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Abstract

The deep Southern Ocean circulation is of major significance for our understanding
of the ocean’s impact on Earth’s climate as uptake and release of CO2 strongly de-
pend on the redistribution of well and poorly ventilated water masses. Authigenic
neodymium isotopes (εNd) preserved in deep sea sediment have proven useful to
study the deep ocean circulation and water mass provenance and are of special in-
terest over major climate changes such as the Mid Pleistocene Transition (MPT).
In this thesis, the authigenic Nd isotopic composition of two Atlantic sediment sites
south of the Polar Front were investigated. The record at site ODP 1093 spans the
last 1 Ma in millennial resolution, while ODP 1094 covers terminations I, II, V and
the MPT. The results yield the first 1 Ma εNd benchmark in the southern Atlantic
Ocean, which shows a variable behavior synchronous with climate. Based on the
strong correlation with climate in ODP 1093, an age model was developed. The
observed εNd point to an interplay of advective and diffusive processes influencing
the εNd signatures preserved in the authigenic coating. The interhemispheric εNd
gradient was discussed, to investigate circulation strength changes across the Atlantic
Ocean in the past 1 Ma. The gradient observations indicate a potential bi-stability
of the circulation starting during the MPT with the occurrence of the first strong
decrease in circulation strength.

Zusammenfassung

Die Tiefenzirkulation des Südlichen Ozeans hat einen großen Einfluss auf das Klima
der Erde, da die Aufnahme und Abgabe von CO2 stark von der Verteilung der Wasser-
massen abhängt. Mit Hilfe der authigenen Neodym Isotope (εNd) in Tiefseesedi-
menten kann die Zirkulation im Ozean und die Herkunft von Wassermassen während
großer Klimaänderungen wie dem mittelpleistozänen Übergang (MPT) untersucht
werden. In dieser Arbeit wurde authigenesεNd in Sediment an zwei Orten südlich
der Polarfront im Atlantik analysiert. ODP 1093 deckt die letzten 1 Mio. Jahre ab
und ist mit dem Klima synchronisiert. Damit bildet dieser den ersten εNd Datensatz
im südlichen Atlantik über diese Zeitspanne. Die εNd Daten in ODP 1094 decken
die Klimaübergänge I, II, V und den MPT ab. Auf Basis der starken Korrelation
mit dem Klima in ODP 1093 wurde ein Altersmodell entwickelt. Der beobachtete
εNd Verlauf deutet auf ein Zusammenspiel von advektiven und diffusiven Prozessen
hin, die die authigenen εNd Signaturen beeinflussen. Um die Veränderungen der
Zirkulationsstärke im Atlantik in den letzten 1 Mio. Jahren zu untersuchen, wurde
der interhemisphärische εNd Gradient diskutiert. Die Beobachtungen dessen deuten
auf eine mögliche Bi-Stabilität der Zirkulation hin, die während des MPT mit dem
Auftreten der ersten starken Abnahme der Zirkulationsstärke begann.
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1. Introduction

The global climate of the Earth changed dramatically in the past and will change
in the future. Reconstructing past climate conditions is a challenging task, yet cru-
cial to understand the complexity of the Earth’s climate system. Depending on the
time frame, climate follows various patterns. The modern climate is dominated by
seasonal and multi-decadal variability and the well confirmed anthropogenic climate
change (Lee et al., 2023). On millennial timescales the global climate of the past 11.7
ka was rather constant. However, in the last 1 Ma multiple alternating warm and
cold periods in line with the periodicity of orbital parameters have been reconstructed
(e.g. Bereiter et al., 2015; Hasenfratz et al., 2019; Howe and Piotrowski, 2017; Link,
2021; Lisiecki and Raymo, 2005; Petit et al., 1999).

Climate variability is the result of the complex coupling of all compartments of
the climate system and their response to external forcing. The main components of
the system are the atmosphere, the biosphere, the hydrosphere, the cryosphere and
the lithosphere. Each component has its individual time scale, over which significant
changes occur. These range from days to weeks to seasons in the atmosphere to geo-
logical time scales in the lithosphere. Consequently, within the same time span some
parts of the climate system vary strongly, while others remain seemingly constant.
However, it is of great interest, how the different compartments act to the climate
change induced by humans. Thus, it is of crucial importance to best constrain the
past climate to gain insights in the complex interaction, sub-system interaction and
stability on natural forcing and timescales far beyond observations. Of particular
interest are the systems transitions from a cold to a warm state and vice versa (e.g.
Huybers and Langmuir, 2009; Paillard et al., 1996; Raymo et al., 2006)

The global ocean circulation, as part of the hydrosphere, is mainly driven by density
gradients caused by temperature and salinity changes. The so called thermohaline
circulation is a fundamental component in the Earth’s climate system, as it stores
and re-distributes heat and matter such as carbon, oxygen and nutrients on the
planet (Broecker, 1987; Roy-Barman and Jeandel, 2016; Jeandel, 2016). Hereby, the
Atlantic Meridional Overturning Circulation (AMOC) and Southern Ocean carbon
storage play a major role in connecting the ocean-atmosphere interface with the deep
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1. Introduction

ocean. It is hypothesized, that the AMOC forms a key element in the response of the
ocean to climate changes, which can act as an amplifier of climate changes (Henry
et al., 2016; Lenton et al., 2008; Lynch-Stieglitz, 2017).

Paleooceanographic studies aim for insights in the ocean circulation states and its
response to climate changes in the ancient past. The direct reconstruction of temper-
ature and salinity in the past ocean is not possible since they are not preserved over
time. Thus, circulation reconstructions are made, based on various climate proxies,
which indirectly trace such changes at variable precision and accuracy.

Since its first use in the late 70’s, neodymium isotopic compositions (εNd) have
proven useful as tracer for water mass provenance and became indispensable in pale-
ooceanography (Martin and Haley, 2000; Piepgras et al., 1979; Rutberg et al., 2000;
van de Flierdt et al., 2006). Countless studies used Nd isotopes in various climate
archives across all oceanto explore past ocean dynamics (e.g. Colin et al., 2010; Frank,
2002; van de Flierdt et al., 2010; Pena and Goldstein, 2014; Piotrowski et al., 2004;
Rutberg et al., 2000). Local processes at the water-sediment or water-rock inter-
face, which alter the εNd signature, are well admitted. However, the details of these
Nd fluxes in the ocean still remain highly debated (e.g. Abbott et al., 2022; Haley
et al., 2017; Lacan and Jeandel, 2005; Stichel et al., 2018; Tachikawa et al., 2017).
Consequently, besides reconstructions derived from εNd, it is crucial to extend the
understanding of the processes modifying the Nd isotopic compositions in climate
archives.

While the last glacial cycle was extensively studied using εNd isotopes e.g. in deep
sea sediments, the data is sparse for the past 1 Ma and rarely of millennial resolution.
Moreover, there is an additional bias toward studies in the North Atlantic. In fact,
only two εNd records from sediments in the North Atlantic reach as far back as 1
Ma. The record at site IODP U1313/DSPD 607 is mainly of glacial-interglacial reso-
lution and was extensively studied as key to understand North Atlantic Deep Water
(NADW) trough time (Jaume‐Seguí et al., 2021; Kim et al., 2021; Lang et al., 2016;
Lippold et al., 2016; Pöppelmeier et al., 2021a; Yehudai et al., 2021). At site ODP
1063 a εNd record of millenial resolution has been debated as representing NADW
due to recurring local overprints (Böhm et al., 2015; Gutjahr and Lippold, 2011;
Jaume‐Seguí et al., 2021; Link, 2021; Lippold et al., 2019; Roberts et al., 2010). In
the southern Atlantic Ocean there is no εNd record published yet, which extends 150
ka.

The aim of this study was to investigate the water mass Nd isotopic composition
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preserved in the deep sea sediments at sites ODP 1093 and 1094, which are located
in the southern Atlantic Ocean south of the Polar Front (PF). To reach this goal, a
millennial resolution εNd record at site ODP 1093 was obtained, spanning the past
1 Ma until the late Mid Pleistocene Transition (MPT). The new record sets the εNd
benchmark for the southern Atlantic Ocean. ODP 1094 was analyzed in four smaller
timespans with focus on rapid climate transitions. The εNd data emphasizes the
local Nd fluxes from sediments and volcanism in the global ocean. Additional mul-
tielement analysis of the sediment leachates provided insights into the ability of the
data to reflect water mass signatures.

In chapter 2 the background of this work regarding the ancient climate, modern
and past ocean circulation and Nd isotopic composition as water mass provenance
tracer, is presented. Chapter 3 is dedicated to the investigated sediment sites and
the sample treatment. Further, the measurement technique and the data treatment
are described. A discussion on the measurement quality and the results of the multi-
element measurements are presented prior to the εNd records at site ODP 1093 and
1094 in chapter 4. The main discussion of this thesis is split in four parts (chapters 5-
8). Firstly, the development of an age model for site ODP 1093 is described (chapter
5). Secondly, the origin of the εNd isotopic signatures at both investigated sites and
the implications for the Southern Ocean carbon storage are discussed (chapter 6).
The interhemispheric gradient ∆εNd is further introduced to predict εNd signatures
across the Atlantic and explore changes of the AMOC in the past (chapter 7). In
the last chapter of the discussion, the circulation changes derived from εNd south
of the PF over the MPT (chapter 8) are presented. At the end of the thesis a brief
summary on the findings and an outlook on future challenges is given (chapter 9).
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2. Background

2.1. Climate of the Past

The global climate of the Earth changed dramatically over time. On geological
timescales the most recent history of the Earth spans the Pleistocene (2.6 Ma until
11.7 ka BP) and the Holocene (from 11.7 ka BP until the pre-industrial). The climate
of these epochs is characterized by the alternation of cold and warm climate stages.
Their variable climate conditions are reflected in many different climate proxies. A
selection of climate records for the past 1.4 Ma are displayed in Fig. 2.1. The oxygen
isotopes of benthic foraminifera in deep sea sediments across all ocean basins pro-
vide an excellent climate archive spanning over 5 Ma of the Earth’s history (LR04)
(Lisiecki and Raymo, 2005). The oxygen isotopic composition is normalized to a
respective reference standard and calculated as follows:

δ18O =

[
(18O/O)sample

(18O/16O)reference
− 1

]
· 103 (2.1)

The variations of the δ18O correspond to changes of the global ice volume and the
deep ocean temperature. Based on the LR04 stack so called Marine Isotope Stages
(MIS) were defined (Fig. 2.1 b). High benthic δ18O values correspond to a larger
global ice volume and lower temperatures. These periods are labelled glacials and
are indicated by even numbered MIS. The warm periods are called interglacials are
indicated by odd numbered MIS.

Orbital forcing is considered as the main driving force of the glacial-interglacial
cycles during the Pleistocene (Milankovitch, 1941; Laskar et al., 2011). The so-
lar insolation follows the orbital parameters of precession (T∼26ka), the obliquity
(T∼41ka) and the eccentricity (T∼100ka) (Fig. 2.1 a). In the early Pleistocene the
frequency of the glacial-interglacial cycles was obliquity driven. In the phase from
1250 ka to 700 ka BP the frequency changed such as glacial-interglacial cycles fol-
lowed the 100 ka frequency of the eccentricity, but obliquitiy is still well recognised.
This transition from a 41 ka world to the 100 ka world is called the Mid Pleistocene
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2. Background

Figure 2.1.: Climate records of the past 1.4 Ma. Marine isotope Stages are marked
in grey, the Mid Pleistocene Transition in green and the 900 ka event in blue. (a)
Mean 65°N summer insolation (Laskar et al., 2011). (b) LR04 benthic δ18O stack
(Lisiecki and Raymo, 2005). (c) Atmospheric CO2 reconstructed from EPICA Dome
C (Bereiter et al., 2015) and modeled CO2 (Berends et al., 2021). (d) Ice volume
modeled (Legrain et al., 2023) and reconstructed from EPICA Dome C (Bereiter
et al., 2015).

Transition (MPT) (Clark et al., 2006; Elderfield et al., 2012). With the transition of
the glacial-interglacial cyclicity, the characteristics especially of the glacials changed
significantly. In the 100 ka world glacials are characterized by higher δ18O values in-
dicating pronounced ice covers and lower global temperatures, while in interglacials
similar δ18O values are recorded as before the MPT. The glacials usually end abruptly
with a sharp decline in δ18O through melting and release of freshwater, marking the
start of the warmer period with less ice volume and higher global temperatures. The
trend toward higher δ18O values during interglacials indicates a gradual glaciation
of the planet until the next glacial maximum with following termination is reached.
Together, this yields the typical sawtooth pattern of the climate of the past ∼1 Ma.
In the earlier Pleistocene the glacials were less pronounced and their δ18O signatures
show a more symmetrical behavior.

There are many different drivers for the MPT proposed and associated events were
observed on both hemispheres in various climate archives with different proxies (e.g.
Hönisch et al., 2009; Kim et al., 2021; Lisiecki and Raymo, 2005; Willeit et al., 2019;
Yehudai et al., 2021). The exact timing of the MPT and the origin of the global
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cooling trend, however, are still highly debated. While several studies propose a
gradual transition (e.g. Clark et al., 2006; Ford et al., 2016; Legrain et al., 2023),
others assume a rather abrupt timing of the MPT, with the first occurrence of a
strong glaciation, called the 900 ka event, spanning MIS 24-22 (Clark et al., 2006;
Elderfield et al., 2012). This event is characterized by a global temperature minimum,
the abrupt drop of the sea level and a dramatic rise in global ice volume (Bereiter
et al., 2015; Elderfield et al., 2012; Legrain et al., 2023).

Over the MPT, there is no exceptional change in the main orbital forcing observed
(Clark et al., 2006; Lisiecki, 2010), which could have led to a switch in the domi-
nating frequency of the glacial-interglacial cyclicity and bifurcation of the systems
states. Since the external forcing of the climate oscillations did not change, internal
feedbacks in the Earth’s climate system are proposed to explain the transition from
a low amplitude 41 ka to the high amplitude 100 ka world with an enhanced global
ice volume (e.g. Huybers and Tziperman, 2008). The atmospheric CO2 is assumed
to decrease progressively over the MPT (Hönisch et al., 2009; Raymo et al., 1997;
Willeit et al., 2019). This would have led to the Earth’s cooling eventually crossing
a threshold, such that glacial ice sheets remained stable after the 41 ka (Clark et al.,
2006).

Other studies propose the removal of regolith layers beneath ice sheets, mainly on
the Northern Hemisphere, as a cause of the MPT (e.g. Clark and Pollard, 1998; Clark
et al., 2006; Willeit et al., 2019). The low-friction regolith layer in the 41 ka world is
thought to inhibit the built-up of large ice sheets. Hence, so called pancake ice sheets
have been invoked for the Northern Hemisphere. The removal of the regolith layer
exposed the underlying high-friction bedrock as basis for thicker and longer lasting
ice sheets (Clark et al., 2006; Raymo et al., 1997; Willeit et al., 2019). Better ice sheet
models invoke the combination of the drawdown in CO2 and the regolith removal as
essential to trigger the MPT (Legrain et al., 2023; Willeit et al., 2019).

Larger ice coverage of the Earth’s surface in turn reduce the Earth’s albedo, which
further amplifies the cooling process. Somewhat counter-intuitive, the resulting ice
sheet growth is assumed to reach a critical threshold size, which then results in a
rapid deglaciation (Raymo et al., 1997). Recent modelling studies conclude, that
both a gradual CO2 decline and removal of regolith is necessary to control the MPT
(Berends et al., 2021; Bereiter et al., 2015; Legrain et al., 2023; Willeit et al., 2019).
Chalk et al. (2017) further explain the lower atmospheric CO2 concentrations by a
more effective carbon pump in the ocean. The glacial Southern Ocean stratification
from the 900 ka event on, was suggested to be the physical mechanism supporting
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an enhanced carbon storage in the deep ocean (Hasenfratz et al., 2019). However,
atmospheric CO2 reconstructions are sparse over the MPT and a substantial CO2

decrease is only found when comparing the minimum values at the end of glacials
(Chalk et al., 2017; Hönisch et al., 2009; Yamamoto et al., 2022).

Changes in atmospheric CO2 and ice sheet dynamics in turn influence the Atlantic
Meridional Overturning Circulation (AMOC) (e.g. Broecker, 1991; Farmer et al.,
2019; Hasenfratz et al., 2019; Pena and Goldstein, 2014; Yehudai et al., 2021). In the
North, changes in sea ice (e.g. Lear et al., 2016) and deep water dynamics due to the
closure of the Bering Strait are hypothesized (Detlef et al., 2018; Kender et al., 2018).
In the South, the Antarctic ice sheet and increased sea ice are proposed to influence
deep water production and export from the Antarctic bordering Ocean (Lawrence
et al., 2010; Raymo et al., 2006).

In summary, multiple studies show, that the interconnected reactions of the Earth’s
atmosphere, cryosphere, biosphere and the global ocean together led to the climate
system’s transition during the Mid Pleistocene. However, it is a complex task to
robustly reveal their causal relation with each other.

2.2. Global Ocean Circulation

The global ocean circulation or as Wallace Broecker named it: the great ocean con-
veyer belt (Fig. 2.2) is a fundamental part of the Earth’s climate, as it stores and
re-distributes heat and matter such as carbon, oxygen and nutrients on the planet
(Broecker, 1987, 1991; Roy-Barman and Jeandel, 2016).

2.2.1. Present Ocean Circulation

The modern ocean circulation is mainly driven by two mechanisms - wind stress at
the surface and density gradients in the ocean’s interior driving deep reaching con-
vection. The winds at the atmosphere-ocean interface induce surface currents in the
upper ocean (∼100 m), the Ekman layer. The net transport within the Ekman layer
is perpendicular to the wind direction due to the balance of the Coriolis force and
the wind stress acting on the oceans surface. These surface currents lead to conver-
gence and divergence of the sea surface and thus down and upwelling in the ocean.
This results in a constant exchange of atmosphere and surface to mid-depth ocean
on timescales of decades and centuries (Roy-Barman and Jeandel, 2016).

The second mechanism is called the thermohaline circulation. It is driven by
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2.2. Global Ocean Circulation

Figure 2.2.: Schematic of the global ocean circulation. Purple: upper ocean and
thermocline. Red: denser thermocline and intermediate water. Orange: Indian Deep
Water and Pacific Deep Water. Green: North Atlantic Deep Water. Blue: Antarctic
Bottom Water. Grey: Bering Strait components and Mediterranean and Red Sea
inflows. White circles: deep water formation areas. Adapted from Talley (2013).

changes in salinity and temperature of the ocean, which in turn lead to density gradi-
ents forcing advection (Rahmstorf, 2006). Processes influencing the temperature are
surface heating, mainly at the equator, and cooling near the poles. Salinity is higher
in areas of sea ice formation or evaporation and lower, when fresh water from rivers
or ice melting enters the ocean (Fig. 2.3).

In combination, both mechanisms drive the meridional overturning circulation.
This global circulation can be divided into two loops, the Atlantic Meridional Over-
turning Circulation (AMOC) and the Southern Meridional Overturning Circulation
(SMOC). The latter connects all Ocean basins via worlds strongest current the
Antarctic Circumpolar Current (ACC) in the Southern Ocean and is a crucial part
in the overturning circulation (Marshall and Speer, 2012).

In the AMOC, warm and salty surface waters are transported from low latitudes
to high latitudes, where sufficient cooling leads to a rise in density and less strati-
fied water masses. Eventually the density is high enough, so the water mass sinks
down and feeds deep water production. Today, this process only takes place in spe-
cific areas in the North Atlantic, forming North Atlantic Deep Water (NADW), and
around Antarctica, forming Antarctic Bottom Water (AABW) (Fig. 2.2). NADW is
exported to the Southern Ocean, where wind driven upwelling brings NADW to the
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Figure 2.3.: Salinity across the Atlantic Ocean characterizing the water masses of
AABW, AAIW and NADW in the Atlantic. Visualization with Ocean Data View
(Schlitzer, 2019).

surface. It either feeds the AABW production or is mixed within the ACC. AABW
itself is mixed in the Circumpolar Deep Water (CDW) or exported from the Southern
Ocean to all ocean basins (Talley, 2013).

In contrast to the Atlantic Ocean, the Pacific and Indian Ocean do not show
a meridional overturning circulation. Low salinity in northern Pacific and tropical
conditions in the northern Indian Ocean inhibit sufficient deep water formation (Roy-
Barman and Jeandel, 2016). Diffusive processes, however, lead to weak deep water
formation in the Pacific and Indian Ocean, which is exported to the Southern Ocean.
The crucial difference in the properties of water masses originating from the main
ocean basins are imprinted from the sources feeding the respective deep waters. Since
NADW is mostly supplied from the surface layer, ocean tracers indicate a young
water mass age. This is reflected in high oxygen concentrations and low nutrient
contents of NADW. The Pacific and Indian deep waters (PDW and IDW) are mostly
sourced from bottom waters, resulting in higher water mass ages. Such water massed
are characterized by low oxygen concentrations but high nutrient concentrations.
Diapycnal upwelling of PDW and IDW in the Pacific and Indian Ocean are crucial to
close the global overturning loop (Talley, 2013). Upwelling of waters from the deep
Pacific and Indian Ocean takes also place in the Southern Ocean. Due to PDW and
IDW being lighter than NADW, they are upwelled above and more northern than
NADW (Talley, 2013). They partly feed Antarctic Intermediate Water (AAIW),
which is characterized by a low salinity (Fig. 2.3).
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2.2.2. Past Ocean Circulation

On glacial-interglacial timescales the ocean circulation is assumed to have changed
drastically with climate. The circulation during interglacials is supposed to be rather
similar to todays circulation. In contrast, the glacial ocean, even during the LGM
is still not fully understood yet. During glacial the heat supply to the ocean was
strongly reduced. Thus, the glacial ocean circulation is assumed a haline circulation
(Adkins, 2013). However, the exact geometry of the ocean circulation remains de-
bated. Various studies reconstructing the glacial AMOC, show glacial NADW export
to be shallower and Southern Sourced Waters (SSW) dominating the glacial Atlantic
Ocean (Jaume‐Seguí et al., 2021; Kim et al., 2021; Lippold et al., 2012; Pena and
Goldstein, 2014; Pöppelmeier et al., 2020; Rahmstorf, 2002, 2006; Yehudai et al.,
2021). However, many studies point to similar deep water exchange during glacials
compared to interglacials with a glacial NADW shoaling only during peak glacial
maxima (Böhm et al., 2015; Rahmstorf, 2002). There is a strong bias toward studies
in Northern Hemisphere regarding ocean circulation reconstructions, which do not
draw a coherent picture yet.

In the Southern Hemisphere, recent studies showed less AABW export (Huang
et al., 2020) and weaker ACC (Lamy et al., 2024; Toyos et al., 2020) during glacials
of the past. The augmented sea ice cover during glacials lead to a northward shift
of the westerly winds (Jochum and Eden, 2015; Sigman et al., 2010), which is not
aligned with the Drake passage anymore (Marshall and Speer, 2012). As a con-
sequence, the ACC was weaker, upwelling was shifted to the North, the meridional
outflow from the Southern Ocean was likely reduced (Lamy et al., 2024; Marshall and
Speer, 2012; Toggweiler et al., 2006; Toyos et al., 2020). These processes inhibited
a strong interaction of the atmosphere with the deep ocean. Thus, the outgassing
of CO2 from the glacial Southern Ocean into the atmosphere was likely reduced. A
sluggish circulation, strongly reduced export of AABW and the possible shoaling of
glacial NADW provoke the ageing of a large volume of deep water occupying the deep
Southern Ocean (Skinner et al., 2013). These processes allow for the accumulation of
stored carbon in the deep southern Atlantic Ocean. This is further associated with
reduced oxygen concentrations and thus increased alkalinity in the deep ocean (Yu
et al., 2020).

How ocean circulation changes act as a trigger for such climate changes of the
past, amplify various atmospheric or cryospheric changes or whether the ocean simply
responds to climate, is the subject of recent paleooceanographic studies.
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2.3. Nd as Water Mass Provenance Tracer

Neodymium is a lanthanoid of the atomic number Z=60. It naturally occurs in seven
isotopes and has a mean mass of 142.242 u. Nd is considered as one of the 17 Rare
Earth Elements (REE), which are mainly found in the Earth’s lithosphere. REE are
very similar in their chemical properties and thus in their particle reactive behavior
in the environment.

The Nd isotopes of primary interest for this work are 143Nd and 144Nd, both of which
are considered practically stable. Both originate from an α-decay of the respective
mother isotopes 147Sm and 148Sm. With a half life of ∼1016 a 148Sm is considered
stable on geological timescales and thus also 144Nd is assumed to be stable on these
timescales. In contrast, 147Sm has a half life of ∼1010 a and thus leads to measurable
differences on geological timescales (O’nions et al., 1979). Due to a fractionation
process during melting and crystallization within the Earth’s mantle, Nd and Sm are
differently abundant within the partial melt of the mantle. Nd is less compatible
for mineral formation than Sm and is therefore enriched in the partial melt. As a
consequence, the Sm/Nd ratio within the mantle is higher, than in continental crust,
which in turn was formed by the partial melt. Over time the mantle and subse-
quent formed younger rocks are enriched in the radiogenic isotope 143Nd originating
from the continuous Sm decay. Hence, the Sm/Nd and especially 143Nd/144Nd ratios
change in dependence of the lithology and time of the rock formation and thus con-
tain valuable information of the age and the origin of rock material (O’nions et al.,
1979; Tachikawa et al., 2020).

Since the variations in the 143Nd/144Nd ratios are in the range of hundred parts per
million (ppm), the isotopic ratios are normalized to the Chondritic Uniform Reservoir
(CHUR) (143Nd/144Nd = 0.512638) (Hamilton et al., 1983; Jacobsen and Wasserburg,
1980) and the epsilon notation (2.2) is used. Hereby, more positive/negative values
are called radiogenic/unradiogenic and refer to the signature of younger rocks/older
crust.

εNd =

[
(143Nd/144Nd)sample

(143Nd/144Nd)CHUR
− 1

]
· 104 (2.2)
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Figure 2.4.: Sources of Nd in the ocean and processes influencing its concentration
and isotopic compositions. Figure from Tachikawa et al. (2020) based on GEO-
TRACES data.

2.3.1. Nd in the Ocean

There are several ways how Nd is transferred from the continents and recycled within
the Ocean (Fig. 2.4). River runoff and dust input resulting from weathering pro-
cesses serve as main sources of Nd in the ocean (Frank, 2002; Jeandel, 2016; Lacan
and Jeandel, 2005; Tachikawa et al., 1999). Nd is not essential for biological processes
but particle reactive and thus occurs in the ocean in dissolved or particulate form
(Tachikawa, 2003). It has a mean concentration of approximately 10-50 pmol/g in
the modern ocean, with higher concentrations in the bottom water due to its particle
reactive nature (Lacan et al., 2012).

On its way into the ocean no significant Nd isotopic fractionation process takes
place (Goldstein et al., 1984). The residence time of Nd in the ocean is in the same
order of several hundreds to a thousand years as the ocean overturning time (Rempfer
et al., 2011; Tachikawa, 2003). Thus, the residence time of Nd is sufficiently long to
imprint water masses with the geographically distinct Nd isotopic composition of
its deep water formation region (Fig. 2.5). The mean ocean circulation time is
short enough to prevent the εNd signatures from equilibrating in the global ocean.
Hence, variations of the sea water Nd isotopic composition are assumed to be mainly
caused by advection and mixing of water masses on their way in the ocean. This
quasi-conservative behavior forms the foundation of ocean circulation reconstruction
with Nd isotopic compositions and is confirmed by observations in the modern ocean
(Frank, 2002; Piepgras et al., 1979; Stichel et al., 2012; Tachikawa et al., 2017, 2020;
van de Flierdt et al., 2016; Wu et al., 2022).
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Figure 2.5.: Nd isotope signature of the global sediment-water interface from Robin-
son et al. (2021). The εNd data is extrapolated from the combination of the εNd
signatures of the seafloor and continental margins.

When Nd gets recycled within the ocean, both Nd concentration and isotopic com-
position of the water masses may change in non-conservative processes, e.g. exchange
with sediments and continental margins (Lacan and Jeandel, 2005; Tachikawa, 2003;
Wang et al., 2022). The benthic flux was proposed as one underlying mechanism,
which changes the Nd isotopic composition at the surrounding sediment-water inter-
face via sedimentary pore fluids as source of Nd in the ocean (Abbott et al., 2015a,b;
Haley et al., 2004). However, the contribution to the Nd budget and thus the Nd
isotopic composition of the ocean are strongly dependent on the region, the flow dy-
namics and the oceans geochemistry (Abbott et al., 2022; Haley et al., 2017). Hence,
to date no absolute value can be attributed to the change in εNd of a certain water
mass due to local exchange processes.

2.3.2. Climate Archives of Nd Isotopes

The Nd isotopic signature of the present and past ocean is preserved in various cli-
mate archives and have been proven useful as a tracer for water mass provenance.
Ideally, these archives have a robust age model, the knowledge on the past Nd sources
and εNd signatures of deep water masses is sufficient and extraction methods for the
Nd are available.

In the course of this work, the Nd isotopic composition of a distinct water mass
produced by deep water formation will be defined as the water mass εNd endmember
and is assumed to be constant over time. Further, the water mass, which interacts
with an entire ocean basin originates often from a mixture of different water masses,
like NSW or SSW. It will be referred to as ocean basin εNd endmember and may
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show variable εNd signatures depended on the processes influencing its εNd signature.

There are several different archives available, which preserve the εNd signature of
the ambient water mass. All different archives span various time and water depth
ranges. Needless to say, all climate archives have their own advantages and limita-
tions. The following enumeration does not aim for completion but rather provides
an overview of the variety of εNd archives and studies using them.

Fish teeth and foraminifera are the most reliable archive for Nd isotopes and thus
the reconstruction of deep water mass provenance (Roberts et al., 2012; Tachikawa
et al., 2014). Fish teeth contain high amounts of Nd, which are mostly incorporated
post mortem and thus reflect the sea water Nd isotopic composition (Martin and
Haley, 2000). Although fish teeth globally occur in sediments, not every sample with
in a sediment core contains fish teeth, thus rarely a continuous εNd record can be
generated (Frank, 2002). Planktic and benthic foraminifera are single-celled organ-
isms, which scavenge Nd in their CaCO3 skeleton as they sink to the seafloor. Core
top foraminifera Nd isotopic signatures are in great agreement with surrounding sea
water εNd signatures and thus are used for reconstructing past seawater εNd values.
However, when using only foraminifera from the sediment generating a continuous
high resolution εNd record can be challenging depending on the site. This is on the
one hand due to the huge number of foraminifera, which have to be picked from the
bulk sediment to get a sufficient Nd concentration in the sample. On the other hand,
their abundance may be low in carbonate poor sediments below the lysocline or in
Antarctic polar waters, where opal dominates the sediment composition.

Cold water corals serve as excellent archives for the εNd signature of the ambient
intermediate depth water Nd isotopic composition (Colin et al., 2010; Copard et al.,
2010, 2012; Robinson et al., 2014; van de Flierdt et al., 2010). Since Nd is not in-
volved in biological processes yet particle reactive, Nd is incorporated from the sea
water into the CaCO3 skeleton of corals. Cold water corals are further assumed to
be free of sedimentary inputs. Their occurrence is widely spread in the global oceans
and their age can be determined directly via Th-U dating (e.g. Frank and Hemsing,
2021). However, their temporal occurrence is variable and Nd concentrations can be
very low (Copard et al., 2010; van de Flierdt et al., 2010). Thus, a well resolved and
continuous εNd record is difficult to obtain from cold water corals.

Ferromanganese crusts and nodules but also authigenic coatings of sediment par-
ticles preserve the particle reactive REEs and thus Nd isotopic composition of the
overlying water mass. Hereby, the REE scavenge onto reactive Fe and Mn oxides dur-
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ing colloid formation, which are in exchange with the water column. During advection
processes these colloids thus reflect the ambient sea water Nd isotopic composition.
Finally, they precipitate either as nodules and crusts or onto sediment particles as
Fe-Mn coatings. Nodules and crusts grow slowly and thus integrate the εNd sig-
nature over several hundred thousand years (Frank, 2002). Depending on the size
of the nodule water mass εNd signatures over many millions of years can thus be
reconstructed, however in a low temporal resolution.

The authigenic coating of particles in deep sea sediments offers the great oppor-
tunity to obtain continuous εNd record mostly in a high resolution depending on
the sedimentations rate. Thus, the reconstruction of circulation patterns on glacial-
interglacial time scales is possible (Frank, 2002; Piotrowski et al., 2004, 2005; Rutberg
et al., 2000). Deep sea sediments accumulate on the sea floor via precipitation of sed-
iment particles such as dust, biogenic material e.g. foraminifera or small Fe-Mn
particles. The coating of the particles is assumed to reflect εNd signature of the
bottom water mass, which was present at the time of sedimentation. Depending on
the region, the sedimentation rates can reach up to tens of centimetres per thousand
years. Another benefit from authigenic sediments coatings it the generally high Nd
concentration in processed samples. Since sedimentation is unlikely interrupted, the
authigenic coating of deep sea sediments form a continuous archive. Together with a
suitable age model, ideally obtained from foraminiferal δ18O values, a high temporal
resolution can be achieved.

Sedimentary authigenic Nd also has its disadvantages, which mainly stem from the
various local sources mentioned in chapter 2.3.1, which can influence the Nd budget of
the Fe-Mn coating after the burial. The bulk sediment composition depends strongly
on the area in the ocean. It contains various phases besides ferromanganese coatings
and foraminifera also diatoms, volcanic ash, Ice Rafted Debris (IRD), terrigenous in-
puts and dust. Depending on the flow dynamics and the ocean’s geochemistry these
phases can exchange εNd signatures with the pore waters and therefore likely also
the lowest bottom water layer (Abbott et al., 2022, 2015a; Lacan and Jeandel, 2005;
Tachikawa et al., 2017).
The influences on the preserved Nd signature can only be estimated indirectly via
determining the εNd signature of the different phases of the sediment independent
from each other. Ideally, pore water Nd isotopic compositions give insights on the
exchange of the sediment phases with each other (Abbott et al., 2015a; Haley et al.,
2017). In summary, the total Nd budget in the authigenic sediment coating is ini-
tially driven by Nd originating from the water mass and after burial its Nd isotopic
signature is modified under certain conditions to various extents. However, the exact
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influence on the authigenic Nd isotopic composition from other sources remain elu-
sive. Not only the Nd isotopic composition but also the absolute Nd concentration,
which contribute to the Nd budget of the authigenic coating in the past are difficult
to reconstruct.

Multiple studies showed a great agreement of εNd signatures of the core-top au-
thigenic coating with the ambient deep water mass across ocean basins (Blaser et al.,
2019, 2016; Howe et al., 2016a; Martin and Haley, 2000; Noble et al., 2012; Tachikawa
et al., 2014; Williams et al., 2021). This observation usually is a measure for the
applicability of authigenic coatings as recorders of past water mass signatures. Addi-
tionally, the εNd signature of foraminifera and the authigenic coating from the bulk
sediment were shown to be identical (Martin et al., 2010; Tachikawa et al., 2017),
which provides further evidence for reliable water mass reconstructions through the
authigenic Nd isotopic composition. Discrepancies in the εNd of foraminifera and the
authigenic coating are also known in particular regions (Roberts et al., 2010). Besides
different local conditions within the sediment, the applied method to extract the Nd
from the coating of a bulk sediment bears the potential to influence the presumed
authigenic signature with εNd from the bulk sediment material (Blaser et al., 2016;
Gutjahr et al., 2007; Huang et al., 2021). This influence can be minimized when
using the optimal chemical extraction procedure to extract the authigenic Nd from
the bulk sediment.

To reliably interpret authigenic εNd signatures of deep sea sediments, the entire
Nd budget, the flow dynamics and the extraction procedure are considered. Taking
these into account, the authigenic coatings of deep sea sediments serves as excellent
climate archive for past seawater Nd isotopic signatures.

