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ABSTRACT

The Mid-Pleistocene Transition (MPT), occurring between ~1250 to 700 Ka
(1.25to 0.7 Ma) marks a fundamental change in Earth’s climate system when the
glacial cyclicity of Earth changed from 41 to 100 Kyr. This observed change occurred
independently of changes in solar insolation suggesting changing internal climate
dynamics might have driven the transition. The South Pacific represents the largest
fraction of the Southern Ocean and hence an important target region for studying
internal climate dynamics during the MPT. Here, we use sediment core U1541
(54°13°S, 125°25°W, 3604 m) collected during the International Ocean Discovery
Program (IODP) Expedition 383 to investigate changes in deep ocean circulation and
the role of these changes played in solidifying the conditions of the MPT.

In this thesis, we present an authigenic Nd isotope (expressed as end) time
series from Site U1541 from 1500 — 500 ka. end shifts can be interpreted as tracking
changes in the mixing proportions of two water mass end members, unradiogenic
Atlantic (ena ~-13.5) and radiogenic Pacific sourced waters (PSW, end ~-4). In our
record, the proportions of water mass end members fluctuate across climate cycles
with glacial cycles reflecting more pacific source water, indicative of weakened
Meridional Overturning Circulation (MOC). Across the MPT, we have observed three
periods of increased PSW influence at ~1250 ka (MIS 38), ~900 ka (MIS 22), and

~650 ka (MIS 16) interpreted as periods of a more complete breakdown in MOC than
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other glacials. The ~1250 ka event predates previous research suggesting ~900 ka was
the first event of such magnitude. Comparison of our results with the ice volume
(using & *80sw, a direct proxy of ice volume or sea level change) record for ODP 1123
(Elderfield et al., 2012) shows there is a strong correlation between the deep ocean
circulation changes observed and global ice volume suggesting there is a mechanistic
link between the two variables. We propose this link is a shift in the nature of
Antarctic glaciers from terrestrial sourced to glaciomarine. The influx of freshwater
into the surrounding oceans from melting glaciomarine glaciers near the Sub-Antarctic
front (SAF) has the potential to destabilize the water column producing perturbations
in deep ocean circulation of the magnitude observed in our record. The MPT ocean
circulation perturbations could have promoted increased drawdown in CO- and ice

growth to produce the 100 kyr cycles of the MPT.



Chapter 1
INTRODUCTION

The Mid-Pleistocene Transition (MPT) is a significant period in Earth’s climate
history because there was a fundamental change in how Earth’s climate system
operates. Through much of the Pleistocene epoch (2580 — 12 ka), Earth’s climate has
been punctuated by a cyclic pattern of warm and cold intervals, commonly referred to
as glacial cycles. These cyclic climate variations are largely related to astronomically
driven solar insolation, otherwise known as the Milankovitch cycles. The
Milankovitch cycles were first identified by Serbian Geophysicist, Milutin
Milankovitch in the early 1900’s (Milankovitch, 1941). According to his theory, ice
sheet growth and decay are paced by boreal summer insolation controlled by three
cycles: obliquity, precession and eccentricity (Milankovitch, 1941; Berger et al., 1988;
Ruddimen, 2013) where obliquity is the angle of tilt of the Earth away from the
vertical axis which varies every ~41 kyr, eccentricity is the variation in the Earth’s
orbit from elliptical to circular that takes ~100 kyr, and precession is the wobbling
motion of the Earth, similar to that of a top, that varies every 23 and 19 kyr. These
periodicities are observed in Pleistocene paleoclimate records specifically the benthic

oxygen isotope record (Hays et al., 1976).
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Figure 1.1. Global benthic 520, 4cire [%0] Stacks covering the Mid-Pleistocene
Transition. (a) Benthic oxygen isotope stack (Ahn et al., 2017) for the
past 5000 ky (5 my) showing how the early oxygen isotope record differs
from the Mid-Pleistocene Transition. (b)A close up of the benthic oxygen
isotope stack (Ahn et al., 2017) showing just the study period (1500-500
ka). The boundaries of the Mid-Pleistocene Transition are indicated by
the blue line on both panels.

Throughout geologic history (55800 ka — 1250 ka), glaciers have appeared every 41
kyr. During this period, the glaciers were relatively small, and a warm phase
(interglacial) that followed a cold phase (glacial period) would melt the majority of the
glacier. During the MPT, occurring between 1250 ka and 700 ka, the dominant glacial
recurrence interval changed from 41 kyr to 100 kyr and the glaciers were large enough
that a large portion of ice volume remained during the interglacial with leftover ice
entering into the subsequent glacial period, leading to larger glaciers. In the late

Pleistocene (700 ka — present), this trend continued as the Earth entered a period



where glaciers consistently waxed and waned every 100 kyr and each glacial cycle
witnessed a long period of ice growth (~90 kyr) and relatively fast deglaciation (~10
kyr) (Fig. 1.1).

The waxing and waning of early Pleistocene glaciers (i.e., ~41 kyr) have been
shown to correspond predominately with variations in obliquity (i.e., 41 kyr). In
contrast, glaciers of the late Pleistocene and MPT are not a function of changes in the
Milankovitch cycles. This suggests that unlike conventional wisdom that proposes that
the Milankovitch theory is the primary driver of Earth’s cyclic climate variations,
variations in the Milankovitch cycles alone cannot explain the shift from glacial
waxing and waning occurring every 41 kyr in the early Pleistocene to 100 kyr in the
late Pleistocene. Instead of being driven by variations in solar insolation, many
scientists suggest that internal climate dynamics facilitated the changes of the MPT
(Clark and Pollard, 1998; Lisiecki and Raymo, 2005; Clark et al., 2006; Elderfield et
al., 2012; Pena & Goldstein, 2014, and many others).

