kyr. Bandwidth is 0.011194. Non-zero
coherence >0.550342. Error estimation on power spectrum is 0.488632 < APower / Power < 3.0732.
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Figure S3E. Comparison of precession parameter 2 (red) to 23 kyr filtered Log(Terr/Ca) in Site
S0257-18571 (black) and coherence (red) and phase (grey) of precession parameter 2 to Log

(Terr/Ca) in Site SO257-18571. Precession parameter 2 (insolation) leads Log(Terr/Ca) by 7.3 kyr.

Bandwidth is 0.011194. Non-zero coherence >0.550342. Error estimation on power spectrum is

0.488632 < APower / Power < 3.0732.

min = -13.0408 ; max = 13.3434

SST of 18548 and Site U1482 23 kyr filtered with bandwidth of 0.01 (red)
«\ 0
{ ) {

A Atmospheric pCO, 23 kyr filtered with bandwidth of 0.01 (black)
fa

i

S0 100 150 00 250
Age (Ka)
o
8| min = -0.380755 ; max = 0.958328
= T

o~ / | T |
Q 0.9 / | T /
— / 1 [ — /
=] i | | / [ \

o ! | 1 — 1 \

% 0.8 "‘ | 1 1 "\‘

i i — ' .
2 “f ! i 1 Coherence:0.94
| .

S . f ! ! , Phase:-9.2° -

— | VY

o | 1 | 1 \‘ F AR

= | | | 1 / A\

123 6 J | | [ | f \

» oe Y

i " | | 1 ‘| K/ \

<} f | | 1 l / |

3 f | | 1 | f \

§ ost | | i ' s i Y

| 00ka 1 1 / \

a / 100k | i \ { \
2 | | i 1 | f \
@ os4r | 0 I ' ) / |

3 / \

] / l 41ka 23ka | / \

o ozl i i ' \ / |
8 0% i | ' VS

o rl ! 1 \, /

o 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Figure S4A. Comparison of 23 kyr filtered SST (red) to 23 kyr filtered EDC CO, record (black)
(Liithi et al., 2008) and coherence (red) and phase (black) of SST to EDC CO, record in spliced

sediment record from Sites SO257-18548 and U1482.

SST lags atmospheric pCO, by 0.59 kyr.

Bandwidth is 0.011194. Non-zero coherence >0.550342. Error estimation on power spectrum is

0.488632 < APower / Power < 3.0732.
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Figure S4B. Comparison of 23 kyr filtered SST (red) to 23 kyr filtered EDC pCO, record (black)
(Liithi et al., 2008) and coherence (red) and phase (black) of SST to EDC pCO> record in sediment
record from Site SO257-18571. SST lags atmospheric pCO, by 0.7 kyr. Bandwidth is 0.011194. Non-
zero coherence >0.550342. Error estimation on power spectrum is 0.488632 < APower / Power <

3.0732.
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Supporting Information for Chapter 2

Supplementary Table 1. R/V Sonne Cruise SO257 stations, Mg/Ca, §'%0 measured in core top samples.

WOAI13 annual SST and SSS in comparison to SST and SSS measured by CTD.

GIK _ Water Mg/ Ca 380 of | Annual SST | Annual SSS | SST (°C) | SSS (psu)
. . Longitude depth (mmol/mol) G.ruber | (°C)atOm | (psu)atOm from from
station Latitude (S) (E) (m) derived (%o vs. from from Cruise Cruise
from G. ruber | VPDB) WOAI3 WOAI3 S0257 S0257
18547 15°3.306’ 120°26.174> | 1460.5 5.26 -2.96 28.19 34.55 29.03 34.66
18548 15°3.595 120°18.840° | 1610.1 4.90 -2.75 28.15 34.55 29.01 34.65
18549 | 15°57.689° | 119°30.580" | 1628.5 4.93 -2.67 27.86 34.54 29.00 34.74
18550 | 16°51.556* | 118°45.423° 1388 4.56 -2.65 27.64 34.58 28.81 34.80
18551 | 17°35.493* | 118°26.747 668.8 4.87 -2.25 27.14 34.68 28.44 34.74
18552 | 17°40.558° | 117°41.640" | 1951.3 4.56 -2.70 27.05 34.73 28.50 34.76
18553 18°6.987’ 117°6.998 1619.7 4.65 -2.30 27.38 34.67 27.74 34.87
18554 | 18°31.997° | 117°21986’ 497.9 4.74 -2.51 27.02 34.70 28.11 34.83
18555 | 18°21.050° | 117°15.360” | 1113.7 5.13 -2.67 27.26 34.69 28.23 34.83
18556 17°6.179° 117°13.816° | 1843.6 4.76 -2.30 27.42 34.79 28.11 34.81
18557 | 17°32.862’ 117°8.731 2405.9 4.33 -2.66 27.29 34.82 28.21 34.48
18558 | 18°23.972° | 115°13.690° | 1755.4 4.80 -2.53 26.90 34.71 27.92 34.77
18559 18°5.004° 115°2.862 1976.5 4.62 -2.51 27.12 34.82 27.81 34.81
18560 | 19°18.238° | 115°25.933° 868.8 5.05 -2.60 26.63 34.83 27.69 34.87
18561 | 19°14.553” | 115°23.948’ 1185 5.08 -2.79 26.53 34.87 27.67 34.86
18562 | 19°25.001° | 114°19.143> | 1298.8 4.57 -2.69 26.43 34.76 27.71 34.86
18564 | 20°30.040° | 114°47.074° 349.7 4.93 -2.19 26.15 34.75 27.26 34.97
18565 | 20°0.81% 114°14.357” | 1253.9 4.56 -2.51 26.29 34.77 27.64 34.97
18566 | 19°38.706° | 113°48.633” | 1133.5 4.56 -2.26 26.28 34.88 27.45 34.90
18567 | 19°31.236 113°3.528’ 1131 4.53 -2.36 26.02 34.99 27.48 34.89
18568 | 20°36.580° | 113°37.463° 1100 4.51 -2.39 25.99 34.90 27.36 34.98
18570 | 20°59.468' | 113°26.908' | 1182.4 4.47 -2.43 25.74 34.91 27.19 35.02
18571 22°6.674' 113°29.677" | 1049.3 4.24 -2.23 25.06 35.00 25.50 35.05
18572 22°4.585" 113°13.798' | 1327.9 4.18 -2.36 24.97 35.00 26.30 34.95
18573 | 22°37.245" | 112°50.209' | 1250.5 4.17 -2.10 24.74 35.02 26.38 34.99
18575 | 24°13.811' | 111°51.181" 1032 3.91 -1.57 23.90 35.18 25.10 35.15
18576 24°8.401" 111°20.499" | 1725.9 3.80 -1.53 23.90 35.18 23.13 35.40
18578 | 25°22.258' 111°5.708' 1678.9 3.75 -1.72 23.53 35.25 23.21 35.44
18579 25°6.114' 111°50.925' 715.1 4.21 -1.35 23.35 35.29 23.26 35.46
18580 | 24°34.161' | 111°14.790' | 1369.1 3.88 -1.72 22.90 35.33 24.45 35.24
18582 | 25°53.896' | 111°22.325' | 1571.5 3.91 -1.55 22.88 35.36 23.16 35.44
18584 | 27°46.182' | 112°25.228' | 1121.1 3.68 -1.41 22.49 35.38 24.47 35.24
18585 | 27°15.369' 112°2.210' 1182.7 3.72 -1.38 22.47 35.40 24.11 35.26
18586 28°8.509" 112°38.035' | 1014.6 3.72 -1.39 22.38 35.43 22.60 35.38
18587 28°7.712" 112°56.258' 797.8 3.74 -1.75 22.31 35.42 22.43 35.44
18588 | 28°23.085° 113°0.992 810.2 3.94 -1.70 22.10 35.45 24.55 35.23
18589 | 28°58.032° | 112°52.602” | 2485.8 3.73 -1.54 21.90 35.50 22.26 35.48
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Supplementary Table 2. CTD stations, water sampling, 5'®*Osw analysis from R/V Sonne Cruise
S0257. Comparison of sea surface temperature (SST) and salinity (SSS) from WOA13 and R/V Sonne
Cruise SO257.

Modern annual | Modern autumn
_ _ _ Depth (m) g?xegssl;ri(; average average (May-(JjEIE: 2017)
Site Latitude (S) | Longitude (E) | of water WOA13 WOA13 ?
samples sfn?fés SST [SSS |SST [SSS [SST [sss
O | es) | O | psw | (C) | (psu)

5 -0.04 28.08 | 34.53 | 29.71 | 34.42 | 29.01 | 34.58

18546 15°0.012' 120°23.958' 10 -0.02 28.07 | 34.54 | 29.66 | 34.40 | 29.02 | 34.58
20 -0.07 27.92 | 34.53 | 29.64 | 34.48 | 29.01 | 34.58

5 0.02 2791 | 34.51 | 29.54 | 3434 | 29.01 | 34.66

18549 15°58.040' 119°30.978' 10 0.09 27.87 | 34.51 | 29.55 | 34.40 | 29.01 | 34.66
20 0.16 27.76 | 34.52 | 29.50 | 34.45 | 29.01 | 34.66

5 0.06 27.08 | 34.87 | 29.09 | 34.87 | 28.20 | 34.81

18553 18°7.024' 117°7.001' 10 0.12 27.05 | 34.87 | 29.09 | 34.87 | 28.20 | 34.81
20 0.09 26.95 | 34.87 | 29.05 | 34.88 | 28.21 | 34.81

5 0.19 26.92 | 34.74 | 29.09 | 34.75 | 27.68 | 34.85

18559 18°4.998' 115°2.896' 10 0.14 26.84 | 3476 | 29.07 | 34.75 | 27.66 | 34.85
20 0.22 26.72 | 34.77 | 28.98 | 34.77 | 27.62 | 34.87

5 0.13 26.38 | 34.74 | 28.89 | 34.63 | 27.33 | 34.99

18562 19°24.976' 114°19.131" 10 0.14 26.36 | 34.74 | 28.85 | 34.63 | 27.33 | 34.99
20 0.21 26.25 | 34.74 | 28.74 | 34.63 | 27.32 | 34.99

5 0.11 26.22 | 34.71 | 28.51 | 34.41 | 27.46 | 34.89

18567 19°31.234' 113°3.531 10 0.17 26.21 | 34.72 | 28.48 | 34.45 | 27.46 | 34.89
20 0.13 26.11 | 34.73 | 28.34 | 3445 | 27.46 | 34.89

5 0.16 25.58 | 34.92 | 27.76 | 34.87 | 26.22 | 35.06

18569 21°11.507' 113°21.443" 10 0.16 25.55 | 3492 | 27.65 | 3491 | 26.23 | 35.06
20 0.18 2545 | 3493 | 27.59 | 34.88 | 26.21 | 35.06

5 0.41 23.12 | 35.32 | 25.18 | 35.54 | 22.87 | 35.47

18577 25°25.796' 111°4.991' 10 0.34 23.12 | 35.33 | 25.16 | 35.55 | 22.88 | 35.47
20 0.39 23.03 | 35.34 | 25.07 | 35.56 | 22.90 | 35.47

5 0.26 22.49 | 3537 | 24.61 | 3521 | 23.29 | 35.37

18583 27°48.773' 112°19.408' 10 0.29 22.37 | 3540 | 24.61 | 3522 | 2329 | 35.37
20 0.36 22.29 | 3541 | 2452 | 3522 | 23.04 | 35.39