2.4. The Southern Ocean - an Overview

The Southern Ocean plays a unique role in the global ocean circulation and thus the
global climate. Due to the solitary position of the Antarctic continent, the Southern
Ocean is the only place on Earth where water masses can cycle more or less undis-
turbed around the globe forming the Southern Meridional Overturning Circulation
(SMOC). Wind driven upwelling and deep water formation due to strong cooling
around Antarctica connects all water depth layers (Kuhlbrodt et al., 2007; Talley,
2013). The ACC is the strongest ocean current and interconnects the southward
exported water masses from the Pacific, Atlantic and Indian Ocean (Marshall and
Speer, 2012).
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Figure 2.6.: Schematics of the overturning circulation from a Southern Ocean per-
spective (from Talley, 2013). Colors as in Fig. 2.2.

The position and the strength of the ACC are determined by wind stress from the
vigorous westerly winds across the circumpolar belt, interaction with the bathymetry,
and buoyancy forcing (Rintoul, 2018; Talley, 2013). The latter is controlled by fresh-
water inputs from ice melting in Antarctica and heat loss changing the density struc-
ture of the ocean (Rintoul, 2018).

The ACC is structured in three main oceanographic fronts, namely the Subantarc-
tic Front (SAF), the Polar Front (PF), and the Southern ACC Front (SACCF) (Orsi
et al., 1995). These coincide with the region of intense jets in the ocean current
being responsible for the main geostrophic transport (Lamy et al., 2024; Orsi et al.,
1995; Toyos et al., 2020). The position of the fronts change on seasonal to glacial-
interglacial timescales (Gersonde et al., 2005; Kemp et al., 2010). The positions of
the fronts within the ACC have a strong impact on the AMOC as they control the
volume of the different water masses that enter the Drake Passage, and thus the
southern Atlantic Ocean (Gordon, 1986). The topography of Drake Passage band
around the globe (roughly 57° to 61°S, sill depth of about 2 km) and the westerly
winds further cause diverging surface currents to the North and thus upwelling of
deeper water masses, that in turn feed the repetitive formation of deep water (Talley,
2013).

The global ocean circulation from a Southern Ocean point of view is displayed in
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Fig. 2.6. Within the ACC the high salinity North Atlantic Deep Water (NADW)
lies beneath low oxygen Indian Ocean Deep Water (IDW) and Pacific Deep Water
(PDW) today. All of these are exported via Southern Ocean upwelling to the sea
surface to either form the dense Antarctic Bottom Water (AABW) (blue cylinder
in Fig. 2.6) or feed the upper ocean waters and subtropical thermoclines flowing
northward (Talley, 2013).

The layering of these deep water masses lead to IDW, PDW and the lighter frac-
tion of NADW being more likely upwelled in ACC. After gaining buoyancy from
fresh water due to sea ice melting they get exported northward in shallower depth as
Subantarctic mode water or Antarctic Intermediate Water (AAIW) and again down-
welled in the mid latitudes. The heavier fraction of NADW (75 %) is upwelled closer
to the Antarctic margin to feed the AABW production or is mixed within the ACC
forming the lighter CDW (Marshall and Speer, 2012). The AABW formation requires
substantial fractions of IDW and PDW besides NADW (Talley, 2013). AABW is pro-
duced close to the Antarctic continent by brine rejection in the shallower water close
to the continent or by strong cooling of waters in polynas and is exported to the deep
North.

The variable interaction of the atmosphere and the ocean results in changes in ACC
flow, that in turn impact the Antarctic cryosphere massively today and also in the
past (Lamy et al., 2024; Noble et al., 2020; Shi et al., 2021). The strong and undis-
turbed westerly winds force the Southern Ocean’s dynamic and induce a wide spread
mesoscale eddy field in the ocean (Marshall and Speer, 2012). These enable effective
transport of mass, heat and energy across the ACC but also the atmosphere-ocean
interface (Hallberg and Gnanadesikan, 2006; Marshall and Speer, 2012). The close
interaction between the atmosphere and the Southern Ocean further emphasizes the
role of the ocean in the uptake and release of atmospheric CO2 on glacial-interglacial
timescales but also the recent anthropogenic climate change (Anderson et al., 2009;
Brovkin et al., 2007; Burke and Robinson, 2012; Frölicher et al., 2015; Gottschalk
et al., 2016; Sigman et al., 2010; Yu et al., 2020, 2022). In summary, the Southern
Ocean and its flow dynamics are the key elements of inter ocean basin exchange and
interactions between major components of the climate system, ocean, atmosphere
and cryosphere, and impacts the marine biosphere. The Southern Ocean dynamic
integrates over climate signals around the world and its response in turn affects the
entire global climate.

All water masses are distinguishable by their physical properties such as salinity,
temperature but also by nutrient and oxygen contents and by their εNd signatures.
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The water masses that are of importance for this thesis are PDW, NADW, AABW
and CDW, the mixture of all water masses present in the Southern Ocean.

As there is no sufficient buoyancy loss in the North Pacific to form deep water from
the surface, PDW is almost entirely sourced from in the Pacific upwelled bottom wa-
ters originating from AABW (Talley, 2013). Hence, it is marked by tracers indicating
much greater age through low oxygen and high nutrients. Due to the local Pacific
Nd sources, PDW is the most radiogenic deep water mass (εNd ∼ −2 to −4) (Hu
and Piotrowski, 2018; Tachikawa et al., 2017) and contributes to the Upper CDW
via export from the deep equatorial Pacific.

CDW is a mixture of all contributors, which is reflected in a mean εNd signa-
ture of approximately εNd = −7.8 ± 1.2 (−7.9 ± 1.3) in the Pacific (Indian) Ocean
(Tachikawa et al., 2017). Corals in the Atlantic sector of the Southern Ocean and the
Drake Passage show modern CDW values of εNd = −8.2 ± 0.5 and more variable
glacial values in the range of εNd = −5.9 to −7.7 (Wilson et al., 2020).

NADW is a mixture of the deep water masses formed in the North Atlantic mainly
in the Labrador Sea and the Nordic Seas. It has a characteristic signature of εNd ∼
−12.3 ± 0.9 (Tachikawa et al., 2017).

AABW can be considered as mainly recycled NADW and with additional Pacific
and Indian Ocean sources. This yields an εNd signature of ∼ −8.6±0.6 (Tachikawa
et al., 2017).
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The reliable use of authigenic εNd signatures of deep sea sediments as a water mass
provenance tracer requires an ultra clean sample processing and high precision mea-
surements of the Nd isotopic signatures. The major steps in the processing procedure
from dried sediment samples over chemical extraction of Nd to the εNd measurement
and data treatment are displayed in Fig. 3.1.

Figure 3.1.: Schematics on sample treatments, measurement and data evaluation.
Left: Chemical sample preparation and concentration measurements. Middle: Mea-
surement of the Nd isotopic compositions. Right: Procedure of the data evaluation.

3.1. Material and Sample Treatment

3.1.1. Sites ODP 1093 and 1094

Locations

ODP Site 1093 and 1094 were drilled during Ocean Drilling Program (ODP) Leg 177
in the southeast Atlantic sector of the Southern Ocean within the circum-Antarctic
opal belt. Both sites are situated south of the modern PF and thus are within the
bounds of the Antarctic Circumpolar Current (Fig. 3.2).
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Site 1093 was drilled north of the Shona Ridge close to today’s PF north of the
average winter sea-ice edge at 49°58’ S, 5°51’E in 3624 m water depth. It is located in
the ACC exposed to Lower Circumpolar Deep Water. The area represents the south-
ernmost influence of NADW as it mixes with CDW and becomes part of the ACC
(Gersonde et al., 1999). The region is characterized by thick moderately laminated
pelagic drift deposits and a high flux of biosiliceous ooze that accumulate with high
sedimentation rates.

The sediment contains mainly diatom ooze from well preserved diatoms with vary-
ing abundances of foraminifera, nannofossils and siliciclastic mud. The extensive
deposition of diatom mats leads to the overall high sedimentation rates at site ODP
1093 of more than 200 m/Ma. Calcium carbonate contents are generally highly vari-
able between 0 to 53 wt%, opal averages 66 ± 13 wt%, and siliciclastics average
18 ± 12 wt%. The occurrence of foraminifera is highly variable, rather low for the
upper ∼200 m of sediment and vanish almost completely during glacial intervals.
Especially, the abundance and preservation of benthic foraminifera is overall poor.
The occurrence of sand- to gravel sized siliciclastic material, mainly of volcanogenic
origin, is minor however ubiquitous.

The obtained new data of ODP 1093 spans a total of 246.89 meters of sediment
and was sampled in 525 different depths. It reaches 1081 ka back in time with an
average temporal resolution of 2.06 ka. Thereby, major climate events such as the
LGM (11.7 ka BP), MIS 11 (around 400 ka BP) and the end of the MPT with the 900
ka event in the Southern Atlantic Ocean around the polar frontal zone are recorded.

Site 1094 is located further to the South close to Bouvet Island and south of the
PF at 53°10’ S, 5°7’E in 2807 m water depth. It lies still within the ACC with its
southern bound coinciding with today’s average sea ice edge. However, Site ODP
1094 is assumed to be covered by sea ice during the Last Ice Age (Gersonde et al.,
1999).

The sediment composition is quite similar to site ODP 1093, however pure diatom
mats are less common yielding a lower sedimentation rate of around 100 m/Ma. Ad-
ditionally, calcium carbonate contents are even smaller compared to site ODP 1093
varying between 0 to 30 wt%, whereas opal dominates with 50 to 95 wt% and sili-
ciclastic ranges from 5 to 60 wt%. The abundance of foraminifera is lower for the
first ∼80 m of sediment but generally higher compared to site ODP 1093, however
benthic foaminifera occurrence is equally sparse. The shallower depth and lower sed-
imentation rates are assumed to positively influence the occurrence and preservation
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Figure 3.2.: Locations of the investigated sites ODP 1093 and 1094. Left: Dissolved
phosphate content on a transect across the southern Atlantic Ocean. The phosphate
concentration follows the main water masses. Right: Transect across the Polar Front
(PF) and the Antarctic Circumpolar Current (ACC). Visualization with Ocean Data
View (Schlitzer, 2019).

of foraminifera at this site (Gersonde et al., 1999). Besides the minor but persistent
occurrence of vocanogenic sand- to gravel sized material, small volcanic dropstones
are observed throughout that are likely deposited during glacial intervals.

The determined εNd record of site ODP 1094 consists of four time intervals with
a total of 115 analysed depths. The record covers termination I and II, a full glacial-
interglacial cycle from mid MIS 12 to mid MIS 8 and the time span around the 900
ka event from 850 to 1000 ka.

Age Models

The age-depth relation of both ODP sites were investigated in several studies. Kemp
et al. (2010) used color reflectance data of both sites to correlate them with each
other and assigned them to major climate events (Kemp et al., 2010). High color
reflectance indicates high calcium carbonate content and can be tied to peak inter-
glacial intervals, whereas lower reflectance corresponds to glacial periods (Gersonde
et al., 1999). Additionally, the color reflectance data agrees well with the planktic
δ18O measurements in larger time intervals, especially in ODP 1094 (Kemp et al.,
2010). ODP 1094 was used as a master site to compare ODP 1093 against. The
sediment depth of ODP 1093 was tied to the depth of ODP 1094 via color reflectance
data. In combination with earlier findings of studies on the timing of IRD occurrence
in ODP 1094 (Kanfoush et al., 2002), paleomagnetic reversals in both ODP 1093
and ODP 1094 (Channell and Stoner, 2002) and δ18O tie points and MIS boundaries
(Kanfoush et al., 2002) an age model for both locations could be developed.
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Figure 3.3.: Age model for site ODP 1094 from Kemp et al. (2010) and Hasenfratz
et al. (2019) in comparison. a: Age-depth relation. b: Sedimentation rates in the
past 1 Ma for both age models.

It is common to use the benthic δ18O compilation LR04 (Lisiecki and Raymo,
2005) as a reference stack for δ18O records of individual sediment sites. This method
requires sufficient and continuous occurrence of benthic foraminifera species within
the sediment. Hasenfratz et al. (2019) developed a new age model for ODP 1094 by
extending existing δ18O record with further data points from planktic foraminifera.
Additionally, determined benthic δ18O values are highly correlated with the planktic
δ18O record (Hasenfratz et al., 2019). These records were tuned to the benthic δ18O
compilation LR04 (Lisiecki and Raymo, 2005). Both age models for ODP 1094 agree
very well with each other (Fig. 3.3).

Due to the total lack of benthic and the sparse occurrence of planktic foraminifera
in ODP 1093 there is no age model published based on δ18O values. Furthermore,
during the work of this project, complications with the existing age model of Kemp
et al. (2010) occurred. Since sedimentation rates of ODP 1093 are significantly higher
compared to ODP 1094, the precise assignment of sediments depth across sites is
difficult. Therefore, the age tie points for ODP 1093 are likely less reliable. To
overcome this problem two different solutions were found. For the last 150 ka an age
model was determined via tuning the existing planktic δ18O record to the close by
Vostok ice core data. For the older sediment sections of the site where oxygen isotope
measurements are sporadic, abrupt transitions in εNd itself were tuned to the climate
record of LR04 (Lisiecki and Raymo, 2005). Both methods are part of this work and
are discussed in detail in chapter 5.
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3.1.2. Sample Treatment

To reliably extract εNd signals from sediment coating the leaching technique of Blaser
et al. (2016) was applied. The general procedure follows the scematics displayed in
3.1. Firstly, 0.25-0.3 g of dried sediment were rinsed with high purity water (MiliQ).
Afterwards the ferromanganese hydroxide coatings were dissolved using a weak leach-
ing solution. The leaching solution consists of 1.5% (0.26 M) acetic acid, 0.005 M
hydroxylamine hydrochloride (HH), 0.003 M Na-EDTA and was buffered to a pH of
4 using NH3. The samples were then centrifuged to separate the dissolved coatings
from the remaining sediment particles. The total exposure time to the leaching solu-
tion did not extend 60 minutes to ensure minimal influences of the detrital material
as recommended for carbonate depleted sediments (Huang et al., 2021).

Afterwards the solution was decanted, dried and solved for taking aliquots for fu-
ture matrix element samples. The aliquots were diluted 20 times for storage and from
that additional 250 times for the multi element measurements.

The Nd fraction of the remaining samples was separated via two ion exchange
chromatography columns (Blaser et al., 2016; Gutjahr et al., 2007; Pin et al., 1994).
Firstly, the REE fraction was separated using AG 50W-X8 (200-400 mesh, BioRad).
Secondly, Nd was purified with LN-B50A resin (100-150 µm, Triskem). The final
samples mainly contain purified Nd (∼45% of the initial Nd content) and are essen-
tially Sm free however small residual amounts of Ce (∼7% of the initial Ce content)
remain within the sample.

Prior to the εNd measurement the remaining concentrations of calcium and the
Rare Earth Elements were determined with the ICAP Q mass spectrometer to assess
the quality of the chemical separation of Nd. A successful chemical treatment is char-
acterized by a low remaining calcium fraction, ideally lower than 1 ppm, and more
importantly a low Ce concentration in comparison to the Nd fraction. The optimally
achievable Ce/Nd ratios for sediment samples are smaller than five. Samples with
much higher Ce concentrations were repeated. Additionally, the concentrations of
the total procedural blanks were checked to be in the same order as the measurement
blanks. Following the concentration measurements all samples with Nd concentra-
tions higher than 50 ppb were diluted to 50 ppb to obtain optimal measurement
conditions for the isotope measurements.
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3.2. Measurements and Data Evaluation

Both the εNd signatures and the multielement concentrations are measured on mass
spectrometer. For the εNd measurements a High Resolution Multi Collector Induc-
tively Coupled Plasma Mass Spectrometer (HR MC ICPMS) is used. To measure the
element concentrations a Quadrupole Inductively Coupled Plasma Mass Spectrome-
ter (Q ICPMS) is sufficient.

3.2.1. Mass Spectrometry - an Overview

In general, all mass spectrometers work after the same physical principle of gener-
ating ions of the analyte’s atoms or molecules by any suitable method. To separate
these ions by their mass to charge ratio and to detect them based on their ratio and
abundance in the sample. The analyte can be ionized e.g. thermally, by electric fields
or via a plasma.

Ion separation requires ions of the same velocity and then takes place in a mag-
netic field in which the Lorentz force directs charged particles on circular paths of
different radii depending of their mass to charge ratio. To simplify the separation
and detection process, it is the convention to create single charged cations resulting
in a radius dependency of only the mass of the particle. To detect the ions differ-
ent detection systems can be used, while Secondary Electron Multipliers (SEM) or
Faraday cups are the most common technique. Inductively Coupled Plasma sourced
Mass Spectrometry (ICPMS) allows for a precise detection of various elements. Mass
spectrometers of this type, as used in this work, consist in the main of three modules
and a preconnected inlet system (Fig. 3.4). The inlet system varies depending on
the elements that are measured. However, its main purpose is to convert the liquid
sample to an aerosol and lead the sample from the laboratory environment into the
Inductively Coupled Plasma (ICP) module.

The ICP module forms the interface from atmospheric pressure to high vacuum
conditions. The load coil with the plasma torch is located in the ICP module. The
∼8000 °K plasma is ignited with an initial spark,in an argon gas flow under low
vacuum conditions. Auxiliary gas flows stabilize the plasma while the sample is in-
troduced in an argon nitrogen mixed gas flow. Within the plasma the sample atoms
get ideally single ionized. The resulting ion beam passed two orifices, sample and
skimmer cone, into the high vacuum of the Electrostatic Analyzer (ESA) module.

The ESA module consists of a configuration of different transfer lenses which serve
to extract the ions from the gas flow and accelerate them on a velocity of ∼5 KeV.
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The ion beam gets additional acceleration and isobaric ions get filtered out by an-
other set of lenses. After shaping the beam, it perfectly fits through the entrance slit
of the magnetic sector. The magnetic field of up to 1.2 T separates the ion beam into
multiple beams depending on their mass to charge ratio. However, since all higher
ionised ions were filtered out, the radii only depend on the respective mass of the ions.

The beams of mass differences of one atomic unit pass the focus lens system in
order to optimize their detection. A multicollector module facilitates the detection
of different elements simultaneously with accurately placed Faraday cups with con-
nected amplifiers. Finally, the resulting signal can be converted in concentrations
via calibration measurements since it is proportional to the incoming amount of the
detected ions. This detection method is used in high precision multicollector mass
spectrometers.

For faster, however less precise, analysis an SEM is used. The detection is achieved
by adjusting the deflection of the ions such that only the mass range of one element
hits the detector. Via scanning the whole mass range, a quasi simultaneous analysis
of the concentrations of elements in a sample can be achieved.

Since its first appearance Inductively Coupled Plasma sourced Mass Spectrometry
has thus become the leading technique for the analysis of trace elements in e.g. cli-
mate archives (Gray and Date, 1983; Houk et al., 1980). Together with a suitable
inlet system the measurement of samples placed in an environment of atmospheric
pressure is possible. In conclusion, ICPMS allows for the determination of isotopic
compositions with a high sensitivity, good precision and effective sample throughput.
ICPMS has the advantage of being less time consuming and also applicable for a
broader range of elements even with high ionization energy such as hafnium and wol-
fram compared to its predecessor the Thermal Ionization Mass Spectrometry (TIMS)
(Luais et al., 1997).

3.2.2. Multielement Measurements of the Leachates

Measurement Setup

The multielement measurements of the leachates have been carried out on an ICAP
Q ICPMS (Thermo Fisher Scientific) at the Institute of Environmental Physics of
Heidelberg University. For sample uptake and desolvation the combination of an
SC2-DX Autosampler (ESI) and an APEX HF (ESI) desolvating system was used.
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Figure 3.4.: Scematic setup of the Neptune Plus Mass spectrometer. Modified from
Thermo Fisher Scientific (2009).

The measurement and evaluation protocol closely follows the used method of P.
Blaser (Blaser et al., 2016; Blaser, 2017). All multielement measurements were con-
ducted in Kinetic Energy Discrimination (KED) mode. Hereby, a collision cell in
the path of the ion beam is filled with helium gas. The gas interacts with the ions
deflecting light ions and molecules. Thus, the transmission efficiency of the less abun-
dant heavier isotopes within the matrix element samples is improved. The overall
measurement setup was optimized to accurately analyse low concentrations of REE
and other elements such as aluminium, strontium and calcium. To calibrate the mass
spectrometer, an accurately mixed multielement standard in different concentrations
was measured with rising concentrations before every measurement.

The measurement reproducibility was assured by measuring several replicates and
the sea water standard SPSSW2 throughout the measurement sequence. Repeatedly,
a drift standard is measured, to correct for the internal drift of the machine. An
additional oxide solution is analyzed, to correct for interference of barium and cerium
on europium and gadolinium. Both standard and sample measurements consist of
five consecutive measurements.

Data Evaluation

The raw intensity measurement data was partly evaluated by the Qtegra program
that comes with the mass spectrometer. From the intensity average and its standard
deviation, the concentration and its uncertainty are calculated using the determined
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calibration curve. The data is additionally corrected for the blank and the drift of
the machine. The concentration of Eu and Gd are adjusted regarding the interference
on the respective masses of Ba and Ce in the oxide drift. Finally, the results are re-
calculated with respect to prior dilutions and the initially weighted sediment samples.

The results are used to investigate element and REE ratios. The REE ratios are
defined and based on their abundance relative to the reference standard Post Ar-
chaean Australian Shale (PAAS) (Martin and Scher, 2004; Nance and Taylor, 1976).
The ratios are calculated as follows with square brackets indicating element concen-
trations and horizontal bars stand for the arithmetic mean.

Ce anomaly:

Europium anomaly:

Light REEs:

Middle REEs:

Heavy REEs:

REE slope:

MREE bulge:

Ce/Ce* = [Ce]/[La], [Pr] (3.1)

Eu/Eu* = [Eu]/[Sm], [Gd] (3.2)

LREE = [La], [Pr], [Nd] (3.3)

MREE = [Gd], [Tb], [Dy] (3.4)

HREE = [Tm], [Y b], [Lu] (3.5)

HREE/LREE (3.6)

MREE/MREE* = MREE/LREE,HREE (3.7)

3.2.3. Nd Isotopic Composition Measurements

MC-ICPMS Setup

All analytical tests and Nd isotopic composition sample measurements reported here
have been carried out on a Neptune Plus multicollector ICPMS (Thermo Fisher Scien-
tific) at the Institute of Environmental Physics of Heidelberg University. For sample
uptake an SC2-DX Autosampler (ESI) was used. The APEX HF (ESI) desolvating
system has emerged as the most suitable for the measurement of Nd isotopes because
it provided the most stable conditions in terms of signal intensity per concentration
and mass discrimination while other desolvating systems connected to the used setup
did cause more variable mass discrimination in particular during individual runs.
Such unstable conditions would inhibit the use of standard-sample bracketing for
normalization of isotope ratios.

The described analytical procedures follow the schematics shown in Fig. 3.1. Typ-
ical measurement parameters are displayed in Tab. 3.2. The measurement was con-
ducted in a static mode on eight Faraday cups (Tab. 3.1). Six Nd isotopes and 142Sm
are measured on cups connected with 1011 Ω amplifiers to guarantee the same order
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Table 3.1.: Cup configuration for Nd isotope measurements for the setup at the
Institute for Environmental Physics in Heidelberg.

Cup L4 L3 L2 L1 CC H1 H2 H3

Isotope 140Ce 142Nd 143Nd 144Nd 145Nd 146Nd 147Sm 148Nd
Amplifier (Ω]) 1010 1011 1011 1011 1011 1011 1011 1011

of magnitude of the respective signals. 140Ce can be detected using a 1010 Ω amplifier,
since its concentration may be up to five times higher than the Nd concentration in
the samples. The measured mass of 143 u on the L1 cup is not only influenced by the
143Nd isotope, but also by Ce hydrates 142CeH, which thus requires a corresponding
correction.

Before the actual measurement, a several hours long pre-measurement ensures a
stabilized signal intensity, the magnet adjustment and the ion beam properties. The
adjustment of the mass spectrometer is monitored by the analysis of internal stan-
dards to evaluate drift and reproducibility of the measurements. The measurement
conditions are reevaluated regularly and if necessary re-optimized prior to the con-
tinuation of the measurement. All measurements were conducted with 0.5 M HNO3

as solvent.

A Ni-Jet sample cone and a Ni skimmer cone were used together with a conven-
tional glass torch. The complete setup was optimized for stable isotope fractionation,
low oxide production, and optimal signal per injected concentration, usually yielding
a 145Nd signal of 2.5-3.5 V for a 50 ppb Nd solution and a mean baseline of 0.008
V for the 0.5 M HNO3 blank solution. All measurement sequences used the method
settings displayed in Tab. 3.2 and followed a classical standard-sample bracketing
approach with either identical sample concentration level or increasing concentration
level to avoid memory effects. Each measurement sequence consist of an array of
multiple measurement blocks, that in turn always have the following configuration:
Blank – Bracketing standard – Blank – Nd solution. While the bracketing standard
remains the same during a measurement session, the Nd solution is usually one of
the following: Sediment sample, reference sample, CeH+ correction standard or a
secondary in-house standard.

The neodymium isotopic ratios of the Nd solutions is determined from the average
of 60 consecutive measurements of 4.194 s integration time per measurement cycle.
Depending on the Nd concentration of the sample, a 50 ppb solution has proven
optimal for sedimentary εNd measurements (Rückert, 2020). For a background cor-

38



3.2. Measurements and Data Evaluation

Table 3.2.: Typical instrumental parameters of the Neptune Plus MC-ICPMS.

Inlet system Cool gas 16 l/min
Auxiliary gas 0.8 l/min
Sample gas 0.84 l/min
RF Power 1200 V

APEX HF N2 flow On
Heater/chiller 120 °C/2 °C

Source lenses Extraction -2000 V
Focus −600 V
X-Defl. −3.35 V
Y-Defl. −4.06 V
Shape 240 V

Zoom Optics Focus Quad 4.9 V
Dispersion Quad −1.8 V

rection, the 0.5 M HNO3 blank solution was measured before every Nd solution.

The precision of measurements is referred to as internal error and was assessed
by the doubled standard deviation from the mean (2SD) of the 60 consecutive mea-
surements. The external reproducibility is derived from the average deviation of
respective mean εNd values of different secondary in-house standards.

Reference Material

The internal precision and accuracy of MC-ICPMS Nd isotope measurements is tested
using the bracketing standard JNdi-1 (Tanaka et al., 2000) as well as four different
in-house reference standards i.e. the certified isotopy standard GSB 04-3258-2015
(Li et al., 2017), a VWR Nd concentration reference solution and sample-like Nd
solutions (HeiNdS, Sith) from former sediment samples. To determine the full an-
alytical repeatability per analytical session and over time scales of years, frequent
measurements of replicates of samples, the above mentioned standards, and reference
materials Nod-P-1 (Flanagan and Gottfried, 1980) were conducted. The latter has
undergone full chemical treatment of sample aliquots. To perform tests of isobaric
interference corrections, the VWR standard at 50 ppb Nd was prepared at different
levels of Ce contamination ranging from 10 ppb Ce to 100 ppb Ce. These CeH+ cor-
rection standards are measured with rising Ce concentration at the end of a sequence
of samples and occasionally within the measurement sequence.
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Data Evaluation

The raw measurement data was evaluated following the schematics given in Fig.
3.1. Instrumental blanks are removed from the respective isotope signals, followed
by isobaric interference corrections of 142Ce and 144Sm. Mass fractionation was cor-
rected using the 146Nd/144Nd ratio of 0.7219 (O’nions et al., 1977) by applying an
exponential mass bias law (Vance and Thirlwall, 2002). The isotopic ratios were de-
termined from the average of the conducted scans per solution after outlier removal
(2σ test). The obtained data was then normalized to the JNdi-1 bracketing standard
with 143Nd/144Nd = 0.512115 ± 0.000007 (Tanaka et al., 2000) measured after every
Nd sample-blank combination. Since Ce further impacts through the formation of
hydrides, the Ce doped standards were used to determine the influence of CeH+ on
143Nd. All processed Nd isotope data is expressed in the epsilon notation as displayed
in equation 2.2 with 143Nd/144NdCHUR = 0.512638 (Hamilton et al., 1983; Jacobsen
and Wasserburg, 1980). The internal precision of measurements is referred to as in-
ternal error and was assessed by the 2σ standard deviation from the mean (2SD) of
the 60 consecutive measurements if not declared differently.
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4.1. Quality Control of Nd Isotopic Compositions

A total of 554 samples of ODP 1093 and 122 samples of ODP 1094 (including repli-
cates) were analysed firstly regarding their elemental concentrations and secondly for
the authigenic Nd isotopic composition.

The median leached Nd sample concentration of ODP 1093 is 55.92 parts per bil-
lion (ppb) and thus slightly higher than the median Nd concentration of the ODP
1094 samples with 42.45 ppb. The median of the Nd concentrations of the 45 total
procedural blanks since 2020 is 0.14 ppb. The Nd contamination by the total pro-
cessing procedure to a sample is 0.2 % and consequently negligible small.

To evaluate the quality of the sample treatment and measurement procedure dif-
ferent aspects were considered. The Ce correction was assessed to gain insights in the
successful chemistry procedure and the correction for the influence of the remaining
cerium fraction. Furthermore, the reproducibility of the sample processing and the
measurement itself were assessed.

4.1.1. Cerium Separation and Correction

The Ce separation during the LN column chemistry is crucial for a successful Nd
measurement. A higher Ce concentration in a sample leads to vigorous Ce hydride
CeH+ formation, that interfere with isobaric 143Nd ions. Samples with higher Ce/Nd
ratios require a greater Ce correction. For the measurement routine in Heidelberg,
the Ce/Nd ratio of the samples should be smaller than five to ensure a robust Ce
correction. The Ce correction factor γ is determined such as, the deviation of the
Ce-doped standards εNd values from each other and the pure standard is minimal.
It yields values of ∼0.06. The final correction is calculated as follows:

εNd = εNduncorr − γ · (140Ce/144Nd)sample (4.1)

Hence, the strong correlation of the separately measured Ce/Nd concentration
ratio with the Ce correction is visible (Fig. 4.1) for every measurement, proving
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Figure 4.1.: Ce correction values and Ce/Nd in context with εNd. (a): Ce/Nd ratio
against Ce correction in ε-units. For each measurement session the Ce correction is
linearly dependent in the Ce/Nd ratio. (b): The εNd values show no correlations
with the applied Ce correction.

the correction as efficient. There is no correlation observed between εNd and the
Ce correction value, showing that glacial or interglacial sedimentation conditions do
neither influence the Ce separation in the chemical sample treatment nor the quality
of the correction itself. With that we are able to correct for CeH+ formation of
natural samples efficiently and without affecting the Nd isotope analysis.

4.1.2. Measurement Reproducibility

The overall measurement reproducibility is given by the standard error of the de-
viations from the respective mean εNd value of four different secondary in-house
standards (Fig. 4.2). Within every measurement session two pure Nd solutions and
two solutions from sediment material were measured multiple times. The pure Nd so-
lutions are the certified Nd isotopic composition reference material GSB 04-3258-2015
(GSB) (Li et al., 2017) and the VWRNd concentration solution (VWR International).
The sediment solutions (HeiNdS, Sith) are from former sediment samples and thus
contain a remaining element matrix similar to the measured samples of ODP 1093
and ODP 1094. A total of 257 secondary standards were measured during this work,
yielding a measurement reproducibility of 19 ppm (2SD).

4.1.3. Sample Replicates

To maintain the quality of the chemical sample treatment, two different types of
replicates were regularly made. For interlaboratory comparability the USGS Nod-P-
1 standard (Flanagan and Gottfried, 1980) reference material was processed 14 times
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Figure 4.2.: Deviation of the secondary standard measurements of their respective
mean εNd value. The mean values are displayed in the legend of the figure. The data
contains all secondary standards measured since since October 2020.

since 2020. It originates from ferromanganese nodules from Deep Sea Ventures at a
depth of 4300 m in the Pacific Ocean. Additionally, a total of 80 replicate samples
of both sites were made, to ensure the reproducibility of the respective sediment εNd
measurements. All εNd values for the Nod-P-1 reference material are displayed in
Fig. 4.3. Individual values can be found in table B.1. The mean isotopic composition
of the Nod-P-1 reference material is εNd = −3.83 ± 0.26 (2SD). This is in line with
published laser ablation data of εNd = −4.25 ± 0.43 (2SD) (Foster and Vance, 2006),
εNd = −3.57 ± 3.71 (2SD) (Xu et al., 2018) and with leached material data of εNd =
−3.88 ± 0.31 (2SD) (Gutjahr et al., 2010). Thus, the quality of the sample analysis
in Heidelberg is in excellent agreement with the literature.

The sediment replicates were processed twice, except for two samples, that were
processed three times. The deviation from the respective mean values and the internal
measurement error of the εNd values for both sites are displayed in Fig. 4.4. Overall,
the replicates are in good agreement. The individual data points scatter around their
respective mean εNd with a 2σ standard deviation of 0.13 ε-units, representing the
external sample reproducibility. The accuracy of the εNd measurements is determined
from the standard deviation of the 60 consecutive measurements of the respective
sample. The mean sample accuracy of all samples is 0.14 ε-units and thus close to
the external sample reproducibilty of the Nod-P-1 reference material of 0.13 ε-units.
The overall measurement reproducibility since 2020 is 19 ppm is slightly larger, since
it includes long term drifts over a measurement day and the past years. This proves
the used method to produce precisely repeatable measurements of sediment samples.
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Figure 4.3.: εNd values of the reference material Nod-P-1 (Flanagan and Gottfried,
1980) measured during this work in comparison with the data from Foster and Vance
(2006); Gutjahr et al. (2010); Xu et al. (2018). The dashed line marks the mean εNd
value of −3.83 ± 0.26 (2SD), obtained from the processed material during this work.
The data can be found in Tab. B.1

Figure 4.4.: Deviation of the total procedural sample replicates of ODP 1093 (blue)
and 1094 (orange) from their respective mean εNd values. The colored bars mark
the two or three εNd replicates from the same sediment sample.
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4.2. REE Ratios and Element Ratios
The multielement measurements were conducted for a selection of 232 samples from
ODP 1093 and 73 samples from ODP 1094 spanning last 450 ka. Together both
datasets form the first multielement measurements on leachates from the southern
Atlantic Ocean. The resulting REE and element ratios are displayed in Fig. 4.5.
These results are used to study the chemical composition of leached sediment fraction
and to qualitatively infer the origin of the resulting εNd signatures. The reliability
of the measurements was ensured with multiple SPSSW2 measurements and error
estimations were similar to the results from P. Blaser Blaser (2017). Thus, the un-
certainty for REE ratios and Sr/Ca lies at approximately 3 % and at approximately
16 % for Al/Nd ratios.

In the leachates of ODP 1093 Al/Nd, Sr/Ca, Ce/Ce* and the CaCO3 content
show climate dependent behaviors, whereas REE slope, bulge and Eu/Eu* are rather
constant with single extreme values over time (Fig. 4.5). The leachates of ODP
1094 record a similar pattern, however the extreme values for Al/Nd and Eu/Eu*
are almost twice as large as the values of ODP 1093. The higher Al/Nd ratios occur
throughout the whole data set and thus likely display an specific artefact of the leach-
ing process from Southern Ocean sediments. In contrast, the Eu/Eu* outliers only
occur in the first 30 ka and later show values scattering around 1. The samples within
the first 30 ka were part of the re-establishment phase of the measurement method,
after which especially the Eu measurements were adjusted. Thus, the Eu/Eu* values
from these samples are rather an artefact of the not optimal measurement conditions
than of the leachates. For further discussion, all investigated element and REE ratios
are set in context with the respective εNd values and colour coded for glacial and
interglacial samples (Fig. 4.6). Additionally, Sr/Ca, HREE/LREE and Ce/Ce* are
displayed in context with the respective calcium carbonate content.
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(a) ODP 1093 (b) ODP 1094

Figure 4.5.: Element and REE ratios of the leachates of ODP 1093 and ODP 1094
in comparison with the respective εNd values for the past 450 ka. All values are
calculated as described in 4.2. The CaCO3 content is obtained from the measured
Ca concentration in the leachates. Grey shaded areas mark the MIS. The data can
be found in Tab. C.2 and C.4.