Proposed mechanisms to explain the MPT range from long-term sea-surface and
deep-water cooling (Huybers and Tziperman, 2008; Sosdian and Rosenthal, 2009),
Southern and/or Northern Hemispheric sea-ice expansion (Lear et al, 2016), surface
circulation changes in the North Atlantic (Poirier and Billups, 2014; Barker et al.,
2021), declining atmospheric CO2 (Chalk et al., 2017, Raymo et al., 1997; Honisch et
al., 2009), changes in Northern Hemisphere ice-sheet stability/dynamics (Clark et al.,
2006; Snyder, 2016), and changes in deep ocean circulation (Pena and Goldstein,

2014; Farmer et al., 2019; Kim et al., 2020; Yehudai et al., 2021). Moreover, among



the potential drivers of MPT, a few are interlinked (e.g., atmospheric COz, continental
ice sheet dynamics, and deep ocean circulation) thereby complicating interpretation.
The MPT represents a period of time when climate records appear to have deviated
from the expected patterns based on our current understanding of Milankovitch theory.
Therefore, it is evident that there are gaps in our understanding of Earth’s climate
system and how it operates. One hypothesis that has recently garnered much attention
suggests that feedbacks between global deep ocean circulation and interactions with
other climate components drove the MPT (Pena and Goldstein, 2014, Farmer et al.,
2019, Kim et al., 2021, Yehudai et al., 2021).The majority of studies on deep ocean
circulation across the MPT have focused on the North Atlantic sector while the
Southern ocean has been minimally studied. Within the Southern Ocean the South
Pacific is particularly understudied. The South Pacific, however, is an important
region to study because it represents the largest volume fraction of the deep Southern
Ocean and can act as a carbon reservoir that may store or release carbon on a glacial-
interglacial time scale, therefore changes in deep ocean circulation evolution through
time have global ramifications in relation to climate change making the region
important for gaining a global perspective on deep ocean changes across the MPT.
This thesis aims to address the knowledge gap by providing critical data on
Neodymium (Nd) isotopes, a well-recognized water mass tracer, for the South Pacific
to further our understanding of how deep ocean circulation changed across the MPT
and the role of the deep ocean circulation changes in the initiation of the MPT. The

changes in deep ocean circulation will be interpreted in the context of changing



geochemical properties of deep ocean water masses, and ice-sheet dynamics off
Antarctica and thereby add the South Pacific perspective to the current knowledge on
pacing and development of MPT. The two hypotheses guiding this work are as
follows:
1. Deep ocean circulation changes during the Mid-Pleistocene Transition
followed the Earth’s climate pacing.
2. Global ice volume and deep ocean circulation are intrinsically linked and
constitute parts of the non-linear feedback that facilitated the observed

dominant frequency change during the MPT.



Chapter 2

BACKGROUND

2.1 Study Area and Hydrography
The study area is in the central South Pacific where sediment cores were

collected during the International Ocean Discovery Program (IODP) Expedition 383
(Fig. 2.1). The IODP Exp. 383 recovered the first continuous sedimentary sections in
the Sub- Antarctic Pacific Ocean with the potential to produce orbital-scale
oceanographic records covering more than the last 2 Myr. IODP Site U1541 (54°13°S,
125°25°W, water depth 3604 m) is located ~300 km from the western flank of the East
Pacific Rise (EPR). The site has an average sedimentation rate of ~3 cm/kyr. While
multiple holes were drilled at Site U1541 to retrieve a continuous record, shipboard
data (Lamy et al., 2019) show that a gap of ~1 meter (~ 40 kyr at about 1.1 Ma) is

present.
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Figure 2.1: Location of study site U1541 and additional cores from IODP expedition
383. Red lines are Sub-Antarctic Font (SAF), and Polar font (PF) (Orsi et
al., 1995). Figure made with Ocean Data View (https://odv.awi.de/).

Site U1541 also, sits at a water depth of 3604 m, approximately 185 km north
of the Sub-Antarctic front (SAF), the outermost front of the Antarctic Circumpolar
Current (ACC) (Fig. 2.1). Modern hydrography suggests that the modern location of
Site U1541 is bathed by Lower Circumpolar Deep Water (LCDW) (Fig. 2.2, Lamy et
al., 2019). The LCDW in the South Pacific is a remnant of saline North Atlantic Deep
Water (NADW) (albeit modified) with a modest contribution from Antarctic Bottom
Water (AABW) (Johnson, 2008) and North Pacific Deep Water (NPDW), a low
oxygen water mass that often occupies depths between 1500 and 3500 m (Kawabe and

Fujio, 2010).
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Figure 2.2: Depth profile of dissolved oxygen (ml/l) along the black line as shown in
Fig. 1. Colors indicate dissolved oxygen concentrations and contours
indicate salinity. Red-filled circles indicate the location of sites from
expedition 383. NPDW = North Pacific Deep Water; LCDW = Lower
Circumpolar Deep Water; AABW = Antarctic Bottom Water.

Site U1541 is well positioned to capture deep ocean circulation changes before,
during, and after to Mid-Pleistocene Transition (MPT) by measuring the relative
proportions of Atlantic (i.e., NADW) and Pacific (i.e., NPDW) sourced water masses
in the South Pacific basin. Changes in deep ocean circulation have been tracked, in
recent years, by utilizing Nd isotopes where changes in end have been thought to
reflect these changes in mixing proportions. Most deep ocean circulation records
across the MPT have been confined to the Atlantic sector of the oceans and are
therefore dominated by NADW. The study site, on the other hand, is located in the
central South Pacific at the far end of the global ocean circulation pathway and is
therefore dominated by Pacific waters (i.e., AABW, NPDW) contributing more of a
Pacific perspective to our understanding of how deep ocean circulation changed across
the MPT. In addition, the Pacific sector of the Southern Ocean does not have a long-

term Nd isotope record covering the MPT to contribute to this knowledge. A time



series Nd isotope record from U1541 can complement knowledge about the link
between deep ocean circulation and the MPT that is emerging from Atlantic records
(Pena and Goldstein, 2014, Kim et al., 2021, Farmer et al., 2019; Yehudai et al.,
2021).

Site U1541 is also in the vicinity of areas that are important for the formation of
deep (Ross Sea Bottom Water) and intermediate (Antarctic intermediate water) water
masses (Fig. 2.1) with Ross Sea Bottom Water (RSBW) being an important
contributor to the formation of AABW. The study site is also located near a significant
region of ocean ventilation, where deep waters from the abyssal Southern Ocean
upwell transporting stored and respired carbon into the surface oceans. Both the
formation of new water masses and deep ocean ventilation are important aspects of

global ocean circulation, the deep ocean’s behavior and the associated carbon cycle.