5 0.28 21.77 | 35.52 | 23.73 | 35.52 | 2147 | 35.64

18590 29°18.686' 113°6.282' 10 0.36 21.77 | 35.52 | 23.72 | 35.52 | 21.45 | 35.65
20 0.36 21.74 | 35.51 | 23.69 | 3552 | 21.40 | 35.64
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Chapter 3

Evolution of paleoproductivity and 8'3C gradients along the Northwestern

Australian Margin over the last 450 kyr

Renjie Pei!, Wolfgang Kuhnt!, Ann Holbourn!, Nils Andersen?
!Institute for Geosciences, Kiel University, Ludewig-Meyn Str. 10-14, 24118 Kiel, Germany
’Leibniz Laboratory for Radiometric Dating and Stable Isotope Research, Kiel University, Max-Eyth-
Str. 11-13, 24118 Kiel, Germany
Abstract

We present a new multi-proxy reconstruction of paleoproductivity spanning the last
450 kyr from piston Core SO257-18548 and International Ocean Discovery Program Site
U1482, situated at the modern southern limit of the seasonal (austral summer) displacement of
the Intertropical Convergence Zone (ITCZ) and from Core SO257-18571 retrieved in the
southern part of the Exmouth Plateau. Spectral analysis of three different flux-based
productivity proxies indicates spectral power concentrated in the 100 kyr (glacial-interglacial)
and the 23 kyr and 19 kyr (precessional) periods. Anti-correlation between productivity proxies
and terrigenous input records (Log(Terr/Ca) on the precessional band and a distinct glacial-
interglacial contrast in productivity fluctuations suggest that productivity fluctuations over the
last 450 kyr offshore northwestern Australia were strongly influenced by the Australian winter
monsoon (23 and 19 kyr) and were also modulated by sea level-related variations in the

intensity of the Indonesian Throughflow (100 kyr).

1. Introduction

Numerous studies have attempted to evaluate past bio-productivity changes to decipher
the intensity of the biological pump and to tease out the main controls on productivity variations
through time. However, high-resolution paleoproductivity records are still geographically too

scattered to resolve the role of the tropical ocean in global carbon cycling and to understand
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the linkage between productivity variability and orbital forcing. Paleoproductivity
reconstructions based on different methodologies and proxies can also yield contradictory
results. Low-latitude records from the Atlantic and Pacific Oceans show that productivity rose
during glacials (e.g Farrell et al., 2000; Herguera & Berger, 1991; Paytan et al., 1996; Pedersen
et al., 1991; Sarnthein et al., 1987), whereas some data argue for higher biogenic fluxes during
terminations (Loubere et al., 2004; Pichevin et al., 2009). The 3'3C of benthic foraminiferal
calcite is a well-established carbon cycle and ocean circulation proxy (e.g Mackensen &
Schmiedl, 2019), since carbon-13 to carbon-12 ratios (i.e., 8'*C) can chemically fingerprint
different carbon reservoirs and many studies assume that 3'°C of foraminiferal calcite (8'*Croram)
records the dissolved inorganic carbon 8'3C value (8'3C pic) of the water mass, in which the
foraminifera grow (e.g. Duplessy et al., 1988; Gebbie et al., 2015; Gottschalk et al., 2016;
Schmittner et al., 2017; Woodruff & Savin, 1985). The vertical 8!3C gradient between the
surface (high 8'*C) and deep ocean (low 8'*C) primarily results from the remineralization of
low 8'3C particular organic carbon in the deep ocean, which temporarily sequesters carbon
from the atmosphere. Conversely, vertical mixing of the ocean will tend to ventilate deep ocean
carbon to the surface ocean and atmosphere while simultaneously decreasing the vertical §'3C
gradient. Therefore, the vertical 8'°C gradient likely records changes in deep ocean carbon
storage, which is an important factor controlling glacial — interglacial changes in atmospheric

CO, (e.g Eggleston et al., 2016; Schmitt et al., 2012).

Changes in paleoproductivity within and at the southwestern margin of the Indo-Pacific
Warm Pool (IPWP) in the eastern equatorial Indian Ocean and their impact on the global carbon
cycle over the last glacial cycles remain still largely unexplored and little understood. This is
partly due to the complex forcing factors and current systems that influence the oceanographic
conditions in this area, which are ultimately related to the transfer of water masses from the

Western Pacific to the Eastern Indian Ocean through the “Maritime Continent” of the
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Indonesian Archipelago via the Indonesian Throughflow (ITF). The ITF is the only conduit of
warm seawater from the Pacific Ocean, through the Indonesian Seas, and into the Indian Ocean
at low latitudes. The ITF flow sets up the large-scale pressure gradients that drive the Holloway
Current (D’ Adamo et al., 2009) and the anomalous poleward-flowing Leeuwin Current in the
southeast Indian Ocean (Domingues et al., 2007; Schott & McCreary, 2001). Today, the
Leeuwin Current is initiated through a build-up of sea-level by monsoonal winds during
December-February in the Gulf of Carpenteria (Ridgway & Godfrey, 2015) and propagates
further southwest along the continental shelf of Western Australia as a warm, fresh and
oligotrophic current compared to adjacent surface water masses (Weller et al., 2011). During
the summer months, the Leeuwin Current mixes with cooler and saltier water from the West
Australian Current, which is located further offshore and flowing northward. Compared to
other eastern boundary currents, the Leeuwin Current is relatively shallow (< 300 m) and
narrow (< 100 km wide) (Schott and McCreary, 2001), while it has the largest eddy kinetic
energy among all mid-latitude eastern boundary current systems (Feng et al., 2005). The
Leeuwin Current extends eastwards toward the coast, suppressing the large-scale upwelling
and manifesting as downward sloping isopycnals along the coast (Feng & Meyers, 2003;
Hanson et al., 2005a, 2005b; Smith et al., 1991). As a result, dissolved nutrient levels in the
coastal waters are generally low (Johannes et al., 1994) and pelagic primary productivity in
southwestern Australia is lower than along the western margins of the other southern
hemisphere continents (Pearce & Griffiths, 1991). The Holloway Current, which is the one of
the sources of the Leeuwin Current, is an alongshore, southwestward flow off the northwestern
coast of Australia (Brink et al., 2007; Cresswell et al., 1993; Holloway and Nye, 1985). The
maximum transport of the Holloway Current occurs during late austral autumn (May—June)

(Feng & Meyers, 2003). Its interannual variability is also related to ENSO Pacific signals that
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propagate poleward along the northwestern and western Australian coast as coastally trapped

waves (Clarke & Liu, 1994; Maxime & Ming, 2019; Wijffels & Meyers, 2004).

A further important factor controlling productivity and carbon flux off northwestern
Australia is the Australian Monsoon system, which drives changes in wind intensity and
direction as well as precipitation and runoff, which have impact on sea sea-surface salinity,
stratification and nutrient fluxes. During December—February, NW winds predominate and
rainfall increases over Indonesia and northern Australia (Australian summer monsoon),
whereas dry SE Trade Winds prevail during austral winter (June—November). In recent years,
chlorophyll alpha concentration (1997 —2010) has shown marked seasonal variations along the
Northwestern Australian Margin with concentrations substantially higher in austral winter than
in summer (Figure 2A). However, concentrations are also generally higher at the more
southerly locations south of the Northwest Cape, the position at and south of the location of
our core SO257-18571. Wind speeds (1949 — 2020) also exhibited different trends at the two
core locations (Figure 2B). At the southern site, monthly wind speeds decreased significantly
during austral winter, whereas at the northern location, located northeast of the Cape and within
the main pathway of the Australian monsoons monthly wind speeds increased substantially

during the Australian winter (Figures 1 and 2).
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Figure 1. Oceanographic and climatology setting and core locations along the Northwestern Australian
Margin. (Left) Major ocean circulation pathways. Red thick arrows: Indonesian Throughflow (Gordon

et al., 2012), red and blue thick arrows: Leeuwin Current, Estern Gyral Current (Domingues et al., 2007).

(Right) Seasonal average wind climatology vector from 1981-2010 climatological
(https://iridl.Ideo.columbia.edu).

In this chaper, we present mutiproxy records of productivity from two sediment cores
retrieved at the western edge of the IPWP), and within the dust-cyclone belt offshore Northwest
Cape to track changes in intermediate water ventilation and paleoproductivity over the last 450
kyr (Figure 1). Both cores are located downstream of the main outflow of the ITF through the
Timor Strait and are well suited for investigating variations in tropical productivity that may
be related to thermohaline circulation changes and tropical climate dynamics. Our main
objectives are (1) to determine the geochemical proxies for reconstruction of paleoproductivity,
(2) to investigate changes in the productivity driven particle flux to the deep ocean in relation
to orbital forcing, (3) to assess linkages of paleoproductivity and carbon flux variations to
Austral Summer monsoon precipitation and winter monsoon (4), to investigates the

connections between the benthic §'*C and glacial-interglacial global carbon cycle changes.
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Figure 2. Monthly chlorophyll o concentration and wind speed at 15°S, 120° E (near SO257-18548,
Dark green and orange) and at 22.5°S and 113.25°E (near SO257-18571, light green and red). (A)
chlorophyll o concentration from MODIS and SeaWifs (http://oceancolor.gsfc.nasa.gov/) between

1997 and 2010; (B) wind speed from (http://iridl.1deo.columbia.edu/) between 1949 and 2020.

2. Material and methods

2.1. Core locations

Piston Core SO257-18548 (15°3.591°S / 120°18.846°E, 1608.2 m water depth, 11.2

m core length) and IODP Expedition 363 Site U1482 (15°3.32'S / 120°26.10'E, 1466 m water

depth) are located close to the modern southern limit of the seasonal (austral summer)

displacement of the Intertropical Convergence Zone (ITCZ) and in proximity to the

oceanographic front separating warm, oligotrophic tropical waters from cool, nutrient-rich

subtropical waters (Holbourn et al., 2005; Rosenthal et al., 2018). Gravity Core SO257-18571

(22° 6,666'S/ 113° 29,688'N, 1052 m water depth, 20.1 m core length) was retrieved in the

southern part of the Exmouth Plateau, offshore the North West Cape Peninsula. This core

which is located within the “dust-cyclone” climate belt, is only marginally affected by the

austral summer monsoon rain belt (Pei et al., 2021). Surface waters at this location are

seasonally influenced by the Leeuwin Current.

- 128 -



Chapter 3

New results from these two cores were integrated with published data sets (Pei et al.,
2021; Pei et al., in revision) and with records from Core MDO01-2378 (Holbourn et al.,
2005,2011; Zhang et al., 2020). Core MDO01-2378 (13°04.95'S, 121°47.27'E, 1783 m water
depth 1783 m, total core length of ~40 m) was retrieved at the northwestern margin of the Scott
Plateau in the Timor Sea during the International Marine Global Change Study by RV Marion-
Dufresne in 2001 (Bassinot et al., 2002). Core MDO01-2378 is located ~142 nmi northeast of
Core SO257-18548 within the hydrographic front between warm, tropical water from the [IPWP

and subtropical water masses (Holbourn et al., 2011; Rosenthal et al., 2018).