4.3. εNd at Sites ODP 1093 and 1094

The εNd data of ODP 1093 and ODP 1094 (this study and Hallmaier et al. (2023a))
is displayed in Fig. 4.7 in comparison with the LR04 climate record of benthic
δ18O values (Lisiecki and Raymo, 2005). The dataset of ODP 1093 forms the first
authigenic εNd record South of the PF of a millenial resolution over the past 1
million years. Interglacials are marked by odd MIS numbers and grey shaded areas.
Terminations are indicated by roman numbers. A Kernel Density Estimation (KDE)
analysis of the εNd distribution of both records is displayed in Fig. 4.8.
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(a) ODP 1093 (b) ODP 1094

Figure 4.6.: Element and REE ratios against εNd and CaCO3 context in the
leachates of ODP 1093 and 1094. Blue/red dots are associated with glacial/inter-
glacial MIS in the past 450 ka. The Al/Nd limit of 300 is indicated by a black dashed
line.
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4.3.1. Site ODP 1093

The εNd record of ODP 1093 covers the timespan from approximately 1 Ma BP until
the Holocene continuously. The εNd values span a range of 6.39 ε-units from εNd =
−8.74 to −2.35. The KDE analysis of the distribution shows two dominant modes
with a focus around εNd = −7 and around εNd = −4.5. Both modes are within the
bounds of modern water mass εNd values. The more radiogenic glacial mode is less
pronounced due to the smaller sedimentation rate during glacial time and the chosen
equal depth sample spacing.

The overall εNd signature of ODP 1093 varies on orbital time scales. Interglacial
and glacial extreme εNd values are additionally highlighted with green/blue in Fig.
4.7. The MPT period is characterized by less pronounced differences between glacials
and interglacials. The εNd variability during that time is approximately half of the
overall range of the εNd record. The majority of the interglacials of the past 1 Ma are
characterized by unradiogenic values around εNd = −8. MIS 23 and 3 stand out as
more radiogenic interglacials. MIS 24 is the first strongly radiogenic glacial, followed
by the weaker interglacial MIS 23. Together this glacial-interglacial cycle around
900 ka BP marks the change from the 41 ka world to the 100 ka glacial-interglacial
cyclicity. In the post MPT period the 100 ka cyclicity dominates the record and
the range in εNd values is the largest. All glacials show strongly radiogenic values
around εNd = −4 except for MIS 14. Small scale variations of the εNd record are
clearly recognizable within the climate record LR04 (Lisiecki and Raymo, 2005). The
climate terminations during post MPT times are reflected in the εNd values as abrupt
changes from radiogenic to unradiogenic values.

4.3.2. Site ODP 1094

The εNd record of ODP 1094 covers the time around 900 ka and three shorter time
intervals around termination I and II and MIS 11. The εNd values span a range of
7.45 ε-units from εNd = −6.65 to +0.8. The KDE analysis yields three, however
weak, modes. Two prominent modes centered around εNd = −5 and εNd = −3 are
within the bounds of modern water mass εNd signatures (Tachikawa et al., 2017).
In contrast the most radiogenic mode around εNd = −1 is far more radiogenic than
modern day water masses. Moreover, the different modes in ODP 1094 cannot di-
rectly be associated with glacial or interglacial times since there is no correlation
between εNd signature and climate.

During the MPT, the variations of the εNd signal is smaller than in the post MPT
intervals. Additionally, a trend towards more radiogenic values with time is visible
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until the higher amplitude behavior starts around termination X. The variations of
the εNd signature in the post MPT are much stronger and characterized by sudden
excursions to strongly radiogenic or unradiogenic values.

In total the εNd signature at site ODP 1093 is always an unradiogenic boundary
for the fluctuating signal at site ODP 1094. The only exception of this happens
around 900 ka BP, where both records are practically aligned. To conclude, the εNd
signature of site ODP 1094 does neither show a pattern similar to the climate record
nor similarities to the εNd signature of the close by site ODP 1093.
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Figure 4.7.: Authigenic εNd signatures of ODP 1093 (red) and 1094 (black) (this
study and Hallmaier et al. (2023a)) in comparision with the benthic δ18O LRO4 record
(Lisiecki and Raymo, 2005). Glacial and interglacial εNd extreme values are marked
with the blue and green dashed line. Gray shaded areas mark the MIS. Interglacials
and terminations are indicated above. The data can be found in Tab. C.1 and C.3.
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Figure 4.8.: Left: Distribution of εNd values in ODP 1093 (red) and 1094 (grey).
(a) The εNd distribution of ODP 1093 consists of two clearly distinguishable modes.
(c) The εNd distribution of ODP 1094 yields two strong and one weaker highly
unradiogenic mode. Right: Correlation of the εNd values with the LR04 climate
record (Lisiecki and Raymo, 2005). There is a strong correlation visible for ODP
1093 (b) and no correlation for ODP 1094 (d).
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5. Age Model Development of ODP
1093

To overcome the already addressed issue of finding a suitable age model at site ODP
1093 a new approach is investigated. The possible influences on εNd are discussed in
chapter 6 and lead to the assumption that the driving mechanisms of εNd variations
south of the PF do not change during the past 1 Ma. Based on this, for the new age
model the rapid εNd transitions were tuned to the observed terminations in the LR04
record of benthic δ18O (Lisiecki and Raymo, 2005). The reliability of the resulting
age model was further tested with various independent age tie points.

5.1. Age Assignment at Site ODP 1093

To investigate the authigenic εNd over time, a total of 246.89 m of sediment at site
ODP 1093 were analysed. To interpret this data properly, a suitable age model is
needed. As already indicated, the initial hopes of the Shipboard Party to develop
an age model using foraminiferal δ18O data were dashed by the low and sparse oc-
currence of foraminifera especially during glacials (Gersonde et al., 1999; Hodell and
Venz, 2003).

For site ODP 1093 the age model from a previous study by Kemp et al. (2010) is
the only published age model reaching back to 1 Ma, which is available to date. The
new age model is introduced in the following discussion. Considering the continuous
εNd record of high resolution with the new age model and comparing it to the LR04
climate record (Lisiecki and Raymo, 2005), doubts are arising on the reliability of
this age model (Fig. 5.2).

Kemp et al. (2010) tried to overcome the lack of foraminifera by using site ODP
1094 as a master site to tune the colour reflectance data of site ODP 1093 to site
ODP 1094. In a second step, the timing of certain geological events, visible in the
colour reflectance data, was assigned to a respective sediment depth (Kemp et al.,
2010). This method was previously used for the past 400 ka by Schneider-Mor et al.
(2008). For ODP 1094, a detailed age model using δ18O of planktic foraminifera
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Figure 5.1.: Age model for site ODP 1093 from Kemp et al. (2010) and the com-
bination of this study and Hallmaier et al. (2023a) in comparison. a: Age-depth
relation. b: Sedimentation rates in the past 1 Ma for both age models.

tuned to the LR04 was later developed by Hasenfratz et al. (2019). Both age models
and the resulting sedimentation rates for site ODP 1094 are compared in Fig. 3.3.
They agree well with each other over the past 1 Ma except for the time between 400
and 600 ka. While the sedimentation rates in this time interval remain similar, there
is an offset of several thousand years in their age ties. Additionally, the more recent
age model has significantly less tie points compared to the age model by Kemp et al.
(2010) (see Fig. 5.1). Nevertheless, the method of using a continuous δ18O record
from planktic foraminifera to tie to a climate record has proven to yield reliable re-
sults in foraminiferal Mg/Ca and Mn/Ca data obtained from ODP 1094 (Hasenfratz
et al., 2019).

As already described in chapter 4.3, the authigenic Nd composition at site ODP
1093 shows regularly occurring abrupt changes from radiogenic to unradiogenic val-
ues. It is notable, that unradiogenic values coincide with higher calcium carbonate
content in the sediment and low or no available CaCO3 values correspond to phases of
significantly more radiogenic εNd values (Fig. 4.5a). Higher CaCO3 contents usually
occur during interglacial warm periods, reflecting less CaCO3 undersaturated waters
due to the interglacial southward movement of the PF. The shift of the PF suggests
that the abrupt changes in εNd signatures should coincide with the climate termina-
tions. When using the age model of Kemp et al. (2010), it becomes visible that these
εNd changes occasionally do not match the terminations marked by the LR04 benthic
δ18O stack (Fig. 5.2). While for termination I-III and V the discrepancy is rather
small (0-10 ka), it increases up to ∼50 ka in termination IV and X. These growing
discrepancies between εNd and the LR04 δ18O can be an artefact of the age model or
could point to an unknown driver or a strongly variable response to climate changes
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5.1. Age Assignment at Site ODP 1093

Figure 5.2.: Age model comparison for ODP 1093 of Kemp et al. (2010) and the
new age model developed in this study and Hallmaier et al. (2023a) in context with
the LR04 record (Lisiecki and Raymo, 2005). The black star marks 213 mcd, which
is the depth associated with the Brunhes-Matuyama boundary in the new age model.

in εNd at site ODP 1093 and probably the whole Southern Atlantic Ocean. However,
it seems more likely that the discrepancies result from the assigning of the age tie
points themselves, since especially the first 150 ka closely align with the benthic δ18O
stack (Lisiecki and Raymo, 2005).

The sedimentation rate in ODP 1093 is almost twice as high as in ODP 1094. This
yields a depth marking 1 Ma of ∼250 mcd for ODP 1093 and ∼130 mcd for ODP
1094 (Gersonde et al., 1999). Consequently, the same timespan covers a larger part
of the sediment at site ODP 1093 compared to ODP 1094. Hence, single events likely
span a broader section within the sediment at site ODP 1093 compared to ODP 1094.
Thus, the precise assignment of the respective sediment depth to the exact timing of
a climate transition is more difficult in ODP 1094 and bears the potential for offsets
of several meters in the selection of tie points. Here, an alternative age model based
on planktic foraminifera for the past 150 ka at site ODP 1093 and the corresponding
εNd variations is proposed (Hallmaier et al., 2023a). In deeper sediment depth than
40 mcd, the abundance of foraminifera becomes increasingly sparse, thus, another
admittedly unconventional approach for an age model was needed.
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Figure 5.3.: Correlation of authigenic εNd of ODP 1093 and δ18O of LR04 (Lisiecki
and Raymo, 2005) with the new age model. εNd of the last 150 ka is marked in red
and the extension to 1 Ma in grey.

5.2. Age Model for the Past 150 ka

For the past 150 ka, the age model for ODP 1093 was developed in a similar way
as by Lal et al. (2006) and in studies of the close by sites PS1768-8 (Huang et al.,
2020) and ODP 1094 (Hasenfratz et al., 2019). It was assumed, that the surface δ18O
recorded by planktic foraminifera is closely reflected in the ice from the Antarctic
Ice Sheet. The δ18O record of planktic foraminifera (N. Pachyderma) in ODP 1093
(Gersonde et al., 1999; Hodell and Venz, 2003) was aligned to the δD data from
Vostok ice core (Petit et al., 1999). The advantage of the age model of ice cores is
its precise determination by layer counting of differently dense packed snow or ice
layers throughout the ice core. Tie points were found by allocating similar patterns
in the sedimentary δ18O record to the δD ice core record. Hereby, phases of extreme
gradients were used instead of extreme values within the records (Hallmaier et al.,
2023a). This technique ensures, that the timing of actual climate relative events is
tied to one another instead of supposedly matching wiggles within the record. Finally,
this method guarantees the independent assignment of sediment depth to a certain
age. With this new age model, the εNd record highly correlates with the LR04 δ18O
stack (Lisiecki and Raymo, 2005) (R2=0.91, Fig. 5.3) .
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Figure 5.4.: Age model ties for ODP 1093 (this study and Hallmaier et al. (2023a)).
For the last 150 ka the δ18O values (blue) (Hodell and Venz, 2003) were tuned to
the δD values of the Vostok ice core (Petit et al., 1999). For the extension the
abrupt changes in the authigenic εNd signature were assigned to terminations and
deglaciations in the LR04 climate record (Lisiecki and Raymo, 2005). Tie points are
indicated by black vertical dashed lines and are listed in Tab. B.2. The black star
marks the timing of the B/M boundary.

5.3. Age Model Extension to 1 Ma

Under the assumption, that the authigenic Nd isotopic signal in ODP 1093 is climati-
cally controlled, the age model of the past 1 Ma was investigated and developed. The
foraminifera occurrence in deeper depth than 40 mcd is patchier, as also reflected in
the lack of calcium carbonate, yielding an increasingly disrupted δ18O record (Hodell
and Venz, 2003). As a result, the above used method to determine an age model is
not feasible for a deeper depth or ages older than 150 ka. However, the periods of
short continuous data can later be used to support the new age model during inter-
glacials.

The εNd record of the last 150 ka at site ODP 1093 shows a close relation between
εNd and the δ18O of LR04 (Fig. 5.4). The REE and element ratios from the past
450 ka also show no conspicuous change for samples older than 150 ka. Hence, the
measured εNd values are assumed to have the same authigenic origin in the past 450
ka and it seems unlikely to change for even older ages. Even if the mechanism influ-
encing εNd values at site ODP 1093 changed abruptly at 150 ka, it remains elusive,
why the pattern should not be aligned with climate records. Ocean circulation was
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globally shown to change with glacial-interglacial conditions. Synchronous changes
with climate are visible in dust inputs and sediment composition (Gersonde et al.,
1999). In contrast, Nd from benthic flux and pore fluids can be considered climate in-
dependent (Abbott et al., 2022), or indirectly modulated by the ACC speed changes,
which in turn correlate with climate for the past 5 Ma (Lamy et al., 2024; Toyos
et al., 2020). If the unlikely case of a completely different mechanism drove the εNd
signature, it is highly unlikely that this yet unknown process should not be climate
controlled.

Since there is no reason for the driving force to be different before the penultimate
termination, a similarly close alignment with the climate record can be expected for
the time before 150 ka. Hence, due to the deficiency of an alternative suitable continu-
ous climate related data set obtained at site ODP 1093, this study suggests to use the
εNd record itself to align to the benthic δ18O LR04 stack (Lisiecki and Raymo, 2005).

For this purpose, rapid changes from radiogenic to unradiogenic εNd values in the
order of a minimum 4 ε-units were assigned to terminations. This procedure allowed
constraining the timing of termination I-V and VII-X. Termination VI, at the end
of MIS 14, remains difficult to determine and was therefore estimated by comparing
the respective course of the available δ18O record. The ambiguous behavior of the
εNd record around MIS 14 points to the already proposed ‘missing glacial’ features
of MIS 14 being visible also in the Southern Hemisphere (Hughes et al., 2020).

With only the terminations as tie points the sedimentation rate would be the same
for every two MIS. Since it was shown that sedimentation in the Southern Ocean
strongly varies between glacial and interglacial times (Charles et al., 1991), addi-
tional tie points were assigned during the more gradual glaciation. In between the
new assigned tie points the age model was linearly extrapolated. From termination
X onward, the εNd variability is much less pronounced and the temporal resolution is
significantly smaller compared to the younger record. Consequently, the determina-
tion of earlier terminations is difficult. These less pronounced terminations, however,
increase the uncertainty of the age model. Nevertheless, a similar approach as for
the later terminations was applied here. Changes of around 2 ε-units were assumed
to be sufficient to be considered as a termination. Additionally, as for MIS 14 the
εNd record was closely compared to the LR04 δ18O record (Lisiecki and Raymo, 2005).

Together, this leads to the following age model with the age tie points displayed in
Fig. 5.4 and Tab. B.2 and the sedimentation rates visualized in Fig. 5.1. Regardless
the significantly fewer tie points compared to the age model of Kemp et al. (2010),
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even smaller structures of the LR04 stack align very well with the εNd data. The
uncertainty for the new age model is estimated as 10 ka, which is the difference in the
timing of the rapid εNd change associated with termination II compared to the age
model of Kemp et al. (2010). Self-evidently, with this age model the εNd record at
site ODP 1093 correlates with the climate record LR04 for the entire 1 Ma (R2=0.74,
Fig. 5.3).

To further evaluate the reliability of the new age model, the few existing δ18O val-
ues are compared with the Vostok δD (Petit et al., 1999) and the δ18O LR04 record
(Lisiecki and Raymo, 2005). As far as it is possible to recognise a pattern within
the ODP 1093 δ18O data, it is in line with the data from both climate records (Fig.
5.4). Especially for the extreme interglacial times with low δ18O and high δD values,
both records show great similarity. However, during the gradual glaciation, the two
data sets are less coherent, thus pointing to a higher uncertainty of the age model or
regional influences on δ18O during those times. There are two aspects, which might
contribute to this fining. Firstly, both records show a higher variability during times
of gradual deglaciations. And secondly, the lack of δ18O data in ODP 1093 during
glacials generally disables the possible correlation of glacial values.

The Brunhes-Matuyama boundary (B/M) at around 779±5 ka BP (Singer et al.,
2019) was used as an external tie to check for the reliability of the age model. The
B/M boundary marks the last full reversal of the Earth’s magnetic field and is re-
flected in the intensity and inclination of the magnetization of sediment. Site ODP
1093 records the B/M boundary at the deepest core depth of all sites of expedition
177, however it has the poorest data quality compared to the other sites (Channell
and Stoner, 2002). In the preliminary results of the Shipboard Party the depth of the
B/M boundary was estimated to be within 205-210 mcd. From the magnetization
data it is difficult to retrieve a sharp boundary, however it was determined to 198.6 ±
2 (Channell and Stoner, 2002). Since the overall magnetization signal is very noisy,
colour reflectance data was additionally investigated. From the colour reflectance
data, a clear peak around 213 mcd was determined to mark the B/M boundary (see
Fig. 11 in Gersonde et al., 1999). With the age model of Kemp et al. (2010) the B/M
boundary is pinpointed to 201 mcd, whereas the new age model yields a depth of 213
mcd. This leads to an offset in the data of approximately one cycle of radiogenic and
unradiogenic εNd values (see black star in Fig. 5.2).

The 900 ka event depicts another possible tie point. It marks the first appearance
of the 100 ka glacial-interglacial cyclicity. It is characterized by a higher δ18O ampli-
tude during terminations compared to the previously dominant 41 ka cyclicity with
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less extreme ice sheets in the Northern Hemisphere. Depending on the age model,
the transition from a low amplitude signal (2 ε-units) to a higher amplitude signal (6
ε-units) in the εNd record starts at different times. Presuming that the εNd record
is driven by climate changes, this transition should align with the 900 ka event, more
precisely the transition from MIS 23 to MIS 22. This tie point was implemented in
the new age model, however, it was not reflected in the age model by Kemp et al.
(2010).

In conclusion, finding an appropriate age model for ODP 1093 with lacking cal-
cium carbonate content and thus δ18O data is challenging. The high resolution εNd
record opens up the possibility to be directly tied to the climate record. This is only
possible, since the correlation of the two latter could be independently proved over
two glacial-interglacial cycles in advance. With this approach an age model was de-
veloped, which is able to accurately hit two different major climate events in the past
1 Ma, namely the B/M boundary and the 900 ka event. When using this technique,
it is needless to say, that statements on the more exact timing of certain events in
εNd prior to 150 ka BP are limited due to the presumed εNd dependency on climate.
In summary, with the construction of this age model for ODP 1093 the alternating
pattern of radiogenic glacial and unradiogenic interglacial values can be discussed
regarding their implication on the past climate.
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6. Origin of the Nd Isotopic
Signatures and Implications for the
Carbon Cycle

The aim of determining the εNd signature of two sediment cores situated south of
the modern Polar Front (PF) is to assess the southern εNd endmember. A water
mass endmember is here defined as reflecting only one distinct water mass as e.g.
North Atlantic Deep Water (NADW) or Antarctic Bottom Water (AABW). Since
a mixture of water masses in high latitudes interacts with the whole ocean basin,
the concept of an ocean basin endmember is introduced here. In the following, this
ocean basin endmember is defined for the South as the signature of the mixed water
mass, that is exported to the North and interacts with the entire Atlantic Ocean
basin. This definition accounts also for the already proposed potential variations in
εNd endmembers toward more radiogenic values (Gutjahr et al., 2008; Howe et al.,
2016a; Skinner et al., 2013).

Up until now no continuous sedimentary εNd record south of the PF exists, that po-
tentially records the Southern Ocean basin endmember. The investigated sites ODP
1093 and 1094 are nowadays located within the bounds of the Antarctic Circumpolar
Current (ACC) and persistently bathed in Circumpolar Deep Water (CDW). CDW
consists of a mixture of waters from all three main ocean basins and has a signature
of approximately εNd = −7.8 ± 1.2 in the Pacific and −7.9 ± 1.3 in the Indian Ocean
(Tachikawa et al., 2017). Corals within the Drake Passage show modern CDW values
of εNd = −8.2 ± 0.5 and more variable glacial values in the range of εNd = −5.9
to −7.7 in the Atlantic sector of the Southern Ocean (Wilson et al., 2020). During
glacial periods the PF moves northward as the sea ice extends and westerly winds
are shifted accordingly (Jochum and Eden, 2015; Sigman et al., 2010). Consequently,
both investigated sites are permanently within the influence of CDW and are ex-
pected to reflect its Nd isotopic signature through time. However, the records show a
different behavior, albeit in different ways, both pointing to a more complex process
than pure water mass mixing causing the signatures.
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Parts of the findings of this chapter are summarised in the manuscripts Glacial
Southern Ocean Deep Water Nd Isotopic Composition Dominated by Benthic Mod-
ification (Hallmaier, Rückert et al., in preparation) (former version published as
preprint: Hallmaier et al. (2023b)) and Small-scale AMOC Strength Variability Re-
vealed by the Interhemispheric εNd Gradient of the Atlantic Ocean During the Last
150 ka (in preparation).

6.1. Extraction of Authigenic Nd in Sediments South
of the Polar Front

For this work the focus lies on the authigenic phase of the sediment, since it is as-
sumed to reflect most likely the surrounding bottom water signature (Bayon et al.,
2002; Blaser et al., 2016; Frank, 2002; Piotrowski et al., 2004; Rutberg et al., 2000).
The analysis of the authigenic Nd isotopic composition of sediments is always ham-
pered by the unknown concentration and isotopic composition of the Nd released
from other sediment phases and the incorporated Nd in the authigenic phase. Thus,
considering the overall sediment composition, it must be assessed how reliable the
sediment phase of interest is extracted during the applied leaching procedure. Since
the early use of Nd isotopes in paleooceanography, a variety of techniques were es-
tablished to test for the contamination of the authigenic fraction from other leached
sediment phases. These include the investigation of REE ratios and element ratios
within the leachate of mainly carbonate rich sediments (Bayon et al., 2002, 2004;
Blaser et al., 2016; Gutjahr et al., 2007; Rutberg et al., 2000). The respective results
for ODP 1093 and ODP 1094 are displayed in Fig. 4.5 and Fig. 4.6.

Both investigated sites ODP 1093 and ODP 1094 have similar bulk sediment com-
positions. However, sediments from the Southern Ocean are very different from sedi-
ments in the North Atlantic, as described in chapter 3.1. The CaCO3 content is only
measurable during warm climate conditions, but rarely reaches up to 50 wt% after the
Holocene (Gersonde et al., 1999). The main constituent is siliceous ooze, which dom-
inates the sediment independently of the climate conditions (Janecek, 2001). Thus,
the sediment composition is essentially driven by biogenic particles, on which Nd is
efficiently scavenged in form of Fe-Mn coatings. Siliciclastic particles also contribute
to the scavenging of Nd from seawater (Gersonde et al., 1999), but carry detrital Nd,
which could be released to the leached fraction. Both sediments from sites ODP 1093
and ODP 1094 experience changes in overall particle composition (Gersonde et al.,
1999). To minimize the contamination caused by the dissolution of detrital material a
weak leaching procedure with a short exposure time was applied (Blaser et al., 2016;
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Huang et al., 2021). Due to the bias toward REE studies on carbonate rich sediments
mainly from the North Atlantic, the published limits for different values are not nec-
essarily applicable on the here investigated sediment. Moreover, the combination of
all results allows for a statement on the extracted phase throughout the entire set
of sediment samples, but can not be used in order to identify contaminations in an
individual sample (Blaser et al., 2016).

The Al/Nd ratios of the samples are tracers for non-hydrogenetic and especially
detrital influences on the εNd signatures of the leachate (Blaser et al., 2016). Al/Nd
ratios of carbonate rich sediments in the Atlantic, which are smaller than ∼100, in-
dicate a lower probability of detrital contamination in presence of volcanic material
(Blaser et al., 2016; Gutjahr et al., 2007). However, it was suggested that the limit
for the Al/Nd ratios should be defined individually for the respective site or even the
lithogenic units of the sediment (Blaser, 2017). The studied Al/Nd ratios of several
samples from the past 450 ka at site ODP 1093 show that the Al/Nd ratio is <100 in
presence of carbonates and increases to ∼300 for diatom ooze dominated carbonate
free sediments, mainly from the glacial periods (Fig. 4.5a b, Fig. 4.6 a). Nevertheless,
systematic climate driven changes in εNd are not always synchronous to changes of
the Al/Nd ratio. MIS 9 stands out as an example for a time period with variable
and higher Al/Nd ratios, while showing only slightly more radiogenic values com-
pared to the most unradiogenic values of εNd = −8. Additionally, both samples from
glacial and interglacial times span the whole range of detected Al/Nd ratios (Fig.
4.6 a). Sediments from the Southern Ocean, as ODP 1093, contain more biogenic
silicates, which in turn contain large amounts of aluminium (Tian et al., 2022). In
combination with the Al released from siliciclastic particles during the leaching pro-
cedure, this can increase the absolute amount of Al in leachates. A recent study from
Huang et al. (2021) found Al/Nd ratios in a range of 50-500 for the 10 s and 30 min
leaching method (Huang et al., 2021; Blaser et al., 2016) in southern Atlantic Ocean
sediments. They further showed that, not only the leaching technique influences the
respective εNd values and the Al/Nd ratios, but also the investigated site. This is in
line with the suggestions from Blaser et al. (2016), to find individual limits for each
site. Consequently, the samples of ODP 1093 with Al/Nd ratios smaller than ∼300
are assumed to reflect mainly the authigenic phase and associated εNd values are
unlikely biased by more than 1 ε-unit. This behaviour remains similar throughout
the entire investigated sediment of ODP 1093. The respective εNd values of samples
with higher Al/Nd than 300 are excluded from further evaluations. Therefore, the
conducted εNd measurements of ODP 1093 are assumed to mainly reflect the authi-
genic phase.
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Since the sediment composition and the location of ODP 1094 is very similar to
ODP 1093, the limit for the Al/Nd ratios is assumed to be the same. The Al/Nd
ratios of ODP 1094 show extreme values up to 500 during the Holocene and no cor-
relation of high Al/Nd ratios with the radiogenic εNd signatures. This points to a
highly radiogenic source of Nd close to ODP 1094 and a significant contamination
of the record by detrital, possibly volcanogenic material during the Holocene warm
period. However, it should be kept in mind that the carbonate content of ODP 1094
is even smaller than the carbonate content of ODP 1093, possibly leading to naturally
higher Al concentrations within the sediment.

Small Sr/Ca ratios of the leachates below 1 ‰ have been assumed to indicate
contamination of the leachates by non-biogenetic carbonates e.g. from the detritus
(Blaser et al., 2016; Blaser, 2017). All measured values of both sediment cores are
above this limit, except for one sample of ODP 1093 with Sr/Ca = 0.8 (Fig. 4.5 a).
The respective εNd value of this sample is excluded from further evaluations. The re-
maining Sr/Ca values range up to 24 ‰. Thus, the leachates are only insignificantly
influenced by non-hydrogenetic carbonates. Nevertheless, the Sr concentration within
the leachates is assumed to be tightly coupled to the calcium carbonate dissolution
during the chemical treatment (Blaser et al., 2016). For the investigated sites they
do not show a linear correlation (Fig. 4.6), but high Sr/Ca ratios only occur with the
lowest CaCO3 contents. Thus, an overall low Ca concentration leads to higher Sr/Ca
values independent from the Sr concentrations within the sediment. Conclusively,
the Sr/Ca ratios are difficult to clearly interpret as indicator for non-hydrogenetic
carbonate in the samples of ODP 1093 and ODP 1094 due to low or absent calcium
carbonate in the sediment.

The REE ratios can be used to further evaluate the source of the REE within
the leachates (Bayon et al., 2002; Blaser et al., 2016; Martin et al., 2010). It was
shown that REE slope values are usually within the range of 1 to 2 and MREE bulge
values are rather constant with values of 1.6. Europium anomalies Eu/Eu* deviat-
ing from 1 have been interpreted as indicators of contamination by volcanic material
(Blaser et al., 2016). The cerium anomaly Ce/Ce* reacts sensitively to the oxygen
concentration within the sediment but provides less information on the quality of the
leaching (Roberts et al., 2012). Nevertheless, the REE slope and Ce/Ce* values are
also influenced by the sediment’s carbonate content and the pH of the leach solution,
which can limit their application for REE origin studies (Blaser, 2017). This is visible
in the HREE/LREE outliers coinciding only with low carbonate contents (Fig. 4.6 i).

The obtained REE slope and bulge data from ODP 1093 and 1094 are in line with
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Figure 6.1.: HREE/LREE against MREE/MREE* of leachates from ODP 1093
(red) and 1094 (grey). Shaded areas (adapted from Martin et al. (2010) depict
typical values of samples from hydroxylamine hydrochloride (HH) extraction (yellow),
detrital material (red), acetic acid (AC) extraction (green) and seawater (blue). Blue
circles indicate samples, of which the respective εNd is excluded.

the mentioned criteria apart from single outliers (Fig.4.5). In Fig. 6.1 the REE ratio
results are compared with the results of several studies to gain insights in the origin of
REE (Kraft et al., 2013; Martin et al., 2010; Molina‐Kescher et al., 2014). Most of the
displayed values of ODP 1093 and 1094 fall within the bound of typical HH-leached
samples, indicating a similar interaction of the HH-leach with silicate rich samples
compared to carbonate rich sediments. A small group of samples is shifted toward
acetic acid (AC) extraction or sea water values. The five outliers toward detrital ma-
terial or high elemental ratios are marked in Fig. 6.1. The respective εNd values are
excluded from further evaluations. It should be kept in mind, that element and REE
ratios can be highly sensitive to the concentration of different sediment components
and thus always carry information regarding the sedimentary composition (Blaser
et al., 2016; Blaser, 2017).

In summary, it is assumed, that the leachates and thus the εNd data of ODP 1093
and 1094 mainly reflect typical values found in samples from the same leaching tech-
nique. Thus, the used εNd extraction method is suitable for the carbonate depleted
sediments. The respective εNd of the outliers from Al/Nd, Sr/Ca and HREE/LREE
vs. MREE/MREE* are excluded from further evaluations of ODP 1093 and 1094.
Conclusively, for all remaining εNd values it is very likely, that they reflect the au-
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thigenic phase of the sediments of ODP 1093 and 1094 and do not record changes in
the detrital sediment composition.

6.2. Origin of the Observed εNd Signature Change in
ODP 1093

The authigenic Nd isotope record of site ODP 1093 near Bouvet Island in the South-
ern Atlantic shows a clear climate pattern in the isotopic signature (Fig. 6.2 b).
During interglacials ODP 1093 is bathed in Lower CDW and its signature becomes
the most unradiogenic with values of approximately −8.5 to −6.5. Such εNd values
are in line with present day water signatures (Tachikawa et al., 2017). The most
radiogenic εNd signatures are recorded during glacials, yielding values between −4
and even −2 in the LGM.

In contrast, the authigenic εNd signature of site ODP 1094 shows no systematic
glacial-interglacial behavior throughout the past 1 Ma. In total, the εNd signature
is more radiogenic than the signature of site ODP 1093. The record is characterized
by abrupt radiogenic and unradiogenic spikes around a mean value of εNd = −2
± 1. These features point to a very local source of radiogenic Nd possibly entirely
overprinting a water mass signal at this site, which is not visible in the multielement
composition. The origin of the εNd signatures at site ODP 1094 are discussed sepa-
rately in chapter 6.3.

South of the southern Atlantic Ocean’s PF at site ODP 1093, synchronous climate
induced changes of εNd imply massive increases of radiogenic Nd sources, most likely
from volcanic reactive material replacing the Pacific-Atlantic intermittent εNd com-
position of the modern and last interglacial Southern Ocean. These changes need
to be as abrupt and strong as the glacial-interglacial patterns or modulated with
a climate related process. Via precipitation and sedimentation of neodymium onto
particles, the radiogenic signature can be removed quickly from the water column.
However, a sudden and persistent change of the dominant Nd source in the water
column south of the PF asks for more than just the radiogenic Nd source but rather
a mechanism allowing for the change in the entire Nd budget.

The matrix element analysis leads to the exclusion of leached detrital components
as a cause for the changes in εNd in the investigated samples. According to a first or-
der advection-diffusion model, two scenarios or a combination of both may cause the
observed εNd signatures. Hereby, the Nd concentration [Nd] and the isotopic signa-
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Figure 6.2.: εNd signatures of ODP 1093 and 1094 in context with other εNd data,
sortable silt and iron supply in the Southern Ocean and atmospheric CO2 in the
past 1 Ma. (a) Benthic δ18O stack, MIS and terminations (Lisiecki and Raymo,
2005). (b) εNd data of ODP 1093 and 1094 (this study and Hallmaier et al. (2023a),
PS1768-8 (Hallmaier et al., 2023a; Huang et al., 2020), PS1768-8 opal (Huang et al.,
2020) and nearby seawater (Stichel et al., 2012). (c) PS97/093-2 sortable silt from
the Drake Passage (Toyos et al., 2020) as a measure for ACC strength. (d) Mass
accumulation rate (MAR) of iron at site ODP 1090 (Martínez-García et al., 2014).
(e) Atmospheric CO2 reconstructed from EPICA Dome C (Bereiter et al., 2015) and
modeled (Berends et al., 2021).
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tures εNd of the sources have the potential to cause the changes in εNd and also [Nd]
recorded in the authigenic coating of the sediment. Additionally, multiple advective
or diffusive processes (diffusion coefficient D) may contribute to the change of the
overall Nd budget. The advective-diffusive changes in the Nd budget ∂t(εNd/[Nd])

in a velocity field ~v can be described as follows:

∂t

(
εNd
[Nd]

)
= ~v · ∇

(
εNd
[Nd]

)
−D · ∇2

(
εNd
[Nd]

)
(6.1)

The three plausible scenarios, that are discussed regarding their potential to ac-
count for the authigenic εNd signatures south of PF, are the following:

(I) The εNd changes are of pure water mass origin, such that the diffusive second
part of the equation 6.1 is zero. Glacial values are caused by a significant change
in the circulation regime, allowing a most radiogenic water mass with potential
central Pacific origin to enter the South Atlantic and sink down to the abyss.

(II) The εNd changes are the product of diagenetically altering processes, thus the
advective first part of the equation 6.1 is zero.

(III) The εNd changes are caused by alternating dominance of the Nd budget of
advective water mass influence during interglacials and the diffusive benthic
fluxes during glacials driven by ACC flow speed changes.

Scenario (I) Assuming a pure water mass origin of the εNd signatures, the ob-
servations at site ODP 1093 likely result from changes in the export flux of those
water masses. During interglacials the flow regime in the southern Atlantic Ocean
at depth is dominated by AABW production and its export to lower latitudes in
the abyss. Water mass mixing is persistent due to the influence of the ACC and
AABW can efficiently be exported to site ODP 1093. Assuming an AABW signature
of approximately −8.6 (Tachikawa et al., 2017), the Holocene εNd values at site ODP
1093 are very similar. The close by site PS 1768-8 records a similar pattern (Huang
et al., 2020). Additionally, the data agrees with present day water mass signatures
representing AABW like values near this site (Stichel et al., 2012). Therefore, it is
suggested, that the authigenic εNd signatures at site ODP 1093 reflect seawater iso-
topic compositions of AABW during the Holocene and likely also the previous warm
climate periods.