2.2 Hypotheses Proposed to Explain the Mid-Pleistocene Transition

Three mechanisms have been used to explain the Mid-Pleistocene Transition
(MPT). These include ice sheet dynamics, long term global cooling related to carbon
dioxide, and rearrangements in ocean circulation. The ice sheet feedbacks hypothesis
was first proposed by Clark and Pollard (1998) where they proposed that thick layers
of unconsolidated, rocky material, known as regolith, covered the continents, prior to
the MPT. The regolith promoted the growth of thin yet wide reaching ice sheets that
eroded the regolith away with each successive glaciation until crystalline bedrock was
exposed. The crystalline bedrock promoted the growth of thick, high volume ice

sheets. Clark and Pollard (1998) suggest that the exposure of the crystalline bedrock



corresponds to the start of the MPT and the presence of thicker, longer lasting ice
sheets.

The second hypothesis proposes that declining atmospheric CO2 (Willeit et al.,
2019) promoted the growth of larger ice sheets that were capable of surviving initial
deglaciation (Chalk et al., 2017, Raymo et al., 1997). The hypothesis of gradual
decline in COz is supported by some researchers however, this hypothesis is heavily
contested with other scientists suggesting CO2 levels remained similar to those of the
early Pleistocene. Some researchers suggest the gradual lowering of CO2 caused the
MPT while other suggest CO2 did not play a role in the MPT because COz2 levels
remained similar to where they have been historically (Honisch et al., 2009).

Among the commonly invoked hypotheses for explaining the MPT, the
hypothesis that has garnered the most attention suggests that rearrangements in deep
ocean circulation (Pena and Goldstein, 2014, Farmer et al., 2019, Kim et al., 2020,
Yehudai et al., 2021) ushered by increases in global ice volume were an important
mechanism in stabilizing the 100 ka ice sheets of the MPT. This hypothesis suggests
that weakening of Meridonal Overturning circulation (MOC) across the MPT

promoted deep ocean carbon storage, cooling and the formation of larger ice sheets.

2.3 Global Ocean Circulation

Meridional Overturning Circulation (MOC), is a system that circulates North
Atlantic and Antarctic Bottom waters through the global oceans. In the simplest form,
MOC can be divided into two components; a surface and deep component that are
connected through wind driven upwelling and downwelling. The surface component
carries warm waters towards the poles where it downwells along continental coastlines

and through increased density gradients. A deep component carries cold, deep waters

10



towards the equator, during the process they begin to upwell due to warming and the
associated density decrease (Fig. 2.3). The MOC distributes heat, nutrients and
dissolved gases around the globe and plays an important role in regulating Earth’s

climate.
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Figure 2.3: Schematics of global overturning circulation. (a) The ocean conveyor belt
as proposed by Broecker (1987). The red graphic indicates warm shallow
currents and blue, cold and saline, deep currents from Tillinger, 2011.(b)
A more detailed schematic of global overturning circulation. Purple
(upper ocean and thermocline), red (intermediate water), orange (IDW
and PDW), green (NADW), blue (AABW), gray (Mediterranean and Red
Sea outflows) from Talley, 2013.
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The MOC, often recognized as the ‘Ocean conveyor belt’ (Fig. 2.3, b) is driven
by the formation of deep water at high latitudes namely, North Atlantic Deep Water
(NADW, Green) and Antarctic Bottom Water (AABW, Blue) with NADW being
derived in the North Atlantic and AABW derived primarily in the Ross and Weddell
seas off the coast of Antarctica. NADW and AABW represent the primary cold, deep
components of the MOC system. The formation of NADW is complex with variable
contributions from deep waters in the Nordic seas, Labrador seas and Mediterranean
Overflow water (Talley, 2013). AABW forms when cold, surface waters (e.g. Sub-
Antarctic mode water) combine with brine generated during sea ice formation in the
Southern Ocean. Both northern and southern sourced deep waters are very cold, saline
waters with high densities that sink to the abyssal oceans and flow in their opposing
directions with NADW flowing South and AABW flowing north through the Atlantic.
NADW and AABW move through the oceans and mix with other water masses
through convection and mixing within the Antarctic Circumpolar Current (ACC).
NADW and AABW are then incorporated into the production of altered water masses
with different salinity and density properties than the source water mass. Along the
ACC, wind driven upwelling brings some deep waters to the surface establishing a
critical connection between the deep and surface oceans. During upwelling these water
masses, once again undergo alterations through water mass mixing, advection and
convection becoming surface and intermediate waters (i.e., AAIW, red) that
encompass the warm, surface component of the MOC system. These surface waters
move along the ocean surface eventually being reutilized in the formation of deep

water, continuing the global MOC cycle. (Fig. 2.3, a,b)

13



2.4 Southern Ocean Circulation

The Southern Ocean is broadly defined as the ring of water that encircles
Antarctica. The ocean circulation in this region, on its own, is a complex process (Fig.
2.5). The upper waters of the Southern Ocean are unimpeded by continental
boundaries promoting continuous, current flow around Antarctica. In contrast, deep
Southern Ocean circulation is heavily controlled by ocean bathymetry in the region.
As mentioned previously, the Southern Ocean is also the primary location of Antarctic
Bottom Water formation (AABW), a key component of Meridional Overturning

Circulation (MOC).
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Figure 2.4: Schematic showing general ocean circulation in the Southern Ocean.
Water masses, corresponding abbreviations and line color are given in
the key at the right of the schematic. Arrows indicate the direction of
water mass movement. From Talley et al., 2011.

Southern Ocean circulation has two primary components. First, AABW forms
off the coast of Antarctica within the Ross and Weddell Seas moving northward into
the Atlantic, Pacific and Indian oceans along the ocean floor at depths below 4000
meters (Talley et al., 2011). Second, the Southern Ocean is an important location of
water mass mixing, alteration and redistribution through the Antarctic Circumpolar
Current (ACC). The ACC is the primary current in the Southern Ocean and also one of
the strongest currents on Earth. The ACC is a deep reaching current that flows

eastward around Antarctica (Talley et al., 2011). Water masses from other ocean
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basins including North Atlantic Deep Water (NADW) from the Atlantic, Pacific Deep
Water (PDW) from the Pacific and Indian Deep Water (IDW) flow southwards where
they are incorporated in the ACC (Fig. 2.4). Once incorporated in the ACC, these
deep-water masses mix and are redistributed as new, altered water masses. These
include Lower Circumpolar Deep Water (LCDW) primarily a product of NADW, with
some contributions from AABW, PDW and IDW, Upper Circumpolar Deep Water
(UCDW), a product of some combination of PDW and IDW and more AABW. In
addition, water mass mixing in the ACC contributes to surface and intermediate water
formation including the formation of Sub-Antarctic Mode Water (SAMW) and
Antarctic Intermediate Water (AAIW). Intermediate and Surface waters ultimately
contribute to new deep-water formation and the distribution of heat around the Earth.
Not only is the Southern Ocean an important location of deep-water formation that
drives MOC, but it is also an important location for the formation of other important
ocean water masses involved in MOC and ultimately has strong implications on global

climate.