2.2. Sampling and processing

The working halves of Cores SO257-18548 and -18571 and MDO01-2378 were initially
sampled at 10 cm intervals (1 cm-thick half slices of 11 cm diameter core), additional samples
were taken over Termination I (6 samples from Core SO257-18548 between 94.5 and 204.5
cm core depth) and Termination II (10 samples from Core SO257-18548 between 456.5 and
576.5 cm core depth) to refine the age model. Four holes were cored at Site U1482 during
IODP Expedition 363 (Rosenthal et al., 2017, 2018). The working halves from the composite
sediment succession (shipboard splice) between 24.76 and 30.22 meters composite depth (mcd)
were sampled at 20 cm intervals (2 cm-thick half slices of ~7 cm diameter core). The sediment
succession from Core S0257-18548 and nearby Site U1482 were combined, based on
correlation of the high resolution XRF scanner elemental records (Pei et al., 2021). The tie
point between these records, corresponding to an age of ~324 ka, is located at 10.84 m in Core
S0O257-18548 and at 24.97 mcd in Site U1482.

All samples were oven dried at 40°C and weighed prior to washing over a 63 pm sieve.
Residues were oven dried at 40°C on filter paper, then weighed and sieved into the

fractions >315, 315-250, 250-150 and 150-63 um.
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2.3. Chronology

The age models of Cores SO257-18548 and -18571 over the last glacial termination
and Holocene are based on *C accelerator mass spectrometry (AMS) dates obtained from
Globigerinoides ruber (white) >250 um. The age model prior to 21 ka was generated by
correlating the benthic foraminiferal !30 to the benthic isotope stack LR04 (Lisiecki & Raymo,
2005). Details of the *C and oxygen isotope stratigraphy of Cores SO257-18548, SO257-
18571 and Site U1482 between 24.76 and 30.22 mcd are provided in Pei et al. (2021).
The age model of core MD01-2378 for the last 30 kyr is based on 20 AMS *C and on
correlation of the benthic foraminifer !0 record to the benthic isotope stack LR04 (Holbourn

et al., 2005a; Lisiecki & Raymo, 2005; Zhang et al., 2020).

2.4. Stable isotopes

We selected ~12 specimens per sample of the planktonic foraminifer G. ruber (white)
(size fraction 250-315 pum) and 3-6 well preserved specimens per sample of the benthic
foraminifer Cibicidoides wuellerstofi for stable isotope analysis. Cibicidoides wuellerstofi is
an epifaunal species, which is considered as a reliable recorder of bottom water DIC and was
used in numerous studies to reconstruct past changes in deep and intermediate water circulation
(e.g Bickert & Wefer, 1999; Duplessy et al., 1988; Mackensen et al., 1994).

After crushing, samples were cleaned with ethanol (>99.7%) for 2-3 seconds in an
ultrasonic bath, decanted and dried at 40 °C prior to analysis with a Thermo Finnigan MAT
253 mass spectrometer at the Leibniz Laboratory for Radiometric Dating and Isotope Research,
Kiel University, Kiel. The mass spectrometer is coupled to a Kiel-Carbo IV device for
automated CO; preparation from carbonate samples. Sample reaction was induced by
individual acid addition (99 % H3POs. at 75 °C) under vacuum. The evolved carbon dioxide
was analysed eight times for each individual sample. As documented by the performance of

international [NBS19: +1.95 %, VPDB (13C); IAEA-603: +2.46 %o VPDB ('3C)] and
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laboratory-internal carbonate standards [Helal: +0.91 %o VPDB (!3C); HB1: -12.10 %0 VPDB
(3*C); SHK: +1.74 %o VPDB (13C)], analytical precision of stable isotope analysis is better than

+0.05 %o for 3'3C. Values are calibrated relative to Vienna Pee Dee Belemnite (VPDB) scale.

2.4. XRF scanner derived elemental composition

Bulk-chemical composition of the sediment cores was measured on the archive halves
at 1 cm intervals using a 2" generation Avaatech XRF core scanner at the Institute of
Geosciences, Kiel University. Measurements were used generator settings of 10, 30 and 50 kV
tube volt- ages and for 15 s with 200 pA without filter for the 10 kV runs and for 10 s with
1000 pA using a Pb and Cu-filter for the 30 and 50 kV runs, respectively. The spectra were
transferred into elemental area counts using the software bAxil Batch by Brightspec NV and
are reported as area counts per second.

We used the elements barium (Ba) which is enriched in Holocene and Plio-Pleistocene
sediments beneath the equatorial upwelling, iodine (I) and bromine (Br), which are influenced
by the proportion of the organic fraction in marine sediments and by diagenetic reactions
involving organic matter degradation as proxies of organic matter accumulation (Calvert &

Pedersen, 2007; Harvey, 1980; Seki et al., 2019; Ziegler et al., 2008).

2.5. Spectral Analysis

We used the REDFIT function with a Blackman-Harris window in the Past3 software
to perform spectral analysis (Hammer et al., 2001). Significance lines of 95%, 89%, and 85%
confidence intervals (Cls) are based on parametric approximation (chi-square test). Cross
spectral analysis of our planktonic and benthic 8!°C, 8!*C difference between planktonic and

benthic foraminifers (A3!*Cpr.gr), and XRF elemental records against precession and obliquity
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was performed with AnalySeries 2.0.8 on linear detrended data on a common 1 kyr-spaced

scale with the Blackman-Tukey spectral method using a Bartlett window.

3. Results
3.1. Carbon Isotopes of Benthic and Planktonic Foraminifers

In Cores SO257-18571 and S0O257-18548 and Site U1482, the benthic (based on
Cibicidoides wuellerstorfi) and planktonic foraminifer !°C (based on Globigerinoides ruber)
profiles are characterized by glacial-interglacial variations in 8'*C values (Figure 3). An overall
increasing trend in glacial 3'3C values is evident, especially during MIS 6 to MIS 5, when the
813C values exhibit a stepwise increase. Glacial intervals from MIS 12 to MIS 6 typically
display comparable benthic values between 0 and 0.2%o in both cores. However, more recent
glacials (MIS 2 and 4) exhibit significantly higher benthic §'3C values from 0.3 to 0.5 %o in
Core SO257-18571, whereas benthic 8'°C values vary from 0.1 to 0.3 %o during MIS 2 and 4
in Core SO257-18548. Interglacials are characterized by benthic 3'*C values between 0.4 and
0.8%o in both cores. Maximum benthic §!*C values occurred during MIS 11, MIS7, MIS 5a
and MIS 1. The glacial-interglacial gradient in benthic §'3C is 0.4 - 0.6 %o in Core SO257-
18548 and Site U1482, which is slight lower than the glacial-interglacial gradient in Core
S0O257-18571 (0.4 — 0.8 %o).

Planktonic 8'3C in Core SO257-18571 exhibit lower values than planktonic 8'*C in
Core SO257-18548 and Site U1482 (Figure 3). Glacial intervals in Core SO257-18548 and Site
U1482 are characterized by planktonic values between 0.8 and 1.4 %o, whereas values in Core
S0257-18571 during glacial stages are between 0.4 and 0.8 %o. During Terminations II and I,
planktonic 8'°C increases steadily, reaching 1.6 %o in Core SO257-18548 and Site U1482 and
1.2 %o in Core SO257-18571. Both records are characterized by high-frequency fluctuations

which are stronger than the glacial-interglacial cyclicity. The low values of planktonic §'3C in
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Core SO257-18571 indicate the presence of nutrient-rich water masses near the sea surface,
which originate from upwelling of southern sourced intermediate water masses during intervals
of a weakened Leeuwin Current and reduced advection of warm oligotrophic surface water
masses from the IPWP. A less pronounced glacial interglacial contrast and generally higher
813C at Site SO257-18548 and U1482 indicate that IPWP water masses remained influential in

this area during glacials.

3.2. Vertical 6'3C gradient

The A83Cpppr (81°C difference between planktonic and benthic foraminifers) is
remarkably lower in the southern Core SO257-18571. Higher A3'*Cpy gy values (>1%o in Core

SO257-18548 and Site U1482; >0.3 %o in Core SO257-18571) occur in glacial intervals,

whereas lower A3 Cpp. g values coincide with warm peaks during the Holocene, MIS 5a and
5e, 7,9, and 11. The A8'*Cpyp g record from SO257-18571 is also characterized by high-

frequency fluctuations that are superimposed over the low-frequency glacial-interglacial
periodicity. In contrast, the records from Core SO257-18548 and Site U1482 still show a

marked glacial-interglacial periodicity (Figure 3).
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3.3. Barium and halogens (iodine and bromine) as indicators of organic matter flux

We normalized halogens against calcium (Ca), derived from the biogenic carbonate of
marine plankon and the results are reported in logarithms of elemental ratios to minimize the
risk of measurement artefacts from mutable signal intensities and matrix (Weltje & Tjallingii,
2008).

The Ba, Br and Log (I/Ca) values in Core SO257-18571 is characterized by parallel
high-frequency fluctuations. At the end of Termination II (~130 ka), Terminations Illa and b
(~220 and ~ 240 ka), all organic proxies show the abrupt increase. During the last termination
Log (I/Ca) and Br exhibits the continuous increase, whereas the Ba values show more
consistent trends during recent 50 ka (Figure 4).

In Core SO257-18548, Br and Log (I/Ca) values show similar rhythmic variations with
lower frequency fluctuations, while the Ba record exhibits high-frequency oscillations (~20 ka).
Br and Log (I/Ca) show a higher lever during the glacials and reach the lowest level during end
of MIS5. The Log (Br/Ca) and Ba present a consistent high amplitude during 100 — 350 ka and
a low variable amplitude during MIS 2 - 4. The Log (I/Ca) and Br present smaller amplitude

and higher variability (noise) than the Ba (Figure 4).

3.4. Time series analysis of paleoproductivity proxy records

In Core SO257-18548 and Site U1482, spectral analysis of the variance in the
paleoproductivity proxy records reveals spectral power concentrated in the eccentricity period
(100ka/125ka) for all proxies except for Ba. In contrast, planktonic §'3C and Ba only show
power concentrated in the eccentricity period in Core SO257-18571. The 23 kyr precession
period is strongly expressed in all proxies in Core SO257-18571 (95% level), but is only

significant for Ba in Core SO257-18548 and at Site U1482. At the 41 kyr obliquity period,
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spectral peaks are only significant in the Log (I/Ca) and Ba in Core SO257-18571 (95% level)

(Figure 5).
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Figure 5. Spectral analysis of paleoproductivity proxies in Core SO257-18548, Site U1482 and Core
S0257-18571 computed with a REDFIT function in Past3. Red, green and grey curves indicate
confidence intervals (CIs) of 95%, 89%, and 85%, respectively.

4. Discussion
4.1. Evaluation of paleoproductivity proxies

Proxy indicators of paleoproductivity and their relationship to primary productivity,
organic flux and bottom water oxygenation are still poorly understood. To overcome the
limitations and biases of using a single paleoproductivity proxies, we applied three XRF-
scanner derived elemental proxies (Ba area counts, Log(I/Ca) and log (Br/Ca)) and the §'3C
gradient between the surface dwelling planktonic foraminifer G. ruber and the epifaunal
foraminifer C. wuellerstorfi to evaluate fluctuations in primary production over the last 450

kyr.
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The concentration of Ba is related to the accumulation of organic matter and/or the
precipitation of barite by marine bacteria, which has a high potential as paleoproductivity
indicator deposited in sedimentary oxic and suboxic environments at deep water depositional
sites (Von Breymann et al., 1992; Calvert & Pedersen, 2007). Biogenic Ba is enriched in
Holocene equatorial sediments and Plio-Pleistocene sediments beneath the equatorial
upwelling zone of the Indian Ocean (Calvert & Pedersen, 2007; Schmitz, 1987). Core-top
samples from various ocean basins show that Ba accumulation rates are highly correlated to
surface ocean primary production ('*C and Chlorophyll o)), which supports that Ba can be used
to reconstruct paleo-carbon export on a global scale (Eagle et al., 2003). In both our records,
the Ba counts show a noticeable 23 kyr precessional peak, especially in Core SO257-18548 the
Ba records exhibit the most prominent 23 kyr peak of all productivity proxies (clearly above
the 95% Chi 2 significance level in Figure 5), which suggests that they provide a sensitive
record of productivity fluctuations, largely unbiased by changes in deep water masses that may
have operated on a 100 kyr glacial-interglacial scale. However, it is noteworthy that in the
southern site, the Ba records exhibit parallel high abundances with the terrigenous input records
(Log(Terr/Ca)) at ~ 110 — 130 ka and ~ 230 — 240 ka, when the Australian summer monsoon
intensified. It might be explained by the fact that Ba may be at this location additionally
delivered as riverine discharge from terrestrial sources to ocean (Figure 6).