The glacial radiogenic signature must originate from a strongly radiogenic water
mass, implying major changes in ocean circulation in the southern Atlantic Ocean.
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Recent studies show a significant change in ocean dynamics during the last and penul-
timate glacial characterized by a strongly reduced AABW export from the Weddell
Sea coupled to raising sea ice extent (Hallmaier et al., 2023b; Huang et al., 2020; Wu
et al., 2021; Yu et al., 2020). Moreover, a weakening of the southward NADW influ-
ence during glacial times is suggested by several studies (Howe and Piotrowski, 2017).
This allows the Nd budget south of the PF to be much more sensitive to inputs with
extreme εNd signatures, such as Pacific Sourced Waters (PSW) within the ACC. Yet,
the lack of AABW and less southward transport of NADW alone, are not sufficient to
explain signatures of εNd ∼ −2 in the South Atlantic. Interglacial-like PSW within
CDW cannot account for the strong radiogenic εNd values. A significant PSW intru-
sion through the Drake Passage would be needed to increase Nd isotopic compositions
in Southern Ocean bottom waters and thus at site ODP 1093. Presently, CDW is
composed of mainly Atlantic and Antarctic water masses and their respective εNd
fingerprints with little influence from the Pacific Nd reservoir.

Within the vast radiogenic Pacific Nd pool the most radiogenic water mass can be
found at the equatorial eastern Pacific with a signature of approximately εNd = −2,
reflecting Pacific Deep Water (PDW) (Frank, 2002). Several studies showed that the
PDW flows southward along the eastern margin of the Pacific Ocean and potentially
extends further south along the Patagonian margin into the ACC during glacials (Hu
and Piotrowski, 2018; Yu et al., 2020; Well et al., 2003). Additionally, low carbonate
ion concentrations were observed during glacials in the deep South Atlantic, which
were nterpreted as an expansion of carbon-rich Pacific deep waters into the South
Atlantic (Yu et al., 2020).

This scenario is known as the reversed flow or strong deep Pacific recirculation.
Based on 231Pa/230Th of sediments from the deep Southern Ocean, evidences of a
mid-depth water mass in the Pacific and stable carbon isotope observations have al-
ready been proposed (Roberts et al., 2010). However, stronger PSW export into the
North Atlantic seems counter-intuitive due to today’s salt deficit in the Pacific and
the obvious lack of deep convection in the North Pacific, if compared to the North
Atlantic or Weddell and Ross Sea at Antarctica. According to Adkins (2013), the
density structure of the interior Atlantic during glacials reversed to a haline stratifi-
cation. During these times PSW was shown to be as salty or even saltier than the
water masses from the North Atlantic (Adkins et al., 2002), opening up the possibility
for PSW to sink down to the depth of site ODP 1093. However, this flow path seems
unlikely, considering the deep South Atlantic bathing in the densest water mass of
all ocean basins during glacials (Adkins, 2013).
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Figure 6.3.: Distribution of the fraction of deep water from the North Atlantic (FNA)
at site ODP 1093. The northern endmember range is set as εNd = −11 to −14. The
southern endmember range is set as εNd = −3 to −5. a: During interglacials the
mean εNd values from εNd = −7 to −9 can be explained by variable FNA at site
ODP 1093. b: During glacials the mean εNd values from εNd = −2.5 to −4.5 can
only partly be explained by variable FNA at site ODP 1093. The strong shift of the
distributions toward FNA = 0 demonstrates either a more radiogenic endmember or
its variation during glacials. Model results after Yehudai et al. (2023).

To date, there are no further authigenic �Nd records along the suggested flow path
in the Pacific and the Southern Ocean, which could inform on the Nd isotopic com-
position of this water mass all the way to the core site ODP 1093. Several sites in the
western Pacific (Basak et al., 2018; Molina‐Kescher et al., 2014) measure the CDW
further downstream as εNd ∼ −6. However, these sites are farther west and outside
the assumed way of southward flowing PDW.

PSW intrusion must further be limited due to a weakening of the ACC strength
during glacials, speaking against a dominating export of highly radiogenic PDW.
Moreover, Howe and Piotrowski (2017) proposed a southern endmember of approx-
imately εNd = −5.5, contradicting the here necessary εNd = −2. Further, the
southern Pacific Ocean εNd over the past 60 Ma showed only low variability in the
range of εNd = −5 to −3 (Frank, 2002). Applying the Bayesian statistic-based model
of Yehudai et al. (2023) onto the ODP 1093 εNd data with an assumed mixed Pacific
εNd signature of εNd = −3 to −5, the observed radiogenic values during glacials can-
not be explained solely by a zero fraction of Northern Sourced Water (NSW) (Fig.
6.3). Thus, a dominant (even up to 100%) Pacific contribution cannot account for
the total shift to more radiogenic εNd signatures south of the PF.

Therefore, despite recent studies supporting a PSW intrusion to the southern At-
lantic Ocean during periods of reduced AMOC (Robinson and van de Flierdt, 2009;
Struve et al., 2020b; Williams et al., 2021; Yu et al., 2020) PSW alone cannot account
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for the observed εNd values in ODP 1093 and the process leading to a significant in-
trusion of PDW remains elusive.

Scenario (II) The εNd signatures are permanently altered by either diagenesis or
benthic flux. On the one hand, diagenetic processes within the sediment and pore
waters can lead to an interaction between the detrital and authigenic Nd resulting in
the authigenic coatings no longer reflecting Nd scavenging from the overlying water
mass. On the other hand, the benthic flux from pore waters can alter the bottom
water itself at the sediment-water interface, which in turn will be reflected in the
authigenic coating and foraminifera (Abbott et al., 2022, 2015a,b; Haley et al., 2017;
Tachikawa et al., 2017). Moreover, diagenesis can influence the preserved Nd isotopic
composition completely independent from the bottom water signature.

The εNd values match the expected present-day seawater composition of AABW
(Fig. 6.2 b) (Stichel et al., 2012). Additionally, the εNd values of ODP 1093 are
in line with Holocene and LGM foraminifera values of εNd = −8.3 and −4.5 of the
nearby site TN057-13PC (Nielsen et al., 2007) and opal data from PS 1768-8 (Fig. 6.2
b) (Huang et al., 2020). Further, the data of PS 1768-8 from a close by site record
similar glacial-interglacial εNd behavior in different water depth (Hallmaier et al.,
2023a; Huang et al., 2020). Thus, the εNd signal likely records a regional water mass
signature even during glacials and not only a local diagenetically altered sediment.
A quantitative determination of the influence of diagenesis, however, is not possible,
since there are few fish teeth or foraminifera within the investigated sediment and
pore water samples are not available (Gersonde et al., 1999).

If the Nd budget in this region is predominantly influenced by a pore water or ben-
thic Nd flux during all times the glacial-interglacial εNd variations must represent
changes in the sediment composition and thus particles. In the southern Atlantic
Ocean, local changes in particle fluxes are well admitted (Martínez-García et al.,
2014; Shoenfelt et al., 2018; Struve et al., 2020a). Volcanogenic inputs, however, are
very likely having an overall impact, best seen at site ODP 1094 situated close to
the Bouvet triple junction (Nielsen et al., 2007). The glacial period is also known for
higher dust fluxes from Patagonia carrying reactive volcanic particles, with highly
radiogenic Nd signatures, to the South Atlantic (Shoenfelt et al., 2018). Addition-
ally, the northward shift of the PF inhibits carbonate productivity, causes sea ice
to thicken and to reach further northward (Abelmann et al., 2015; Sigman et al.,
2010; Schneider-Mor et al., 2005; Wolff et al., 2006). Consequently, changes in parti-
cle chemistry and the southward admixture of North Atlantic waters during glacial
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periods are induced, allowing for an increase of the regional influence on the iso-
topic composition of the Southern Ocean south of the PF. Additionally, such regional
changes of particle fluxes and sediment composition coincide with the authigenic εNd
changes at site ODP 1093 and thus likely the bottom waters (Fig. 6.2 b,d).

Recent studies have shown, that the dust deposit in the Southern Atlantic yield a
higher Fe flux at site ODP 1090 during glacial times (Fig. 6.2 d) (Martínez-García
et al., 2014; Shoenfelt et al., 2018). However, assuming the main dust contributions
stemming from South America and Australia (Lamy et al., 2014; Struve et al., 2022;
Weber et al., 2022), the dust εNd signature would be in the range of εNd = −3.7 to
−5.3 (Struve et al., 2020a). There can also be glacial observed volcanic glass present
with highly radiogenic signatures of εNd ∼+7 (Nielsen et al., 2007). Such material
released Nd into the authigenic phase in nearby site ODP 1094. However, the disso-
lution of volcanic glass is difficult to quantify.

The impact of Nd originated from particles, such as dust and volcanic glass, was
investigated in a binary mixing model (Fig. 6.4). Depending on the εNd signature
of the particle sources, a change of the authigenic εNd is linearly dependent on the
contributing Nd concentration ratio Fparticle between the ambient water mass (εNd
= −8.6) and the particle. The mixing model yields, that more than 90% of the Nd
concentration would need to be of dust origin to at least cause a bottom water sig-
nature shift to εNd = −4. Volcanic glass in turn only has to make up 30% of the Nd
concentration to cause a similar εNd shift.

Furthermore, detrital values of εNd = −5.2 and −3.8 during the Holocene and
LGM at site ODP 1093 were determined by Noble et al. (2012), confirming the
strong Patagonian dust influence at the investigated site (Noble et al., 2012). Even
if a combination of increased aeolian dust input and reduced North Atlantic water
influence can partly explain the radiogenic εNd synchronously changing with cli-
mate, the purely radiogenic εNd values of up to −2 remain challenging to explain.
Consequently, an additional source of radiogenic Nd is needed to explain the glacial
observations.

Scenario (III) In the third scenario, the εNd signature of the authigenic coating is
influenced by water mass provenance changes and local alterations, which are difficult
to disentangle. It has been shown, that the impact of the benthic flux is highly
dependent on the circulation strength (Abbott et al., 2019; Blaser et al., 2019; Du
et al., 2016; Homoky et al., 2016; Howe et al., 2016a; Jaume‐Seguí et al., 2021; Roberts
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Figure 6.4.: Binary mixing model for particle contribution to εNd signatures in the
ambient seawater of AABW (blue dot). The lines depict the change in εNd signature
of the water mass by adding Nd from dust to the Nd budged in various fractions
Fdust. The mixing model was applied with typical dust εNd signatures of Patagonian
origin (Struve et al., 2020a, 2022) and volcanogenic glass (Nielsen et al., 2007). The
model does not make any statements on the dissolution process of particles itself.

and Piotrowski, 2015; Vogt-Vincent et al., 2020). During times of a sluggish ACC
the resulting exposure time of water masses around Patagonia increases compared to
interglacial times (Lamy et al., 2024; Toyos et al., 2020; Wu et al., 2021), allowing
diffusion of pore water Nd to become more relevant with respect to advection.

Lacking direct reconstructions of flow speed from ODP 1903, the reconstructed
flow speed at site PS97/093-2 (Toyos et al., 2020) is presumed to be the same as at
site ODP 1093 in a first approximation (Fig. 6.2 c). At ACC flow speeds of 10 cm/s
in glacials to 20 cm/s in interglacials, the transport of water from site PS97/093-2 to
sites ODP 1093 and 1094 occurs in less than a year, which is instantaneous compared
to the millennial resolution of the εNd records. Thus, more sluggish ACC conditions
lead to an overall longer exposure of the bottom water mass to possible sedimen-
tary and volcanogenic influences in the investigated region. This becomes visible in
a strong correlation of the ACC speed with the εNd signatures at site ODP 1093
during the first 150 ka (R2=0.7, Fig. 6.5 a). For the entire 1 Ma the correlation is
still imaginable, however, likely due to age model uncertainties of ODP 1093 only
at R2=0.38 (Fig. 6.5 a). The exact influence of the εNd modifying processes is not
quantifiable due to the various mechanisms underlying the εNd signature change.
For comparison, diffusive effects on the Nd budget in todays South Pacific are in the
order of 1.4 ε-units and thus do not cover up completely the εNd water mass signal
(Haley et al., 2021).
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The fact that ACC conditions during glacials are quantitative, allows suggesting
that the local change of the water mass εNd signature increases during glacials com-
pared to interglacials. A lack of AABW export (Huang et al., 2020) and the possibly
less southward reaching NADW during glacials (e.g. Farmer et al., 2019; Frank, 2002;
Howe and Piotrowski, 2017; Pena and Goldstein, 2014) further facilitates the domi-
nance of the regional volcanic Nd budget in the southern Atlantic Ocean by processes
such as the benthic flux. Note that this scenario does not exclude any impact of PSW
possibly contributing to the radiogenic Nd budget. The benthic modified Deep Wa-
ter (bmDW) is assumed to be recorded in the authigenic coatings of the sediment
at site ODP 1093. Its occurrence must be a more regional feature, since also at site
PS 1768-8 a highly radiogenic signature of εNd ∼ −4 is recorded (Huang et al., 2020).

These temporal and regional changes of the bottom water mass imply, that the
quasi-conservative behavior of Nd isotope composition in the ocean is not maintained
south of the PF in the southern Atlantic Ocean. A complex interaction of sediment
composition, flow strength and water mass advection and mixing pathways allows a
pore water flux to modify the bottom water εNd signature. These findings support
the hypothesis of a switch to more non-conservative behavior of Nd during glacials
with a more sluggish circulation (Pöppelmeier et al., 2022). However, the εNd modi-
fied water mass of bmDW interacts via the ocean circulation with the whole Atlantic
Ocean basin, once it leaks the PF toward the North.

During interglacials the combination of advective ocean dynamics with higher ACC
speeds and the pronounced AABW export diminishes the regional flux and causes
a more advection-driven Nd budget. Thus, conservative water mass mixing between
the latter is assumed to entirely account for the εNd signature of the authigenic
coating. This is in line with similar interglacial εNd signatures at sites ODP 1093,
PS 1768-8, the foraminifera, opal and sea water εNd data (Hallmaier et al., 2023a;
Huang et al., 2020; Nielsen et al., 2007; Stichel et al., 2012). Solely ODP 1094 stands
out, likely being to close to the source of volcanic particles and Nd release. A low to
no benthic influence during interglacials is further constraint by the strongly different
εNd values of the detritus and the authigenic coating (Noble et al., 2012).

In summary, the εNd record at site ODP 1093 is considered to predominantly
reflect bottom water through interglacials. A reduction of ACC strength, AABW
production and NADW import lead to a change in Nd flux density during glacial
periods and a more significant contribution of regional diffusion of Nd from dust and
volcanogenic particles. The resulting changes in Nd budget and the sluggish circula-
tion could possibly allow for a PSW influence on the εNd signature. However, this
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influence is not quantified at present, as it requires observations along the presumed
advective pathways. Beyond this, the changes in ocean dynamics allow for local
sedimentary sources, dust inputs and also volcanogenic impacts altering the bottom
water εNd signature, yielding glacial bmDW. The spatial extent of bmDW over time
remains elusive due to the lack of multiple further εNd records south of the PF. Only
for the past 150 ka, the εNd recorded at site PS 1768-8 support the importance of a
volcanic Nd flux during glacial (Huang et al., 2020). Obviously, a combination of the
discussed processes can also account for the εNd variability at site ODP 1093.

In conclusion, the εNd signature of ODP 1093 depicts a variable southern Atlantic
Ocean basin endmember changing synchronously with the climate. The εNd signature
most likely accounts for advective and diffusive processes altering the Nd isotopic
composition of the bottom water on climate timescales.

6.3. Local Influences Dominating the εNd Signature
of ODP 1094

Compared to site ODP 1093 the εNd signal at site ODP 1094 does not record an en-
tirely climate related signal at first glance. The εNd values during glacial periods are
similar to the glacial values of ODP 1093 supporting the hypothesis, that the regional
bottom water mass is altered toward radiogenic values during glacials. Nevertheless,
sudden radiogenic spikes during interglacials cannot be explained by a climate related
process. As already proposed, these signatures point to a strong radiogenic source in
close vicinity of ODP 1094. Nowadays, the core site is located in vicinity to Bouvet
triple junction (∼500 km), which is part of a complex submarine volcanic area and
seaflor spreading center. In this area the South American Plate, the South African
Plate and the Antarctic Plate diverge (Ligi et al., 1999). Due to continuous ridge
formation the volcanic activity around this area is very high. However, the connected
processes are unlikely to influence the Nd isotopic composition at site ODP 1094 in
a different way than ODP 1093.

Site ODP 1094 is today located within a plume of dissolved Fe and Mn pointing
to submarine hydrothermal activity (Klunder et al., 2011; Middag et al., 2011). The
high Fe-Mn inputs from hydrothermal vents have the ability to alter the bottom wa-
ter Nd budget by decreasing the Nd concentration due to direct scavenging of Nd
onto Fe-Mn oxides. This process can lead to a strong shift in the seawater Nd budget
and isotopic composition. Thus, the possible benthic flux influence on the εNd sig-
natures preserved in authigenic coatings may be increased in close proximity to the
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source (Jeandel et al., 2013). It was shown, that the ability of hydrothermal inputs to
modify water mass εNd signatures on a larger scale is approximately +0.7 ε-units in
the North Atlantic (Stichel et al., 2018). The observed hydrothermal plume expands
along the zero meridian distinctly from ∼51°S to 56°S and ∼1.4 km to 2.8 km water
depths (Middag et al., 2011). Assuming the plume to be neutrally buoyant, it gets
strongly advected eastward within the strong ACC (German et al., 2016; Klunder
et al., 2011; Middag et al., 2011). As site ODP 1094 is located within the center
of the plume, the plume has a direct impact on the εNd signatures. In contrast,
the deeper location of ODP 1093 is outside the plume and a direct influence of the
hydrothermal activity is strongly reduced.

Besides the prominent radiogenic spikes, the εNd signature also shows single but
remarkably unradiogenic spikes during interglacials. Comparing the two authigenic
Nd isotope records of the neighbouring locations ODP 1093 and ODP 1094, the signa-
ture of the more northern location ODP 1093 envelops the highly variable signature
of ODP 1094 and forms an unradiogenic limit to ODP 1094 (Fig. 6.2). The rare un-
radiogenic spikes during interglacials can be interpreted as short time periods where
advective water mass signatures have the potential to dominate the Nd budget at site
ODP 1094, maybe due to short interruptions in hydrothermal activity. Since all pos-
sibly modifying processes, such as e.g. volcanic activity, boundary exchange and dust
dissolution, lead to more radiogenic εNd values, these excursions must stem from a
localized overprinted water mass at that site. Additionally, hydrothermal activity is
erratic and unlikely continuous. Thus, it is possible that radiogenic spikes of century
long duration influence the record during interglacials. In glacials the sensitivity to
these radiogenic influences vanishes as the surrounding bottom water becomes overall
more radiogenic.

For a quantitative measure of the deviation of the ODP 1094 signature to the ex-
pected ODP 1093 signature, a comparison is made by calculating the difference in
εNd over time and comparing it with the ACC strength (Toyos et al., 2020) (Fig.
6.5 b). For the period before the 900 ka event the difference in the εNd signatures
is significantly lower and the εNd signature at site ODP 1094 less variable, which is
discussed in detail in chapter 8.

The ACC flow strength is highly variable on glacial-interglacial time-scales (Lamy
et al., 2024; Toyos et al., 2020). The ACC itself acts as a main mechanism trans-
porting the hydrothermal plume, consequently it has the potential to modulate the
impact of the plume on site ODP 1094. Thus, the calculated difference in εNd is
set in context with ACC flow speed reconstructions via sortable silt measurements
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Figure 6.5.: a: Correlation of εNd of ODP 1093 with sortable silt measurements of
PS97 093-2 from the Drake Passage as measure for ACC flow strength (Toyos et al.,
2020). b: Correlation of the difference in ε-units of the εNd signatures from ODP
1094 to ODP 1093 with ACC strength.

(SS) at the entrance of the Drake Passage over the past 1 Ma (Toyos et al., 2020).
The observed SS variations correspond to current speeds in a range of 15 to 18 cm/s
(McCave et al., 2017) or 8 to 17 cm/s (Wu et al., 2019) depending on the used cal-
ibration. The correlation between the difference in εNd values of the locations and
the respective SS measurement is especially strong for the last 150 ka (R2=0.8). The
correlation is still visible for the whole record even though less strong (R2=0.56). The
lower correlation is likely linked to the higher uncertainties in the age model of ODP
1093 for older ages and especially before the 900 ka event. In summary, large εNd
offsets of ODP 1094 to ODP 1093 can be associated with higher ACC speeds and
vice versa (Fig. 6.5 b). This suggests a hidden climate signal within the otherwise
apparently random behavior of the εNd signature of ODP 1094.

These observations allow for the conclusion that ACC flow speeds are of crucial
importance for the spreading of such variable εNd signatures at site ODP 1094 and
likely the whole ocean. During times that are characterized by a more sluggish cir-
culation such as glacials, the eastward advection of the hydrothermal plume is less
pronounced. Thus, it is most likely that the plume does not reach site ODP 1094,
leading to a weaker Nd scavenging and a more dominant signal from the surrounding
bottom water. Additionally, as indicated by ODP 1093, the overall isotopic signa-
ture of the bottom water is more radiogenic and thus more similar to possible local
effects. Consequently, still occurring local sedimentary processes may not dominate
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as strongly as during interglacials.

In summary, the εNd record at site ODP 1094 reveals a coherence with ACC flow
speeds, which is driven by climate. Current flow speeds within the ACC seem to
play a major role in advection-diffusion pattern of εNd in the Atlantic Ocean south
of the PF. The unique εNd pattern further emphasizes the importance of Nd isotope
exchange processes through pore waters and volcanic activity.

6.4. Increased Carbon Storage in the Deep Southern
Ocean During Glacials

During glacials, the deep oceans are stratified rather by salt instead of heat (Adkins,
2013), resulting in a more haline ocean circulation. The salinity pattern of global
bottom waters was different during glacials: The saltiest waters are found in the
southern Atlantic Ocean, contrasting with the freshest waters today (Adkins, 2013;
Adkins et al., 2002; Kobayashi et al., 2015). This led to a decrease in vertical diffusiv-
ity of heat between the Atlantic and the Southern Ocean deep waters. The decrease
in diapycnal mixing is suspected to create two distinct circulation cells separating the
Southern Hemisphere from oceanic heat fluxes more efficiently (Adkins, 2013; Hines
et al., 2019). This concept points toward a different vertical water mass structure in
a more stratified glacial deep Atlantic, prohibiting a vertical exchange of water and
thus ventilation of Southern Ocean waters.

The stronger influence of benthic flux in ODP 1093 during glacials is in line with
the observations of a much less dynamic circulation regime in the southern Atlantic
Ocean favouring an enhanced carbon storage. These processes combined lead to a
carbon rich, benthic modified Deep Water occupying the glacial Atlantic Ocean south
the PF. The εNd data supports the leading hypothesis of an aged and less ventilated
water mass, increasing the glacial carbon storage in the Southern Ocean (Huang
et al., 2020; Skinner et al., 2013; Struve et al., 2020b; Williams et al., 2021; Yu et al.,
2020). This indicates a significant impact of the Southern Ocean on the carbon cycle
during glacial-interglacial cycles. Note that due to PSW being old and carbon rich,
the implications of this chapter would be similar, if only scenario (I) was true, instead
of a combination of scenario (I) and (III).

The abrupt decrease in εNd during deglaciations points to the sudden change from
a benthic flux dominated deep water to advection dominated AABW and CDW. In
contrast, the glaciation is characterized by a more gradual establishment of bmDW,
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reflected in a rise toward radiogenic εNd values. Furthermore, this strengthens the
hypothesis of two different modes causing the εNd signatures, also reflected in the
overall εNd distribution of site ODP 1093.

The onset of terminations is abrupt and is characterised by the sudden return to
interglacial conditions regarding ACC strength, AABW and possible NADW export,
reduced sea ice cover and the position of the PF (Ai et al., 2024). The high fresh
water influxes from sea ice melting led to changes in the stratification regime and the
westerlies shift back to the South. Altogether this yields to the reestablishment of
upwelling processes and efficient export of the accumulated carbon rich water masses
to the surface where outgassing takes place (Ai et al., 2024). Additionally, during
deglaciations the AAIW export extends further to the North to feed the onset of
NADW production and thus opens up the possibility for outgassing in the whole
Atlantic (Yu et al., 2022).

In conclusion, the occurrence of a carbon rich, poorly ventilated water mass dur-
ing glacials in the southern Atlantic Ocean bears the potential to contribute signifi-
cantly to the abrupt climate changes in the past via upwelling and outgassing during
deglaciations. This further highlights the importance of the complex interplay be-
tween atmosphere, cryosphere and the ocean in the Southern Hemisphere.

6.5. Conclusions

The εNd signature of ODP 1093 shows two distinct modes, which evolve synchronously
with the LR04 benthic δ18O record and thus ice volume changes (Lisiecki and Raymo,
2005). In contrast, the εNd signature of ODP 1094 is characterized by abrupt cen-
tennial changes in its isotopic composition with three modes, that are not correlated
with climate. Here, the first multielement measurement of the carbonate depleted
sediment leachates of ODP 1093 and 1094 point to a mainly authigenic source of
the extracted Nd in both cases. Non-hydrogenetic and especially detrital influences
on the authigenic εNd signatures were concluded for samples with higher Sr/Ca
than 1 ‰ and Al/Nd below the limit of ∼300. Comparing the HREE/LREE and
MREE/MREE* ratios, single samples outside the bounds of leached and seawater
samples were observed by Martin et al. (2010). With this method a total of 15 sam-
ples and their respective εNd signatures were excluded from further evaluation.

The high εNd dynamic at both sites is unlikely entirely caused by water mass
provenance changes. In fact, a combination of three different processes influences the
Nd budget. These processes are: (I) advective water mass changes, (II) regionally
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altering pore water flux of Nd and (III) modulation of the advection-diffusion balance
by ACC volume and speeds.

Site ODP 1094 is situated close to an active volcanic and hydrothermal area. Thus,
the surrounding bottom water is likely influenced by punctual scavenging of Nd and
relabelling due to volcanic isotope exchange processes. Under specific conditions,
these mechanisms have the possibility to dominate the Nd budget. Especially, ACC
flow speed changes lead to recurring overprints of the water masses at site ODP 1094.

Furthermore, the unique variability of 6 ε-units observed at site ODP 1093 is caused
by advection-diffusion processes, but due to the distance to the volcanic plume a di-
rect influence of volcanism and hydrothermal impacts is missing. During interglacial
periods with a strong ACC and persistent AABW export, the εNd signature is driven
especially by the Nd from advective water mass flow. This is reflected in the AABW
like εNd signature of approximately −8 during interglacials. During glacial times cir-
culation conditions are more sluggish and AABW export is strongly decreased (Wu
et al., 2021). However, considering the contributing water masses, this influence can
only explain signatures of around εNd = −5. Within a sluggish ACC and without
a strong AABW influence local benthic sources dominate the Nd budget within the
bottom water, explaining the strongly radiogenic signature up to εNd = −2 ε-units
during glacial periods. Altogether, this causes a major change in the Nd isotopic
composition south of the PF.

Thus, the εNd signature at site ODP 1093 points to a regional modification of
CDW, namely bmDW, due to more sluggish circulation conditions. This in turn
supports the occurrence of a respired carbon rich, poorly ventilated water mass in
the southern Atlantic Ocean. Conclusively, bmDW export bears the potential to
contribute significantly to the abrupt climate changes in the past. The water masses
with the radiogenic εNd signature, recorded at site ODP 1093, interact with the entire
Atlantic Ocean via the frontal upwelling systems and potentially alter the Atlantic’s
Nd isotopic composition toward more radiogenic εNd values over time. Thus, ODP
1093 serves as the SSW εNd endmember in the Atlantic Ocean.
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Throughout the past 1 Ma, sites in the North Atlantic show less radiogenic εNd signa-
tures compared to the sites on the Southern Hemisphere. Several studies interpreted
this phenomenon as the decreasing southward imprint of NADW on the water mass
mixing balance on its way to the South, which is also visible in the benthic carbon
isotopes of foraminifera tests (Howe and Piotrowski, 2017; Kim et al., 2021; Pena and
Goldstein, 2014). Other studies have recently interpreted this gradient as a result of
detrital particle composition and weathering release of Nd (Abbott et al., 2022; Zhao
et al., 2019). In the South Atlantic a similar εNd behavior as across the Atlantic
basin is observed. As already discussed in chapter 5 and 6, the εNd signature at site
ODP 1093 does reflect signs for a change in water masses. The recorded SSW reflects
the Southern Ocean basin endmember of the Atlantic Ocean interacting with the
entire ocean basin and accounting for different processes altering the εNd signature
of the regional bottom water.

The change of εNd signatures across the Atlantic Ocean over time can be quanti-
fied via the εNd gradient ∆εNd. All relevant sites for this study are displayed in Fig.
7.1. The weakening of the AMOC during glacials proposed by several εNd studies in
the past, is always based on the assumption of a constant Southern Atlantic Ocean
basin endmember. The new findings of this study show on the one hand that this
is not the case and on the other hand, open up the possibility to review proposed
changes in the strength of deep ocean circulation with a variable εNd endmember.

The findings of this chapter summarize and extent the results of the manuscript
Small-scale AMOC Strength Variability Revealed by the Interhemispheric εNd Gra-
dient of the Atlantic Ocean During the Last 150 ka (in preparation).
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Figure 7.1.: Locations of various sites across the Atlantic considered in the in-
terhemispheric gradient ∆εNd discussion Left: Dissolved phosphate content on a
transect across the Atlantic Ocean. The phosphate concentration follows the main
water masses. Right: Transect across the Atlantic Ocean along the locations of the
investigated sites. Color code as in Fig. 7.3. Visualization with Ocean Data View
(Schlitzer, 2019).

7.1. Synchronous εNd Changes in the North and
South Atlantic

To get a broader picture of the εNd evolution across the Atlantic Ocean several lo-
cations were set in context with each other. The exact location of the sites, the high
temporal resolution of the εNd data and a time range of ideally 1 Ma were main
criteria for the choice of data to compare with. Applying these criteria, the data
coverage is sparse, in fact there are no published records at millennial resolution,
that reach further back in time than 800 ka. In the North, the glacial-interglacial
resolution record of IODP U1313/DSDP 607 and the mainly unpublished record of
ODP 1063 with a high temporal resolution are considered. Site ODP 1093 marks the
southern boundary. The respective εNd signatures over the past 1 Ma are displayed
in Fig. 7.2 a.

Site ODP 1093 is located south of the PF and records the past 1 Ma εNd signature
in a millennial resolution. It serves as the southern Atlantic Ocean basin endmember,
which in turn interacts with the entire Atlantic, as already discussed in chapter 6 and
5. IODP U1313/DSDP 607 is located at the base of the upper western flank of the
Mid-Atlantic Ridge and extensively studied as a key to understand NADW through
time (Jaume‐Seguí et al., 2021; Kim et al., 2021; Lang et al., 2016; Lippold et al.,
2016; Pöppelmeier et al., 2021a; Yehudai et al., 2021). ODP 1063, located at the
Bermuda rise, has been debated as representing NADW through time due to a recur-
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Figure 7.2.: εNd signatures in the North and South the Atlantic Ocean. εNd signa-
tures at sites IODP U1313/DSDP 607 (Kim et al., 2021; Lang et al., 2016; Lippold
et al., 2016; Pöppelmeier et al., 2021a), ODP 1063 (Böhm et al., 2015; Gutjahr and
Lippold, 2011; Jaume‐Seguí et al., 2021; Link, 2021; Lippold et al., 2019; Roberts
et al., 2010) and ODP 1093 (this study and Hallmaier et al. (2023a)). Grey shaded
areas and numbers above mark the MIS.

ring local unradiogenic overprint, which is disturbing the water mass exchange signal
in more than 25 % of the observations during the past 150 ka (Böhm et al., 2015;
Gutjahr and Lippold, 2011; Lippold et al., 2019; Roberts et al., 2010). Nevertheless,
J.M. Link has shown the value of ODP 1063 by extending the εNd record to 1 Ma
and demonstrating its ability to partly represent water mass signature despite local
influences (Link, 2021).

The strong oscillation pattern of εNd in ODP 1093 is synchronous and in the
same order of magnitude as εNd records in the North, like ODP 1063 or IODP
U1313/DSDP 607, which is of lower temporal resolution (Fig. 7.3 a). The resolution
in the first 150 ka of εNd at site IODP U1313/DSDP 607 is equally high as in the
other records. Further, its signature is in a similar range as the εNd signature at site
ODP 1063, however, shows less variability and no strongly unradiogenic excursions.
The data from site IODP U1313/DSDP 607 has only glacial-interglacial resolution,
making the comparison between the northern sites more difficult. In total, all three
records show similar glacial-interglacial patterns. Compared to site ODP 1063 the
εNd signature at site ODP 1093 has little millennial variability within single MIS.
While the absolute values and the origin of Nd in both regions and under changing
climate are completely independent from one another, the close temporal correla-
tion and even similar amplitude is remarkable and advocates for a common driver.
Both εNd signatures change synchronous with the benthic δ18O record (Lisiecki and
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Raymo, 2005), inferring that the oscillation is primarily driven by climate forcing
and ice volume changes. Moreover, the forcing altering the εNd signature must be of
similar strength, synchronized and thus basin wide, possibly even global.

One hypothesis to explain the strong connection could be a water mass endmem-
ber change, driven by the increase and decrease of Northern Hemisphere ice volume.
The synchronous shift of 6 ε-units is dramatic and implies a major change of the
Nd sources, as today the Pacific and Atlantic differ by only 8-10 ε-units (Tachikawa
et al., 2017). Such a massive change would imply a modification of the entire Atlantic
εNd composition towards more radiogenic values without changes in the actual water
mass structure and flow strength, and thus interior ocean circulation patterns, re-
spectively. To change the water mass endmembers’ signature, deep water formation
must take place in either an entire different region or the signature at the respective
site must change on the same time scale. Additionally, the radiogenic εNd must be
quickly removed from the water mass during deglaciations.

The here used northernmost sites ODP 1063 and IODP U1313/DSDP 607 are
in large distance from today’s deep water formation areas and thus cannot trace
such changes directly. Additionally, there is no particular reason for the deep wa-
ter formation to take place in a different region in the past compared to nowadays.
Present-day deep water formation in the Atlantic occurs in the Norwegian, Greenland
and Labrador Seas and in the Southern Ocean in the Weddell and Ross Sea. Each
of these Seas have a strongly differing Nd isotopic composition (Foster et al., 2007;
Howe et al., 2016a; Jaccard et al., 2013; Jaume‐Seguí et al., 2021; Lippold et al.,
2019; van de Flierdt et al., 2006). Denmark Strait Overflow Waters (DSOW) and
Iceland Scotland Overflow Waters (ISOW) are far more radiogenic than Labrador
Sea Waters (LSW) due to the influence of Nd from weathering of Icelandic volcanic
material. This leads to an increase of the Nd isotope composition of NADW (εNd ∼
−12.3, Tachikawa et al. (2017)) if compared to the Labrador Sea Water (LSW) (εNd
∼ −16, Blaser et al. (2020)). Analysis of Fe-Mn crusts (Foster et al., 2007; Frank,
2002) and of cold-water corals (van de Flierdt et al., 2006) from the North Atlantic
further suggest a constant NADW endmember Nd isotopic composition during the
past ∼3 Ma. Also, the εNd composition of continental margins are assumed to be
stable over geological time scales and especially independent from glacial-interglacial
cycles.