2.5 The role of Deep Ocean Circulation on Climate
The deep oceans play an important role in global climate regulation through

carbon storage and exchange with the atmosphere. The oceans are the largest carbon
reservoir that can exchange with the atmosphere at a thousand-year timescale. Of the
carbon stored in the oceans, the largest proportion is stored in the deep oceans making

it an important driver that controls Earth’s climate.
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While the Oceans’ roles in carbon cycle is varied and complex, one of the
primary conduits through which carbon makes it to the deep ocean is via biological
pump, and remineralization. The surface-dwelling organisms utilize atmospheric CO2
to produce biomass which eventually starts to sink through the water column into the
deeper oceans where remineralization/respiration releases CO2 into the ocean deep
waters. Therefore, the deep ocean becomes a reservoir of carbon that can only be
released into the atmosphere if the deep-water masses (i.e., NADW, AABW) come up
to the surface and interact with the atmosphere through air-sea exchange. Deep ocean
circulation is responsible for moving water masses around through the Meridional
overturning circulation (MOC) process and hence is critical towards controlling this

aspect of the carbon cycle.

2.6 Neodymium Isotopes

2.6.1 Neodymium Isotopes as a Water Mass Tracer
Nd isotopes can be used to trace present and past ocean circulation, because its

variability in the earth mainly reflects the radioactive decay of #’Sm to *Nd (ti2
=10® Ga) over geological time, rather than temperature, redox, air-sea exchange, or
biology. Sm/Nd ratios show a small variation in continental rocks and are low
compared to the mantle. As a result, the continents have lower *3Nd/***Nd values than
the mantle, and there is a systematic relationship between Nd isotope ratios and crustal
age, with the older continents having lower values. Nd isotopes are often presented as

end, defined as the deviation of the #3Nd/**4Nd ratio in a sample from the average

17



value of chondritic uniform reservoir (=0.512638, Jacobsen and Wasserburg, 1980) in

parts per 104,

The average oceanic residence time of Nd is about 600-1200 yrs (Jeandel,
1993; Tachikawa et al., 1999), which is less than the average oceanic mixing time
(~1500 yrs; Broecker and Peng, 1982). As a result of this characteristic, in the oceans,
end values show systematic geographic variability that mirrors the age of the (older)
continental sources of Nd in the North Atlantic (North Atlantic Deep Water, (NADW),
end = ~ -13.5) versus (young) mantle-derived volcanic material in the Pacific (North
Pacific Deep Water, (NPDW), ena = -4). These end members have been shown to
have remained constant over time (Pena and Goldstein, 2014). More recently, there
have been some studies which claim to have additional non-conservative sources of
Nd from the bottom sediments (Abbott et al., 2015a, b), however, the majority of open
ocean observational studies are yet to support that new interpretive framework. Below
the thermocline, in the modern ocean dissolved end measurements can be largely
explained by water mass mixing (Wu et al., 2022). Particularly in the South Pacific,
studies show that end behaves as a conservative tracer and can be reliably used to study
water mass mixing (Carter et al., 2012; Rickli et al., 2014, Basak et al., 2015). Hence,
in this thesis, | will follow the traditional interpretation which posits that measured end
in a marine archive that represents dissolved seawater value can be explained as linear

end member mixing between water masses.
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2.6.2 Neodymium Isotopes in Marine Archives
The archive was carefully selected to construct a time series of past seawater

Nd isotopes. Fossilized bio-phosphate (fossil fish teeth/debris) is one of the best
archives that faithfully records past seawater Nd isotope ratios, as they contain high
Nd concentrations and are found throughout the global ocean (e.g., Martin and Haley,
2000). Nd is added to fossil fish teeth/debris soon after deposition when the
teeth/debris are still in contact with bottom seawater at the sediment water interface
(Wright et al., 1984; Shaw and Wasserburg, 1985; Martin and Haley, 2000). In
constructing the seawater Nd isotope record | prioritized use of fossilized bio-

phosphate.

Nd isotopes preserved in ferromanganese oxide precipitates in deep sea cores
have been used to reconstruct MOC changes over the last ice age (e.g., Rutberg et al.,
2000; Piotrowski et al., 2004, 2005, 2012; Gutjahr et al. 2008; Roberts et al. 2010;
Kim et al., 2021, and many others). The approach is based on observations that Fe-Mn
oxy-hydroxide coatings form in the lower water column and record the near-bottom
seawater Nd isotopic signal (e.g., Palmer and Elderfield 1985; Albaréde and Goldstein
1992). In the event that fossilized bio-phosphates were not available in my samples, |
analyzed planktonic foraminifera, carefully separated from any detrital particles, to
obtain the seawater Nd isotopic values from its Fe-Mn oxy-hydroxide coatings.
Several core top studies have demonstrated that Nd isotopes from detritus-free
“unclean” (Fe-Mn oxy-hydroxide encrusted) planktonic foraminifera faithfully record

bottom water Nd isotopic signatures (e.g., Roberts et al., 2010, 2012; Elmore et al.,
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2011; Wilson et al., 2012; Molina-Kescher et al., 2014).
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Chapter 3

METHODS

3.1 Analytical Details
Fossilized bio-phosphate (fossil fish teeth/debris) and Fe-Mn oxy-hydroxide

encrusted planktonic foraminifera used for Nd isotope analyses were hand-picked
(from the >63 um fraction) under a microscope, followed by careful physical cleaning
of detrital particles, which is critical for obtaining the pure paleo seawater signal.
Physical cleaning typically comprised multiple rinses and sonication in Optima grade
methanol, followed by multiple rinses in deionized water (e.g., Wilson et al., 2012;
Pena et al., 2013). Although the basic steps were similar to previously published
studies, this kind of protocol tends to evolve based on the sample in question. The
foraminifera were crushed with glass slides to break open the inner chamber before
proceeding with the physical cleaning. The cleaned broken foraminifera fragments
were examined under a microscope to ensure that no clay fragments were left in the
sample. The majority of samples used to generate the continuous record of end were
fish teeth because it is widely accepted that fossil fish teeth are the most reliable
recorders of paleo seawater. Where fish teeth were not available, foraminifera were

used instead.