Iodine and bromine are two of the major elements in seawater and their concentrations
in bulk sediments were previously used as indicators of marine productivity, organic matter
flux and oxygenation at the seafloor (Elderfield & Truesdale, 1980; Tian et al., 1996; Zhou et
al., 2017). The thermodynamically stable state of iodine exists in seawater are idodide (I') and
iodate (I03") (Wong & Brewer, 1977). Several studies demonstrated that iodine in carbonates
(I/Ca) can be used to monitor seawater oxidation levels in highly dynamic spatial and temporal

patterns throughout the Earth’s history (e.g., Lu et al., 2010; Zhou et al., 2017). Bromine occurs
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in marine water as the bromide (Br") ion. Ziegler et al. (2008) established a method using
sediments from the Arabian Sea and a Mediterranean brine basin to estimate the TOC content
from Br concentration measured by XRF. Seki et al. (2019) provided a high-resolution
Quaternary record of marine sediment in the Japan Sea, which shows that the Br counts from
XREF are highly correlated with marine organic carbon content. This indicates that XRF-derived
Br counts provide a useful tool to reconstruct the organic carbon content. Comparison of
discrete sample TOC measurements from Core MD01-2378 (Holbourn et al., 2005) with high-
resolution XRF Br counts/s in Core SO257-18548 shows that the two parameters covary in
both cores (Figure 7). Maxima in organic carbon are consistently reproduced in the bromine
data series. However, in the intervals ~ 125 — 145 ka and ~ 240 — 260 ka close to Terminations
IT and III, the amplitude of individual bromine peaks is lower than predicted by the
corresponding TOC peaks. This may be explained by a higher contribution of terrestrial organic
carbon from river discharge to the TOC during these intervals, while the Br record is linked to
the marine organic carbon only.

The 8!*C gradient between foraminiferal §!*C from nutrient depleted surface waters and
deeper water foraminiferal 8'3C has been successfully used to reconstruct glacial/interglacial
and precessional changes in export-production related organic carbon flux to the seafloor at a
more northerly site within the IPWP (e.g., Holbourn et al., 2005). This proxy is based on the
principle that with increased productivity more '2C-enriched organic carbon sinks from the
surface to the deep ocean, increasing 8'3C of near-surface dissolved inorganic carbon (DIC)
and decreasing benthic 8!°C at the seafloor. However, this simple relationship holds only in
stratified oceans with nutrient depleted surface water masses, where upwelling and lateral
mixing play no significant role. In contrast, in areas of significant mixing, for instance through
seasonal upwelling or formation of eddies, low planktonic 8'3C reflects the lower 8'*C of DIC

in nutrient-rich water masses near the surface. Such conditions prevail along the Northwestern
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Australian Margin, which is not influence by the IPWP, since seasonal upwelling and intense
mixing occurs between nutrient rich coastal currents, the Leeuwin Current and the offshore
West Australian Current. As a result, planktonic 8'3C and A 8'*C can be used to monitor the
temporal variability of the southwestern front between the oligotrophic IPWP surface water
masses and their transition to nutrient enriched surface water masses along the Northwestern

Australian Margin.

4.2. Linkages of paleoproductivity and carbon flux variations to Australian winter
mMOnsoon upper ocean mixing

Today, the seasonal maximum in primary production and carbon flux at Site SO257-
18548 and IODP Site 1482 offshore northwestern Australia occurs in the later part of the
austral winter season (July-August), when intense southeasterly winds result in upper ocean
mixing and upwelling of nutrient-rich intermediate waters into the photic zone (Antoine et
al., 2020). Spectral analysis reveals that the all paleoproductivity records from Core SO257-
18571 and the Ba counts in Core SO257-18548 exhibit strong power at the precessional band.
In Core SO257-18548 and Site U1482, the Ba records and 8'*Cpr.gr exhibit the high
coherency (0.92 and 0.66) with the 215 September insolation at 20° with an antiphase
relationship. In Core SO257-18571, the productivity index based on the gradient between
foraminiferal 3'3C and is both highly coherent and exhibit an antiphase relationship with 21
September insolation at 20° (coherency: 0.90) (Supplement Figure 3A-C). The Australian
summer monsoon occurs during maxima in Southern Hemisphere spring (September)

insolation (in phase relationship, coherency>0.9) (Pei et al, 2021). At the precession band,

the temporal variability of productivity and carbon flux indicators driven by the precessional
insolation is in antiphase to the local monsoonal precipitation and discharge on the

sedimentation along the Northwestern Australian Margin.
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Several studies showed that ITCZ dynamics played a critical role in tropical continental
hydrology, marine productivity and organic carbon burial (Armstrong et al., 2009; Beckmann
et al., 2005; Floegel & Wagner, 2006; Loope et al., 2001). In eatern tropical Pacific region, the
strengthening of monsoonal precipitation triggered by northward shift of the ITCZ mean
position in the eastern tropical Pacific which are also characterized by relatively low bio-
productivity during the middle and late Holocene (Pérez-Cruz, 2013). Sea-level induced
glacial-interglacial changes in the amplitude of the latitudinal swing of the ITCZ may have
contributed to the remarkable differences in productivity between glacials and interglacials
along the north Northwestern Australian Margin. During glacial sea-level low stands, large
exposures of land (Sundaland) in the center of the Indonesian archipelago may have locked the
ITCZ closer to the equator, increased tropical convection and intensified trade winds. These
glacial conditions resulted in intensified upwelling during the austral winter season, when the

northNorthwestern Australian Margin was under the influence of the dry SE monsoon (trades).

4.3. Paleoproductivity Fluctuations and Leeuwin Current Variability

A glacial-interglacial contrast in productivity, with processional fluctuations, is shown
by all productivity proxy records from Core SO257-18571 (Figure 5), which is probably related
to oligotrophic Leeuwin Current. The salinity record in the southwestern Core SO257-18571
exhibits clear glacial-interglacial variability with glacial values between 0.4 and 0.8%o during
MIS 2-4 and MIS 6 (Supplement Figure 2). Glacial values during MIS 8 were even higher
(between 0.8 and 1.2%o) and the continuously increasing of 8'®Osw record during MIS 6

indicating a less expanded IPWP and weaker Leeuwin Current (Pei et al., in review). This

glacial salinity variability coincides with the A813CPF_BF productivity record, which displays

higher values during MIS 8 (0.4 — 0.6 %o) than during MIS 6 (0.3 — 0.5 %o). By contrast, the

A8"3Cpr.pr and Ba record in the northeastern location (Core SO257-18548 and
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Site U1482) exhibits subdued glacial-interglacial variability and is characterized by lower
frequency and higher amplitude fluctuations between maxima of ~1.4%o and minima of
~0.4%o. The glacial-interglacial contrast is probably related to sea level-controlled changes in
the flow of oligotrophic, warm, low-salinity surface water from the ITF (Supplement Figure
1), which moves along the northwestern Australian shelf (Holloway Current). At each
termination, there is a strong correlation of the productivity decline with an increase in 25°S
September insolation (precessional forcing) which matches the record of A3'3Cpr.gr in core
MDO01-2378 (Figure 7). We speculate that the sharp decline in productivity at terminations
was triggered by the intensification of the Australian summer monsoon and a weakening of
winter monsoon (trade wind) intensity associated with a decline in upper ocean

mixing/upwelling in austral winter.

4.4. Benthic 6"3C and glacial-interglacial global carbon cycle changes

Global environmental differences between glacial and interglacial climate conditions
including the size of the carbon storage in the terrestrial biosphere, the amount of carbon
present as CO> in the atmosphere and carbon storage in the deep ocean, the largest carbon
reservoir, are reflected in changes in the deep water benthic 3'3C signature. The difference
between glacial and interglacial 8!°C in deep water foraminifers range between 0.3 and 0.7%o
with a mean global decrease during the last deglaciation of 0.38 + 0.08%o between 0.5 and
5km or 0.34 + 0.19%o, taking into account uncertainties (Peterson et al., 2014). This 6'3C
change can be almost completely explained by the transfer of !*C -depleted carbon (8'°C = -
25%0) from terrestrial vegetation into the deep ocean reservoir (Peterson et al., 2014), which
has been previously suggested as the main mechanism for the global glacial-interglacial deep
water 8'°C variability (Shackleton, 1977). These estimates for the last deglaciation provide

information about the magnitude of carbon shifts between terrestrial, atmospheric and deep
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ocean carbon reservoirs and the timing of the carbon cycle responses to global warming
during termination.

Our records of 8'°C changes during Terminations II, III and IV along a latitudinal and
depth transect in the central Indian Ocean water mass, which is mainly sourced from the
Southern Ocean (Cresswell & Peterson, 1993; Schott & McCreary, 2001), show that glacial
water masses during MIS 6, 8 and 10 that are more depleted than during MIS 2-4. This may
indicate the transfer and storage of carbon in the Southern Hemisphere deep-intermediate
ocean during these glacials. An important change in deep water benthic 8'*C occurred at the
end of MIS 6 during Termination IT when §'3C reached a maximum of ~0.6 %o and continued
during MISS to a total change of ~0.8 %o, almost doubling the change during Termination I.
These local deviations may be explained by an active local biological pump during glacials
(Core MDO01-2378), but probably relate to different deep water mass properties at the
southwesterly site. Given the importance of the Southern Hemisphere ocean as a reservoir for
global carbon storage, these differences between the last and the previous glacial cycles are

remarkable.
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6. Conclusion

Cores SO257-18548 and Site U1482 from the Scott Plateau and SO257-18571 from the
southern part of the Exmouth Plateau provide a continuous, undisturbed sediment archive to
reconstruct productivity fluctuations within Holloway Current and Leeuwin Current at the
western edge of the present-day IPWP over the past 450 kyr. Ba, I and Br records derived from
XRF scanner-records indicate that paleoproductivity records along the northNorthwestern
Australian Margin were anticorrelated to Australian summer monsoon intensity. The difference
of monsoonal climate between two locations indicate that local wind-induced upper ocean
mixing and upwelling are dominant in driving productivity. Our records of '*C changes during
Terminations I, III and I'V along a latitudinal and depth transect show that glacial water masses
during MIS 6, 8 and 10 are more 8'3C depleted than during MIS 2-4 which may indicate
intensified transfer and storage of atmospheric and terrestrial carbon in the Southern