The process of changing water mass endmembers in the North is therefore highly
unlikely. However, the possibility of a variable NSW endmember is hereby not ex-
cluded, it only appears very unlikely. For the South the variability of the SSW
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endmember value was shown in the previous chapters. CDW has no distinct for-
mation area, but is rather a well mixed water mass of southward exported water
masses from all ocean basins. Deep water formation in the southern Atlantic Ocean
only takes place in the Weddell Sea and the resulting AABW is the most radiogenic
deep water mass formed in the southern Atlantic Ocean today. Based on Pb and Nd
isotopes it was shown that AABW εNd signatures remained constant (εNd ∼−8.6)
over the last glacial period, but Weddell Sea deep convection almost vanished during
the last glacial (Huang et al., 2020). The record of site ODP 1093 confirmed, that
this process was recurring during all glacial periods within the past 1 Ma. Thus, a
changing water mass εNd endmember of AABW is not only unlikely, but of rather
minor importance for the radiogenic change in the εNd signature in the southern
Atlantic Ocean due to its reduced occurrence during glacials.

Changes in ocean dynamics from larger to more local scales have the potential
to cause the distinct εNd signatures. The northern sites do not to reflect a water
mass endmember but rather the change of flow dynamics over time (Jaume‐Seguí
et al., 2021; Kim et al., 2021; Lang et al., 2016; Lippold et al., 2016; Pöppelmeier
et al., 2021a; Yehudai et al., 2021). Thus, this location is considered as the Northern
Atlantic Ocean basin endmember, which interacts with the entire ocean basin. How-
ever, very local effects have the ability to modify the εNd signatures in the North in a
similar way compared to changes in the South. For ODP 1063 it was suggested, that
the more radiogenic values were caused by a stronger export of SSW (Böhm et al.,
2015). In contrast, the more unradiogenic values were caused by most localized in-
fluences from reactive sediments, possible diagenesis or benthic fluxes. These are
documented in εNd < −16, which occurred at the end of the past two climate termi-
nations (early interglacial overshoot) and frequently during earlier interglacials (MIS
11 and before), or during the slow transitions to glacial climate. The unradiogenic
peaks have been explained as being caused by LSW (Lippold et al., 2019), abyssal
unradiogenic sources (Howe et al., 2016b; Jaume‐Seguí et al., 2021) or weathering
of detrital material (Abbott et al., 2022). However, these inputs are not assumed to
modify the Atlantic’s regional bottom water Nd isotopic composition significantly. In
addition, it was shown by 231Pa/230Th that the export of deep water solely vanished
surrounding Heinrich events (Böhm et al., 2015). The overall circulation showed per-
sistently strong overturning likely at shallower depth. Less NADW export coincides
with more radiogenic Nd isotopic compositions (εNd ∼−10) at site ODP 1063 during
these millennial events (Jaccard et al., 2013; Skinner et al., 2013). To conclude, ODP
1063 reflects a combination of water mass contributions and not yet quantifiable very
local inputs in ODP 1063 (Böhm et al., 2015; Gutjahr and Lippold, 2011; Link, 2021;
Lippold et al., 2019; Roberts et al., 2010). For further evaluation locally overprinted
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εNd < −16 in ODP 1093 are excluded.

The strong mixing capacity of the ACC provides an εNd endmember south of the
PF, which here reflects the southern Atlantic Ocean basin endmember. Its charac-
teristic signature was shown to originate from the alternating impact of advective
water masses and regionally pore water fluxes modifying the bottom water Nd iso-
topic composition during glacials (Chapter 6). To further quantify the North-South
εNd changes through climate, the evolution of the difference in εNd signatures across
the Atlantic is investigated.

7.2. Latitudinal εNd Gradient

The synchronous interhemispheric Nd isotope changes lead to the here defined neodymium
isotope gradient ∆εNd, which is given as the North-South difference in εNd per 10°
latitude:

∆εNd =
εNdSouth − εNdNorth

latitudinal difference/10°
. (7.1)

In this concept, the lower the gradient the more similar are the water masses. This
can be the result of a strengthening NSW flow to the South or a complete reversal of
the flow. Following this concept, the sensitivity of water masses to Nd isotope mix-
ing is low, when the interhemispheric gradient is small and the circulation Φ strong.
The absolute values of εNd point to the directions of flow. This concept does not
include a possible impact of increasing NSW and SSW endmember volumes during
glacials due to growing ice volume. This would result in dynamic changes of the
mixing volume with climate, which would imply changes in the circulation Φ, while
the recorded ∆εNd value between the northern and southern sites remains similar.
When the circulation collapses, water mass mixing of NSW and SSW is reduced and
their difference in εNd at maximum. Thus, the gradient should be at the maximum
value of ∆εNdmax ' –3–(–15)

8.6 ' 1.4. In contrast, the circulation is assumed to be
the strongest, when the difference in εNd of NSW and SSW is at minimum, yielding
∆εNdmin ' –9–(–12)

8.6 ' 0.4. The here used εNd values for the maximum and minimum
∆εNd are estimated from the εNd at the northern and southern locations of this
study.

The underlying assumption that εNd changes linearly with the difference in lati-
tude is a first order approximation, that only holds true for basin wide processes. It is

86



7.2. Latitudinal εNd Gradient

Figure 7.3.: εNd signatures in the North and South Atlantic Ocean and the resulting
interhemispheric gradient ∆εNd. (a) εNd signatures at sites IODP U1313/DSDP
607 (Kim et al., 2021; Lang et al., 2016; Lippold et al., 2016; Pöppelmeier et al.,
2021a), ODP 1063 (outliers excluded, Böhm et al., 2015; Gutjahr and Lippold, 2011;
Jaume‐Seguí et al., 2021; Link, 2021; Lippold et al., 2019; Roberts et al., 2010)
and ODP 1093 (this study and Hallmaier et al. (2023a)). (b) The interhemispheric
gradient ∆εNd calculated from IODP U1313/DSDP 607 and ODP 1063. The green
dashed line and shaded area mark the mean ∆εNd (± SD). The red/blue dashed
lines mark the maximum/minimum ∆εNd associated with a weak/strong circulation
Φ.

based on the observation of the gradual change in εNd from North to South over the
whole Atlantic Ocean. Potential influences of East-West gradients, frontal systems
or very local processes are assumed to be averaged out along the dominant North-
South pathway. In short distances high gradients are expected when crossing e.g. a
frontal system. Further, it is assumed, that the Nd concentration has not changed
dramatically over the averaged time span of 2.5 ka. Knowing this sensitivity to water
mass exchange, an εNd prediction can be made, which is similar to the approach for
modern seawater taken by Tachikawa (2003), who used an expectation value for the
sediment Nd isotope composition, based on modern seawater as a predictor.

To calculate the gradient between εNd records of different resolution, a smoothed
signal is obtained by forming the average εNd signature over a given time span for
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the records. The time span is chosen to be 2.5 ka, as this time interval is close to the
resolution of the εNd record, but large enough to average over very local processes.
These smoothed εNd signatures thus reduce the effects on ∆εNd of single eventually
locally dominated processes, regardless of their origin. In the following, the gradient
∆εNd was calculated using both Northern Hemisphere locations to ensure and com-
pare the feasibility of the resulting ∆εNd. The obtained gradient ∆εNd with both
Northern Hemisphere locations is displayed in Fig. 7.3 b. In the most recent past,
where the data for IODP U1313/DSDP 607 is of equally high resolution as the data
from ODP 1063, the ∆εNd records behave similarly. The obtained ∆εNd values are
overall quite variable in a range from 0.41 to 1.31 ε-units per 10° latitude. Thus, they
fall within the expected range for the gradient across the Atlantic. Further back in
time the ∆εNd data is less variable due to the solely glacial-interglacial resolution
of IODP U1313/DSDP 607. However, the overall variability of the gradient shows
a noise-like behavior, which is especially uncorrelated with ice volume changes and
thus the glacial-interglacial cycles.

On average the mean gradient of ∆εNd = 0.88 ± 0.17 ε-units per 10° latitude
implies a moderately weaker circulation compared to the modern value of ∆εNd '
0.5 ± 0.1 ε-units per 10° latitude, thus speaking for either a systematic offset or
an overall weaker circulation. Given the assumption that the εNd signatures get
more radiogenic further to the South, it is counter-intuitive, that the εNd data of
IODP U1313/DSDP 607 always depicts more radiogenic values compared to ODP
1063. This behavior is assumed to be caused the low εNd data resolution of IODP
U1313/DSDP 607 or the highly variable still unradiogenic signatures of ODP 1063,
which were not excluded despite applying the filter of εNd < −16 to the data. This
is reflected in the overall higher gradient values calculated from ODP 1063 compared
to the ones calculated from IODP U1313/DSDP 607. In summary, neither of the εNd
data sets are perfectly suitable for the gradient calculations due to low εNd resolution
or local overprints of the water mass Nd isotopic composition.

There are numerous events standing out in their extreme sensitivity, that seem
related to global climate change (Fig. 7.3 b). When ∆εNd approaches the maximum
value of 1.4 ε-units per 10° latitude, the circulation seems at minimum, which occurs
independent of the climate state. Lower εNd gradients always coincide with inter-
glacials and advocate for a strong overturning. The unradiogenic εNd in the North
and the South during theses times must reflect a North-South transport, as expected
from northern deep convection. The lower ∆εNd, observed during the termination at
the end of MIS 6, 10, 16 and 20 suggests, that the stronger export of AABW at the
end of the glacial starts before the Northern Hemisphere circulation switches back to
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Figure 7.4.: Distribution of ∆εNd values, obtained from both northern sites IODP
U1313/DSDP 607 and ODP 1063 and the southern site ODP 1093.

the interglacial conditions. The Antarctic sea ice extent seems a plausible parameter,
on which AABW export depends due to its impact on the sheer stress of the westerly
winds and formation of polynas (Huang et al., 2020; Jochum and Eden, 2015; Sigman
et al., 2010; Wilson et al., 2020). The different response of the hemispheres to the
sudden change from glacials to interglacials accelerates the circulation temporarily,
as also proposed in Friedrich et al. (2014). Conclusively, the climate stages favor
certain patterns in the ∆εNd behavior, however, both circulations stages may occur
independent from climate. It cannot be fully excluded, that these punctual gradi-
ent variations may also be related to the age model uncertainty of ∼10 ka. Due to
age uncertainties or different temporal resolutions both records may virtually appear
more similar during terminations.

The distribution of the obtained ∆εNd values from both northern locations points
to two different circulation states (Fig. 7.4). The weaker circulation mode with ∆εNd
∼ 0.9 ε-units per 10° latitude, is close to the mean gradient and more frequently ob-
served. In contrast, the circulation is less often in the stronger mode with ∆εNd ∼
0.7 ε-units per 10° latitude. The broad distribution implies, that circulation strength
was highly variable in the past 1 Ma, but even extreme circulation states did not
persist for a long time. Note that the weaker mode may be observed more often due
to the higher resolution and stronger variability of the εNd data at site ODP 1063.
In summary, the findings could hint to a circulation bi-stability, but is also imply
that the circulation state itself is not the cause of climate change.
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Figure 7.5.: εNd signatures across the Atlantic Ocean, the prediction of εNd sig-
natures at site ODP 929 and their respective deviation from the measured εNd sig-
natures. The grey shaded areas mark the MIS. (a) εNd signatures at sites IODP
U1313/DSDP 607 (Kim et al., 2021; Lang et al., 2016; Lippold et al., 2016; Pöp-
pelmeier et al., 2021a), ODP 1063 (Böhm et al., 2015; Gutjahr and Lippold, 2011;
Jaume‐Seguí et al., 2021; Link, 2021; Lippold et al., 2019; Roberts et al., 2010), ODP
929 (Howe and Piotrowski, 2017), the combined data of RC11-83 and TNO57-21 (Pi-
otrowski et al., 2005) and ODP 1093 (this study and Hallmaier et al. (2023a)). (b)
The prediction of the εNd signature of ODP 929 from the signature of ODP 1093 in
comparison with the measurements of ODP 929.

7.3. Prediction of εNd Signatures in the Central
Atlantic

Assuming a very consistent sensitivity to water mass changes over time, the mean
gradient of∆εNd = 0.88 ± 0.17 ε-units per 10° latitude is used for further estimations
on εNd signatures across the Atlantic Ocean. Together with the εNd record at site
ODP 1093 as southern boundary the neodymium isotopic signature of the Atlantic
Ocean at any given site in between ODP 1093 and the chosen northern locations
becomes predictable. The prediction is calculated as follows, with the error derived
from the gradient’s uncertainty and the mean uncertainty of the εNd measurements
at site ODP 1093:
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εNdprediction = εNdODP 1093 +∆εNd · (latitudinal difference/10°). (7.2)

A resolution of the εNd data with at least one data point per 5 ka is favoured
to compare the prediction and its accuracy with the respective measurement. The
proposed method is applied and evaluated on the signature of ODP 929 at the Ceara
Rise in the central Atlantic Ocean for which a quasi-millennial Nd isotope record ex-
ists (Howe and Piotrowski, 2017). The εNd record of site ODP 929 from the Central
Atlantic reflects a glacial-interglacial pattern in a range between the εNd signatures
of the northernmost sites and the southernmost site. It ranges from interglacial val-
ues of εNd = −12.5 to more radiogenic values around εNd = −9.5 during glacials
(Fig. 7.5 a). Howe and Piotrowski (2017) state that the data reflects seawater εNd
and is especially assumed to be free from modifications originating from i.e. benthic
fluxes and particulate dissolution.

In Fig. 7.5 b the prediction and the measured εNd values of ODP 929 are dis-
played. The modelled εNd data is overall in coarse agreement with the measured
signature of ODP 929. During all transitions between isotope stages the predicted
and the measured signatures are similar within uncertainty. For a better comparison,
the prediction with the measured εNd signature the deviation between both and its
mean per MIS are calculated and displayed in Fig. 7.5 c. Positive values point to the
actual values being more radiogenic than the prediction and vice versa. It becomes
visible, that the measured signature during interglacials tends to be more radiogenic
than the modelled prediction (positive deviation). During glacials the εNd signature
of ODP 929 is more unradiogenic than the prediction (negative deviation), however
MIS 14 forms the only exception to this.

The glacial behavior can be interpreted as a stronger NSW contribution at site
ODP 929 during glacials than assumed from the model. Consequently, positive de-
viations of the measured ODP 929 εNd data from the model can be interpreted as a
stronger influence of radiogenic SSW at site ODP 929 than predicted. This implies,
that the SSW export is stronger during interglacials compared to the prediction.
During glacials the opposite is observed. Consequently, SSW does not dominate the
central Atlantic during glacials, which is in line with the findings of Friedrich et al.
(2014) and a stable interhemispheric NSW and SSW export over glacial-interglacial
cycles.

The sheer difference in size of the respective ocean basins must be considered when
discussing the signature’s evolution across the Atlantic. Due to the larger area of the
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central Atlantic compared to the North and South Atlantic, the residence time and the
travelled distance of water masses in the central Atlantic is much longer. Additionally,
the high radiogenic predictions could also originate from an overestimation of the
export of the benthic flux modified water mass into the central Atlantic. This would
indicate that the regionally modified glacial bmDW still is stronger diluted when
crossing the PF. The smoothed glacial signatures of the combined εNd record of sites
RC11-83/TNO57-21 (Piotrowski et al., 2005) from the Cape Basin further support
this finding (Fig. 7.5 a). Hence, glacial bmDW is less dominant in the vast basin
of the central Atlantic during glacials. Thus, the strong variations in the Northern
and the Southern Atlantic are smoothed out in the much larger central Atlantic
basin explaining the two times smaller glacial-interglacial variations at site ODP 929
compared to the North and South. Considering the smoothing effects on the εNd
signature within the basin, the prediction for the εNd signature at site ODP 929 is
in line with the measured εNd record. This further emphasizes the balanced export
of SSW and NSW through time.

7.4. Evaluation of Local Influences on ODP 1063

In the following, the mean εNd gradient is used to predict εNd signatures at site ODP
1063, following equation 7.2. The obtained record ideally reflects solely water mass
changes and further can be used to evaluate the strongly unradiogenic εNd values.
While the excursions to far more unradiogenic values than today’s water masses can
be associated with local influences quite easily, the less pronounced yet very variable
signals are difficult to disentangle from the likely underlying water mass signal.

In Fig. 7.6 the prediction and the mean deviation from the measured εNd values
of ODP 1063 are displayed. The predicted εNd data is overall in agreement with
the measured signature of ODP 1063. The agreement is high for past 150 ka and
also during the following glacial periods. Over this time interval less excursions to-
ward unradiogenic Nd isotopic compositions are observed at site ODP 1063. The
prediction from 150 to 560 ka is biased to more radiogenic values, especially during
interglacials, where the previously described local effects on the εNd signatures occur.
From 560 ka to 900 ka the unradiogenic excursions in the measured data are less vis-
ible, leading again to an agreement of ODP 1063 and its εNd prediction. During the
time before the 900 ka event the prediction and the measured data show the highest
difference. Three processes may cause strong deviations from the predicted values:
Local unradiogenic overprints of authigenic εNd values, age model deviations and a
non-linearity in the concept of the basin wide Nd isotope gradient.
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Figure 7.6.: The prediction of εNd signatures at site ODP 1063 and their respective
deviation from the measured εNd signatures. (a) The prediction of the εNd signature
of ODP 1063 (Böhm et al., 2015; Gutjahr and Lippold, 2011; Jaume‐Seguí et al., 2021;
Link, 2021; Lippold et al., 2019; Roberts et al., 2010), ODP 929 (Howe and Piotrowski,
2017) from the signature of ODP 1093 in comparison with the measurements of ODP
1063. (b) The mean deviation per MIS of the measurement from the prediction of
ODP 1063.

The εNd origin at site ODP 1063 seems less variable during glacial times, which
is here interpreted as dominant water mass origin. The interglacial predictions of
ODP 1063 are assumed to be the result of water mass mixing, since the prediction
for the central Atlantic was accurate and the εNd at site ODP 1093 is of water mass
origin. Thus, especially for the past 150 ka and the timespan from 560 to 900 ka BP
the prediction points to a strong and local overprint of the water mass signal at site
ODP 1063. In contrast, the εNd signature in the timespan from 150 to 560 ka shows
systematic differences between the prediction and the measurement, that cannot be
caused solely by single unradiogenic excursions. In this time the interglacial values
depict the most unradiogenic mean values pointing to a more comprehensive modi-
fication of the bottom water compared to the modern North Atlantic. However, the
more unradiogenic baseline of the εNd signature and thus the stronger unradiogenic
deviation from the prediction may also be caused by a stronger LSW or weaker SSW
export during these times.

Similar to the prediction of site ODP 929, the difference between data and pre-
diction of ODP 1063 can also originate from a dilution of the most radiogenic more
regional southern signatures in the vast basin of the Atlantic Ocean, indicating non-
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linear mixing due to e.g. Nd concentration gradients. Consequently, the highly ra-
diogenic SSW signature gets stronger diluted across the whole Atlantic Ocean basin.
Finally, the age model uncertainties of ODP 1093 cannot be ignored and may account
for the deviations especially during terminations. In summary, these findings further
support the ambiguous behavior of the εNd data at site ODP 1063, but they also
strongly support the hypothesis of an underlying water mass signal that is partly
veiled by dominating local effects at this site at least over the past 1 Ma.

7.5. Implications on Water Mass Export and Deep
Ocean Circulation Strength

Circulation strength changes within the Atlantic and especially AMOC changes are of
high research interest ever since. There are several other proxy and modelling studies
used to reconstruct the AMOC over time, however, the focus is mainly on the LGM
and the Holocene and within the central and North Atlantic. Thereby, a weakened
export of NSW to the South, that inevitably goes along with a stronger export from
SSW to the North, is interpreted as indicator for a weaker AMOC circulation.

These changes in water mass provenance are not only examined with Nd isotopic
compositions but also by e.g. the nutrient based benthic stable carbon isotope proxy
δ13C (Duplessy et al., 1988; Lynch-Stieglitz, 2003; Pöppelmeier et al., 2023) or the
particulate ratio of 231Pa to 230Th (Pa/Th), which is sensitive to changes in water
mass advection at a given site and thus also allows for the reconstruction of circula-
tion strength (Böhm et al., 2015; Lippold et al., 2012; Lynch-Stieglitz et al., 2007; Ng
et al., 2018; Süfke et al., 2019). All these proxies have their own complex cycle and
limitations when being interpreted regarding ocean dynamics. In fact, independent
of observation or model-based reconstruction, the results do not yet draw a coherent
picture on the changes in AMOC strength during the last climate cycle and some
studies even contradict each other. The interpretations range from no significant
AMOC change at all (Lynch-Stieglitz et al., 2007; Pöppelmeier et al., 2021b) to a
differently pronounced weakening of the AMOC during the LGM (Böhm et al., 2015;
Bradtmiller et al., 2014; Lippold et al., 2012; Pöppelmeier et al., 2021b; Süfke et al.,
2019) or even a full collapse of the circulation (McManus et al., 2004). There are the-
ories on the formation of two distinct circulation cells of the AMOC during glacials
indicating an AMOC change mainly in mid-depths (Böhm et al., 2015; Hines et al.,
2021).

The consideration of ODP 1093 as the southern basin endmember has wide impacts
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on the overall interpretation of εNd signatures as indicator for circulation changes.
Up until now for the SSW endmember a constant εNd signature was assumed (e.g.
Howe and Piotrowski, 2017; Kim et al., 2021; Pena and Goldstein, 2014; Yehudai
et al., 2021). This is based on the observation of the most radiogenic εNd values
in the South Atlantic and less variable εNd signatures in the central Atlantic (Howe
and Piotrowski, 2017). Before the here conducted work, no continuous εNd record
south of the PF exceeding the penultimate glacial existed. However, a recent study
indicates a variable southern εNd endmember south of the PF at least for the last 150
ka (Huang et al., 2020). In several former εNd studies on the central and North At-
lantic, radiogenic glacial values are interpreted as a stronger SSW export into the deep
North Atlantic and less or a shallower NADW export to the South (Farmer et al.,
2019; Frank, 2002; Gutjahr et al., 2008; Howe and Piotrowski, 2017; Jaume‐Seguí
et al., 2021; Kim et al., 2021; Lang et al., 2016; Link, 2021; Lippold et al., 2016; Pena
and Goldstein, 2014; Roberts and Piotrowski, 2015; Roberts et al., 2010; Tachikawa
et al., 2017, 2021; Yehudai et al., 2021). Hence, a shoaling of the AMOC from the
North was proposed.

Drawing conclusions for the whole AMOC with this proxy disregards changes in
the shallower AMOC structures. The authigenic εNd records the characteristic deep
water mass signature and has the ability to trace bottom water propagation, when
neglecting benthic fluxes and other isotope exchange processes. Thus, changes in in-
termediate depth may not be reflected in the data. By implication, the εNd gradient
rather reflects the deep ocean’s circulation changes and may not entirely consider
possible circulation changes in mid-depths and thus the AMOC as a whole. The
findings of this study strongly contradict the assumption of a constant southern εNd
endmember. It is characterized by a lower AABW export to the Atlantic and export
of a stronger radiogenic water masses from the South Atlantic during glacials. Conse-
quently, a similar export of SSW to the North Atlantic is able to cause a shift to more
radiogenic northern values without a significant change in NSW export to the South
or SSW export to the North. The observations in εNd signatures do not imply a sig-
nificant change in NSW/SSW export over time, as also proposed by the εNd study of
(Howe et al., 2016a). This is further supported by the results of proxy-model compar-
isons, which point to a similar volume of NSW in the LGM compared the Holocene
(Gebbie, 2014). This in turn is reflected in a rather stable interhemispheric εNd gra-
dient, which is in first order independent from glacial-interglacial climate variability.

While the variability is high and climate independent, there is no sign pointing to
a persistent deep circulation weakening solely during glacial periods. Hence, stable
Atlantic deep water dynamics are proposed for the past 1 Ma with a North-South
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pathway being the leading but variable AMOC pattern. This is in line with the
findings from several other studies and modern observations, that suggest a stable
Atlantic deep water mass structure during the past 100 ka and a high present day
variability (Du et al., 2016; Hines et al., 2021; Howe et al., 2016a; Latif et al., 2022;
Pöppelmeier et al., 2020, 2021a). Nevertheless, when using authigenic Nd isotopes
for water mass dynamic reconstructions, the residence time of Nd of ∼650 a and the
εNd data resolution of a similar time span inhibits the recording of abrupt short-term
changes. Especially, the glacial data of lower temporal resolution at site ODP 1093
and the few glacial-interglacial data points of IODP U1313/DSDP 607 may not reflect
such changes. Additionally, the timescale for investigation of processes is restricted
to the maximum resolution of the gradient of 2.5 ka. Note that a higher resolution of
the time steps in the gradient calculation would lead to a higher uncertainty when us-
ing highly variable (ODP 1063) or εNd data of lower resolution (IODP U1313/DSDP
607).

The nutrient-based benthic stable carbon isotope proxy (δ13C) in the North At-
lantic records a similar story as the εNd records across the Atlantic with higher values
during interglacials and lower values during glacials (Curry and Oppo, 2005; Keig-
win, 2004; Keigwin and Swift, 2017). The δ13C values of SSW are more depleted
compared to NSW due to a larger sea ice extent (Marchitto and Broecker, 2006) and
higher productivity from elevated dust fluxes (Jaccard et al., 2016). Thus, the lower
carbon isotope values during glacials reflect SSW advances. However, lower δ13C
values may also be explained by increased remineralized carbon due to a more slug-
gish deep circulation (Hines et al., 2021; Howe et al., 2016a; Lynch-Stieglitz et al.,
2007; Pöppelmeier et al., 2020). Furthermore, the change in carbon isotopic com-
position is assumed to additionally reflect an increase in carbon storage within the
ocean (Tachikawa et al., 2021). This is in line with the proposed enhanced glacial
carbon storage, as described in chapter 6.4. The findings from carbon isotopes sug-
gest a pronounced glacial SSW expansion to the North Atlantic compared to today
is not entirely necessary (Howe et al., 2016a; Pöppelmeier et al., 2020, 2021a). A
possibly variable δ13C northern and southern endmember has the potential to also
account for carbon isotopic composition changes in the ocean. Similar as for εNd,
carbon isotopes do not draw a coherent picture on the advance of SSW during glacials.

Studies of Pa/Th to reconstruct ocean circulation strength during the LGM record
a more coherent story of a shoaling AMOC, yet to a variable extent (Gu et al., 2020;
Lippold et al., 2012; Lynch-Stieglitz, 2017; Lynch-Stieglitz et al., 2007; Ng et al.,
2018). The depth structure of Pa/Th data, however, supports the hypothesis of
NSW being dominant in the North-Western Atlantic during the LGM rather than
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SSW (Süfke et al., 2019). The data availability of Pa/Th is by far the sparsest and
it is thus difficult to asses the circulation over the whole basin. Besides, the complex
geochemical cycling of the mother element uranium of Pa and Th adds complications
to the interpretation of Pa/Th. For example, particle fluxes and opal concentrations
of sediments influence the respective Pa/Th ratios. Bradtmiller et al. (2014) filtered
the data for both altering factors and came to the conclusion, that the data from
the North Atlantic shows no significant circulation strength difference between the
modern and LGM, although differences in depth and across the locations were appar-
ent. In line with this, the possibility of a decoupling of the upper water masses and
the deep ocean circulation was brought up from Pa/Th (Lynch-Stieglitz, 2017). This
hypothesis of a depth dependent change in the circulation is further corroborated by
combined εNd and δ13C studies (Hines et al., 2021; Pöppelmeier et al., 2020) and
sortable silt investigations (Spooner et al., 2018). This interpretation would also be
consistent with the here recorded variable but climate independent deep ocean water
mass export.

Yet, it still remains difficult to obtain a coherent picture from all the proxies but the
results converge. Recent modelling studies tried to overcome this problem in a multi
proxy model analysis to evaluate conflicting proxy evidence during the Holocene and
LGM through direct model-data comparison (Gu et al., 2020; Pöppelmeier et al.,
2023). As a result, the proxies’ abilities to either reflect water mass provenance
or circulation strength were determined yielding Pa/Th as best suiting tracer for
circulation strength changes, δ13C for water mass changes and εNd tracing both
equally acceptable. Despite agreeing over the proxies’s sensitivity to AMOC changes,
both modelling studies are not in accordance with each other regarding circulation
strength changes. However, these model studies are still based on a constant or less
variable southern εNd basin endmember. It remains elusive how their would change
with the knowledge of this work.

7.6. Conclusions

The here defined interhemispheric gradient ∆εNd is a parameter of the sensitivity
of water masses to Nd isotopic changes across the Atlantic Ocean over the past 1
Ma. The εNd variations in the North represented by sites ODP 1063 and IODP
U1313/DSDP 607 and the southern Atlantic Ocean basin endmember ODP 1093
change in tandem with each other. The synchronous changes indicate a strong cli-
mate coupling of the εNd driving forces on the Northern and Southern Hemisphere.
The gradient calculations yield a glacial-interglacial independent sensitivity over the
past 1 Ma with a mean value of ∆εNd = 0.88 ± 0.17 ε-units/10° latitude. The ex-
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pected maximum value is ∆εNdmax ' 1.4, indicating the weakest circulation. The
strongest circulation in reflected in a value of ∆εNdmin ' 0.4. Lower ∆εNd occur
simultaneous to unradiogenic εNd in the Northern Hemisphere, which confirms the
leading mode of deep convection. The observed variability stays within the expected
ranges and is in first order climate independent, which is interpreted as only minor
temporal variations in deep water exchange from the North and South. Thus, deep
ocean circulation strength in between the investigated locations is assumed to be
rather constant. Note, that the assumptions of a linear εNd change across the At-
lantic and constant Nd concentrations over time were made here.

With this knowledge εNd signatures at central Atlantic site as ODP 929 become
predictable. Taking the smoothing effects on the εNd signature within the basin into
account, the prediction for central Atlantic signatures are in line with the measured
εNd record. This further emphasizes the balanced export of SSW and NSW through
time. With the prediction of the εNd signature at site OPD 1063, the veiled water
mass signal could be further investigated and partly decoupled from the overlying
erratic unradiogenic signal.

The observations of a stable mean εNd gradient holds true over the last 1 Ma and
are likely a hint for the operation of the AMOC. Many studies on AMOC strength
reconstructions do not yield conclusive results regarding strength and structure of
the AMOC during glacial times. What is known, however, is the high internal vari-
ability and bi-stability of the AMOC regarding fresh water fluxes (Latif et al., 2022;
Pöppelmeier et al., 2021b; Weijer et al., 2019). The use of εNd gradients to hint the
AMOC strength variability cannot be fully exploited, due to the lack of chronological
constraint and the solely two available 1 Ma records of millennial resolution. But
the concept bears high potential to explore intra-basin deep circulation changes over
such timespans. The results of this study advocate a balanced NSW and SSW ex-
port through climate changes with high internal dynamic over timescales of multiple
millennia. Yet, the possible formation of two distinct circulation modes remains to
be further investigated. The ongoing debate on AMOC changes, the discrepancies
in the proxy and model results and the new southern εNd endmember give reason
to further investigate the AMOC structure in mid-depths across the Atlantic Ocean
basin in the past.
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8. Mid Pleistocene Transition South
of the Polar Front

In chapter 5 and 6 site ODP 1093 was identified as representative for the southern
Atlantic Ocean basin εNd endmember. It turned out to be highly sensitive to critical
climate parameters such as changes in ocean dynamics, ice coverage and atmospheric
carbon dioxide. Consequently, the εNd record of 1 Ma has the potential to provide
further information on the climatic changes during the late Mid Pleistocene Transi-
tion (MPT).

The εNd signature and its driving mechanism at site ODP 1094 reflect a special
case. The change from lower to high variability in the εNd signature over the MPT
points to linked changes in the cryosphere and seafloor volcanic activity.

8.1. εNd Signatures During the MPT South of the
Polar Front

The MPT describes the change in climate cyclicity from 41 ka to 100 ka frequency.
This change was gradual and took place within the timespan from approximately
1250-700 ka BP without any change in the orbital forcing (Fig. 8.1 a). However,
the so called 900 ka event (Clark et al., 2006; Elderfield et al., 2012), accompanied
by a proposed MPT-AMOC crisis (Pena and Goldstein, 2014), is rather abrupt and
marked by the weak glacial-like interglacial MIS 23 and the first occurrence of the
100 ka cyclicity. The post-MPT phase describes the time from approximately 700
ka until today and the pre-MPT phase the time before 1250 ka BP. As described in
chapter 2.1, there are multiple hypothesis that aim to explain the change in climate
cyclicity.

Site ODP 1093 has a higher age model uncertainty and the lower resolution of a
εNd data in the early phase of the MPT, thus, no absolute εNd values for individual
MIS are discussed. The εNd data of ODP 1094 covers the 900 ka event and three
shorter time intervals in post-MPT times. Despite the different origin of the εNd
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Figure 8.1.: εNd of site ODP 1093 and 1094 in context with solar insolation and
the LR04 across the Mid Pleistocene Transition. The MPT is separated in the early
and the later phase (green), the 900 ka event (lightblue) and MIS 23 (darkblue). (a)
Benthic δ18O stack (Lisiecki and Raymo, 2005) and mean 65°N summer insolation
(Laskar et al., 2011). (b) εNd data of ODP 1093 and 1094 (this study and Hallmaier
et al. (2023a)) with glacial (blue) and interglacial (green) extreme values (following
Kim et al., 2021; Pena and Goldstein, 2014).

signatures at both sites, it is clearly visible that prior to the change in climate cyclic-
ity the εNd variability was much smaller at both sites south of the PF (Fig. 8.1
b). In the early phase of the MPT at site ODP 1093 the difference between extreme
climate conditions was approximately 2 ε-units, with εNd values between −8.5 and
−6.5, thus in the range of modern AABW and CDW. Since water mass endmember
εNd values unlikely change over the observed time (Frank, 2002), it is assumed that
water mass mixing within the ACC took place in a similar way as in recent times.
The low glacial-interglacial variability indicates that the origin of the εNd signature
in the early phase of the MPT did not change drastically and was likely similar
as in the Holocene. Thus, these observations point to a persistent AABW produc-
tion even during glacials and no significant benthic overprint in the early-MPT phase.

In contrast, during the late-MPT phase, the glacial-interglacial variability in the
εNd signature is more pronounced spanning approximately 6 ε-units. Thereby, the
interglacial εNd signatures remain at the same level as in the early-MPT. The highly
radiogenic εNd values at site ODP 1093 were first observed during the glacial MIS
24 and characterize all following glacials in the post-MPT. Hence, across the MPT a

100



8.2. The 900 ka Event in the Southern Atlantic Ocean

significant change of the mechanisms dominating the Nd isotopic compositions south
of the PF occurred. Moreover, at site ODP 1094, the 900 ka event is clearly marked
too. The early-MPT is characterized by a low εNd variability with a trend toward
radiogenic values of approximately εNd = −4. This behavior switches rather abruptly
to the erratic system with random radiogenic excursions. The implications of the
changes in Nd isotopic compositions at site ODP 1094 will be discussed separately
at the end of this chapter. In summary, the observations at both sites support the
leading hypothesis of a drastic change within the climate system around the 900 ka
event, even visible south of the PF in the South Atlantic.

8.2. The 900 ka Event in the Southern Atlantic Ocean

The 900 ka event describes the first occurrence of a pronounced glacial (MIS 24)
and the completed shift from the 41 ka to the 100 ka climate cyclicity observed in
many different climate records. The interglacial MIS 23 is characterized by overall
glacial-like conditions and together with the previous and following more pronounced
glacials (MIS 24 and MIS 22) they form a glacial cycle similar to the glacial cycle
of MIS 4,3 and 2 (Clark et al., 2006).The first occurrence of strongly radiogenic εNd
values during the glacial MIS 24 is followed by the most radiogenic interglacial of
MIS 23 at site ODP 1093 (Fig. 8.2 a). These radiogenic εNd values are untypical
for previous and later interglacials. It is suggested, that these observations point to
the first occurrence of a benthic flux dominating the bottom water in the southern
Atlantic Ocean. This finding agrees with the low ACC speed reconstructions during
the 900 ka event (Toyos et al., 2020). Especially MIS 23 stands out as an interglacial
with exceptionally low ACC speeds similar to subsequent glacial times (Fig. 8.2 b).