After the physical cleaning, the fossil fish teeth/debris were subjected to

dissolution using aqua regia and the foraminifera using 5% acetic acid. Rare earth
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element separation uses 100 pL shrink fit Teflon columns, loaded with Eichrom
TRUspec resin (100-150 um mesh). Further isolation of Nd uses calibrated Teflon
columns pre-loaded with Eichrom LNspec resin (50-100 um mesh). Samples were
analyzed on the ThermoScientific Neptune Plus multi-collector inductively coupled
plasma mass-spectrometer (MC-ICPMS) at Pennsylvania State University (PSU),
where samples as small as 15-20 ng total Nd are now routinely measured for en.
Recent analyses by our group of 20 ng international standard JNdi yielded

reproducibility of £0.30 end units (20, n=19).

3.2 Age Model
The U1541 age model used in this study was generated by aligning high-

resolution benthic 580 with the probabilistic stack (hereafter Prob-Stack) using the
Hidden Markov Model (HMM) algorithm of Lin et al. (2014) and Ahn et al. (2017).
The U1541 oxygen isotope record was generated using a combination of C.
kullenbergi and C. wuellerstorfi foraminifera (Middleton, Winckler, and Gottschalk,
personal communications). The Prob-Stack has been used as a reference record as it
contains a total of 180 globally distributed benthic 5'0 records. The Prob-Stack is a
marked improvement over the most widely used LRO4 stack (Lisiecki and Raymo,
2005) because it contains 123 more benthic 880 records that are also well distributed
across latitude, longitude, and depth. Besides, the HMM match algorithm allows to

calculate and report uncertainties in the alignments. This age model has been
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developed by a sub-set of expedition 383 shipboard scientists and agreed upon to be

used for all subsequent publications for Site U1541 (Lamy et al., 2021).
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Chapter 4
RESULTS

A total of 84 samples were analyzed for Nd isotopes from Site U1541 to
generate a downcore record spanning 500-1500 ka with variable sampling resolution
mostly around ~ a sample/20 kyr. Throughout the record, the eng values oscillated
between -5.5 and -8 with semi-regular cyclicity, following the pacing of the initiation
and termination of glacial intervals (Fig. 4.1, shaded boxes represent interglacial
periods). The broken blue and black lines in Fig 4.1 indicate the modern ocean
measured end at Site U1541 (Basak.et al., 2015) and the most radiogenic value
observed in the entire record. Throughout the record, glacial periods display more
radiogenic end Values than interglacial periods and these values periodically fluctuate
between more and less radiogenic values. Interglacial values typically approach the
modern day dissolved ena value at Site U1541 of ~-7.6 (Basak et al., 2015), while
glacial values vary over similar timescales. Fluctuations in end across both glacial and
interglacial periods vary between the pre-MPT (1500-1250 ka), MPT (1250 — 700 ka),
and post-MPT (700-500 ka).

In the pre-MPT (1500-1250 ka), interglacial values reach the modern day
dissolved eng value less often than during and after the MPT. There is also a shift

towards more radiogenic end values during glacials. Beginning around 1400 ka, there
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is a general trend in end towards increasingly radiogenic end values with each
consecutive glacial until reaching the most radiogenic value of -5.67 at MIS 38 (~1250
ka). In addition, the pre-MPT record shows a change in ena of ~-1 between each

glacial and consecutive interglacial.
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Figure 4.1: end time series for Site U1541 spanning 500-1500 ka. The blue and black
broken lines represent the modern ocean dissolved Nd isotope and most
radiogenic value in the time series respectively. The blue dots represent
the boundary of marine isotope stages (after Lisiecki and Raymo, 2005).
The vertical grey bars and the numerals are the interglacial and glacial
periods respectively. Core gap is shown as broken line. Measurement
uncertainties (2c) are shown by vertical errors bars.

During the Mid-Pleistocene Transition (MPT) (1250 -700 ka) end
values continue to fluctuate between glacial and interglacial periods however, the
amplitude of change in between consecutive glacial and interglacial is smaller (end

~0.50) than the Pre-MPT. There is a second, strong radiogenic excursion during MIS

22 (900 ka), reaching a value of -5.88.
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In the post-MPT (700-500 ka) end values fluctuate similarly to the previous
two periods broadly following the same oscillatory pattern with a variation in
amplitude across consecutive glacial and interglacial periods around ~1, similar to that
of the Pre-MPT. There is a third prominent radiogenic excursion during MIS 16 (650
ka) around end ~ -6 (Fig. 4.1).

In summary, end values fluctuate with Earth’s climate cycles with more
radiogenic values occurring during glacial periods. There are three strong radiogenic
excursions throughout the record which have above average eng values compared to
the remainder of the dataset. MIS 38 has the most radiogenic values of the entire data
set which is a surprising finding because this period is not a prolonged or more
extreme glacial interval based on the §'80 record. In addition, the change end
amplitude across the MPT is an interesting finding because these changes are also not

reflected in the §80 record.
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Chapter 5

DISCUSSION

5.1 e&nd and the Mid-Pleistocene Transition

Early reviews of the climatic changes that happened during the Mid-Pleistocene
Transition (MPT) placed the MPT from ~1250 ka to 700 ka (Clark et al., 2006). Since
the deep ocean can act as a critical carbon reservoir on a multi-millennial timescale,
the role of deep ocean circulation and how it changed over the MPT has always been a
central topic of palaeoceanographic discussions. While §!3C has been the conventional
proxy used to study past changes in deep ocean circulation (e.g., Shackleton, 1977;
Raymo et al., 1990, 2004; Mix et al., 1995), using Nd isotopes as a water mass tracer
has recently gained popularity to study changes in deep ocean circulation during the
MPT (Pena and Goldstein, 2014; Farmer et al., 2019; Kim et al., 2021; Yehudai et al.,

2021).