Hemisphere deep -intermediate ocean during glacial MIS 6, 8, and 10.
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Supplementary Figure 1. Climate related proxies in SO257-18548 and Site U1482. (A — G) XRF
scanner derived Log (Terr/Ca), Mg/Ca based SST, ice volume corrected §'®Osy, XRF scanner derived
Br counts, XRF scanner derived Ba counts, A5"*Cpr.pr and benthic oxygen isotopes.
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Figure 8B. Comparison of 21 September insolation at 20°S (green) to 23 kyr filtered AS"*Cpr.pr from
Core SO257-18548 and Site U1482 (red) and coherence (red) and phase (grey) of 21* September
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Abstract

The Intertropical Convergence Zone (ITCZ), which is the heaviest rain belt on Earth,
significantly influences global hydroclimate change and livelihood of nearly 40% of the global
population. However, long-term precipitation records are sparse from the Indo-Pacific region,
especially from the southern margin of the Indo-Pacific ITCZ, restricting our understanding of
the overall natural variability of the ITCZ in the past. In this study, we present a new summer
monsoonal precipitation record that spans the last 410 kyr from the southern margin of the
Indo-Pacific ITCZ, based on the logarithmic ratio between terrigenous fraction K and pelagic
fraction Ca (In(K/Ca)). Contents of both elements were derived from X-ray fluorescence
scanning on sediment cores from Site U1483 (13°05.24'S, 121°48.25'E, water depth 1,733 m)
that was drilled offshore northwestern Australia during International Ocean Discovery
Program Expedition 363. Comparison of the new precipitation record with published

precipitation records from the northern margin and meteorological center of the Indo-Pacific
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ITCZ shows that precipitation changed nearly in-phase between the hemispheres on the
precession band, possibly linked to expansion and contraction in the latitudinal extent of the
Indo-Pacific ITCZ. In contrast, interhemispheric precipitation was nearly in anti-phase on the
obliquity band, likely due to latitudinal migration of the Indo-Pacific ITCZ. Our findings imply
that tropical hydroclimate cycles were regulated by the orbital forcing but with significantly

different response to changes of the ITCZ on precession and obliquity bands.

1. Introduction

The Intertropical Convergence Zone (ITCZ) defines a low-pressure belt near the
equator where southeasterly and northeasterly winds come together. As the ascending branch
of the Hadley circulation (Waliser & Gautier, 1993), the ITCZ is characterized by deep
convective and heavy precipitation (Schneider et al., 2014) and thus exerts a significant
influence on global hydroclimate change. Today, the ITCZ moves seasonally toward the
Southern or Northern Hemisphere, but the mean position of the ITCZ is mostly north of the
equator, likely linked to the northward energy transport of the Atlantic meridional overturning
circulation (Marshall et al., 2014).

With the seasonal latitudinal migration of the ITCZ, an interhemispheric anti-phasing
precipitation pattern occurs: The precipitation decreases in the Northern Hemisphere but
increases in the Southern Hemisphere along with the southward migration of the ITCZ and
vice versa. On millennial to orbital timescales, paleoclimatic and modeling studies suggest that
the interhemispheric anti-phasing precipitation can be attributed to latitudinal migration of the
ITCZ (Ayliffe et al., 2013; Dang et al., 2015; Haug et al., 2001; Huang et al., 2019; Liu et al.,

2015; Wang et al., 2006).
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Figure 1. Map of annual average precipitation and study sites (modified from Schrdder et al., 2016).
White dashed lines denote the mean positions of the ITCZ in July and January (Liu et al., 2015). Orange
star marks Site U1483 (this study). Black dots mark Chinese cave stalagmites (Hulu, Sanbao and
Dongge caves) (Cheng et al., 2016), the Xifeng Loess Section (Li et al., 2017), DSDP Site 262 (Vroon
et al., 1995), Core MDO01-2378 (this study), and Core MD05-2925 (Liu et al., 2015), respectively.

While the interhemispheric anti-phasing precipitation pattern has almost become a
consensus on different timescales, increasing numbers of studies have found that the
interhemispheric precipitation is in-phase at (sub-) millennial timescales (Collins et al., 2010;
Denniston et al., 2016; Konecky et al., 2013; Scroxton et al., 2017; Yan et al., 2015). This in-
phase precipitation behavior between the hemispheres violates the classic migration theory of
the ITCZ but can be well explained by expansion and contraction in the latitudinal extent of
the ITCZ, which is likely caused by lower global mean temperatures (Collins et al., 2010),
symmetrical solar irradiance changes (Scroxton et al., 2017; Yan et al., 2015), strengthening
Walker circulation (Konecky et al., 2013), and changes in the meridional atmospheric
circulation (Denniston et al., 2016).

To date, understanding of the overall dynamics of the ITCZ is still poor, especially on
orbital timescales, due to sparse long-term precipitation records from the Indo-Pacific region.
Meanwhile, the majority of studies focus on the northern margin and meteorological center of
the Indo-Pacific ITCZ (e.g., Cheng et al., 2016; Li et al., 2017; Liu et al., 2015), while the
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southern margin of the Indo-Pacific ITCZ remains less studied, thus limiting a full
understanding of the ITCZ dynamics on orbital timescales. In this study, we present a new
well-dated and high-resolution long-term summer monsoonal precipitation record spanning the
past 410 kyr from International Ocean Discovery Program (IODP) Site U1483 situated at the
southern margin of the Indo-Pacific ITCZ (Figure 1). In addition, published long-term rainfall
records from the Indo-Pacific region were collected, including the Chinese cave stalagmite
8180 record (Cheng et al., 2016) and the Sr/Ca record of the Xifeng Loess section (Li et al.,
2017) from the northern margin of the Indo-Pacific ITCZ, as well as the Globigerinoides ruber
Nd/Ca record of Core MD05-2925 (Liu et al., 2015) from the meteorological center of the
Indo-Pacific ITCZ (Figure 1). These precipitation records form a meridional transect across
the full extent of the Indo-Pacific ITCZ, providing an unprecedented opportunity for us to gain

insight into the overall dynamics of the ITCZ on orbital timescales.

2. Materials and Methods
2.1. Site U1483

Site U1483 (13°05.24'S, 121°48.25'E, water depth 1,733 m, penetration of ~290 m)
was drilled offshore northwestern Australia during IODP Expedition 363 by JOIDES
Resolution in 2016 (Figure 1) (Rosenthal et al., 2017). Sediments used in this study were
sampled along the revised SPLICE (see details in Text S1 of supporting information) from 0
to 41 m composite depth scale.

Semi-quantitative elemental analyses were performed on the sediment surface of the
archive half at 2 cm intervals using the Avaatech XRF core scanner at the Institute of
Geosciences, University of Kiel. Measurements were conducted at settings of 10 kV and 0.75
mA with 10 s of counting time, and the results were given in counts per second (cps). The

quantitative chemical composition of bulk sediments was determined on discrete samples at 20
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cm intervals by conventional XRF (Rikagu RIX 2100), and 11 of the samples selected from
Marine Isotope Stage (MIS) 1-11 were measured using inductively coupled plasma mass
spectrometry (Agilent 7500a) at the State Key Laboratory of Continental Dynamics, Northwest
University. Analyses of USGS and Chinese national rock standards (BCR-2, GSR-1, and GSR-
3) showed that the analytical precision and accuracy for the major elements are generally better
than 5%. For the trace element analyses, the analytical error is less than 2%, and the precision
is greater than 10% (Liu et al., 2007). Stable isotope analysis was carried out on benthic
foraminifer Planulina wuellerstorfi at 20 cm intervals on a DeltaV Advantage instrument at
the Institute of Earth Environment, Chinese Academy of Sciences. Analyses of the Chinese
national standard GBWO04405 (certified 6'*O = —8.49 + 0.15%o) at the Institute of Earth
Environment showed a mean 680 of —8.65 + 0.15%o. This result is nearly consistent with the
result (—8.62 + 0.15%o) yielded at Institute of Global Environmental Change, Xi'an Jiaotong
University. Hence, the precision is better than £0.15%o on the basis of the performance of inter-
lab and lab-internal standard carbonates.

The initial age model of Site U1483 was based on benthic 8'*0 stratigraphy (Figure S1),
and on this basis, the final age model was then established by correlating XRF-derived high-
resolution records of In(K/Ca) from Site U1483 and Core MDO01-2378 using QAnalySeries

(Kotov & Pilike, 2018) (Figure 2a) (see details in Text S2).
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2.2 Core MDO01-2378

Core MDO01-2378 (13°04.95'S, 121°47.27'E, water depth 1,783 m, a total core length
of ~40 m), from the location situated ~0.8 nmi northwest of Site U1483 (Figure 1), was
retrieved during the International Marine Global Change Study by RV Marion-Dufresne in
2001 (Bassinot et al., 2002). Semi-quantitative elemental analyses were performed on the
sediment surface of the archive half at 2 cm intervals using the XRF Core Scanner I with a

generator setting of 20 kV, 0.08 mA, and a sampling time of 20 s at MARUM, University of

Bremen.
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Figure 2. Age model and sedimentation rate of Site U1483. (a) XRF-derived In(K/Ca) values for Site
U1483 and Core MDO01-2378; and (b) depth-age model and sedimentation rate of Site U1483. Black
triangles represent In(K/Ca) tie points and red triangle denotes the last occurrence of planktonic
foraminiferal species G. ruber (pink). Note that K and Ca contents in this plot were not corrected for
attenuation effect.
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3. Results and Discussion
3.1. Precipitation Proxy From Site UI483

Combinations of trace element and Nd-Pb isotope ratios demonstrate that the
terrigenous fractions at Deep Sea Drilling Project (DSDP) Site 262 (Figure 1), northeast of Site
U1483, are originated from northwestern Australia (Vroon et al., 1995). Distribution pattern of
upper continental crust (UCC) (Taylor & McLennan, 1985, 1995) normalized rare earth
elements has ever been considered to characterize provenances of lithogenic fractions (Wu et
al., 2013). To identify provenance of the terrigenous fractions at Site U1483, we compared the
distribution patterns of UCC-normalized rare earth elements between Site U1483 and DSDP
Site 262. The comparison shows that distribution patterns of UCC-normalized rare earth
elements are quite alike at Site U1483 and DSDP Site 262 (Figure S2c), indicating the
northwestern Australia origin of the terrigenous fractions at Site U1483. However, UCC-
normalized rare earth elements at DSDP Site 262 are much richer than at Site U1483 (Figure
S2c), probably related to different grain sizes of terrigenous fractions at these two sites since
the different transport distances to the source area of the terrigenous fractions (Figure 1). Eolian
dust from northwestern Australia may contribute little to the terrigenous fraction at Site U1483,
as is supported by the estimated terrigenous dust accumulation offshore northwestern Australia
(Kuhnt et al., 2015). Therefore, the terrigenous fractions at Site U1483 mainly stemmed from
riverine transport from the northwestern Australia. This result supports a previous study of
Kuhnt et al. (2015), which suggested that the terrigenous fractions at the coring site of MDO1-
2378 (Site U1483) originated mainly from the Fitzroy and Ord Rivers in northwestern Australia.
In addition, similar distribution patterns of UCC-normalized major, trace, and rare earth
elements through MIS 11 to MIS 1 (Figure S2) may indicate that the provenance of the
terrigenous fractions at Site U1483 was relatively stable during the past 410 kyr. Natural