In the early-MPT glacials the ACC strength at site PS97/093-2 is not significantly
different compared to post-MPT (Toyos et al., 2020). In contrast, the late-MPT in-
terglacials show somewhat higher SS data and are suggested to reflect a change in
the position of the Southern Ocean fronts due to larger sea ice extent (Toyos et al.,
2020). Lamy et al. (2024) reconstructed the ACC strength at multiple sites in the
southern Pacific Ocean and observed a significant strengthening of the ACC during
the post-MPT compared to pre-MPT times. Further, they came to the conclusion,
that the link between a weaker ACC, equatorward shifted opal depositions and South-
ern Ocean fronts and glacial climate conditions with enhanced ocean carbon storage
emerged for the first time over the MPT.

Following the discussion in chapter 6, the similar ACC strength reconstruction for
glacials in pre and post-MPT times would imply a radiogenic εNd pattern in glacials
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Figure 8.2.: εNd of site ODP 1093 and 1094 in context with various climate records
across the Mid Pleistocene Transition. The MPT is separated in the early and the
later phase (green), the 900 ka event (lightblue) and MIS 23 (darkblue). (a) εNd
data of ODP 1093 and 1094 (this study and Hallmaier et al. (2023a)) with glacial
(blue) and interglacial (green) extreme values (following Kim et al., 2021; Pena and
Goldstein, 2014). (b) PS97/093-2 sortable silt from the Drake Passage (Toyos et al.,
2020) as a measure for ACC strength. (c) Ice volume modeled (Legrain et al., 2023)
and reconstructed from EPICA Dome C (Bereiter et al., 2015). (d) Atmospheric
CO2 reconstructed from EPICA Dome C (Bereiter et al., 2015) and modeled CO2
(Berends et al., 2021).
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of both early and late-MPT intervals. However, this behavior only emerged with the
start of the 900 ka event at site ODP 1093. The discrepancy of expectation and data
could indicate the possible shifts of the ACC fronts from the early-MPT to the post-
MPT at site ODP 1093. The mitigation of the PF in the southern Atlantic Ocean
was reconstructed from laminated diatom mat deposits at sites ODP 1094, 1093 and
1091, which recorded a shift from a more southern position in the early-MPT to a
more northern position in the late-MPT (Kemp et al., 2010). Such process would lead
to ODP 1093 being closer or farther from fronts such as the Polar Front, where flow
speeds are generally higher (Orsi et al., 1995). These changes can not be recorded at
site PS97/093-2, as it is within the center of flow in the Drake Passage (Toyos et al.,
2020). Om shorter timescales the exact frontal shifts and ACC flow speed at site
ODP 1093 remain elusive.

Following the interpretation of Huang et al. (2020) for the last glacial cycle, the
radiogenic εNd values during the 900 ka event indicate, that AABW export was van-
ishing. The lack in AABW export during MIS 23 coincides with higher δ18O values
in LR04 (Lisiecki and Raymo, 2005) imlying more ice volume compared to other
interglacials (Elderfield et al., 2012; Ford and Raymo, 2019; Kitamura and Kawa-
goe, 2006; Mudelsee and Schulz, 1997). This is in line with the low ACC speeds,
which allow the build up of a high amount of sea ice (Lamy et al., 2024). Kim et al.
(2021) identified MIS 38 and 23 as exceptionally radiogenic in the North Atlantic
(Kim et al., 2021). During MIS 38 the size of the continental ice sheets in the North-
ern Hemisphere crossed a threshold, by reaching the coastlines and interacting with
the ocean (Birner et al., 2016). The εNd data of ODP 1093 and the observations
for MIS 23 across the Atlantic suggest that the 900 ka event was the time interval
where such a threshold for the Southern Ocean was finally crossed. Recent model
reconstructions of the global ice volume across the MPT, support this interpretation
by showing a persistent ice sheet coverage over MIS 24, 23 and 22 with only low ice
volume change in MIS 23 (Berends et al., 2021; Legrain et al., 2023). MIS 24 is the
first glacial, in which the ice volume exceeded the maxima from early MPT times.
Here, the maximum value in ice volume prior to the 900 ka event is considered as
the threshold, which allows for the build up of even larger ice sheets in the following
glacials. The interglacial MIS 23 is characterized by an ice volume comparable to
the previous glacials. Thus, typical interglacial features were not fully developed,
which is also reflected in the response of εNd to the change in ice volume cyclicity.
Therefore, the observations for MIS 23 and 24 show the first time where continental
ice sheets did not retreat within the 41 ka cyclicity as shown during the early MPT
phase and before.
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As discussed in chapter 6, sea ice cover and a weaker ACC promote a well stratified
ocean. This slowed down the deep-to-surface circulation in the southern Atlantic
Ocean shown in foraminiferal δ18O data from the nearby site ODP 1094 over the
MPT (Hasenfratz et al., 2019). The consequence is the first prolonged carbon storage
in the ocean. Modelled and reconstructed global atmospheric CO2 drawdown during
the 900 ka event support this concept (Berends et al., 2021; Hönisch et al., 2009)
(Fig. 8.2 c,d). The observations made here regarding the fist radiogenic εNd during
the 900 ka event at site ODP 1093 can be interpreted as the first extended sea ice
cover around Antarctica diminishing AABW production and export from the Weddell
Sea.

8.3. Deep Water Exchange During the MPT

The interhemispheric εNd gradient across the Atlantic shows no particular climate
variability during the past 1 Ma. Following the ∆εNd concept as a hint to deep ocean
circulation strength, an increase in the gradient would indicate a lower circulation
strength and vice versa, respectively.

The gradient calculated from IODP U1313/DSDP 607 shows moderately higher
values during the 900 ka event associated with MIS 22-24, if compared to the periods
immediately before and after (Fig. 8.3 b). When using the gradient calculated from
ODP 1063, ∆εNd values across MIS 22-24 are very high up to ∆εNd ∼ 1.2. This
observations point to a very first AMOC reduction, but possibly not a full collapse,
during MIS 22-24. The higher gradient values stem from the early rise in εNd values
at site ODP 1093, which indicates, that a response to the MPT or its trigger likely
originates on the Southern Hemisphere. At site ODP 1093 there is no data available
for pre-MPT times, thus, it is not possible to evaluate the deep water circulation
strength based on ∆εNd before 1.1 Ma. In summary, the gradient ∆εNd indicates
the first significant decrease in circulation strength during the 900 ka event followed
by the first occurrence of a significantly stronger circulation mode at the end of the
900 ka event.

The findings of this study do not directly support the leading hypothesis of several
εNd studies across the Atlantic Ocean, that propose a significant weakening of the
AMOC strength during glacials from the MPT onward. However, the first occur-
rence of more radiogenic εNd values compared to their respective early MPT values
coincide with the 900 ka event at all investigated sites (Kim et al., 2021; Pena and
Goldstein, 2014; Tachikawa et al., 2021; Yehudai et al., 2021) (Fig. 8.3 a). The
radiogenic glacial values were interpreted as a stronger SSW export into the deep
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Figure 8.3.: εNd signatures across the Atlantic ocean in context with the ∆εNd. (a)
εNd signatures across the Atlantic from North to South: sites IODP U1313/DSDP
607 (Kim et al., 2021; Lang et al., 2016; Lippold et al., 2016; Pöppelmeier et al.,
2021a), ODP 1063 (Böhm et al., 2015; Gutjahr and Lippold, 2011; Jaume‐Seguí et al.,
2021; Link, 2021; Lippold et al., 2019; Roberts et al., 2010), ODP 926 (Yehudai et al.,
2021), the combined data of RC11-83 and TNO57-21 (Piotrowski et al., 2005) and
ODP 1093 and 1094 (this study and Hallmaier et al. (2023a)). (b) The interhemi-
spheric gradient ∆εNd calculated from IODP U1313/DSDP 607 and ODP 1063. The
green dashed line and shaded area mark the mean∆εNd (± SD). The red/blue dashed
lines mark the maximum/minimum ∆εNd associated with a weak/strong circulation
Φ.

North Atlantic and vice versa for unradiogenic interglacial times (Howe et al., 2016a;
Kim et al., 2021; Pena and Goldstein, 2014; Pöppelmeier et al., 2021a). The 900 ka
event indicates a collapse of the AMOC, labelled as the MPT-AMOC-crisis (Pena
and Goldstein, 2014), leading to a weaker AMOC strength during glacials since the
MPT (Kim et al., 2021; Pena and Goldstein, 2014; Tachikawa et al., 2021; Yehudai
et al., 2021).

The new findings of chapter 6 and 7 show a climate variability in the Atlantic Ocean
basin endmember from the 900 ka event until the Holocene. The εNd data of all sites,
regardless of their location, present a uniform picture in Nd isotope signatures during
the MPT. Even the highly debated record from ODP 1063 from the Bermuda Rise
gives the same impression despite strong millennial variability (Link, 2021). Thus,
all εNd records of the different sites across the Atlantic show a synchronous behav-
ior of the onset of the production and export of a strongly radiogenic glacial water
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mass south of the Antarctic PF in the Atlantic during glacials from the 900 ka event
onward. The observations of the interhemispheric gradient point to a balanced NSW
and SSW export even throughout the MPT. The AMOC seems interrupted for the
first time by a strong decrease in circulation strength during the 900 ka event, which
recovers quickly in the following MIS. In summary this hints, that the 900 ka event
was the fist time major changes in AMOC strength occurred. It likely indicates the
high internal variability and bi-stability of the AMOC developing over the MPT.

With the aim to find a connection between changes in ocean circulation during
the MPT and the occurrence of radiogenic εNd values, different studies modelled
the first occurrence of the highly radiogenic Nd isotopic signatures during the 900
ka event and the following interglacials. Based on the assumption of a stable SSW
εNd endmember, these studies suggest, that the radiogenic εNd signatures across
the Atlantic during the 900 ka event are best explained by a reduced NSW export
(Friedrich et al., 2014; Rempfer et al., 2011; Tachikawa et al., 2020). However, as
already implied by different modelling studies (Arsouze et al., 2008; Menviel et al.,
2020) and proxy reconstructions (Du et al., 2020; Gutjahr et al., 2008; Pöppelmeier
et al., 2020; Zhao et al., 2019) endmember changes can also cause the shift to ra-
diogenic values. Furthermore, Tachikawa et al. (2021) modelled the seawater εNd
modification under different circulation conditions and endmember changes of NSW
(+4 ε-units) across the 900 ka event. Depending on the model scenario they came
to the conclusion, that an εNd endmember change as well as a reduced AMOC have
the ability to cause a decline in εNd values across the Atlantic Ocean and the 900 ka
event. A reduced AMOC causes a clear positive shift in εNd signatures in the south-
ern Atlantic Ocean (Tachikawa et al., 2021). However, even in combination with an
NSW εNd endmember change, the decrease in εNd is not as pronounced as recorded
in ODP 1093. This can partly be explained by the combination of advective-diffusive
processes accounting for the εNd at site ODP 1093. Further, the model does not im-
plement possible changes in the SSW endmember, which have shown to be as likely
as changes in NSW (chapter 6). Thus, the models’ response to a variable SSW εNd
endmember and a highly variable interhemispheric deep water exchange are beneficial
for a full understanding the εNd signatures over the MPT.

8.4. εNd in ODP 1094 as Possible Tracer for Volcanic
Activity

Site ODP 1094 is dominated by a different mechanism driving the εNd signature
compared to site ODP 1093 (chapter 6.3). At site ODP 1094 the 900 ka event clearly
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marks the change from a rather low εNd variability to the erratic system in the εNd
signatures. The early-MPT phase is characterized by a low εNd variability with a
trend toward radiogenic values of approximately εNd = −4. This behavior switches
rather abruptly with the end of the 900 ka event to the highly variable system with
random radiogenic excursions observed in the data before the 900 ka event (Fig. 8.1
b). However, the sortable silt at site PS97/093-3 (Toyos et al., 2020) still records
similar ACC flow speeds in the early-MPT. This suggests, that the close relation
between ACC speed at the Drake Passage and the erratic εNd signatures only starts
with the 900 ka event. Possible explanations for the εNd changes at site ODP 1094
during the 900 ka event follow the hypothesis of hydrothermal vents or even volcanic
sources changing the Nd budget. The course of the εNd signature during the MPT
could imply a significant change in volcanic activity at site ODP 1094 originating
from the region of the Bouvet triple junction.

The hypothesis of a local or regional change in climate caused by volcanism was
investigated by several studies (Crowley et al., 2015; Huybers and Langmuir, 2009;
Longman et al., 2024; Lund and Asimow, 2011; Tolstoy, 2015). It has been shown,
that tephra layers in marine sediments occur more often during interglacials pointing
to an increased volcanic activity during warm periods (Huybers and Langmuir, 2009).
The periodicity of the occurrence of these layers also matches with the frequency of
orbital parameters (Longman et al., 2024; Lund and Asimow, 2011). Hereby, the
glacial changes in the cryosphere, especially its components on continents like ice
sheets and glaciers, play a major role in re-distributing pressure on the Earth’s man-
tle. This in turn leads to an increase of melting within the mantle and a follow-
ing pressure rise in magma chambers (Crowley et al., 2015; Huybers and Langmuir,
2009). During terminations, characterized by abrupt deglaciations, the pressure on
the continental crust and thus magma chambers is suddenly released, leading to more
volcanism during the following warm period (Longman et al., 2024). These processes
are assumed to occur globally, however, it is only investigated in certain areas of the
planet (Longman et al., 2024; Lund and Asimow, 2011). Modelling the influence of
sea level and thus ice volume changes on mantle melting leads to similar conclusions
for hydrothermal activities near ocean ridges in the Atlantic and Pacific (Lund and
Asimow, 2011). The observed εNd signatures at site ODP 1094 are in line with these
hypotheses pointing to stronger volcanogenic Nd inputs in interglacials in the late
and post-MPT. In the early-MPT, when εNd signatures at site ODP 1094 were less
variable, there was no sign for enhanced volcanic activities. This suggests, that the
ice sheets during the early-MPT were not sufficiently large enough to trigger a high
pressure on the crust in this triple junction region.
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8. Mid Pleistocene Transition South of the Polar Front

The start of the erratic behavior in εNd signatures coincides with the end of the
first pronounced glacial of the 100 ka cyclicity. The ice volume built up during the
first strong glacial MIS 24, the missing deglaciation in MIS 23 and the following
glacial MIS 22 were significantly larger in ice volume compared to the early-MPT
(Elderfield et al., 2012). Assuming a pressure dependent impact of the cryosphere on
the mantle and therefore magma chambers, the resulting ice sheet extent induces a
larger pressure within the mantle and higher melting rates compared to the glacials
before. Consequently, during the following deglaciation, termination X, the pressure
release by volcanic activity must have been more severe. Thus, the whole process
and volcanic activity might be crucial in setting the stronger glacial-interglacial vari-
ablity post-MPT. In summary, the findings of this study during the 900 ka event
hypothesize the crossing of a threshold regarding the local pressure on the mantle
due to ice sheet built up. Thus, leading to enhanced submarine volcanic activity in
the vicinity of ODP 1094 and locally modifying the Nd isotopic composition of the
bottom water. Altogether, site ODP 1094 might serve as a key location to investi-
gate the response of volcanism to changes of cryosphere in the past. Nevertheless, the
discussed hypotheses are based on only few observations and still remain statistically
insignificant.

8.5. Conclusions

During the 900 ka event the recorded Nd isotopic signatures at site ODP 1093 show
that for the first time a large ice cover around Antarctica significantly inhibited
AABW export from the Weddell Sea and shifted the ACC fronts further to the
North. This strengthened the Southern Ocean stratification and yielded an efficient
ocean carbon storage. The drawn picture is coherent with data from across the whole
Atlantic Ocean basin, resulting in an increase in the interhemispheric εNd gradient
and accordingly a potential collapse of the deep convection. The findings, however,
are difficult to interpret regarding full AMOC strength variability, since marine deep
sea sediments only record the deep water masses. Moreover, large uncertainties stem
from chronologies and the linear mixing concept, which neglects local fronts and con-
centration changes. Nevertheless, the gradient supports a variable North-South deep
water exchange in the Atlantic during the 900 ka event. These results are in line
with modelled results, showing that both a reduced AMOC and a change in εNd
endmember have the potential to cause strong radiogenic εNd signatures across the
Atlantic.

The new εNd data allows the conclusion, that the change in the climate system is
equally strong reflected in both hemispheres. The pronounced glacials from the 900
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ka event on were triggered by globally occurring processes. While in the North the
removal of regolith, the formation of stable continental ice sheets and changes in NSW
export may have played a large role in cooling the planet (Willeit et al., 2019; Birner
et al., 2016; Kim et al., 2021; Yehudai et al., 2021), the South contributed to this
process with enhanced carbon storage in a more stratified ocean, an extending sea ice
cover and efficient deep water export in the Atlantic (Berends et al., 2021; Hönisch
et al., 2009; Legrain et al., 2023). The data of this study supports the importance
of the processes occuring in the South. Given the first occurrence of radiogenic εNd
data in the Southern Hemisphere, both processes in the North and South went hand
in hand rather than changes in the North triggering processes in the South.
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At the start of this thesis no authigenic Nd record was available, which reflects the
SSW endmember in the Atlantic over more than two glacial cycle. Here, the first
authigenic εNd data of millennial resolution deep sea sediment in the Southern At-
lantic at site ODP 1093 was presented. A second site in close vicinity, ODP 1094,
was analysed over terminations I, II, MIS 11 and the MPT. The εNd of ODP 1093
yielded the first 1 Ma εNd benchmark in the southern Atlantic Ocean, which shows
a variable behavior synchronous with climate variability. The observed εNd point to
an interplay of advective and diffusive processes influencing the εNd signatures pre-
served in the authigenic coating at site ODP 1093. The hypothesis of an enhanced
carbon storage and weaker AABW export in the Southern Ocean during glacial times
(e.g. Huang et al., 2020; Yu et al., 2020) is further extended back to the MPT. The
data at site ODP 1094 highlights the importance of local Nd fluxes modifying the
bottom water signature and hints a possible link between local volcanic activity and
global ice volume changes.

Age Model Development for ODP 1093

The interpretation of the εNd data was initially limited by the lack of a suitable age
model for the past 1 Ma. The correlation of εNd with climate could be proven for
the past 150 ka, since the δ18O record of ODP 1093 is sufficient to be tied to a cli-
mate record. The age model determined by Kemp et al. (2010) seemed doubtful for
this time span and thus also for the past 1 Ma. The low abundance of foraminifera
before 150 ka inhibited the tuning of benthic δ18O to the LR04 (Lisiecki and Raymo,
2005). Under the assumption, that strong climate correlation is persistent over time,
the issue of extending the age model could be addressed. A new approach was used,
in which age tie points were assigned based on the strong climate signal of εNd to
respective patterns in the LR04. The B/M boundary determined from the sedimen-
tary intensity and inclination of the magnetization (Channell and Stoner, 2002) was
used as an external age tie point, to evaluate the reliability of the new method. The
900 ka event was clearly determined as the timing, where the high εNd variability
of ∼6 ε-units emerged. For post-MPT the uncertainty of the new age model was
assumed to be 10 ka, which resulted from the difference between termination I and
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II in the new age model and the one determined by Kemp et al. (2010). Prior to the
900 ka event, assigning tie points was difficult due to the lower resolution of the εNd
data. Consequently, during this time only the relative changes of data were further
evaluated.

In conclusion, finding a suitable age model for ODP 1093 remains challenging.
However, the authigenic εNd could be used to overcome the lack of foraminifera in
deeper sediment depths. It is important to note that the base for the new age model
was the observation of the strong correlation of εNd with climate in the first 150 ka.

Extraction of the Authigenic Nd

Prior to the discussion of εNd signatures and their implications on water mass prove-
nance, the elemental ratios and REE patterns in the leachates of the processed sed-
iment samples were analysed. The multielement measurement of the carbonate de-
pleted sediment leachates of ODP 1093 and 1094 point to a dominant authigenic
source of the extracted Nd in both cases. Non-hydrogenetic and especially detrital
influences on the authigenic εNd signatures were concluded for samples with greater
than 1 ‰ in Sr/Ca. The higher Al contents of silicate rich sediments, required the
rise to ∼300 of the limit for Al/Nd ratios compared to the limit of ∼100 in carbonate
rich sediments (Blaser et al., 2016; Huang et al., 2020). Comparing the HREE/LREE
and MREE/MREE* ratios, single samples outside the bounds of leached and seawa-
ter samples of Martin et al. (2010) were observed. In total 15 samples in the past
450 ka were excluded from the records.

To test the applicability of the here proposed limits for elemental ratios in other
sediments South of the PF, further multielement measurements and investigation of
leaching procedures in other silicate rich sediments are required. Thus, studies of
REE and element ratios in silicate rich sediments are of high interest.

ODP 1093 - 1 Ma εNd Benchmark South of the Polar Front

The authigenic Nd isotope record of site ODP 1093 shows a clear climate influenced
pattern. During interglacial times ODP 1093 is bathed in lower CDW and its signa-
ture becomes the most unradiogenic with values of approximately of −8.5 to −6.5,
which reflects present day water mass signatures (Tachikawa et al., 2017; Stichel
et al., 2018). During glacials the most radiogenic signatures are recorded, yielding
values between −4 and even −2 in the LGM. These signatures are far more radio-
genic than any water mass recorded in the modern Atlantic Ocean (Tachikawa et al.,
2017). The high εNd dynamic is unlikely entirely caused by water mass provenance
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changes, especially during glacials. To further test the hypothesis of PSW accounting
for the glacial radiogenic signatures, εNd studies at sites in the Drake Passage should
provide further evidence on whether or not such a pathway and intrusion of Pacific
waters in the Atlantic is feasible. Note, that the drawn conclusions remain the same,
even if PSW would account for the glacial radiogenic signatures.

In fact, a combination of three different processes influencing the Nd budget was
inferred most likely. These processes are: Advective water mass changes, regionally
altering pore water flux of Nd and modulation of the advection-diffusion balance by
ACC volume and speeds. The sediment composition and Patagonian dust can be
excluded as main driver of the εNd signatures. The results point to the important
role of the strong mixing capacity of the ACC, which modulates the strength of the
diffusive overprint on the εNd signature. Weaker ACC strength and diminishing
AABW production and export during glacials allow benthic fluxes to dominate the
Nd isotopic composition of the bottom water mass. With higher ACC strength, it
is more likely that advection accounts for εNd signatures recorded in the authigenic
coating of site ODP 1093. In summary, ODP 1093 depicts the variable southern At-
lantic Ocean basin εNd endmember, which changes synchronously with climate and
interacts with the Atlantic Ocean basin, when passing the PF.

However, the interpretation of the data from site ODP 1093 is partly limited by
the age model uncertainties. Moreover, the exact sedimentary processes, which cause
the diffusive term in the Nd budget of carbonate depleted sediments south of the PF
requires further investigations. The influence of pore fluids modifying the authigenic
coating of silicate sediments could give further insight in the complexity of sedimen-
tary fluxes acting as Nd sources in the ocean. More investigations on authigenic εNd
in the southern Atlantic Ocean could give insights to confine the spatial extend of
radiogenic modified water during glacials.

Despite remaining questions on the Nd budget, ODP 1093 serves as an εNd bench-
mark South of the PF, which reflects the southern Atlantic Ocean basin endmember.

Carbon Storage South of the Polar Front

The εNd signatures observed in ODP 1093 highlight the crucial role of the ACC and
ice volume changes on water mass dynamics in the Southern Ocean. The results
support the occurrence of a respired carbon rich, poorly ventilated water mass in the
southern Atlantic Ocean during glacials prior to the LGM (Yu et al., 2020). The deep
water export of these carbon rich water masses and their upwelling and outgassing
from the ocean, have the potential to significantly influence the atmospheric carbon
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budget. Thus, especially during terminations these processes bear the potential to
contribute significantly to the abrupt climate changes in the past.

The investigation of deep water carbonate ion concentrations and benthic δ13C
south of the PF, would further contribute to examine the extent of the proposed
carbon rich water mass in the past.

Volcanogenic influences in ODP 1094

The εNd signature at site ODP 1094 shows a highly variable climate independent sig-
nature. The most radiogenic values of ∼−1 are far beyond any water mass signature
in the modern global ocean (Tachikawa et al., 2017). Site ODP 1094 is situated close
to an active volcanic and hydrothermal area. Thus, the surrounding water masses
are likely influenced by punctual scavenging of Nd and relabelling due to volcanic
isotope exchange processes. Similar to ODP 1093, ACC flow speed changes lead to
recurring volcanogenic overprints of the water masses at site ODP 1094.

The 900 ka event clearly marks the change from a rather low εNd variability to
the erratic system of the εNd signatures. The early-MPT phase is characterized by
a low εNd variability with a trend toward radiogenic values of approximately εNd
= −4. These observations coincide with and increase in the ice volume during the
MPT (Bereiter et al., 2015; Legrain et al., 2023). It was hypotesized, that this led to
the crossing of a threshold in the local pressure on the mantle and therefore magma
chambers leading to submarine volcanic activity in the vicinity of ODP 1094. This in
turn has the potential to locally modify the Nd isotopic composition of the bottom
water.

Altogether, site ODP 1094 might serve as a key location to investigate the response
of volcanism to changes of cryosphere in the past. However, the discussed hypotheses
are based on few observations and may remain statistically insignificant. Thus, the
completion of the εNd record at site ODP 1094 is of high interest. Additionally,
further investigations are required on volcanic activity in the Bouvet region and the
origin of volcanogenic εNd signatures.

Atlantic Interhemispheric Gradient

A comparison of εNd records from sites across the Atlantic Ocean, revealed a similar
pattern of radiogenic glacial and unradiogenic interglacial signatures. The change
of εNd signatures across the Atlantic Ocean over time was examined via the εNd
gradient ∆εNd. The ∆εNd serves as an indicator for the sensitivity of water masses
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in the Atlantic to changes in εNd. This opened up the possibility to review proposed
changes in the strength of deep ocean circulation with a variable εNd endmember.
For the northern εNd endmember the two sites IODP U1313/DSDP 607 and ODP
1063 were considered, since they are the only available εNd records for the past 1
Ma. However, neither of the εNd data sets are perfectly suitable for the gradient cal-
culations due to low εNd resolution (IODP U1313/DSDP 607) or local modifications
of the water mass Nd isotopic composition (ODP 1063). For the southern reference
ODP 1093 was chosen.

The resulting gradient values were within the expected ∆εNd range of 0.4 to 1.4,
with high ∆εNd indicating weaker circulation strength and vice versa. The gradient
shows a high variability around a mean value of ∆εNd = 0.88 ± 0.17 and is in first
order climate independent. This holds true over the last 1 Ma and is likely a hint
for the operation of the AMOC. The distribution of the ∆εNd data points to two
different circulations states, which could hint to a circulation bi-stability, but it also
imples that the circulation state itself is not the cause of climate change. There is no
sign pointing to a persistent deep circulation weakening solely during glacial periods.
Hence, for the past 1 Ma stable Atlantic deep water dynamics are proposed with a
North-South pathway being the leading but variable AMOC pattern. These results
support the findings from several other studies and modern observations, that sug-
gest a stable Atlantic deep water mass structure during the past 100 ka and a high
present day variability (Du et al., 2016; Hines et al., 2021; Howe et al., 2016a; Latif
et al., 2022; Pöppelmeier et al., 2020, 2021a). Nevertheless, it would be of high interest
to evaluate the results of modelling studies with a variable southern εNd endmember.

The mean gradient was used to predict the εNd signatures at central Atlantic site
ODP 929. Taking the smoothing effects on the εNd signature within the basin into
account, the prediction for central Atlantic signatures are in line with the measured
εNd record. This further emphasizes the balanced export of SSW and NSW through
time. The veiled water mass signal at site OPD 1063 could partly be decoupled from
the overlying erratic unradiogenic signal with the prediction of the εNd signature
using the εNd gradient.

The ongoing debate on AMOC changes, the discrepancies in the proxy and model
results and the new southern εNd endmember give reason to further investigate the
AMOC structure across the Atlantic Ocean basin in the past. The use of εNd gradi-
ents, as hint to AMOC strength variability, bears high potential to explore intra-basin
deep circulation changes. However it could not be fully exploited yet, due to the lack
of chronological constraints in the southern endmember and the solely two available
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1 Ma records of millennial resolution. The extension of IODP U1313/DSDP 607 to a
millennial resolution would offer an opportunity to overcome this. Additionally, south
of the PF the circulation tracer of benthic δ13C would be of high interest. The ∆δ13C
gradient across the Atlantic Ocean could provide further insight in the evolution of
the AMOC and its different operation modes.

In summary and despite the limitations the ∆εNd gradient shows, that today’s
AMOC is in an exceptional strong state. Today strong AMOC is still in the range
of natural AMOC variability of the past, however it is likely that this circulation
will return back toward a more frequently observed weaker circulation state. This is
in line with modern observations and models of a weakening of the AMOC within
its natural variability (e.g. Latif et al., 2022; Weijer et al., 2019; Pöppelmeier et al.,
2021b, 2023).

Ocean Circulation over the Mid Pleistocene Transition

The observation of a lower climate variability in εNd prior to the 900 ka event at site
ODP 1093 are interpreted as indication for the first large ice cover around Antarctica,
which significantly inhibited AABW export from the Weddell Sea, shifted the ACC
fronts further to the North and caused an enhanced Southern Ocean carbon storage.
This is in line with ice volume reconstructions showing a threshold crossing in MIS 24,
when the first 100 ka ice volume cycle emerged (Bereiter et al., 2015; Legrain et al.,
2023). The interhemispheric gradient ∆εNd hints the first severe weakening of the
circulation in the following glacial-like interglacial of MIS 23. This is coherent, with
studies from the North Atlantic, which propose a full collapse of the AMOC during
the 900 ka event. This event further marks the start of the high gradient variability,
while prior to the 900 ka event the gradient shows less variability, however with a
similar mean gradient.

To answer the question of how and why the MPT was triggered, the here obtained
results further prove, that the change in the climate system is reflected in both
hemispheres. The pronounced glacials from the 900 ka event onward were triggered
by globally occuring processes. The observations of the interhemispheric gradient
point to a balanced NSW and SSW export even throughout the MPT. The AMOC
seems interrupted for the first time by a strong decrease in circulation strength during
the 900 ka event, which recovers quickly in the MIS after. In summary the 900 ka
event was shown to be the fist time major changes in AMOC strength occurred. It
likely points to the high internal variability and bi-stability in the operation of the
AMOC, which develops over the MPT.
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Final remarks

In summary, this study demonstrates the potential but also the limitations of authi-
genic Nd isotopes, which both are still not fully exploited. The advective-diffusive
processes of Nd in the ocean and especially their preservation in carbonate depleted
sediments requires further understanding, to realise the full potential of Nd isotopes
in the Southern Ocean. High resolution εNd data across all ocean basins are of
high importance to reconstruct the global ocean circulation. In accomplishing these
tasks, εNd isotope studies will provide valuable information on the processes behind
climate changes in the past. Supplementary modeling studies, which reach farther
back in time and implement the variable southern εNd endmember, will extend our
knowledge on the Nd cycle and changes in ocean circulation in the past and the
future.
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B. Supplementary Material

Table B.1.: εNd data of Nod-P-1 reference material (Flanagan and Gottfried, 1980)
measured at the Institute of Environmental Physics in Heidelberg in context with
data from Foster and Vance (2006); Gutjahr et al. (2010); Xu et al. (2018).

Label εNd 2SD

5592 −3.52 0.13
5678 −3.80 0.13
5693 −3.77 0.11
5827 −3.89 0.09
5893 −3.80 0.12
5954 −3.84 0.12
6028 −3.79 0.09
6114 −4.06 0.13
6264 −3.87 0.14
6329 −3.93 0.11
6370 −3.99 0.11
6510 −3.67 0.15
6624 −3.87 0.14
6752 −3.85 0.14

Foster & Vance −4.25 0.43
Xu et al. −3.57 3.71

Gutjahr et al. −3.88 0.31
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B. Supplementary Material

Table B.2.: Age tie points for ODP 1093. The first 150 ka are based on the age
model determined from δ18O in ODP 1093 (Hallmaier et al., 2023a; Hodell and Venz,
2003). The extension of the age model is based on the assignment of drastic changes
in the εNd signature with terminations and times of deglaciation. Further details can
be found in chapter 5.

Depth (mcd) Age (ka BP) Based on Reference

0 0 δ18O Hallmaier et al.
2.8 5.76 ” ”
9.48 14.58 ” ”
19.44 79.00 ” ”
29.24 114.85 ” ”
31.14 127.09 ” ”
34.04 131.68 ” ”
38.46 144.47 εNd This work
47.01 191 ” ”
75.73 243 ” ”
89.52 300 ” ”
104.69 336.04 δ18O Hallmaier et al.
106.49 337 εNd This work
119.4 374 ” ”
132.36 424 ” ”
140.91 478 ” ”
152.88 533 ” ”
157.38 563 ” ”
187.43 621 ” ”
194.31 676 ” ”
204.69 712 ” ”
209.04 761 ” ”
215.01 790 ” ”
216.51 814 ” ”
223.24 866 ” ”
226.39 900 ” ”
229.9 917 ” ”
233.95 936 ” ”
241.39 959 ” ”
242.71 982 ” ”
244.4 1014 ” ”
246.89 1081 ” ”
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C.1. Site ODP 1093
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Table C.1.: Authigenic εNd at site ODP 1093 with new age model (this study and Hallmaier et al. (2023a)). Samples marked with an
asterisk were excluded from further discussion based on the multielement analysis.