The conservative nature, residence time and geographic variability of Nd
isotopes make eng a reliable water mass tracer (Goldstein and Hemming, 2003; lvan
De Flierdt et al., 2016, and many others) for studying water mass mixing. end in
marine archives can therefore reliably be used to track changes in deep ocean end

member mixing. The traditional interpretation suggests that end in marine archives
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reflects changes in end member mixing of Atlantic (i.e., NADW, eng ~-13.5) sourced
waters and Pacific (i.e., NPDW, ena ~-4) sourced waters (Fig. 5.1). Following this
interpretation, the more radiogenic values in the Nd isotope record for Site U1541
reflect greater Pacific water end member prevalence or less Atlantic water export to
the region. More radiogenic values are consistently observed during glacial periods
throughout the Nd isotope record for Site U1541 (Fig. 5.1) suggesting increased
Pacific water prevalence across glacial periods. The opposite is also true suggesting
decreased Atlantic water export instead. The more radiogenic values across glacial
periods are also thought to reflect periods of weakened Meridional Overturning
Circulation (MOC) through the global oceans (Pena and Goldstein, 2014, Yehudai et

al., 2019).

While these cyclic shifts from more radiogenic end values are common
throughout the entire Nd isotope record for Site U1541, our record for the South
Pacific reveals three periods with higher than average radiogenic values during MIS
38 (~1250 ka), MIS 22 (900 ka), and MIS 16 (650 ka). These periods contain the most
radiogenic values found in the entire Nd isotope record. MIS 22 occurring around
~900 ka is often considered the first significant period of almost complete breakdown
in MOC, believed to have played a significant role in triggering and solidifying the
100 kyr cycles and conditions of the MPT. Elderfield et al., (2012) showed, based on
seawater 880 records from the Chatham rise in the South Pacific, that the first major

large continental ice growth of the MPT occurred during MIS 22. Pena and Goldstein
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(2014) found MIS 22 to be equally as significant showing there were significant
changes in deep ocean circulation MIS 22, in addition to major changes in continental
ice growth. They coined the term “AMOC Crisis” to describe deep ocean circulation
changes that occurred during MIS 22. Based on these studies, it is fair to claim that
MIS 22 is a landmark time interval that led to the 100 kyr interglacial-glacial pacing of

the late Pleistocene.

Our Nd isotope record (Fig. 4.1) is the first continuous Nd isotope record in the
central South Pacific that encompasses the entire range of the MPT. Our record shows
two other prominent radiogenic end excursions like the one at MIS 22. With radiogenic
excursions at MIS 38 (~1250 ka) and another around MIS 16 (~650 ka). Of the three
excursions, MIS 38 has the most radiogenic values reaching end =-5.8. The end
excursion at ~ MIS 38 (~1250 ka) occurs gradually, following three smaller
excursions showing a gradual shift towards more radiogenic values with each
consecutive glacial, beginning around 1400 ka. Therefore, if we consider the end
excursion at ~900 ka to represent a complete breakdown in deep ocean circulation as
suggested by Pena and Goldstein (2014), then the new dataset presented in this thesis
suggests that similar events happened prior to 900 ka at 1250 ka. This is supported by
the work of Tzedakis et al. (2017) showing that the first time an ice sheet survived a
significant melting event during an insolation peak happened much earlier in the MPT

than 900 ka.
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Tzedakis et al. (2017) used an integrated Northern Hemisphere summer
insolation and a time-dependent discount metric to calculate the amount of insolation
required to produce an interglacial. This model allowed the authors to classify the
insolation maxima into three categories: one that is associated with the onset of an
interglacial (Figure 5.1, filled red circles), one that is associated with continued
interglacial (Figure 5.1, empty blue circles), and the third is interstadials (Figure 5.1,
filled blue circles). Based on this classification, interglacials happened every other
insolation peak prior to 1250 ka. However, after 1250 ka, deglaciation started
happening every two or more insolation peaks, perhaps indicating the increase in ice
sheet that could survive consecutive insolation peaks. This inferred ice sheet growth
and climate response is also in agreement with the timing of major MOC perturbation
as observed in the end record ~1250 ka. The Nd isotope record and work of Tedakis et
al., (2017) suggests that 1250 ka is an important time period in Earth's history when
significant changes happened in the climate realm, ushering in the 100 Kyr late
Pleistocene interglacial-glacial pattern. In addition, the cooccurrence of these MOC
perturbations with the onset of larger glaciations capable of surviving the following
insolation maximum (Tedakis et al., 2017) suggests there is a mechanistic link

between deep ocean circulation and ice volume across the MPT.

30



509“. 100 S0 too a0 4500

Qﬁ - J FrL’ ¥ ' L "! " "

s Ahnetal:zom
anlooqlot'looocuoonnooooo 1) onil-o 00000001 -n‘o- oe os| &1
AR T
Ji||||| |H‘||‘I'I|‘|||| | | ||| ||||H|| |H .‘|| |J||||I"I||]'|||||||f|‘ | ‘||||| ‘”}J 5.9%;
il |_r1||||||l i || | ful ““H |“||||||| ‘| | \u|||||‘ [Hes 58
a0 I " | || 57
| |J- 1 H
i 1 Tzedakketal.::am?:u 158
— | : ] | W 1 B BB PP~ 81

-e |

= a Naill Lt A T

|.f' ? { | f { % ill | H |II i

4 { w F l} E i
_________________________________ ;-----------Q +

I il it rdiEaa valle U1541 (this study)
B T
Age (ka)

Figure 5.1: Proxy compilation showing changes in ice sheet, caloric summer energy,
and global deep ocean circulation covering the Mid-Pleistocene
Transition. (a) Benthic oxygen isotope stack (Ahn et al., 2017) showing a
glacial periodicity of 41 kyr during the early Pleistocene, which
transitioned into glacial recurrence every 100 kyr in the late Pleistocene.
(b) Solar insolation peak calculated from caloric summer energy (after
Tzedakis et al., 2017). The filled blue and red circles indicate insolation
maxima, indicating glacial and interglacial periods, respectively.