logarithmic ratio of K and Ca (In(K/Ca)) in sediments of Core MD01-2378 which has the same
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coordinate with Site U1483 (Figure 1) has been used as a proxy for summer monsoonal
precipitation associated river-runoff from northwestern Australia (Kuhnt et al., 2015). As for
Site U1483, we thus also used the In(K/Ca) to indicate summer monsoonal precipitation
associated river-runoff from northwestern Australia as in the study of Kuhnt et al. (2015). Both
K and Ca contents were derived from XRF scanning on sediments from Site U1483. The
element K predominantly represents clay mineral-bound fine-grained fraction of riverine
terrigenous runoff (Calvert & Pedersen, 2007), and thus, K in sediments is terrigenous, likely
dominated by river runoff from northwestern Australia. The content of K in sediments will
increase with enhanced river runoff and vice versa. In contrast, the element Ca in sediments is
derived from the biogenic carbonate of marine planktons, because sediments from Site U1483
consist of undisturbed, homogenous, nannoplankton ooze with ~50% carbonate (see details in
Text S4). Discharge of the main northwestern Australian rivers exhibits an extremely seasonal
pattern with more than 90% of fluvial discharge related to summer monsoonal rainfall (Doupé
& Pettit, 2002; Lindsay & Commander, 2006). Therefore, the content of K in sediments
depends ultimately on the amount of summer monsoonal rainfall. It is worthy to mention that
the fluctuations in the Ca-normalized terrigenous elemental curves are caused by fluctuations
in terrigenous input rather than by changing marine carbonate production/dissolution at the
coring site of MDO01-2378 (Site U1483) due to the consistent behaviors of Ca- or Ba-
normalized terrigenous elements and vague relationship between carbonate percentages and

sedimentation rates (Figures 2b and S3b) (Kuhnt et al., 2015).
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Figure 3. Proxy records of precipitation oscillate on precession and obliquity bands. (a) Precession
and (e) obliquity parameters (Berger & Loutre, 1991); (b) Chinese cave stalagmite §'*0O (Cheng et al.,
2016); (c) and (g) G. ruber Nd/Ca from Core MD05-2925 (Liu et al., 2015); (d) and (h) In(K/Ca)
from Site U1483 (this study); (f) Sr/Ca from the Xifeng section (Li et al., 2017). Superimposed on the
raw data curves are precession and obliquity bandpass filtering curves.
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3.2. Interhemispheric In-Phase Precipitation on Precession Band in Response to
Expansion/Contraction in the Latitudinal Extent of the Indo-Pacific ITCZ

Ln(K/Ca) from Site U1483 is used as the precipitation proxy with more positive value
indicating higher precipitation and vice versa. Detailed profiles of element counting and
logarithm ration of element/Ca are shown respectively in Figures S3 and S4. Spectral analysis
and bandpass filtering on In(K/Ca) record show that precipitation at the southern margin of the
ITCZ over the past 410 kyr was dominated by precession band variance (Figures 3d, 4a, and
S5h), which has been regarded as the most important orbital activity for tropical hydrologic
change (Cheng et al., 2009, 2016; Dang et al., 2015; Liu et al., 2015; Tachikawa et al., 2011;
Wang et al., 2008; Wu et al., 2013). Cross-spectral analysis on In(K/Ca) and precession time
series reveals that the In(K/Ca) maximum lagged the precession minimum by ~42° (Figure 4d),
indicating that precipitation at the southern margin of the ITCZ oscillated almost in anti-phase
with precession from 0 to 410 ka. This result is supported not only by the precession bandpass
filtering result (Figures 3a and 3d) but also by the simulated precipitation record for
northwestern Australia (Singarayer et al., 2017), which shows that variations in precipitation
at the southern margin of the ITCZ were in anti-phase with precession over the past 120 kyr.

Both Chinese cave stalagmite §'%0 and G. ruber Nd/Ca of Core MD05-2925 have been
regarded as proxies for summer monsoonal precipitation with depleted stalagmite 580 and
enriched G. ruber Nd/Ca denoting increased precipitation and vice versa (Bayon et al., 2017;
Cheng et al., 2009, 2012; Liu et al., 2015; Wang et al., 2001, 2008). Chinese cave stalagmite
8180 as a proxy of summer monsoonal precipitation is discussed in detail in Text S5. A strong
precession signal occurs in both of the time series (Figures 3b, 3c, 4b, and 4c), indicating that
precipitation at the northern margin and center of the ITCZ has also been dominated by
precession band variance during the past 410 kyr (Cheng et al., 2016; Liu et al., 2015). Based

on the cross-spectral analysis of these time series against precession parameter, we observed
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an anti-phase angle between stalagmite -3'30 (~ -146°) and G. ruber Nd/Ca of Core MD05-
2925 (~30°) (Figure 4d). Precession bandpass filtering results also show that Chinese cave
stalagmite -8'%0 changed in anti-phase while G. ruber Nd/Ca of Core MD05-2925 in-phase
with precession (Figures 3a—3c).

In summary, on the precession band, precipitation oscillated in-phase between the
southern and northern margins but in anti-phase to the center of the ITCZ. In other words,
precipitation synchronously increases at the southern and northern margins but decreases at the
center of the ITCZ and vice versa. (Figures 3a—3d and 4d). In previous studies, this anti-phase
precipitation behavior was attributed to the latitudinal displacement of the ITCZ, driven by
precession-dominated (Haug et al., 2001; Liu et al., 2015). However, it is difficult using the
traditional migration theory of the ITCZ to interpret the interhemispheric precipitation in-
phasing.

It is worth noting that interhemispheric in-phase precipitation change occurs not only
on orbital timescales but also on (sub-) millennial timescales. For instance, an integrated series
of precipitation records from the Indo-Pacific suggested that droughts occurred at the southern
and northern margins of the ITCZ, while moist conditions prevailed at the center of the ITCZ
during the Little Ice Age (Yan et al., 2015). A comparison of stalagmite 3'%0 records from
between Chinese cave and Australia KNI-51 cave showed that precipitation varied nearly in-
phase at the southern and northern margins of the ITCZ during the last 3 kyr (Denniston et al.,
2016). This in-phase precipitation pattern between the hemispheres on (sub-) millennial
timescales has been attributed to expansion and contraction of the ITCZ (Denniston et al., 2016;
Scroxton et al., 2017; Yan et al., 2015). We thus speculate that interhemispheric in-phase
precipitation on precession band may also be caused by expansion and contraction of the ITCZ.

Changes in both orbital parameters and solar irradiance directly influence solar insolation on

the Earth (Bard et al., 2000; Laskar et al., 2011). Yan et al. (2015) suggested that the north—
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south migration of the ITCZ mainly happens on orbital timescales due to asymmetrical
insolation variations between the hemispheres, which are caused by variations in precessional
insolation rather than in solar irradiance. In contrast, expansion and contraction of the ITCZ
mainly occurs on sub-millennial timescales and is linked to symmetrical insolation variations
between the hemispheres, which are ascribed to variations dominantly in solar irradiance over
precessional insolation. Nevertheless, a recent model study by Singarayer et al. (2017)
suggested that precession directly regulates the expansion and contraction of the ITCZ on
orbital timescales with expansion of the ITCZ related to weak precession, and vice versa, which
is in agreement with our results. Specifically, the ITCZ expanded (contracted) in accordance
with weak (strong) precession, as indicated by enriched (depleted) precipitation at the southern
and northern margins and depleted (enriched) precipitation at the centre of the ITCZ.
Precessional expansion and contraction of the ITCZ is possibly due to the different responses
of the northern and southern extremes of the ITCZ to changes in the interhemispheric

temperature gradient (Singarayer et al., 2017).
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In(K/Ca) from Site U1483 (this study); (b) G. ruber Nd/Ca from Core MD05-2925 (Liu et al., 2015);
(c) Chinese cave stalagmite §'*0 (Cheng et al., 2016). Coherence with obliquity: (e) In(K/Ca) from Site
U1483; (f) G. ruber Nd/Ca from Core MD05-2925; (g) St/Ca from the Xifeng Loess Section (Li et al.,
2017). Phase: (d) In(K/Ca) from Site U1483, G. ruber Nd/Ca from Core MD05-2925 and Chinese cave
stalagmite §'*0 against precession; (h) In(K/Ca) from Site U1483, G. ruber Nd/Ca from Core MDOS5-
2925 and Sr/Ca from the Xifeng Loess Section against obliquity. In panels of coherence, horizontal
cyan lines denote the mean Monte Carlo false-alarm level. In panels of phase wheel, the zero phase is
set at the maximum precession in (d) and at the maximum obliquity in (h). Light blue, green, orange,
and purple shadings denote the uncertainties. Cross-spectral analyses were performed using the
software program Redfit-X (Olafsdottir et al., 2016).
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3.3. Interhemispheric Anti-Phase Precipitation on Obliquity Band in Response to
Latitudinal Migration of the Indo-Pacific ITCZ

In addition to the precession signal, a strong obliquity signal occurs in the In(K/Ca)
record from Site U1483 (Figures 3h, 4e, and S5h). Strong precession and obliquity signals also
occur in a In(Ti/Ca) record from the north of Papua New Guinea (Hollstein et al., 2018;
Tachikawa et al., 2011). However, as discussed in detail in Tachikawa et al. (2011), obliquity-
related variations in the In(Ti/Ca) record were mainly caused by carbonate content changes on
obliquity band. For Site U1483, spectral analysis of Ca abundance shows no obliquity signal
(Figure S5a). Moreover, as mentioned above, at the coring site of Core MD01-2378 (Site
U1483), terrigenous elements normalized against Ca or Ba show consistent behavior, and
carbonate percentages change inconsistent with sedimentation rates (Kuhnt et al., 2015).
Therefore, the occurrence of obliquity signal in the In(K/Ca) record from Site U1483 was very
likely caused by variations in terrigenous input rather than carbonate dilution. This result
implies that precipitation at the southern margin of the ITCZ was dominated by obliquity band
variance during the past 410 kyr. Besides, G. ruber Nd/Ca of Core MD05-2925 and Sr/Ca of
the Xifeng Loess Section (a proxy of East Asian summer monsoonal precipitation with
depleted values denoting increased precipitation and vice versa) display clear variations on
obliquity band (Figures 3f, 3g, 4f, and 4g), indicating that precipitation at the northern margin
and center of the ITCZ was also dominated by obliquity band variance from 410 to 0 ka (Li et
al., 2017; Liu et al., 2015).

Cross-spectral analysis shows that the maximum of In(K/Ca) from Site U1483 lagged
the minimum of obliquity by ~9° (Figure 4h), indicating that precipitation at the southern
margin of the ITCZ varied nearly in anti-phase with obliquity, agreeing with Singarayer et al.
(2017) on their simulated precipitation records for northwestern Australia. Similarly, the

maximum of G. ruber Nd/Ca in Core MD05-2925 led the minimum of obliquity by ~4° (Figure
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4h), indicating that precipitation at the center of the ITCZ changed also in anti-phase with
obliquity. On the contrary, the minimum of Sr/Ca at the Xifeng Loess Section led the maximum
of obliquity by ~12° (Figure 4h), suggesting in-phase change of precipitation at the northern
margin of the ITCZ in relation to obliquity. This scenario is also supported by obliquity
bandpass filtering results, which reveal anti-phase change of In(K/Ca) and G. ruber Nd/Ca but
in-phase change of —Sr/Ca with respect to obliquity (Figures 3e—3h). These results suggest that
precipitation increases (decreases) in the northern hemisphere while decreases (increases) in
the southern hemisphere on obliquity band.