Label εNd 2SD Depth (mcd) Age (ka BP)

5586 A1H1W 37 38 0.37 0.76 −8.19 0.16
5559 A1H1W 77 78 0.77 1.58 −8.43 0.15
5579 A1H2W 9 10 1.59 3.27 −8.31 0.18
5587 A1H2W 9 10 1.59 3.27 −8.50 0.14
5562 A1H2W 48 49 1.98 4.07 −8.39 0.14
5613 A1H2W 89 90 2.39 4.92 −8.32 0.13
5551 A1H2W 136 137 2.86 5.84 −8.51 0.17
5578 A1H3W 36 37 3.36 6.50 −8.25 0.12
5560 A1H3W 55 56 3.55 6.75 −8.53 0.13
5584 A1H3W 98 99 3.98 7.32 −8.42 0.14
5576 A1H3W 137 138 4.37 7.83 −8.59 0.13
5585 A1H4W 29 30 4.79 8.39 −8.61 0.14
5610 A1H4W 69 70 5.19 8.92 −8.73 0.15
5597 A1H5W 4 5 6.04 10.04 −8.41 0.19
5581 A1H5W 36 37 6.36 10.46 −8.52 0.15
5558 A1H5W 78 79 6.78 11.02 −8.15 0.17
5591 A1H5W 124 125 7.24 11.62 −7.86 0.18
5555 B1H2W 125 126 8.03 12.67 −7.08 0.20
5557 B1H3W 12 13 8.4 13.15 −7.10 0.20

Continued on next page
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

5567 B1H3W 12 13 8.4 13.15 −7.35 0.23
5554 B1H3W 52 53 8.8 13.68 −7.30 0.21
5571 B1H3W 92 93 9.2 14.21 −6.69 0.19
5599 B1H3W 132 133 9.6 15.36 −4.73 0.18
5697 B1H4W 24 25 10.02 18.07 −2.93 0.18
5580 B1H4W 24 25 10.02 18.07 −2.45 0.18
5604 A2H2W 25 26 10.43 20.72 −2.35 0.13
5714* A2H2W 25 26 10.43 20.72 −2.64 0.16
5556 A2H2W 65 66 10.83 23.31 −3.57 0.25
5561 A2H2W 105 106 11.23 25.90 −3.64 0.16
5605 A2H2W 136 137 11.54 27.90 −5.33 0.12
5413 A2H3W 25 27 11.93 30.43 −6.22 0.12
5420 A2H3W 105 107 12.73 35.60 −4.87 0.12
5439 A2H4W 25 27 13.43 40.13 −5.88 0.17
5466 A2H4W 105 107 14.23 45.30 −5.22 0.14
5442 A2H5W 18 20 14.86 49.38 −5.51 0.23
5468 A2H5W 68 70 15.36 52.61 −6.14 0.13
5430 A2H5W 118 120 15.86 55.85 −5.78 0.13
5424 A2H6W 18 20 16.36 59.08 −6.65 0.17
5423 A2H6W 68 70 16.86 62.32 −5.61 0.15
5427 A2H6W 118 120 17.36 65.55 −4.37 0.12

Continued on next page
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

5840 B2H3 32 33 17.36 65.55 −4.65 0.08
5702 A2H7W 31 33 17.99 69.62 −4.01 0.14
5463 A2H7W 31 33 17.99 69.62 −4.17 0.12
5564 B2H3W 96 97 18 69.69 −5.86 0.15
5721 B2H3 136 137 18.4 72.28 −6.78 0.13
5716 B2H4 26 27 18.8 74.86 −7.21 0.12
5703 B2H4 66 67 19.2 77.45 −6.39 0.12
5467 A3H1W 18 20 19.56 79.44 −7.21 0.16
5707 B2H4 104 105 19.58 79.52 −6.91 0.14
5433 A3H1W 67 69 20.05 81.23 −7.46 0.15
5817 B2H5 5 6 20.09 81.38 −7.43 0.09
5853 B2H5 52 53 20.56 83.10 −7.69 0.12
5459 A3H1W 118 120 20.56 83.10 −7.81 0.15
5456 A3H2W 18 20 21.06 84.93 −7.76 0.15
5864 B2H5 105 106 21.09 85.04 −7.82 0.10
5432 A3H2W 67 69 21.55 86.72 −6.94 0.18
5863 B2H6 5 6 21.59 86.87 −7.08 0.11
5457 A3H2W 118 120 22.06 88.59 −6.53 0.13
5857 B2H6 52 53 22.06 88.59 −6.68 0.11
5443 A3H2W 118 120 22.06 88.59 −6.61 0.13
5458 A3H3W 18 20 22.56 90.42 −6.56 0.14

Continued on next page
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

5419 A3H3W 67 69 23.05 92.21 −7.12 0.15
5416 A3H3W 118 120 23.56 94.07 −7.33 0.13
5448 A3H4W 18 20 24.06 95.90 −7.13 0.12
5471 A3H4W 67 69 24.55 97.69 −7.42 0.15
5441 A3H4W 115.5 117.5 25.035 99.47 −7.44 0.16
5425 A3H5W 18 20 25.56 101.39 −7.61 0.13
5449 A3H5W 67 69 26.05 103.18 −7.43 0.14
5440 A3H5W 115.5 117.5 26.535 104.95 −7.20 0.13
5421 A3H6W 18 20 27.06 106.87 −6.99 0.14
5464 A3H6W 67 69 27.55 108.67 −7.04 0.15
5436 A3H6W 118 120 28.06 110.53 −6.96 0.17
5452 A3H7W 28 30 28.66 112.73 −6.76 0.14
5696 C3H2 13 14 29.27 115.04 −7.39 0.09
5708 C3H2 72 73 29.86 118.84 −7.46 0.11
5718 C3H2 132 133 30.46 122.71 −7.73 0.14
5695 C3H3 45 46 31.09 126.77 −7.61 0.09
5699 C3H3 45 46 31.09 126.77 −7.70 0.13
5450 A4H1W 18 20 31.66 127.92 −7.63 0.15
5691 C3H3 105 106 31.69 127.96 −7.44 0.11
5444 A4H1W 67 69 32.15 128.69 −7.50 0.14
5810 C3H4 5 6 32.19 128.75 −7.64 0.11

Continued on next page
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

5803 C3H4 52 53 32.66 129.50 −7.04 0.12
5445 A4H1W 118 120 32.66 129.50 −7.20 0.15
5829 C3H4 98 99 33.12 130.23 −7.53 0.09
5460 A4H2W 19 21 33.17 130.31 −7.64 0.13
5469 A4H2W 67 69 33.65 131.06 −7.07 0.15
5819 C3H5 3 4 33.67 131.10 −7.45 0.08
5431 A4H2W 118 120 34.16 132.03 −6.37 0.13
5815 C3H5 53 54 34.17 132.06 −6.57 0.09
5429 A4H3W 18 20 34.66 133.48 −5.02 0.15
5454 A4H3W 18 20 34.66 133.48 −5.22 0.16
5418 A4H3W 67 69 35.15 134.89 −4.38 0.15
5473 A4H3W 118 120 35.66 136.37 −4.02 0.14
5472 A4H4W 25 27 36.23 138.02 −4.12 0.17
5437 A4H4W 95 97 36.93 140.04 −3.40 0.15
5465 A4H5W 25 27 37.73 142.36 −3.18 0.15
5719 A4H5 98 100 38.46 144.47 −3.33 0.13
5851 F1H2 56 57 38.98 147.30 −4.80 0.09
5843 F1H2 106 107 39.48 150.02 −4.40 0.10
5835 F1H3 6 7 39.98 152.74 −4.49 0.21
5859 F1H3 56 57 40.48 155.46 −5.35 0.11
5814 C4H2 100 101 40.96 158.07 −4.40 0.10

Continued on next page
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

5818 C4H3 5 6 41.51 161.07 −4.49 0.14
5811 C4H3 53 54 41.99 163.68 −3.67 0.11
5854 C4H3 105 106 42.51 166.51 −4.28 0.13
5830 C4H3 105 106 42.51 166.51 −4.41 0.10
5807 C4H4 5 6 43.01 169.23 −5.16 0.11
5805 C4H4 52 53 43.48 171.79 −5.07 0.13
5844 C4H4 100 101 43.96 174.40 −4.80 0.08
5821 C4H5 5 6 44.51 177.39 −5.77 0.12
5825 A5H4 12 13 44.98 179.95 −5.77 0.11
5842 A5H4 59 60 45.45 182.51 −5.92 0.09
5841 A5H4 112 113 45.98 185.39 −5.13 0.10
5801 A5H5 16 17 46.52 188.33 −5.30 0.09
5856 A5H5 65 66 47.01 191.00 −6.21 0.12
5848 A5H5 112 113 47.48 191.85 −6.68 0.11
5850 A5H6 12 13 47.98 192.76 −7.25 0.09
5838 A5H6 65 66 48.51 193.72 −7.44 0.10
5846 B5H1 118 119 48.88 194.39 −6.98 0.10
5845 B5H2 19 20 49.39 195.31 −7.52 0.07
6639 B5H2 19 20 49.39 195.31 −7.41 0.19
5806 B5H2 69 70 49.89 196.21 −7.46 0.11
5824 B5H2 118 119 50.38 197.10 −7.80 0.09

Continued on next page
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

5804 B5H3 19 20 50.89 198.03 −7.59 0.11
5858 B5H3 69 70 51.39 198.93 −7.31 0.12
5837 B5H3 117 118 51.87 199.80 −7.13 0.08
5828 B5H4 19 20 52.39 200.74 −6.58 0.08
5834 A6H1 92 93 52.76 201.41 −6.51 0.09
5809 A6H1 138 139 53.22 202.24 −6.62 0.13
5816 A6H2 45 46 53.79 203.28 −6.68 0.09
5836 A6H2 92 93 54.26 204.13 −6.79 0.11
5833 A6H2 138 139 54.72 204.96 −6.98 0.09
6284 A6H3W 38 39 55.22 205.86 −7.34 0.13
5860 A6H3 92 93 55.76 206.84 −7.32 0.12
6001* A6H3W 138 139 56.22 207.68 −7.21 0.11
5855 A6H3 138 139 56.22 207.68 −7.16 0.12
5823 A6H4 45 46 56.79 208.71 −7.16 0.08
5802 A6H4 92 93 57.26 209.56 −7.39 0.08
5832 A6H4 138 139 57.72 210.39 −7.30 0.09
5862 A6H5 38 39 58.22 211.30 −6.98 0.10
5812 A6H5 92 93 58.76 212.27 −6.95 0.08
5942 A6H5W 138 139 59.22 213.11 −7.03 0.11
5826 A6H5 138 139 59.22 213.11 −6.91 0.09
5813 A6H5 138 139 59.22 213.11 −6.98 0.10

Continued on next page
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

5831 A6H6 45 46 59.79 214.14 −6.80 0.09
5852 A6H6 92 93 60.26 214.99 −6.79 0.08
5948 B6H1W 99 100 60.75 215.88 −7.10 0.13
6002 B6H2W 4 5 61.3 216.87 −6.84 0.15
6021 B6H2W 4 5 61.3 216.87 −6.66 0.14
5957 B6H2W 49 50 61.75 217.69 −6.93 0.14
6000 B6H2W 97 98 62.23 218.56 −6.93 0.11
6004 B6H3W 5 6 62.81 219.61 −6.38 0.14
5984 B6H3W 49 50 63.25 220.40 −6.74 0.17
5953 B6H3W 99 100 63.75 221.31 −6.85 0.12
5956 B6H4W 4 5 64.3 222.31 −6.46 0.12
5961* B6H4W 48 49 64.74 223.10 −6.02 0.10
5998 B6H4W 97 98 65.23 223.99 −5.07 0.10
6236 B6H5W 5 6 65.81 225.04 −4.49 0.22
5982 A7H3W 117 118 66.4 226.11 −5.35 0.11
5966 A7H4W 12 13 66.85 226.92 −5.85 0.09
5967 A7H4W 65 66 67.38 227.88 −5.44 0.09
5949 A7H4W 112 113 67.85 228.73 −5.32 0.10
6300 A7H5W 12 13 68.35 229.64 −6.42 0.11
6251 A7H5W 12 13 68.35 229.64 −6.30 0.12
5959 A7H5W 64 65 68.87 230.58 −6.06 0.15

Continued on next page
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

5941 A7H5W 112 113 69.35 231.45 −6.23 0.11
5980 A7H6W 12 13 69.85 232.35 −6.58 0.09
5947 A7H6W 65 66 70.38 233.31 −6.91 0.13
5990 A7H6W 112 113 70.85 234.16 −7.17 0.09
5997 A7H6W 112 113 70.85 234.16 −7.08 0.11
5945 C7H2W 56 57 71.37 235.11 −7.21 0.12
5972 C7H2W 105 106 71.86 235.99 −7.17 0.10
5986 C7H3W 6 7 72.37 236.92 −7.45 0.10
5952 C7H3W 56 57 72.87 237.82 −7.31 0.12
5965 C7H3W 106 107 73.37 238.73 −7.62 0.13
5962 C7H4W 6 7 73.87 239.63 −7.42 0.08
5968 C7H4W 56 57 74.37 240.54 −8.03 0.11
5979 C7H4W 106 107 74.87 241.44 −7.81 0.11
5950 C7H5W 6 7 75.37 242.35 −6.43 0.09
5991 C7H5W 56 57 75.87 243.58 −4.91 0.25
5970 C7H5W 106 107 76.37 245.65 −5.12 0.20
6003 C7H6W 6 7 76.87 247.71 −5.50 0.13
5969 C7H6W 56 57 77.37 249.78 −3.87 0.10
5943 A8H4W 36 37 77.89 251.93 −6.39 0.12
5996 A8H4W 85 86 78.38 253.95 −5.06 0.13
5992 A8H4W 134 135 78.87 255.98 −4.57 0.11

Continued on next page
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

5944 A8H5W 33 34 79.36 258.00 −3.85 0.11
5987 A8H5W 85 86 79.88 260.15 −3.95 0.10
5994 B8H2W 69 70 80.76 263.79 −3.05 0.11
5989 B8H3W 19 20 81.76 267.92 −3.84 0.09
6280 B8H3W 69 70 82.26 269.99 −4.60 0.12
5973 B8H3W 118 119 82.75 272.02 −4.69 0.10
5960 B8H4W 19 20 83.26 274.12 −4.04 0.11
5978 B8H4W 19 20 83.26 274.12 −4.06 0.13
5985 B8H4W 67 68 83.74 276.11 −4.93 0.16
5993 B8H4W 117 118 84.24 278.18 −4.94 0.13
5977 B8H5W 19 20 84.76 280.32 −4.55 0.11
5976 B8H5W 68 69 85.25 282.35 −5.32 0.10
5981 B8H5W 118 119 85.75 284.42 −5.89 0.11
5995 A9H3W 32 33 85.99 285.41 −5.10 0.12
5999 A9H3W 85 86 86.52 287.60 −5.44 0.12
6074 A9H3W 132 133 86.99 289.54 −5.79 0.13
5951 A9H3W 132 133 86.99 289.54 −6.01 0.12
5971 A9H4W 32 33 87.49 291.61 −6.19 0.09
6013 A9H4W 85 86 88.02 293.80 −6.55 0.08
6046 A9H4W 132 133 88.49 295.74 −6.46 0.12
6016 A9H5W 32 33 88.99 297.81 −4.74 0.12

Continued on next page
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6042 A9H5W 85 86 89.52 300.00 −5.25 0.11
6065 A9H5W 85 86 89.52 300.00 −5.16 0.11
6073 A9H5W 133 134 90 301.14 −4.76 0.10
6025* A9H6W 32 33 90.49 302.30 −5.21 0.14
6071* B9H1W 117 118 90.86 303.18 −5.24 0.12
6031 B9H2W 19 20 91.38 304.42 −5.76 0.11
6062 B9H2W 69 70 91.88 305.61 −5.43 0.12
6063* B9H2W 119 120 92.38 306.79 −4.65 0.15
6043 B9H3W 19 20 92.88 307.98 −4.56 0.14
6032 B9H3W 69 70 93.38 309.17 −5.22 0.11
6068 B9H3W 119 120 93.88 310.36 −5.45 0.13
6051 B9H4W 19 20 94.38 311.55 −5.38 0.13
6014 B9H4W 19 20 94.38 311.55 −5.54 0.10
6038 B9H4W 69 70 94.88 312.73 −6.14 0.11
6019 B9H4W 119 120 95.38 313.92 −5.63 0.10
6055 B9H5W 19 20 95.88 315.11 −6.47 0.12
6053* B9H5W 69 70 96.38 316.30 −5.45 0.12
6036 B9H5W 119 120 96.88 317.49 −5.48 0.13
6250 B9H6W 19 20 97.38 318.67 −6.42 0.13
6106 B9H6W 19 20 97.38 318.67 −6.47 0.27
6658 B9H6W 19 20 97.38 318.67 −6.48 0.26
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6067 B9H6W 69 70 97.88 319.86 −6.91 0.11
6066* A10H4W 35 36 98.38 321.05 −6.89 0.11
6064 A10H4W 85 86 98.88 322.24 −6.66 0.12
6034 A10H4W 132 133 99.35 323.35 −6.18 0.12
6026 A10H5W 35 36 99.88 324.61 −6.44 0.10
6056 A10H5W 85 86 100.38 325.80 −6.22 0.11
6090 A10H5W 85 86 100.38 325.80 −6.68 0.12
6059 A10H5W 135 136 100.88 326.99 −6.88 0.12
6020 A10H6W 35 36 101.43 328.30 −6.98 0.12
6616 A10H6W 35 36 101.43 328.30 −7.19 0.16
6070 A10H6W 85 86 101.93 329.48 −7.39 0.10
6023 B10H2W 144 145 102.51 330.86 −7.51 0.11
6015 B10H3W 44 45 103.01 332.05 −7.51 0.09
6030 B10H3W 93 94 103.5 333.21 −7.62 0.12
6045 B10H3W 144 145 104.01 334.42 −7.34 0.11
6040 B10H4W 39 40 104.46 335.49 −7.31 0.11
6060 B10H4W 92 93 104.99 336.20 −7.70 0.12
6027 B10H4W 144 145 105.51 336.48 −7.77 0.12
6011 B10H5W 45 46 106.02 336.75 −6.64 0.10
6012 B10H5W 92 93 106.49 337.00 −5.44 0.12
6041 B10H5W 144 145 107.01 338.49 −3.53 0.11
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6091 A11H3W 14 15 107.49 339.87 −3.25 0.14
6093 A11H3W 65 66 108 341.33 −4.02 0.13
6133 A11H3W 114 115 108.49 342.73 −4.49 0.17
6137 A11H4W 14 15 108.99 344.16 −4.74 0.17
6134 A11H4W 64 65 109.49 345.60 −4.59 0.13
6094 A11H4W 114 115 109.99 347.03 −4.54 0.14
6118 A11H5W 14 15 110.49 348.46 −4.04 0.11
6142 A11H5W 65 66 111 349.93 −3.59 0.12
6143 A11H5W 114 115 111.49 351.33 −3.70 0.11
6140 A11H6W 14 15 111.99 352.76 −3.82 0.13
6671 A11H6W 65 66 112.5 354.22 −4.72 0.17
6119 A11H6W 114 115 112.99 355.63 −4.47 0.11
6095 B11H2W 58 59 113.39 356.78 −4.73 0.13
6122 B11H2W 107 108 113.88 358.18 −4.26 0.12
6112 B11H3W 8 9 114.39 359.64 −4.42 0.14
6081 B11H3W 58 59 114.89 361.07 −4.26 0.12
6111 B11H3W 110 111 115.41 362.56 −4.77 0.11
6120 B11H4W 8 9 115.89 363.94 −3.92 0.14
6121 B11H4W 58 59 116.39 365.37 −4.17 0.20
6109 B11H4W 108 109 116.89 366.81 −4.12 0.21
6518 B11H5W 8 9 117.39 368.24 −4.28 0.39

Continued on next page

164



C
.1.

Site
O

D
P

1093

Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6135 B11H5W 58 59 117.89 369.67 −4.10 0.15
6113 B11H5W 110 111 118.41 371.16 −5.46 0.10
6637 A12H3W 77 78 118.9 372.57 −4.88 0.15
6144 A12H3W 77 78 118.9 372.57 −4.63 0.13
6084 A12H3W 127 128 119.4 374.00 −5.10 0.13
6136 A12H4W 27 28 119.9 375.93 −5.78 0.13
6082 A12H4W 77 78 120.4 377.86 −6.50 0.17
6098 A12H4W 127 128 120.9 379.79 −5.71 0.16
6129 A12H5W 27 28 121.4 381.72 −7.06 0.12
6102 A12H5W 77 78 121.9 383.65 −7.68 0.12
5933 A12H5W 126 127 122.39 385.54 −7.30 0.12
5910 A12H6W 13 14 122.76 386.96 −7.59 0.11
5914 A12H6W 77 78 123.4 389.43 −7.77 0.15
5920 B12H2W 73 74 123.88 391.28 −8.32 0.12
5900 B12H2W 127 128 124.42 393.37 −7.99 0.13
5930 B12H3W 23 24 124.88 395.14 −7.89 0.16
5891 B12H3W 73 74 125.38 397.07 −7.95 0.13
5904 A13H1W 123 124 125.9 399.08 −7.75 0.12
5908 A13H2W 21 22 126.38 400.93 −7.67 0.14
5881 A13H2W 72 73 126.89 402.90 −7.50 0.12
5925 A13H2W 121 122 127.38 404.79 −7.73 0.14
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

5932 A13H3W 23 24 127.9 406.79 −7.28 0.14
5918 A13H3W 72 73 128.39 408.68 −7.17 0.12
5889 A13H3W 123 124 128.9 410.65 −7.06 0.13
5895 A13H4W 21 22 129.38 412.50 −6.21 0.16
5907 A13H4W 72 73 129.89 414.47 −6.12 0.14
5888 A13H4W 119 120 130.36 416.28 −6.56 0.14
5922 A13H5W 27 28 130.94 418.52 −6.72 0.12
5917 A13H5W 73 74 131.4 420.30 −6.86 0.12
5906 A13H5W 119 120 131.86 422.07 −5.77 0.18
5903 A13H6W 19 20 132.36 424.00 −5.06 0.14
5905 A13H6W 68 69 132.85 427.09 −3.48 0.13
5892 B13H3W 26 27 133.39 430.51 −2.80 0.11
5885 B13H3W 76 77 133.89 433.66 −3.70 0.12
5878 B13H3W 126 127 134.39 436.82 −2.42 0.15
5890 B13H3W 126 127 134.39 436.82 −2.65 0.13
5879 B13H4W 27 28 134.9 440.04 −2.69 0.13
5913* B13H4W 76 77 135.39 443.14 −3.24 0.12
5921* B13H4W 126 127 135.89 446.29 −3.82 0.13
5899 B13H5W 26 27 136.39 449.45 −3.66 0.13
6139 B13H5W 76 77 136.89 452.61 −4.33 0.13
6141 B13H5W 126 127 137.39 455.77 −4.29 0.13
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6125 B13H6W 26 27 137.89 458.93 −3.48 0.11
6330 B13H6W 26 27 137.89 458.93 −3.74 0.12
6127 B13H6W 76 77 138.39 462.08 −5.04 0.12
6096 B13H6W 126 127 138.89 465.24 −5.05 0.11
6132 A14H3W 146 147 139.39 468.40 −4.60 0.11
6104 A14H4W 46 47 139.89 471.56 −4.15 0.13
6097 A14H4W 96 97 140.39 474.72 −4.48 0.12
6110 A14H4W 138 139 140.81 477.37 −4.36 0.12
6117 A14H5W 46 47 141.39 480.21 −6.17 0.13
6088 A14H5W 96 97 141.89 482.50 −7.01 0.11
6087 B14H2W 32 33 142.39 484.80 −4.41 0.13
6099 B14H2W 84 85 142.91 487.19 −6.27 0.13
6126 B14H2W 132 133 143.39 489.40 −6.43 0.12
6085 B14H3W 32 33 143.89 491.69 −5.40 0.13
6115 B14H3W 84 85 144.41 494.08 −6.05 0.12
6128 B14H3W 132 133 144.89 496.29 −6.38 0.12
6083 B14H4W 32 33 145.39 498.58 −6.57 0.12
6092 B14H4W 79 80 145.86 500.74 −7.03 0.12
6101 B14H4W 79 80 145.86 500.74 −6.94 0.13
6089 B14H4W 132 133 146.39 503.18 −7.86 0.13
6123 B14H5W 32 33 146.89 505.48 −7.54 0.12
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6108 A15H3W 5 6 147.4 507.82 −6.77 0.13
6138 A15H3W 5 6 147.4 507.82 −6.76 0.11
6131 A15H3W 55 56 147.9 510.12 −6.34 0.13
6107 A15H3W 104 105 148.39 512.37 −6.53 0.12
6103 A15H4W 5 6 148.9 514.71 −6.69 0.12
6279 A15H4W 54 55 149.39 516.96 −6.37 0.14
6263 A15H4W 105 106 149.9 519.31 −6.79 0.15
6260 A15H5W 5 6 150.4 521.60 −6.88 0.12
6225 A15H5W 54 55 150.89 523.86 −6.89 0.13
6272 A15H5W 54 55 150.89 523.86 −7.11 0.24
6242 A15H5W 105 106 151.4 526.20 −6.82 0.12
6238 A15H6W 5 6 151.9 528.50 −6.72 0.14
6243 A15H6W 54 55 152.39 530.75 −6.98 0.14
6223 B15H2W 7 8 152.88 533.00 −6.48 0.14
6277 B15H2W 59 60 153.4 536.47 −6.26 0.17
6261 B15H2W 107 108 153.88 539.67 −6.22 0.17
6254 B15H3W 8 9 154.39 543.07 −5.66 0.20
6231 B15H3W 59 60 154.9 546.47 −6.35 0.16
6270 B15H3W 109 110 155.4 549.80 −6.05 0.16
6235 B15H4W 8 9 155.89 553.07 −6.00 0.20
6267 A16H2W 19 20 156.38 556.33 −5.89 0.17
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6274 A16H2W 69 70 156.88 559.67 −6.32 0.15
6256 A16H2W 119 120 157.38 563.00 −6.60 0.16
6273 A16H3W 19 20 157.88 563.97 −7.17 0.15
6259 A16H3W 69 70 158.38 564.93 −6.92 0.13
6278 A16H3W 119 120 158.88 565.90 −7.41 0.15
6227 A16H4W 19 20 159.38 566.86 −7.06 0.14
6241 A16H4W 69 70 159.88 567.83 −7.15 0.14
6244 A16H4W 119 120 160.38 568.79 −7.25 0.16
6239 A16H5W 18 19 160.87 569.74 −6.78 0.16
6232 A16H5W 68 69 161.37 570.70 −5.96 0.16
6249 A16H5W 119 120 161.88 571.69 −5.47 0.22
6283 A16H6W 19 20 162.38 572.65 −5.02 0.15
6268 B16H2W 116 117 162.91 573.67 −4.42 0.13
6222 B16H3W 16 17 163.41 574.64 −5.05 0.16
6276 B16H3W 66 67 163.91 575.60 −5.56 0.18
6226 B16H3W 116 117 164.41 576.57 −5.26 0.16
6234 B16H4W 16 17 164.91 577.53 −6.28 0.14
6269 B16H4W 66 67 165.41 578.50 −6.71 0.17
6229 B16H4W 116 117 165.91 579.46 −6.36 0.14
6247 A17H2W 104 105 166.47 580.54 −6.07 0.16
6246 A17H3W 5 6 166.98 581.53 −6.88 0.16
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6252 A17H3W 52 53 167.45 582.44 −7.29 0.12
6262 A17H3W 104 105 167.97 583.44 −7.58 0.14
6221 A17H4W 5 6 168.48 584.42 −8.08 0.11
6248 A17H4W 52 53 168.95 585.33 −8.01 0.15
6611 A17H4W 52 53 168.95 585.33 −7.89 0.16
6228 A17H4W 104 105 169.47 586.34 −7.97 0.13
6245 A17H5W 5 6 169.98 587.32 −7.64 0.14
6257 A17H5W 52 53 170.45 588.23 −7.92 0.15
6253 A17H5W 102 103 170.95 589.19 −7.62 0.15
6281 A17H6W 3 4 171.46 590.18 −7.77 0.16
6266 A17H6W 52 53 171.95 591.12 −7.05 0.18
6271 A17H6W 104 105 172.47 592.13 −6.97 0.12
6258 A17H7W 3 4 172.96 593.07 −6.04 0.16
6224 B17H2W 112 113 173.37 593.86 −5.86 0.18
6255 B17H3W 9 10 173.84 594.77 −6.26 0.13
6237 B17H3W 59 60 174.34 595.73 −6.63 0.18
6294 B17H3W 108 109 174.83 596.68 −7.35 0.15
6291 B17H4W 9 10 175.34 597.66 −6.97 0.15
6302 B17H4W 59 60 175.84 598.63 −7.31 0.18
6352 B17H4W 108 109 176.33 599.58 −7.84 0.19
6340 B17H5W 9 10 176.84 600.56 −7.55 0.11
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6327 B17H5W 59 60 177.34 601.53 −6.63 0.13
6304 B17H5W 112 113 177.87 602.55 −6.96 0.21
6315 B17H6W 9 10 178.34 603.46 −6.31 0.13
6344 A18H3W 82 83 178.43 603.63 −5.97 0.14
6341 A18H3W 132 133 178.93 604.59 −7.07 0.10
6316 A18H4W 32 33 179.43 605.56 −6.61 0.11
6299 A18H4W 82 83 179.93 606.52 −7.07 0.12
6296 A18H4W 132 133 180.43 607.49 −7.75 0.10
6331 A18H5W 32 33 180.93 608.45 −7.91 0.14
6295 A18H5W 82 83 181.43 609.42 −7.88 0.12
6306 A18H5W 82 83 181.43 609.42 −8.07 0.13
6320 A18H5W 132 133 181.93 610.38 −7.46 0.13
6348 A18H6W 33 34 182.44 611.37 −7.67 0.10
6339 A18H6W 82 83 182.93 612.31 −7.01 0.15
6335 D4H2W 30 31 183.43 613.28 −7.38 0.14
6310 D4H2W 80 81 183.93 614.24 −7.39 0.16
6303 D4H2W 130 131 184.43 615.21 −7.30 0.20
6350 D4H3W 30 31 184.93 616.17 −7.35 0.14
6432 D4H3W 30 31 184.93 616.17 −7.00 0.12
6309 D4H3W 80 81 185.43 617.14 −7.07 0.19
6346 D4H3W 130 131 185.93 618.10 −6.76 0.18
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6323 D4H4W 30 31 186.43 619.07 −6.12 0.15
6322 D4H4W 80 81 186.93 620.03 −6.35 0.18
6313 D4H4W 130 131 187.43 621.00 −5.94 0.10
6383 D4H4W 130 131 187.43 621.00 −5.97 0.09
6314 D4H5W 30 31 187.93 625.00 −4.18 0.12
6292 A19H2W 2 3 188.43 628.99 −3.31 0.12
6345 A19H2W 52 53 188.93 632.99 −3.33 0.12
6347 A19H2W 102 103 189.43 636.99 −4.63 0.15
6321 A19H3W 3 4 189.94 641.07 −4.88 0.13
6305 A19H3W 49 50 190.4 644.74 −4.22 0.21
6328 A19H3W 103 104 190.94 649.06 −4.76 0.11
6336 A19H3W 103 104 190.94 649.06 −4.69 0.13
6298 A19H4W 17 18 191.58 654.18 −4.92 0.17
6311 A19H4W 76 77 192.17 658.89 −4.91 0.10
6301 A19H4W 111 112 192.52 661.69 −4.53 0.13
6326 A19H5W 9 10 193 665.53 −7.44 0.13
6351 A19H5W 52 53 193.43 668.97 −6.66 0.13
6349 A19H5W 105 106 193.96 673.20 −4.89 0.13
6333 D5H2W 76 77 194.31 676.00 −6.82 0.13
6319 D5H2W 126 127 194.81 677.73 −7.12 0.11
6308 D5H3W 26 27 195.31 679.47 −7.62 0.11
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6318 D5H3W 76 77 195.81 681.20 −7.84 0.10
6307 D5H3W 126 127 196.31 682.94 −8.05 0.10
6338 D5H4W 26 27 196.81 684.67 −8.02 0.13
6337 D5H4W 76 77 197.31 686.40 −7.79 0.12
6332 D5H4W 126 127 197.81 688.14 −8.25 0.12
6353 D5H5W 26 27 198.31 689.87 −8.11 0.10
6312 D5H5W 76 77 198.81 691.61 −7.92 0.12
6324 D5H5W 126 127 199.31 693.34 −7.99 0.12
6297 A20H1W 132 133 199.69 694.66 −7.96 0.17
6342 A20H2W 33 34 200.2 696.43 −8.12 0.12
6627 A20H2W 83 84 200.7 698.16 −7.41 0.14
6334 A20H2W 83 84 200.7 698.16 −7.84 0.11
6354 A20H2W 132 133 201.19 699.86 −7.91 0.16
6664 A20H3W 33 34 201.7 701.63 −7.58 0.17
6653 A20H3W 83 84 202.2 703.36 −7.66 0.19
6507 A20H3W 83 84 202.2 703.36 −7.83 0.16
6663 A20H3W 132 133 202.69 705.06 −7.85 0.19
6504 A20H4W 32 33 203.19 706.80 −7.76 0.22
6511 A20H4W 82 83 203.69 708.53 −8.14 0.16
6651 A20H4W 132 133 204.19 710.27 −6.81 0.30
6513 A20H5W 32 33 204.69 712.00 −5.78 0.14
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6525 A20H5W 82 83 205.19 717.63 −4.40 0.16
6519 A20H5W 131 132 205.68 723.15 −4.96 0.24
6514 A20H6W 32 33 206.19 728.90 −6.28 0.12
6666 A20H6W 82 83 206.69 734.53 −6.57 0.18
6670 A20H6W 132 133 207.19 740.16 −6.55 0.17
6678 A20H7W 33 34 207.7 745.91 −5.05 0.16
6515 B20H2W 73 74 208.04 749.74 −3.91 0.17
6682 B20H2W 123 124 208.54 755.37 −4.55 0.18
6508 B20H3W 23 24 209.04 761.00 −4.57 0.15
6662 B20H3W 72 73 209.53 763.38 −5.70 0.21
6502 B20H3W 122 123 210.03 765.81 −6.92 0.16
6679 A21H1W 114 115 210.51 768.14 −7.74 0.14
6529 A21H2W 13 14 211 770.52 −7.81 0.17
6660 A21H2W 62 63 211.49 772.90 −7.56 0.18
6672 A21H2W 112 113 211.99 775.33 −8.05 0.16
6677 A21H3W 14 15 212.51 777.86 −8.19 0.22
6656 A21H3W 64 65 213.01 780.28 −7.86 0.19
6680 A21H3W 114 115 213.51 782.71 −7.91 0.15
6528 A21H4W 14 15 214.01 785.14 −7.39 0.13
6674 A21H4W 43 44 214.3 786.55 −6.22 0.19
6676 A21H4W 64 65 214.51 787.57 −5.43 0.28
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6531 A21H4W 89 90 214.76 788.79 −5.09 0.13
6509 A21H4W 114 115 215.01 790.00 −4.20 0.17
6520 A21H5W 14 15 215.51 798.00 −3.65 0.14
6532 A21H5W 64 65 216.01 806.00 −4.46 0.14
6526 A21H5W 114 115 216.51 814.00 −5.89 0.17
6522 A21H6W 14 15 217.01 817.86 −8.24 0.17
6675 A21H6W 64 65 217.51 821.73 −7.08 0.18
6665 B21H2W 22 23 217.99 825.44 −6.13 0.24
6503 B21H2W 72 73 218.49 829.30 −7.37 0.13
6622 B21H2W 72 73 218.49 829.30 −7.17 0.15
6681 B21H2W 122 123 218.99 833.16 −7.11 0.15
6523 B21H3W 22 23 219.49 837.03 −7.45 0.17
6657 B21H3W 74 75 220.01 841.04 −7.67 0.19
6521 B21H3W 122 123 220.49 844.75 −7.16 0.17
6659 B21H4W 22 23 220.99 848.62 −7.77 0.20
6652 B21H4W 72 73 221.49 852.48 −7.41 0.18
6517 B21H4W 118 119 221.95 856.03 −7.93 0.19
6512 B21H5W 22 23 222.49 860.21 −7.92 0.14
6439 B21H5W 72 73 222.99 864.07 −6.37 0.12
6374 A22H3W 143 144 223.24 866.00 −5.92 0.11
6377 A22H4W 42 43 223.73 871.29 −3.48 0.12

Continued on next page

175



C
.