(c) Downcore end record from Site U1541 in the central South Pacific.
The broken black line represents the most radiogenic value reached in the
record. Measurement uncertainties (2c) are shown by vertical error bars.
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5.2 Global vs. Local Record

There are three periods in the U1541 end record that stand out as having above-
average radiogenic end values. These occur during Marine Isotope Stages (MIS) 38
(~1250 ka), MIS 22 (~900 ka), and MIS 16 (~650 ka) (Figure 5.3), with corresponding
highest end values of -5.80 + 0.20, -5.84 + 0.23, and -6.02 + 0.53, respectively. All
three peaks are defined by values that are within error of each other and are therefore
statistically similar. A comparison with the North Atlantic record from ODP 607 (Kim
et al., 2021) shows that similar three radiogenic excursions are also present during
MIS 16, 22, and 36 (Figure 5.2). The overall agreement between the South Pacific and
North Atlantic records is excellent, in that the smaller features such as the three
preceding radiogenic excursions beginning around 1400 ka and leading up to the 1250
ka peak are observed in both records. Therefore, the U1541 end timeseries can be
claimed to have captured the global deep ocean circulation changes during the Mid-

Pleistocene Transition (MPT).

While the similarities between the South Pacific and North Atlantic are quite
remarkable, there are also differences and mismatches that provide additional
information linked to basin-scale changes on top of the global signal. For example, at
all three excursions discussed above, the magnitude of change in eng is ~3 and ~1
epsilon unit in the North Atlantic and South Pacific, respectively. This difference in
magnitude of change can be explained by the respective locations of the sites in

question. Site 607 in the North Atlantic is located close to where the North Atlantic
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Deep Water (NADW) with its signature ena values of -13.5 is being formed. To
explain the enag excursions in the record, if we invoke reorganization of deep ocean
circulation that involves slowing down or stopping of NADW, then owing to its
location in the vicinity of NADW formation, Site 607 would have undergone a large
change in end as the primary unradiogenic source is cut off. In contrast, U1541, which
is far from the area of NADW formation, receives residual NADW that is heavily
modified with a likely eng value of -9 to -10 by the time it enters the Pacific (Molina
Kescher et al., 2014). Therefore, the eng signature of NADW in the North Atlantic and
South Pacific are fundamentally different and thus in a state when NADW is reduced,
the changes that will likely be reflected in the South Pacific will be much muted. To
summarize, it is the overall pattern and direction of change in both records that is
reminiscent of global changes, while the magnitude of the same change is a reflection

of their relative location and basinal effect.

Another prominent feature of the ena record in Site 607 is the unradiogenic
spike immediately before MIS 22 (Figure 5.3). This extreme negative end value
between MIS 27 and 25 has been associated with intense cratonic erosion/weathering
via ice sheet interaction with old continental basement rocks surrounding the North
Atlantic (Clark et al., 2006; Yehudai et al., 2021). However, this unradiogenic &nd
spike is absent in U1541. This suggests that the Site 607 record is registering a local
weathering pulse that is not propagated along the deep circulation pathway. Not only

that this peak is absent in U1541, other equatorial and South Atlantic end time series
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that cover the MPT do not exhibit this unradiogenic pulse either (Yehudai et al.,

2021). Interestingly, there is no signature of enhanced cratonic erosion prior to MIS 16

or 36, the other two time periods when end excursions are observed in both records.

Therefore, the unradiogenic peak in the Site 607 record appears to be a one-off

episode of continental weathering and may not be particularly associated with the

initiation of 100 kyr interglacial-glacial world
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Figure 5.2: Comparison between North Atlantic (ODP 607) and South Pacific (U1541)

end timeseries for covering 500-1500 ka. The grey bars and marine

isotope stages represent the interglacial and glacial respectively. Core gap

is shown as broken line. Measurement uncertainties (2c) are shown by

vertical errors bars.

5.3 The eND and 620 records

The end record for site U1541 closely follows the trends of the global benthic

oxygen isotope (680,4;cite, Fig. 5.3a) record by Ahn et al., 2017 and oxygen isotope
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of seawater (6'*Ow, Fig. 5.3b) record for the South Atlantic by Elderfield et al., 2012.
Both records (Fig.5.2, a,b) display a similar sawtooth pattern as the climate fluctuates
between glacial and interglacial periods. Both §180,4.i. and §'*Ow records show a
shift towards higher values across glacial periods. The end record at U1541 follows a
similar trend with ena becoming more radiogenic during glacial periods. Further
statistical analysis using a Pearson correlation test shows that while there is a
correlation between both §180,,.ireand 8'¥*OW with eng, across the MPT, the
correlation between §180,4,.ic.and end is stronger (Fig. 5.2). For this reason, we have
chosen to use §80sw as the primary proxy for comparison with the eng record for

site U1541.

Linear fit of € "0 accross the MPT
Nd and d .

Figure 5.3: Proxy compilation showing 60 compared to Nd isotopes for site U1541.
a) Global benthic 6®0,4;cite [%0] Stack (Ahn et al., 2017) and b) Benthic

58 0sw record from the South Atlantic Ocean (modified from Elderfield
et al., 2012). Both with Nd isotopes (end,red). C) A linear model showing

the correlation between 580sw and en.
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Thermodynamics suggests 6180,4.ice reflects changes in both ocean
temperature and ice volume (Chappell and Shackleton, 1986; Ruddimen, 2007,
Elderfield et al., 2012) while 5'*Osw isolates the ice volume component (LeGrande
and Schmidt, 2006, Elderfield et al., 2012, Rohling, 2013) tracking changes in ice
volume over the oceans. In comparison, variations in deep ocean end reflects end
member mixing proportions of Atlantic and Pacific sourced waters. Both eng and
8'80sw variations follow changing climate conditions and show a strong correlation to
one another with fluctuations in both occurring simultaneously across the MPT. The
correlation between end and 8'*0Osw appears to strengthen across the MPT becoming
the most significant after the MPT has completed. This suggests there is a mechanistic

link between ice volume and deep ocean circulation across the MPT.

5.4 North vs. South Control

The question of whether the Northern or Southern Hemisphere initiated and
controlled the MPT has been a topic of debate in paleoceanography. New &end
timeseries from the central South Pacific provide an opportunity to revisit this
question, particularly from a Southern Hemisphere perspective. Long-term cooling
and Northern Hemisphere ice sheet growth began about 2.5 Ma (Raymo et al., 1989,
1994). However, a recent study by Tzedakis et al. (2017) showed that the Northern
Hemisphere ice sheet did not reach a critical size until MIS 35-36, when it was able to
survive consecutive summer insolation peaks without undergoing major melting (Fig.

5.1). This suggests that MIS 35-36 was the time interval when the size of the Northern
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Hemisphere ice sheet began to play an important role in shifting Atlantic deep ocean

circulation.