In general, the influence of obliquity is very weak on low-latitude insolation but
significant on Northern Hemisphere high-latitude insolation. Thus, the strong obliquity signal
in low-latitude paleoclimate records is always ascribed to high-latitude forcing. For instance,
rainfall records from the East China Sea agree with obliquity-paced global climate cycles,
suggesting a close link between changes in low-latitude precipitation and glacial variability
(Clemens et al., 2018). However, it is unclear how high-latitude forcing can cause
interhemispheric anti-phasing precipitation on obliquity band. In contrast, modeling studies
imply that obliquity directly influences tropical circulation by reorganizing the Hadley
circulation (Bosmans et al., 2015; Mantsis et al., 2011, 2014) and regulating the north-south
shift of the ITCZ (Liu et al., 2015). Some other modeling studies suggested that high obliquity
can cause an extremely strong Siberian high pressure and Australian low pressure (Kutzbach
et al., 2008; Shi et al., 2011), thus leading to a strong pressure gradient between hemispheres
that enhances the cross-equatorial flow of northerly winds (Liu et al., 2015). The enhanced
northerly winds subsequently reinforce the southward shift of the ITCZ (Liu et al., 2015). The
opposite situation occurs at low obliquity. Thus, the south-north shifts of the ITCZ dominated

by obliquity produced the anti-phase precipitation between hemispheres.
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4. Conclusions

In this study, we investigated the history of northwestern Australia summer monsoonal
precipitation over the past 410 kyr based on In(K/Ca) of sediments from IODP Site U1483. By
integrating the new precipitation record with published precipitation records from the northern
margin and meteorological center of the Indo-Pacific ITCZ, we found that expansion and
contraction in the latitudinal extent of the Indo-Pacific ITCZ could be responsible for
interhemispheric precipitation in-phasing on precession band. In contrast, interhemispheric
precipitation anti-phasing on obliquity band could be attributed to latitudinal migration of the

Indo-Pacific ITCZ.
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Supporting Information for

Indo-Pacific hydroclimate in response to changes of the Intertropical
Convergence Zone: Discrepancy on precession and obliquity bands over the

last 410 kyr

Introduction

There are five texts and six figures in this file. Text S1 introduces the revision of
shipboard core SPLICE. Text S2 addresses the age model of Site U1483. Text S3 brings up the
element compositions of bulk sediments for discrete samples. Text S4 introduces the XRF
scanning derived elements. Text S5 discusses Chinese cave stalagmite 5'%0 as a proxy of East
Asian summer monsoon precipitation. Figure S1 shows the age models for Site U1483 and
Core MDO01-2378. Figure S2 displays the distribution patterns of UCC- normalized major, trace
and rare earth elements in bulk sediment samples of MIS 1-11 from Site U1483. Figure S3
exhibits the profiles of major elements in sediments from Site U1483. Figure S4 plots the
records of Ca-normalized major elements. Figure S5 shows spectral analysis on time series of
major elements and Ca-normalized major elements. Figure S6 shows the relationship of XRF

element ratios and CIX.

Text S1. Revision of shipboard core SPLICE

Based on new high-resolution X-ray fluorescence (XRF) scanner elemental data and
benthic stable isotope records, we adjusted the original tie points of the shipboard SPLICE
(14.57 m below sea floor (mbsf) in U1483C-2H-6 and 13.19 mbsf in U1483B-3H-2) to new
positions (14.58 mbsf in U1483C-2H-6 and 12.26 mbsf in U1483B-3H-2). This adjustment

resulted in the overall addition of 0.94 m to the meters composite depth (mcd) scale.
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Text S2. Age model of Site UI483

The preliminary age model for Site U1483 over the past 410 kyr (Fig. Sla) was
established by tuning the benthic §'*0 to the global benthic stack (Lisiecki and Raymo, 2005)
with the QAnalySeries software (Kotov and Pélike, 2018). The original age model of Core
MDO01-2378 was published in Holbourn et al. (2005) based on AMS 'C dates (0-30 ka) and
correlation to the benthic §'%0 to the Byrd ice core (Blunier and Brook, 2001) (30-60 ka), the
benthic stack of Martinson et al. (1987) (60-290 ka) and the stack record of Bassinot et al.
(1994) (290-460 ka). We retuned the age model of Core MDO01-2378 by correlating its benthic
8!80 with the global benthic stack (Lisiecki and Raymo, 2005) (Fig. S1b) using QAnalySeries

(Kotov and Pilike, 2018).

The benthicd'®*O records from Site U1483 and Core MDO01-2378 matched almost
perfectly and showed the same glacial-interglacial amplitudes for the past 410 kyr (Fig. Slc),
since they have the same coordinates (Fig. 1). A very small phase shift in the benthic §'*0
records, however, was linked to the higher resolution of the benthic §'80 record of Core MDO1 -
2378 (Fig. Slc). To further improve the age model for Site U1483, XRF- derived high-
resolution records of In(K/Ca) from Site U1483 and Core MDO01-2378 were correlated using
QAnalySeries (Kotov and Pilike, 2018) (Fig. 2a). According to the new age model for Site
U1483, the last occurrence of Globigerinoides ruber (pink) at ~11.81 med (Fig. 2a) is
equivalent to an age of ~122.91 ka, consistent with the biostratigraphic datum given by
Thompson et al. (1979). The estimated sedimentation rate ranges from 7.46 to 13.8 c/kyr
with a mean value of 10.31 cm/kyr and displays no obvious glacial-interglacial changes (Fig.
2b). The sampling temporal resolution for benthic foraminiferal 330 is ~2 kyr and for In(K/Ca)

is ~0.2 kyr.
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Text S3. Element compositions of bulk sediments for discrete samples

The major element compositions of bulk sediments from MIS 1-11 at Site U1483
normalized to the upper continental crust (UCC) (Taylor and McLennan, 1985, 1995) are very
similar, with enriched MnO and highly enriched CaCO3 (Fig. S2a). The average CaCO3
content of ~50% reflects that the pelagic fractions compose the main components of sediments
at Site U1483. The trace and rare earth element compositions of bulk sediments from MIS 1-
11 at Site U1483 normalized to the UCC are also very similar (Figs. S2b and S2c). For trace
elements, Ni and Y are enriched relative to other elements (Fig. S2b). With respect to rare earth
elements, the middle and heavy rare earth elements (Sm to Lu) are enriched relative to the light

rare earth elements (La to Nd) with positive Eu anomalies (Fig. S2c¢).

Text S4. XRF scanning derived elements

Abundances of Al, K, Ti and Fe derived by XRF scanning oscillated very similarly and
in an opposite way to abundance of Ca in the past 410 kyr (Figs. S3b-S3f). The XRF scanning
results are highly supported by measurements of bulk sediment major elements on discrete
samples (Figs. S3b-S3f). Nevertheless, there are still difference in the case of lighter elements,
i.e. Ca, Al and K. The difference can be reflected in the scanning abundances of the lighter
elements decreasing during the past 120 kyr and increasing from 120 to 410 kyr (Figs. S3b-
S3d), which indicates an anti-phase linkage to the variation in the scanned Cl abundance as a

monitor of water content in cores (Fig. S3a).

Previous studies have shown that the water content in cores has a strong attenuation
effect on the scanning abundances of lighter elements (e.g., Tjallingii et al., 2007; Hennekam
and de Lange, 2012). Thus, the deviations of the scanning abundances of lighter elements

should be related to the attenuation effect of water content in cores. Here, we correct the
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influence of the attenuation effect on the scanning abundance of lighter elements following the
method of Dang et al. (2015). We can see that the corrected results match better with the
measuring results (Figs. S3b-S3d). Subsequently, we reconstructed the variation of Ca-
normalized major elements based on the corrected results, and found that Ca-normalized major

elements co-varied with each other throughout the whole study interval (Fig. S4).

Spectral analysis of the XRF scanning results shows that, on orbital timescale,
precession and obliquity bands dominate variations in abundances of Al, K, Ti and Fe but the
eccentricity and precession bands occur in Ca for the past 410 kyr (Figs. S5a-S5e). Meanwhile,
precession and obliquity bands also dominate variations of Ca-normalized terrigenous
elements, i.e. In(Al/Ca), In(K/Ca), In(Ti/Ca) and In(Fe/Ca) (Figs. S5f-S5i). It is worth noting
that strong eccentricity signals occur in In(Al/Ca) and In(Fe/Ca) (Figs. S5f and S5g), but this
signal should be ascribed to variation in Ca abundance as it is non existent in variation of Al

and Fe abundances (Figs. S5b and S5e).

Overall, all of the records above from Site U1483 don’t show glacial-interglacial cycles
besides Ca (Figs. S3-S5). This phenomenon contrasts with the palynological record from the
Timor Sea (Kawamura et al., 2006), organic geochemical record from the northern perimeter

of Australia (Kershaw et al., 2003) and XRF scanning records from the

Halmahera Sea (Dang et al., 2015) and offshore northwestern Australia (Stuut et al.,
2019), all of which have obvious glacial-interglacial contrasts. In general, terrigenous input
increases during sea level low-stands of glacial periods because of increased shelf exposure
and decreased distance of river mouths to the sedimentary basin, and vice versa. Moreover,
chemical weathering associated terrigenous input may be also different between glacial and
interglacial. However, we did not see conspicuous glacial and interglacial contrasts in the

terrigenous elements records and estimated sedimentation rate of Site U1483 (Figs. 2b and S3).
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Thus, glacial-interglacial changes in sea level and chemical weathering may not influence the

depositional environment at Site U1483.

In addition, Al and Ti are known to chemically resistant to erosion and weathering
(Nesbitt et al., 1980; Nesbitt and Markovics, 1997). Using the CIX index (i.e. Chemical Index
of Alteration that does not consider CaO; Garzanti et al., 2014) as an indicator of chemical
weathering, that the long-term trend of K/Al largely differs from that of CIX (Fig. Sé6a),
indicate a minor influence of chemical weathering on the leaching of K. This is supported by
the close correspondence between Al/Ti and K/Ti profiles (Fig. S6b). Furthermore, the CIX
ranges from 56.7 to 68.7 in value, reflecting a relative weak of weathering intensity (Fig. S6a).
The scattered data distributions of K/Al and K/Ti against CIX (Fig. S6c and 6d) further
supports that chemical weathering exerted a very minor, if any, influence on the leaching of K

in sediments of Site U1483.

As for Ca, the occurrence of glacial-interglacial cycles (Figs. S3b and S5a) is possibly
indirectly link to the variation in sea level. Holbourn et al. (2005) found that productivity
fluctuations in the Timor Sea over the last 460 kyr were strongly influenced by monsoonal
wind patterns offshore northwestern Australia (23 and 19 kyr) and were also modulated by sea
level-related variations in the intensity of the Indonesian Throughflow (100 kyr). Hence, the
variations in Ca content on precession and eccentricity bands may be linked to the variations
in the productivity of Timor Sea, indicating that Ca was derived from the biogenic carbonate

of marine planktons.
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Text S5. Chinese cave stalagmite 6'°0 as a proxy of East Asian summer monsoon

precipitation

Among paleo-precipitation indices, Chinese cave stalagmite 3'30 has been considered
to reflect rainfall associated with East Asian summer monsoon (Wang et al., 2001 and 2008;
Cheng et al., 2009 and 2012). Later, some studies however revealed that Chinese cave
stalagmite 8'*0 could be influenced by a variety of factors, such as upstream water vapour 6'0
(Pausata et al., 2011), moisture sources (Maher and Thompson, 2012; Liu et al., 2014), sea
level changes (Xue et al., 2019) and the position of the westerlies (Zhang et al., 2018).
Moreover, Liu et al. (2017) debated that ‘Chinese cave §'0 records do not represent northern
East Asian summer monsoon rainfall’. In contrast, some other studies still considered Chinese
cave stalagmite 380 as a proxy of East Asian summer monsoonal precipitation, with depleted
value denoting enhanced precipitation and vice versa (e.g. Liu et al., 2015; Yan et al., 2015;
Denniston et al., 2016 and 2017; Huang et al., 2019). Recently, Goldsmith et al. (2017a)
discovered a good correlation between Chinese cave stalagmite 3'%0 and lake-level of Lake
Dali in Inner Mongolia (a proxy of East Asian summer monsoonal precipitation) during the
past 125 kyr, and suggested that Chinese cave stalagmite 530 well denotes change of the East
Asian summer monsoonal precipitation on both orbital and millennial timescales. In reply to
rebuttal of Liu et al. (2017) against the viewpoint of Goldsmith et al. (2017a), Goldsmith et al.
(2017b) supplied more lines of evidence, and again claimed that the scaling between the Lake

Dali record and Chinese cave speleothem §'30 is robust.