D
ata

Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6391 A22H4W 92 93 224.23 876.69 −3.18 0.12
6363 A22H4W 139 140 224.7 881.76 −2.97 0.17
6378 A22H4W 139 140 224.7 881.76 −3.11 0.12
6456 A22H5W 42 43 225.23 887.48 −4.00 0.07
6389 A22H6W 13 14 225.78 893.42 −2.84 0.09
6460 B22H1W 146 147 226.39 900.00 −4.73 0.10
6434 B22H2W 45 46 226.88 902.37 −5.40 0.10
6448 B22H2W 97 98 227.4 904.89 −5.95 0.11
6452 B22H2W 145 146 227.88 907.22 −5.94 0.09
6386 B22H3W 47 48 228.4 909.74 −4.76 0.14
6449 B22H3W 96 97 228.89 912.11 −5.97 0.10
6442 B22H3W 147 148 229.4 914.58 −5.40 0.12
6390 B22H4W 47 48 229.9 917.00 −5.16 0.12
6381 B22H4W 97 98 230.4 919.35 −3.37 0.11
6368 B22H4W 147 149 230.9 921.69 −3.95 0.11
6361 B22H5W 47 48 231.4 924.04 −4.40 0.11
6379 B22H5W 97 98 231.9 926.38 −4.03 0.10
6443 A23H3W 49 50 232.4 928.73 −4.64 0.11
6458 A23H3W 99 100 232.9 931.07 −6.31 0.12
6366 A23H4W 6 7 233.47 933.75 −6.53 0.17
6369 A23H4W 54 55 233.95 936.00 −5.98 0.11
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6444 A23H4W 101 102 234.42 937.45 −6.75 0.11
6628 A23H4W 101 102 234.42 937.45 −6.70 0.15
6384 A23H5W 3 4 234.94 939.06 −6.39 0.09
6453 A23H5W 52 53 235.43 940.58 −7.51 0.12
6376 A23H5W 102 102 235.93 942.12 −7.59 0.11
6454 A23H6W 5 6 236.46 943.76 −8.11 0.10
6382 A23H6W 48 49 236.89 945.09 −8.23 0.11
6387 A23H6W 97 98 237.38 946.60 −8.39 0.07
6446 B23H2W 52 53 237.89 948.18 −8.36 0.10
6506 B23H2W 102 103 238.39 949.73 −8.29 0.16
6524 B23H3W 5 6 238.92 951.36 −7.89 0.18
6530 B23H3W 52 53 239.39 952.82 −7.88 0.14
6516 B23H3W 102 103 239.89 954.36 −7.81 0.16
6661 B23H4W 6 7 240.43 956.03 −7.94 0.21
6668 B23H4W 54 55 240.91 957.52 −7.72 0.21
6654 B23H4W 102 103 241.39 959.00 −8.29 0.23
6501 B23H5W 7 8 241.94 968.58 −8.74 0.15
6669 B23H5W 36 37 242.23 973.64 −6.69 0.18
6673 B23H5W 57 58 242.44 977.30 −7.89 0.22
6738 B23H5W 84 85 242.71 982.00 −6.65 0.37
6736 B23H5W 112 113 242.99 987.30 −6.79 0.14
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Table C.1 – Authigenic εNd at site ODP 1093 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6734 B23H6W 5 6 243.42 995.44 −7.76 0.17
6693 A24H4W 19 20 243.9 1004.53 −7.12 0.13
6751 A24H4W 69 70 244.4 1014.00 −8.31 0.26
6701 A24H4W 122 123 244.93 1028.26 −7.68 0.24
6716 A24H4W 122 123 244.93 1028.26 −7.20 0.18
6749 A24H5W 23 24 245.44 1041.98 −6.74 0.11
6707 A24H5W 68 69 245.89 1054.09 −6.54 0.12
6613 A24H5W 118 119 246.39 1067.55 −7.35 0.14
6695 A24H5W 118 119 246.39 1067.55 −7.30 0.14
6714 A24H6W 18 19 246.89 1081.00 −7.38 0.14
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Table C.2.: Element ratios of the leachates at site ODP 1093

Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

5551 62.43 4.32 1.13 1.41 0.47 1.15 20.75
5554 215.29 4.59 1.32 1.30 0.98 0.74 2.92
5555 176.22 4.27 1.42 1.28 0.90 0.94 5.64
5556 168.73 8.83 1.00 1.64 1.19 0.94 0.51
5557 202.53 4.39 1.59 1.31 1.00 0.79 4.59
5557 178.74 4.19 1.28 1.50 0.91 0.87 5.18
5557 221.91 4.82 1.39 1.38 1.06 2.20 4.62
5558 133.94 4.63 1.13 1.44 0.75 1.08 7.46
5559 29.31 4.23 1.01 1.50 0.45 1.17 42.82
5560 86.07 4.83 1.11 1.45 0.51 1.19 14.23
5561 166.86 9.82 1.25 1.75 1.66 1.04 0.53
5562 49.40 4.92 1.19 1.42 0.52 1.11 26.01
5567 183.67 4.91 1.44 1.25 0.94 0.81 4.77
5571 172.22 5.17 1.30 1.44 1.18 0.78 3.31
5576 90.40 4.75 1.26 1.42 0.54 0.93 15.96
5578 80.70 4.62 1.19 1.43 0.49 0.98 20.15
5579 47.25 4.34 1.15 1.42 0.50 0.92 28.10
5580 196.99 8.85 1.33 1.72 1.59 0.87 0.49
5581 99.50 4.97 1.18 1.38 0.67 0.97 9.87
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Table C.2 – Element ratios of the leachates at site ODP 1093 – continued from previous page
Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

5584 89.70 4.73 1.17 1.35 0.46 0.90 18.92
5585 70.48 4.70 1.20 1.43 0.58 0.91 19.92
5586 32.51 4.36 0.98 1.53 0.46 0.99 32.76
5587 42.23 4.41 1.14 1.45 0.49 0.96 29.95
5591 105.16 4.44 1.16 1.51 0.80 0.85 15.45
5597 142.47 4.79 1.14 1.42 0.71 0.05 14.59
5599 164.23 6.20 1.24 1.74 2.01 1.37 1.31
5604 152.57 13.63 1.15 1.70 1.67 0.24 0.27
5605 151.28 4.63 1.24 1.66 1.67 1.24 3.16
5610 99.80 4.55 1.14 1.35 0.60 0.24 19.85
5613 95.38 4.45 1.13 1.38 0.50 0.44 19.35
5691 22.94 4.90 1.33 1.50 0.75 1.13 28.66
5695 18.37 4.88 1.35 1.47 0.53 1.01 31.26
5696 29.68 4.48 1.49 1.55 0.83 0.99 14.45
5697 109.72 7.73 1.45 1.77 1.56 1.08 0.44
5697 246.48 7.59 1.35 1.72 1.63 1.53 0.56
5699 12.44 4.63 1.35 1.43 0.54 1.01 35.44
5702 118.84 18.38 1.43 1.72 1.70 1.00 0.22
5703 52.86 6.07 1.82 1.60 0.74 1.04 12.10
5707 116.83 4.41 1.75 1.51 0.57 0.96 14.70
5708 29.23 3.89 1.45 1.58 0.72 0.86 21.78

Continued on next page

180



C
.1.

Site
O

D
P

1093

Table C.2 – Element ratios of the leachates at site ODP 1093 – continued from previous page
Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

5714 127.77 12.34 1.38 1.87 1.64 0.91 0.26
5714 28.51 12.10 0.60 1.14 1.64 0.90 0.30
5714 111.44 16.73 1.69 1.73 1.61 1.24 0.20
5714 200.07 13.39 1.34 1.65 1.75 1.84 0.29
5714 120.48 10.73 1.37 1.82 1.71 1.08 0.30
5714 112.67 11.76 1.57 1.65 1.50 0.99 0.31
5716 31.60 4.23 1.55 1.53 0.66 1.07 16.73
5718 20.10 4.31 1.37 1.49 0.65 1.14 25.41
5719 79.08 12.36 1.43 1.64 1.62 1.02 0.26
5721 56.54 4.40 1.60 1.60 1.10 1.04 6.22
5801 222.82 15.09 1.51 1.57 1.54 0.86 0.11
5802 86.43 4.16 1.40 1.68 1.28 0.91 4.18
5803 33.49 4.59 1.46 1.48 0.60 0.78 12.41
5804 98.62 5.34 1.51 1.66 1.07 0.73 2.17
5805 214.36 13.81 1.23 1.71 1.63 0.85 0.11
5806 64.65 4.32 1.73 1.54 0.90 0.98 4.48
5807 194.08 11.94 1.32 1.56 1.65 0.72 0.11
5809 115.52 1.53 1.70 1.59 1.58 0.68 0.57
5810 23.95 4.23 1.41 1.47 0.57 1.02 22.08
5811 237.60 12.75 1.31 1.72 1.47 0.84 0.11
5812 73.94 3.95 1.80 1.41 1.25 0.75 4.82
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Table C.2 – Element ratios of the leachates at site ODP 1093 – continued from previous page
Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

5813 62.24 4.12 1.91 1.43 1.20 0.81 4.26
5814 202.94 16.34 1.49 1.53 1.63 0.76 0.10
5815 56.14 4.55 1.91 1.40 1.24 0.77 6.37
5816 92.02 8.33 1.49 1.63 1.66 0.67 0.38
5817 59.53 4.31 1.52 1.48 0.56 0.84 13.90
5818 97.49 4.20 1.90 1.71 1.60 0.72 0.50
5819 4.40 1.45 1.33 0.63 0.84 44.65
5821 233.68 21.26 1.12 1.65 1.63 0.71 0.05
5823 79.27 4.57 1.75 1.43 1.22 0.69 4.57
5824 70.36 4.94 1.40 1.65 0.82 0.85 4.33
5825 248.49 24.30 1.51 1.47 1.65 0.87 0.05
5826 72.85 4.71 1.71 1.47 1.16 0.86 4.01
5828 84.07 8.98 1.17 1.71 1.64 0.86 0.27
5829 36.11 4.13 1.31 1.58 0.55 0.94 17.31
5830 298.23 9.27 1.48 1.54 1.54 0.75 0.13
5831 84.15 3.66 1.99 1.39 1.10 0.66 4.00
5832 59.36 3.63 1.41 1.51 1.19 0.88 5.70
5833 88.18 4.66 1.70 1.53 1.41 0.80 1.83
5834 123.00 9.22 1.58 1.75 1.66 0.80 0.32
5835 172.68 6.86 1.93 1.73 1.69 0.91 0.58
5836 132.20 6.14 1.41 1.75 1.60 0.85 0.76
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Table C.2 – Element ratios of the leachates at site ODP 1093 – continued from previous page
Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

5837 60.54 14.13 1.12 1.60 1.61 0.92 0.29
5838 74.89 4.93 1.74 1.48 0.97 0.79 1.94
5840 73.86 11.03 1.18 1.85 1.65 0.73 0.23
5841 204.03 10.86 1.30 1.61 1.49 0.71 0.14
5842 214.57 11.82 1.53 1.56 1.50 0.78 0.10
5843 225.36 17.27 1.32 1.55 1.65 0.90 0.06
5844 137.65 13.39 1.35 1.52 1.65 0.85 0.16
5845 79.39 4.17 1.75 1.48 0.98 0.89 2.19
5846 123.89 7.71 1.61 1.59 1.12 0.67 0.38
5848 88.09 14.88 1.05 1.85 1.35 0.81 0.16
5850 45.65 4.89 2.10 1.38 1.10 0.83 2.21
5851 168.93 11.22 1.30 1.54 1.72 0.71 0.15
5852 81.87 4.24 1.71 1.50 1.08 0.66 3.79
5853 40.10 4.29 1.38 1.51 0.47 0.92 18.06
5854 262.27 12.94 1.44 1.49 1.34 0.73 0.09
5855 60.00 4.02 1.80 1.49 1.26 0.92 5.53
5856 102.33 16.76 1.31 1.81 1.30 0.83 0.13
5857 4.07 1.53 1.50 1.02 0.87 7.73
5858 143.66 4.57 1.91 1.39 1.20 0.88 3.33
5859 42.58 13.31 0.89 1.77 2.09 0.84 0.15
5860 65.18 3.91 1.63 1.58 1.30 0.83 4.70
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Table C.2 – Element ratios of the leachates at site ODP 1093 – continued from previous page
Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

5862 85.88 3.83 1.72 1.50 1.17 0.69 3.69
5863 29.32 3.77 1.48 1.55 0.77 0.88 15.91
5864 41.61 4.24 1.40 1.50 0.43 0.89 18.04
5878 180.19 12.94 1.25 1.63 1.69 0.91 0.16
5879 218.77 13.46 1.30 1.63 1.73 0.91 0.11
5881 4.91 1.39 1.36 0.56 0.91 35.98
5885 164.25 11.84 1.39 1.62 1.61 0.90 0.16
5888 5.41 1.65 1.43 1.01 0.94 4.54
5889 5.26 1.55 1.37 0.73 0.85 8.16
5890 204.84 10.65 1.37 1.54 1.72 0.96 0.18
5891 5.26 1.30 1.26 0.36 0.94 52.82
5892 256.54 18.01 1.40 1.61 1.54 0.80 0.07
5895 5.64 1.73 1.41 0.90 0.99 4.48
5899 299.55 16.88 1.43 1.55 2.14 0.92 0.10
5900 5.39 1.73 1.40 0.22 0.89 50.35
5903 13.54 1.15 1.81 1.65 0.92 0.11
5904 4.99 1.35 1.36 0.49 0.91 35.42
5905 223.68 16.38 1.33 1.58 1.86 0.91 0.10
5906 5.62 2.15 1.22 1.10 0.77 0.95
5907 5.34 1.70 1.48 0.92 0.97 5.26
5908 4.76 1.44 1.39 0.51 0.97 41.85
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Table C.2 – Element ratios of the leachates at site ODP 1093 – continued from previous page
Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

5910 5.06 1.50 1.46 0.57 1.02 12.06
5913 327.73 17.79 1.38 1.52 1.67 0.86 0.06
5914 5.70 1.31 1.52 0.39 0.98 19.67
5917 5.20 1.89 1.30 0.84 1.01 6.81
5918 5.04 1.54 1.49 0.71 0.93 13.33
5920 5.23 1.63 1.44 0.20 0.97 54.35
5921 312.79 9.95 1.38 1.61 1.70 0.87 0.11
5922 5.15 1.74 1.43 0.90 1.06 4.87
5925 4.70 1.48 1.34 0.48 0.99 22.97
5930 5.27 1.73 1.40 0.24 1.02 52.47
5932 5.05 1.65 1.34 0.61 0.96 12.97
5933 3.91 1.36 1.61 0.86 0.99 10.08
5941 7.26 1.40 1.67 1.31 0.94 0.54
5942 4.53 1.57 1.48 0.97 0.87 3.88
5943 4.26 1.88 1.47 0.97 0.95 4.82
5944 165.11 14.00 1.21 1.70 1.43 0.91 0.10
5945 4.32 1.53 1.49 0.66 0.97 5.82
5947 1.70 1.46 1.62 1.08 1.01 9.83
5948 4.44 1.65 1.35 1.02 1.07 5.68
5949 107.75 14.09 1.27 1.51 1.36 0.95 0.10
5950 4.77 1.71 1.57 1.10 0.99 2.85
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Table C.2 – Element ratios of the leachates at site ODP 1093 – continued from previous page
Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

5951 8.49 1.43 1.52 1.01 0.84 0.32
5952 4.62 1.38 1.52 0.80 1.02 7.49
5953 4.75 1.60 1.46 0.86 0.94 3.21
5956 4.67 1.83 1.31 1.02 0.88 6.07
5957 4.48 1.69 1.38 0.92 0.81 4.34
5959 6.94 1.37 1.52 1.50 0.81 0.58
5960 248.95 19.89 1.25 1.46 1.25 0.99 0.06
5961 0.81 1.70 1.29 0.89 0.79 7.99
5962 4.59 1.34 1.41 0.49 1.02 23.37
5965 35.00 4.14 1.40 1.44 0.49 1.06 31.16
5966 80.31 14.42 1.21 1.64 1.85 0.93 0.15
5967 131.89 11.25 1.21 1.65 1.39 0.95 0.17
5968 24.35 3.74 1.24 1.46 0.42 1.04 62.51
5969 152.97 11.51 1.20 1.63 1.61 0.96 0.13
5970 4.85 1.55 1.68 1.48 1.17 1.72
5971 5.30 1.99 1.33 0.97 0.87 0.98
5972 4.60 1.36 1.48 0.54 0.86 3.67
5973 124.85 14.91 1.18 1.63 1.31 1.05 0.09
5976 11.49 1.48 1.54 1.18 0.99 0.21
5977 167.86 19.78 1.26 1.55 1.23 0.90 0.07
5978 208.89 16.54 1.21 1.66 1.33 1.01 0.09
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Table C.2 – Element ratios of the leachates at site ODP 1093 – continued from previous page
Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

5979 3.80 1.43 1.27 0.43 0.91 48.88
5980 5.76 1.36 1.65 1.18 1.03 1.23
5981 7.54 1.67 1.56 1.32 0.86 0.46
5982 6.44 2.12 1.51 1.68 0.95 0.67
5984 4.70 1.50 1.55 0.77 0.90 2.77
5985 10.46 1.93 1.62 1.35 0.88 0.19
5986 4.21 1.45 1.40 0.62 1.01 7.85
5987 218.96 13.66 1.47 1.62 1.50 0.85 0.12
5989 187.92 14.01 1.61 1.45 1.89 0.99 0.14
5990 4.47 1.56 1.46 0.92 0.91 3.98
5991 4.99 1.30 1.74 1.64 1.05 1.73
5992 8.60 1.28 1.67 1.70 1.02 0.32
5993 182.14 12.16 1.41 1.57 1.38 0.95 0.16
5994 223.34 9.41 1.39 1.62 1.33 0.88 0.19
5995 13.08 1.44 1.67 1.13 1.00 0.19
5996 5.92 2.18 1.48 1.50 0.86 0.71
5997 4.30 1.47 1.53 0.90 0.89 2.80
5998 9.43 1.07 1.65 1.66 0.90 0.25
5999 6.83 1.83 1.56 1.13 1.04 0.39
6000 61.44 4.52 1.55 1.42 0.88 0.98 9.39
6001 4.06 0.21 0.43 0.87 0.95 1.96
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Table C.2 – Element ratios of the leachates at site ODP 1093 – continued from previous page
Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

6002 4.52 2.20 1.04 0.24 0.90 0.74
6003 4.20 2.32 1.49 0.92 0.94 2.97
6004 4.47 1.82 1.23 0.95 0.99 8.65
6011 82.07 4.81 1.49 1.47 0.93 0.98 6.81
6012 116.44 5.03 1.42 1.61 1.36 1.03 2.10
6013 78.94 5.25 2.17 1.25 1.18 1.08 1.87
6014 292.14 15.23 1.05 1.58 1.55 0.92 0.08
6015 34.90 4.44 1.20 1.66 0.77 1.02 10.75
6016 156.46 10.36 1.20 1.60 1.37 1.04 0.17
6019 98.22 12.65 1.73 1.53 1.34 0.98 0.17
6020 69.91 6.20 1.23 1.56 1.55 1.11 0.81
6021 96.77 4.93 1.61 1.55 1.13 0.87 2.28
6023 29.58 3.84 1.26 1.69 0.93 1.08 11.39
6025 28.15 15.85 0.44 0.75 1.64 1.18 0.08
6026 87.94 12.81 1.41 1.61 1.75 1.13 0.14
6027 3.79 1.22 1.27 0.56 0.89 45.62
6030 34.46 4.24 1.32 1.55 0.69 1.08 14.11
6031 214.17 13.45 1.10 1.56 1.60 0.99 0.09
6032 67.12 11.82 1.21 1.49 2.27 0.88 0.12
6034 92.26 17.14 1.19 1.63 1.98 1.00 0.14
6036 228.63 20.06 1.53 1.52 1.61 0.86 0.10
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Table C.2 – Element ratios of the leachates at site ODP 1093 – continued from previous page
Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

6038 136.98 11.25 1.50 1.48 1.77 1.06 0.14
6040 43.72 4.47 1.27 1.56 0.68 1.02 13.09
6041 248.39 11.46 1.08 1.70 1.98 0.96 0.14
6042 141.03 16.89 1.18 1.73 1.71 1.10 0.08
6043 226.76 11.85 1.26 1.66 1.35 0.85 0.09
6045 35.00 4.26 1.36 1.60 0.69 1.01 13.23
6046 74.13 4.80 2.92 1.23 1.26 1.00 1.97
6051 234.45 16.40 1.36 1.44 1.48 0.97 0.08
6053 303.18 11.19 1.59 1.53 1.52 0.81 0.11
6055 108.29 15.97 1.41 1.61 1.57 1.15 0.12
6056 93.59 17.78 1.32 1.60 1.58 1.01 0.14
6059 91.49 6.59 1.79 1.61 1.47 1.10 0.76
6060 37.94 4.71 1.44 1.46 0.60 1.03 15.27
6062 213.76 14.30 1.32 1.56 1.78 0.93 0.11
6063 366.99 12.05 1.61 1.61 1.65 0.89 0.08
6064 79.46 18.40 1.33 1.71 1.64 0.99 0.14
6065 193.61 19.11 1.33 1.76 1.69 1.21 0.08
6066 98.72 4.84 3.44 1.41 1.57 1.05 2.29
6067 77.06 12.58 1.17 1.72 1.66 1.10 0.21
6068 259.13 15.45 1.31 1.45 1.61 1.03 0.08
6070 68.06 5.12 1.41 1.61 1.18 0.95 2.42
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Table C.2 – Element ratios of the leachates at site ODP 1093 – continued from previous page
Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

6071 317.03 15.50 1.34 1.52 1.66 0.88 0.08
6073 140.30 19.79 1.20 1.74 1.52 1.04 0.06
6074 116.24 8.09 1.73 1.51 1.63 0.90 0.35
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Table C.3.: Authigenic εNd at site ODP 1094 (this study and Hallmaier et al. (2023a)). Age model from Hasenfratz et al. (2019).
Samples marked with an asterisk were excluded from further discussion based on the multielement analysis.

Label εNd 2SD Depth (mcd) Age (ka BP)

5570 A1H2W 19 20 1.69 3.20 −0.82 0.15
5701 A1H2W 37 38 1.87 3.51 −0.68 0.15
5601 A1H2W 37 38 1.87 3.51 −0.25 0.15
5569 A1H2W 87 88 2.37 4.40 −0.87 0.23
5572 A1H2W 97 98 2.47 4.58 −2.53 0.16
5563 C1H2W 88 89 2.66 4.91 −3.34 0.14
5573 C1H3W 7 8 3.35 6.13 −2.70 0.22
5606 C1H3W 37 38 3.65 6.66 −3.06 0.23
5607 C1H3W 59 60 3.87 7.06 −5.51 0.20
5574* C1H3W 89 90 4.17 7.60 −2.97 0.32
5596 C1H3W 117 118 4.45 8.11 −4.53 0.22
5582* C1H4W 7 8 4.85 8.83 −2.99 0.38
5614 C1H4W 7 8 4.85 8.83 −2.58 0.35
5575 C1H4W 37 38 5.15 9.38 −3.31 0.21
5603* C1H4W 59 60 5.37 9.77 −2.86 0.29
5553* C1H4W 89 90 5.67 10.32 −2.24 0.29
5583 C1H4W 119 120 5.97 10.86 −6.07 0.23
5608* C1H5W 37 38 6.65 12.51 −1.53 0.25
5590 C1H5W 67 68 6.95 13.59 −0.99 0.21

Continued on next page
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Table C.3 – Authigenic εNd at site ODP 1094 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

5588 C1H5W 97 98 7.25 14.67 −2.28 0.17
5612 C1H5W 118 119 7.46 15.42 −2.99 0.17
5566 C1H6W 7 8 7.85 16.83 −2.46 0.16
5589 C1H6W 36 37 8.14 17.87 −3.03 0.16
5709 C1H6W 67 68 8.45 18.99 −3.03 0.12
5594 C1H6W 95 96 8.73 20.68 −3.42 0.16
5602 A2H2W 146 147 9.1 24.13 −2.06 0.12
5600 A2H3W 27 28 9.41 27.01 −2.90 0.12
5598 A2H3W 27 28 9.41 27.01 −3.05 0.13
5565 A2H3W 106 107 10.2 35.12 −3.30 0.14
5595 A2H3W 127 128 10.41 35.88 −3.10 0.13
5593 A2H4W 16 17 10.8 37.29 −3.77 0.14
5628 A3H4 116 117 22.18 119.77 −2.24 0.22
5637 A3H4 142 143 22.44 120.59 −1.88 0.23
5639 A3H5 27 28 22.79 121.70 −2.65 0.23
5643 A3H5 67 68 23.19 122.96 −1.99 0.25
5664 A3H5 116 117 23.68 124.51 −1.88 0.18
5670 C3H3 74 75 23.9 125.20 −3.35 0.19
5713 C3H4 57 58 25.23 128.43 −3.98 0.21
5722 C3H4 78 79 25.44 128.84 −3.49 0.29
5706 C3H4 78 79 25.44 128.84 −3.12 0.32

Continued on next page
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Table C.3 – Authigenic εNd at site ODP 1094 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

5712 C3H4 117 118 25.83 129.59 −2.82 0.32
5698 C3H4 146 147 26.12 130.15 −2.58 0.24
5711 C3H5 19 20 26.35 131.10 −1.89 0.23
5692 C3H5 48 49 26.64 132.71 −3.03 0.14
5717 C3H5 79 80 26.95 134.47 −3.16 0.19
5704 C3H5 116 117 27.32 139.99 −2.41 0.10
5710 C3H5 146 147 27.62 144.47 −2.54 0.17
6692 C6H6W 16 17 55.98 353.26 −4.41 0.16
6726 C6H6W 47 48 56.29 356.23 −4.11 0.11
6706 A7H2W 88 89 56.58 359.02 −3.90 0.15
6727 A7H2W 148 149 57.18 364.78 −3.10 0.11
6733 A7H3W 28 29 57.48 367.66 −1.91 0.15
6699 A7H3W 58 59 57.78 370.54 −3.73 0.13
6712 A7H3W 97 98 58.17 374.28 −1.47 0.08
6703 A7H3W 148 149 58.68 379.17 −2.62 0.13
6735 A7H4W 58 59 59.28 384.93 −4.11 0.11
5916 A7H4W 76 77 59.46 386.70 −1.86 0.13
5931 A7H4W 118 119 59.88 390.70 −1.93 0.26
5887 A7H5W 28 29 60.48 395.50 −4.68 0.12
5871 A7H5W 118 119 61.38 397.50 −5.12 0.15
5872 A7H6W 28 29 61.98 398.90 −4.93 0.13

Continued on next page
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Table C.3 – Authigenic εNd at site ODP 1094 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

5880 A7H6W 96 97 62.66 400.40 −6.65 0.13
5934 A8H1W 9 10 63.83 403.10 −4.39 0.13
5919 A8H1W 59 60 64.33 404.20 −1.87 0.17
5923 A8H2W 9 10 65.33 406.50 −0.92 0.17
5929 A8H2W 67 68 65.91 407.80 −0.97 0.12
5873 A8H2W 136 137 66.6 409.30 −2.08 0.16
5877 A8H3W 38 39 67.12 411.80 −1.99 0.17
5897 A8H3W 58 59 67.32 414.10 −2.19 0.18
5902 A8H3W 97 98 67.71 418.40 −2.48 0.19
5927 A8H3W 136 137 68.1 420.70 −2.40 0.18
5909 A8H4W 9 10 68.33 421.40 −2.03 0.18
5874 A8H4W 38 39 68.62 422.30 0.17 0.14
5912 A8H4W 67 68 68.91 423.10 0.80 0.13
5898 A8H4W 98 99 69.22 424.00 0.21 0.12
5926 A8H4W 135 136 69.59 425.10 −0.42 0.16
5911 A8H4W 135 136 69.59 425.10 −0.44 0.11
5883 A8H5W 38 39 70.12 426.70 −3.04 0.32
5924 A8H5W 69 70 70.43 427.60 −2.19 0.17
5886 A8H5W 98 99 70.72 428.40 −0.79 0.13
5876 A8H6W 8 9 71.32 438.20 −2.96 0.13
5882 D6H3W 56 57 71.8 441.40 −2.86 0.12
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Table C.3 – Authigenic εNd at site ODP 1094 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

5896 D6H3W 97 98 72.21 444.10 −2.87 0.12
6698 A12H3W 88 89 105.06 850.32 −1.88 0.16
6743 A12H3W 118 119 105.36 853.28 −0.96 0.27
6745 A12H4W 9 10 105.77 857.32 −4.01 0.19
6728 A12H4W 28 29 106.25 861.86 −5.85 0.20
6719 A12H4W 88 89 106.56 864.52 −2.69 0.16
6718 A12H4W 123 124 106.91 867.52 −3.17 0.11
6696 A12H5W 3 4 107.21 870.09 −3.30 0.13
6723 D10H2W 9 10 107.53 872.83 −3.42 0.14
6700 D10H2W 48 49 107.92 876.17 −4.01 0.09
6729 D10H2W 78 79 108.22 880.69 −3.24 0.10
6694 D10H2W 108 109 108.52 886.55 −4.03 0.12
6702 D10H2W 138 139 108.82 892.41 −4.44 0.13
6753 D10H3W 27 28 109.21 900.42 −3.82 0.12
6747 D10H3W 47 48 109.41 904.91 −3.52 0.10
6740 D10H3W 79 80 109.73 912.10 −4.02 0.11
6725 D10H3W 79 80 109.73 912.10 −3.90 0.12
6722 D10H3W 98 99 109.92 915.89 −4.02 0.18
6739 D10H4W 48 49 110.92 919.37 −4.12 0.12
6754 A13H1W 59 60 112.13 924.68 −4.65 0.11
6737 A13H1W 119 120 112.73 928.76 −5.37 0.12
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Table C.3 – Authigenic εNd at site ODP 1094 – continued from previous page
Label Core Depth top (cm) Depth bottom (cm) Depth (mcd) Age (ka BP) εNd 2SD

6710 A13H2W 28 29 113.32 932.77 −4.80 0.10
6720 A13H2W 58 59 113.62 935.06 −4.64 0.16
6741 A13H2W 117 118 114.21 939.63 −4.41 0.10
6711 A13H2W 149 150 114.53 942.11 −5.08 0.15
6709 A13H3W 59 60 115.13 945.62 −3.83 0.15
6697 A13H3W 59 60 115.13 945.62 −3.63 0.14
6731 A13H3W 144 145 115.98 950.09 −3.78 0.18
6705 A13H4W 58 59 116.62 956.60 −6.00 0.33
6744 A13H5W 4 5 117.22 960.91 −4.92 0.12
6708 D11H2W 68 69 117.82 965.21 −4.56 0.12
6715 D11H2W 128 129 118.42 969.52 −4.69 0.16
6748 D11H3W 39 40 119.03 973.90 −4.84 0.12
6750 D11H3W 68 69 119.32 975.98 −4.91 0.14
6742 D11H3W 99 100 119.63 978.32 −4.84 0.12
6721 D11H4W 9 10 120.23 983.25 −5.19 0.10
6704 D11H4W 38 39 120.52 986.69 −5.12 0.13
6724 D11H4W 72 73 120.86 990.72 −4.74 0.08
6746 D11H4W 72 73 120.86 990.72 −4.56 0.10
6717 D11H4W 98 99 121.12 993.81 −4.79 0.08
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Table C.4.: Element ratios of the leachates at site ODP 1094

Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

5553 304.64 15.42 1.09 1.47 0.98 −0.52 0.24
5563 135.58 7.81 1.10 1.53 0.97 0.82 1.03
5566 179.55 11.22 1.35 1.50 1.52 0.87 0.62
5569 129.35 15.14 0.98 1.65 0.94 0.74 0.30
5570 90.80 18.40 0.88 1.61 1.00 0.73 0.26
5570 112.51 15.71 0.83 1.64 1.03 0.23 0.30
5570 85.29 20.11 0.90 1.55 1.01 0.85 0.24
5572 124.91 11.15 1.04 1.63 1.01 0.68 0.47
5573 154.21 7.05 1.09 1.51 0.93 0.76 1.49
5574 359.41 16.74 1.30 1.39 0.95 −0.52 0.22
5575 192.52 12.57 0.98 1.51 0.95 0.46 0.34
5582 360.98 19.16 1.07 1.53 1.00 −0.22 0.18
5583 197.69 6.22 1.90 1.15 1.07 0.35 1.22
5588 193.35 10.76 0.93 1.54 1.28 0.55 0.44
5589 141.89 11.59 1.05 1.73 1.70 0.83 0.60
5590 204.00 15.52 1.05 1.62 1.23 0.38 0.27
5594 133.64 14.61 0.88 1.77 1.87 0.83 0.40
5596 157.90 6.31 1.06 1.49 1.18 0.52 1.20
5598 151.88 17.85 0.97 1.71 1.77 0.67 0.31

Continued on next page
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Table C.4 – Element ratios of the leachates at site ODP 1094 – continued from previous page
Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

5600 149.09 17.85 0.93 1.79 1.78 0.44 0.31
5601 140.33 11.73 0.87 1.72 0.99 1.49 0.45
5602 140.15 17.46 0.97 1.75 1.77 0.75 0.34
5603 466.04 17.29 1.16 1.49 1.08 7.00 0.21
5606 238.24 8.01 1.11 1.48 1.06 2.31 0.83
5607 209.08 4.81 1.51 1.35 0.95 0.99 4.26
5608 370.43 11.20 1.03 1.51 1.24 1.56 0.44
5612 221.55 8.80 1.22 1.50 1.30 2.63 0.62
5614 457.97 16.51 1.05 1.59 1.04 5.65 0.23
5692 74.55 8.59 1.39 1.72 1.56 1.07 0.52
5698 85.77 7.70 1.59 1.44 1.10 1.05 0.40
5701 130.52 11.95 0.89 1.67 0.96 0.80 0.41
5701 46.75 7.57 1.00 1.88 0.98 1.03 0.36
5701 10.36 1.06 1.88 0.94 1.17 0.31
5701 75.14 9.87 1.07 1.80 0.91 1.01 0.31
5701 57.55 13.59 1.11 1.87 0.93 0.89 0.28
5701 10.44 1.07 1.67 0.85 0.94 0.31
5704 118.59 13.27 1.70 1.88 1.51 1.01 0.45
5706 121.73 8.33 2.71 1.05 1.29 0.74 0.33
5709 131.80 11.52 1.38 1.79 1.81 1.05 0.38
5709 161.57 11.53 1.04 1.67 1.85 0.69 0.56

Continued on next page
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Table C.4 – Element ratios of the leachates at site ODP 1094 – continued from previous page
Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

5710 127.35 10.60 1.46 1.84 1.55 1.10 0.44
5711 133.54 9.50 1.80 1.64 1.27 0.91 0.29
5712 69.56 6.08 1.93 1.45 1.17 0.96 1.26
5713 148.78 5.73 1.59 1.46 1.17 1.13 1.03
5717 136.46 5.05 1.65 1.68 1.72 1.08 2.08
5722 190.49 7.39 1.75 1.22 1.10 1.70 0.32
5871 4.57 1.70 1.32 0.86 1.05 7.12
5872 4.35 1.53 1.38 0.68 1.06 6.45
5873 4.90 1.53 1.42 1.00 1.15 1.14
5874 8.17 1.41 1.47 1.01 0.92 0.35
5876 61.91 12.39 1.12 1.79 1.79 0.99 0.28
5877 5.40 1.40 1.58 1.00 1.07 0.98
5880 4.74 1.52 1.43 0.43 0.91 14.08
5882 77.22 16.32 1.34 1.73 1.66 1.05 0.20
5883 10.92 2.68 1.11 1.18 2.92 0.12
5886 6.81 1.64 1.52 1.29 0.98 0.48
5887 4.63 2.14 1.37 0.70 0.93 3.02
5896 117.73 5.00 1.72 1.78 1.56 1.07 1.42
5897 5.21 1.92 1.29 1.06 1.02 1.77
5898 8.27 1.19 1.67 1.19 1.01 0.32
5902 5.17 1.52 1.48 1.15 0.99 1.06
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Table C.4 – Element ratios of the leachates at site ODP 1094 – continued from previous page
Label Al/Nd Sr/Ca (‰) HREE/LREE MREE/MREE* Ce/Ce* Eu/Eu* CaCO3 (%)

5909 8.68 2.91 1.08 0.97 0.92 1.20
5911 11.27 1.31 1.60 1.18 0.83 0.24
5912 96.16 3.58 1.16 1.67 1.11 0.99 1.03
5916 67.77 12.78 1.28 1.74 1.12 1.03 0.21
5919 4.27 1.48 1.42 0.80 0.92 0.51
5923 6.11 1.21 1.69 0.90 1.12 0.66
5924 3.08 2.07 1.28 1.26 1.06 1.12
5926 4.67 1.38 1.54 1.22 1.00 0.67
5927 4.60 2.25 1.99 0.99 0.94 2.27
5929 4.25 1.64 1.47 0.97 0.87 1.60
5931 4.13 0.98 1.78 1.07 0.92 0.57
5934 6.12 1.75 1.36 0.79 0.79 0.66
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