The first ena excursion during MIS 38 in the U1541 record predates the first time
the Northern Hemisphere survived an insolation peak or ice growth in Antarctica
during MIS 22, as claimed by Elderfield et al. (2012). Raymo et al. (2006) suggested
that at ~1 Ma, Antarctic ice sheets transitioned from being terrestrial to becoming
glaciomarine. In context of Antarctica, glaciomarine ice sheets are those that have
reached the ocean. When glaciomarine ice sheets reach the oceans, they are heavily
influenced by sea level and begin to calve ice sheets that melt in the oceans and
produce Ice Rafted Debris (IRD). Therefore, we would expect IRD is an indicator of
glacial advancement to the ocean. In contrast, land-based terrestrial Antarctic glaciers
would retreat via surface melt that is highly dependent on summer heating. Based on
this logic, it is reasonable to argue that the prominent peaks in IRD that begin around
1400 ka, could potentially mark the arrival of more consistent glaciomarine ice sheets

across glacial cycles.

Site U1539 (56°09° S, 115°08°W, water depth 4070 m), located south of Site
U1541 on the Sub-Antarctic Front (SAF), is well-positioned to track IRD from iceberg
melting off the Antarctic source (Fig. 2.1). The shipboard IRD flux record shows
significant activity during early glacial periods beginning ~1400 ka (Fig. 5.4) where

larger peaks in IRD become more prominent. The largest peaks coincide with the
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significant ocean circulation events at 1250 ka, 900 ka and 650ka suggesting these
peaks are important. These changes in ice sheet dynamics have the potential to disrupt
ocean circulation in ways that are similar to the changes we see in deep ocean

circulation across the MPT and recent work has supported this.

Using a high-resolution IRD record from the South Atlantic, it has recently been
shown that during glacial periods, iceberg melting at the SAF can suppress North
Atlantic Deep Water (NADW) formation (Starr et al., 2021). This suggested
mechanism aligns with our éNd and IRD flux data, where IRD peaks between 1400-
1200 ka is followed by eNd excursions. Therefore, the effect of Antarctic ice sheet
control in ushering the first disruption in deep ocean circulation cannot be ruled out.
While additional supporting evidence would be necessary (such as source of IRD via
provenance study) to firmly establish this claim, it is a reasonable working hypothesis

that the Antarctic ice sheet initiated the first deep ocean disruption.
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Figure 5.4: South Pacific endand flux of Ice Rafted Debris (U1539, shipboard data,
Winckler et al., 2021) for 500-1500 ka. The grey bars and marine isotope
stages represent the interglacial and glacial respectively. Core gap is
shown as broken line. Measurement uncertainties (2c) are shown by
vertical errors bars. Black dots are boundaries of Marine Isotope Stages
(Lisiecki and Raymo, 2005).
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CONCLUSIONS

The Neodymium (Nd) isotope record for site U1541 is the first high resolution
record for the South Pacific to encompass the entire period of the Mid-Pleistocene
Transition (MPT, 1500-700 ka) therefore adding a Pacific perspective to existing
literature. The Nd isotope record captures deep ocean circulation changes across the
MPT through variations in ... More pacific water influence (i.e., NPDW) is reflected
through more radiogenic values and more Atlantic (i.e., NADW) through less
radiogenic end Values.

First, our record shows that deep ocean circulation changes across the MPT
follow Earth’s climate pacing illustrated by fluctuations in end across glacial periods,
consistently reflecting increased pacific water influence and weakened deep ocean
circulation. Of these fluctuations, our record exposed three periods of near complete
breakdown in MOC reflected through highly radiogenic end values at ~1250 ka, ~900
ka, and ~650 ka. These events correspond with other significant ice volume events.
For example, the 1250 ka event corresponds to the first skipped interglacial discovered
by Tedakis et al., 2017 where there was minor ice loss compared to previous
interglacial periods. The presence of the 1250 ka event marks an important feature of
our record as previous research has emphasized the importance of the 900 ka event.
The discovery of the 1250 ka event and the cooccurrence of other important climatic
events suggests this was an important period during the MPT and more attention

should be focused on the events occurring at and around 1250 ka.
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Second, the Nd isotope record for the South Pacific captures’ global changes in
deep ocean circulation. The agreement between the North Atlantic Nd isotope record
by Kim et al (2021) and our South Pacific record is strong with minor differences
between the two records that can be attributed to localized differences. The agreement
between the two records suggests changes in deep ocean circulation were part of a
global event.

Third, there is a strong correlation between deep ocean circulation changes
beginning around 1250 ka and ice volume. This provides evidence that there is a link
between deep ocean circulation and ice volume. Given the intrinsic relationship
between deep ocean circulation and ice volume on climate, it is fair to assume both
could have been components in a climate feedback loop where larger ice volume lead
to weakened deep ocean circulation and further CO. drawdown and storage. The
drawdown and storage of additional CO- would have allowed the earth to cool further
and for the ice sheets to grow even larger with each consecutive glacial. We
hypothesize that increased ice sheet growth over Antarctica resulted in a shift in these
ice sheets from terrestrial to glaciomarine. Northern Hemisphere ice growth has
commonly been believed to have played a significant role in the initiation of the MPT
through the context of global changes in deep ocean circulation. However, our end
record and IRD flux data for the Southern Pacific supports the role of Southern
hemisphere ice growth on the initiation of the MPT. In such a transition, the calving
and melting of icebergs from the parent ice sheet induced by ice sheet interaction with
seawater in glaciomarine ice sheets would introduce large amounts of freshwater into

the Southern Ocean portion of MOC, destabilizing the water column by suppressing
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NADW formation. Such changes could cause deep ocean circulation changes similar
to what we see in our record.

Therefore, we can conclude that the Nd isotope record for the South Pacific
has successfully captured global changes in deep ocean circulation across the MPT.
These changes follow Earth’s global climate pacing and a feedback loop between
Antarctic ice sheet growth and deep ocean circulation could have been a key
contributor in solidifying the conditions of the MPT. More work still needs to be done
to establish the control of Antarctic ice sheets on the MPT, the effects of Antarctic ice
sheets in ushering the disruptions in deep ocean circulation seen in the record.
However, the influence of Antarctic ice sheets in ushering the MPT cannot be ruled
out as a potential mechanism for establishing the 100 ky glacial cycles of the MPT.
This research has provided critical data to support this claim and fill the gaps in our
knowledge of how deep ocean circulation in the South Pacific changes across the MPT

and answer some critical questions as to why.
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