The assertion of ‘Chinese cave 8'%0 records do not represent northern East Asian
summer monsoon rainfall” by Liu et al. (2017) is partially based on the occurrence time of
precipitation maximum in the Holocene. The record of Lake Dali lake-level indicates a mid-

Holocene maximum and in contrast Chinese cave stalagmite 5'®0 shows an early- Holocene
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maximum (Liu et al., 2017). With a compilation of pollen profiles across China, Zhou et al.
(2016) proposed that the onset of precipitation maximum was progressively later from the
south to the north in the East Asian monsoon region in the early- to mid- Holocene. Hence, it
seems that the occurrence time of precipitation maximum in the mid-Holocene for lake-level
of Lake Dali record doesn’t conflict with an early Holocene precipitation maximum inferred

from Chinese cave stalagmite 3'%0 record.

It is noteworthy that a more recent study of Yang et al. (2019) suggested that Chinese
cave stalagmite 3'%0 should be regarded as a proxy of East Asian summer monsoonal intensity
rather than of local precipitation. These authors also pointed out that the stacked Chinese cave
stalagmite 3'80 record shows a high similarity with other East Asian summer
monsoon/precipitation records in China on the orbital timescale, although differences exist
among individual cave stalagmite §'30 records on the centennial- millennial timescale. Two
points stand out that the Chinese cave stalagmite §'30 record used in our study may represent
the mean state of summer monsoon/precipitation on the orbital timescale, on the one hand, and
an individual cave stalagmite 5'30 does not represent local precipitation at the site but monsoon
intensity on the centennial- millennial timescale, on the other hand. Moreover, long-term
monsoon intensity proxied by the stacked cave stalagmite 5'%0 record covaried well with the
precipitation record from the Gonghai Lake (Yang et al., 2019), suggesting high precipitation
happened in coincidence with strong monsoon intensity on the orbital timescale. As in this
study we discussed variations in a large spatial coverage of the mean state of precipitation on
orbital timescale, we are thus pro to stalagmite 6'®0 as an indirect proxy of precipitation before

the complexity of the factors affecting the stalagmite 6'30 are fully understood.
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Figure. S1. Age models for Site U1483 and Core MD01-2378. Comparison of benthic 8'%0 records
from Site U1483 (a) and Core MDO01-2378 (b) respectively with the global benthic stack (Lisiecki and
Raymo, 2005). (c) Comparison of benthic §'30 records from Site U1483 and Core MDO01-2378.
Filled and open triangles represent AMS '4C dates and benthic 8'%0 tie points, respectively. Benthic
5'80 and AMS '4C data for Core MD01-2378 were published in Holbourn et al. (2005).
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Figure. S5 Spectral analysis on time series of major elements and Ca-normalized major elements. (a)
Ca; (b) Al; (¢) K; (d) Ti; (e) Fe; (f) In(Al/Ca); (g) In(Fe/Ca); (h) In(K/Ca); and (i) In(Ti/Ca). Spectral

analysis was performed using REDFIT (Schulz and Mudelsee, 2002) with Rectangle window

(Oversample=5; Segments=3) from software program Past3 (Hammer et al., 2001).
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3.1. Conclusions

Results and interpretations given in the individual chapters of the thesis enable to
advance our understanding to the evolution of Eastern Indian Ocean climate history off
Western Australia over the past 450 kyr.

In Chapter 1, the new XRF scanner derived terrigenous discharge records from Core
S0O257-18548 and IODP Site U1482 and Core SO257-18571 enable the rapid intensification
of the Australian Monsoon at the end of glacial terminations with short-lived peaks in the early
Holocene (~10 ka), MIS 5e (~130 ka), MIS 7 (~200, ~220 and ~ 240 ka), and MIS 9 (~280,
~305 and ~ 330 ka). Riverine transported fine-grained terrigenous discharge and aeolian dust
input in southern location exhibit a clear antiphase relationship, suggesting coeval and abrupt
changes towards wetter climate and increased fluvial discharge during glacial terminations and
rapid re-aridification at the end of the unusually warm isotope stages MIS 9, 7 and Se. The
monsoonal precipitation highly correlate to high latitude temperature and atmospheric
greenhouse gas concentrations during the past 450 kyr which indicates that increasing CO; and
CHs concentrations in conjunction with a low insolation gradient between Southern
Hemisphere tropics and subtropics and rising and/or high Southern Hemisphere spring-early
summer insolation drove the intensification of heat low pressure cells over northwestern
Australia at the end of glacial terminations. The formation of intense heat low pressure cells in
the Pilbara region of northwestern Australia in late September may have played a crucial role
in driving the ITCZ southwards and triggering intensified monsoonal rainfall on orbital
timescales, when Southern Hemisphere insolation was at a maximum. Southward swings of
the ITCZ amplified and deglacial monsoonal onsets intensified with aridification of
northwestern Australia ~350 kyr ago.

In Chapter 2, the planktonic '%0 and Mg/Ca derived SST of near surface dwelling

planktonic foraminifers in sediment core tops along the Northwestern Australian Margin 15°S
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and 27°S combined with temperature, salinity and oxygen isotopes of seawater along the
SO257 transect, which suggested that seasonal position of the oceanic front at the edge of the
IPWP was between 23° and 24° S off Northwest Cape during the post-monsoonal austral fall
(May). The variances in reconstructed mix layer temperatures and salinities at the locations of
Core SO257-18548 and U1482 and Core SO257-18571 indicates that the northeastern area
along the Northwestern Australian Margin influence by IPWP water masses even during
glacials. By contrast, the more southerly Core SO257-18571 was situated in colder, more saline
and nutrient-rich mixed layer water masses, south of the southwestern IPWP margin and only
influence by the IPWP during warm stages. SST maxima and salinity minima along the
Northwestern Australian Margin at the end of glacial terminations I, I, IIT and IV (onset of
MIS 1, 5e, 7e and 9) coincided with peak monsoonal precipitation proxies along the northwest
Australian margin together with global pCO2 peaks at high Southern Hemisphere spring
(September) insolation and maxima in low latitude N-S insolation gradients (precession
minima and obliquity maxima). Coherence and phase relationship between insolation forcing,
atmospheric pCOz, SST and monsoonal intensity (SSS and terrigenous discharge) suggest that
global greenhouse gas concentrations together with low latitude insolation gradients and
Southern Hemisphere spring insolation influenced the spatial extent of the [IPWP in the South
Hemisphere and Australian monsoonal climate.

In Chapter 3, carbon isotopes based on planktonic and benthic foraminifers integrated
high-resolution XRF scanner derived geochemical elements counts from NorthNorthwestern
Australian Margin sediment archive provide opportunity to reconstruct productivity
fluctuations main out of the ITF at the western edge of the present-day IPWP over the past 450
kyr. The variability of reconstructed paleoproductivity from different locations indicate that
local wind and circulation are dominant in driving productivity rather than tropical influences.

Our records of 8'3C changes during Terminations II, IIT and IV along a latitudinal and depth
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transect show that glacial water masses during MIS 6, 8 and 10 that are more depleted than
during MIS 2-4 which may indicate the transfer and storage of carbon in the Southern
Hemisphere deep -intermediate ocean during glacials.

In Chapter 4, the new high-resolution XRF scanner derived Australia summer
monsoonal precipitation records (Log(K/Ca) integrated with published precipitation records
from the northern margin and meteorological centre of the Indo-Pacific ITCZ allow us to
investigate the history of northwestern Australia summer monsoonal precipitation over the past
410 kyr. We found that the in-phase behavior of interhemispheric precipitation on the
precession band could be influenced by expansion and contraction in the latitudinal extent of
the Indo-Pacific ITCZ. In contrast, latitudinal migration of the Indo-Pacific ITCZ could the

attribute to the anti-phase behaviour of interhemispheric precipitation on the obliquity band.

3.2. Highlights for future research

Results and interpretations presented herein also shed light on possibilities for future
research that would have the potential to increase our understanding on the evolution of climate
from past and future. For instance: Explore the effects of tropical/Southern Hemisphere
warming on the Indian Ocean Dipole (I0OD) and Southern Annual Mode (SAM) along the coast
of Western Australia. The challenging concept in understanding the climate variability in the
eastern Indian Ocean is the IOD events and the Southern Annular Mode describes the north—
south movement of the westerly wind belt. With a time resolution of 50-100 years in our
sediment archives, we will not capture the variability of IOD and SAM on seasonal or decadal
timescales. However, longterm changes in IOD mode and SAM may be an important
component in the variability of SST, productivity (vertical mixing), wind and precipitation
patterns, derived from reconstructions of climate variability along the coast of Western

Australia.

-197 -



- 198 -



Acknowledgement

Acknowledgement

I would like to dedicate my paper to all those who have offered me tremendous
assistance during the three years in Kiel University.

First of all, my heartiest thanks flow to my supervisors, Prof. Dr. Wolfgang Kuhnt and
Dr. Ann Holbourn, for their helpful guidance, valuable suggestions and constant
encouragement both in my study and in my life. Their profound insight and accurateness about
my thesis taught me so much that they are engraved on my heart. I would also like to thank the
China Scholarship Council (CSC) for awarding me a PhD scholarship, which enabled me to
develop the studies presented herein.

Also, I would like to express my sincere gratitude to all the researchers who have helped
me with my research, I would specially like to thank Nils Andersen, Karen Bremer and Dieter
Garbe-Schonberg. Particular thanks go to all the colleagues at MiPa, Institut fiir
Geowissenschaften, for providing me a great deal of help and encouragement during these
three years: Li, Janika, Sebastian, Dorte, Peng, Kenji, Johanna, Tina, Julia, and please forgive
me if I forgot someone else. Particularly, I want to thank my dear roommate: Li, and the
neighbour of my office and home: Janika, for their invariable encouragement and happy time
sharing. I also extend my thanks to all my Chinese friends in Kiel, who spent a lot of precious
time with me and helped me go through the loneliness.

I am mostly indebted to my boyfriend Pengfei Zhang (7§ &), who suffered from our
long-distance relationship. Without his unlimited understanding and constant support, nothing

would be easy.

B i PR R B ] Hh SCRRAA FNS SRR RGN, BARATT AN SR [ ) 2 A B
T 55 TR M SCHF . FARRF R R B BER IR 20, JFNE — B DRI AR BRE
FRE, AHBKR, FAHTHROLHE, BoBEA, BHOH KRR KL, &
A, R, RE—EAIAMERNS ), B!

199



200



Appendix

Appendix
* Published data for Chapter 1 is available at https://doi.org/10.1016/j.palaco.2021.110280
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