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Abstract

Due to the large thermal inertia of water, the oceans are Earth’s largest heat
reservoir and the primary regulator of global climate on long timescales. The ocean
absorbs, stores and distributes heat through the planet, and shifting ocean circulation
patterns can disrupt established climate regimes. Comparably, the cryosphere
modulates the Earth’s climate because ice sheets reflect radiation from the Sun and
serve as a reservoir of freshwater, thereby modulating sea level, which affects the large
human populations that inhabit coastal zones. Thus, ocean and cryosphere are two
significant agents of Earth’s climate system and tightly connected by feedbacks on
millennial and orbital timescales. Understanding the internal mechanisms that control
such feedbacks is crucial for refining numerical and conceptual models and aid public
policy decisions to deal with the repercussions of anthropogenic climate change.
However, scientific knowledge about long-timescale ocean-cryosphere interactions is
hampered by the geographically sparse and relative short length of observational
records. The reconstruction of climate patterns on longer timescales requires the
production and interpretation of proxy records and are the scope of this thesis.

The close proximity between ice sheets and areas of deep-water formation makes
the North Atlantic one of the most climate sensitive areas on the planet. There, the
transition zone between the subtropical and subpolar gyres is susceptible to latitudinal
shifts of oceanic fronts and was reached by icebergs laden with debris during periods
of ice-sheet destabilization since the beginning of the Pleistocene. Additionally,
subsurface density layers that connect both gyres at depth are the pathway through
which low-latitude heat may reach high latitudes and either feed moisture or accelerate
the demise of ice sheets. To assess the relationship between the ocean heat transport
and the cryosphere over millennial and orbital timescales, two sets of proxy records
were produced from deep-sea marine sediment cores retrieved from the transition zone
between both gyres in the North Atlantic.

The first set of records allowed for the reconstruction of subsurface temperatures
and salinity during the Last Glacial Maximum and last glacial termination, a period of
ice-sheet demise. During this time interval, the climate of the northern hemisphere
went through several abrupt shifts accompanied by equally abrupt changes in oceanic
circulation, that resulted in a sea-level rise of ca. 120 m above the glacial baseline. A
compilation of new and published proxy records showed that subsurface warming
preceded the deposition of debris transported by icebergs, implicating that northward
heat transport triggered or accelerated the demise of glacial ice sheets.

A second set of proxy records produced from materials of the same location was
used to reconstruct subsurface temperatures at mid-latitudes and oceanic circulation
patterns between mid and high latitudes during the Mid-Pleistocene Transition. This
interval was characterized by the transition from 40-kyr to 100-kyr glacial-interglacial
cyclicity of the Late Pleistocene and was period of significant ice-sheet enlargement.
The produced data suggested a prominent role for low-latitude forcing in driving the



northward transport of heat when cold surface temperatures and low atmospheric CO»
would have starved ice sheets of moisture and hampered their growth. Additionally,
modern-like gradients between mid- and high-latitude oxygen isotope records from the
surface, intermediate and deep ocean, indicate the establishment of the Late
Pleistocene ocean circulation during this second interval.

In ensemble, the data produced within the framework of this thesis were used to
suggest a new mechanism of northward heat transport that is closely coupled to the
fate of northern hemisphere ice sheets during the Middle and Late Pleistocene.
Furthermore, the new data suggest that the causal relationship between northward heat
transport and deep-water formation may need to be revaluated to better constrain
climate and oceanic circulation in future high-CO> model scenarios.



Kurzfassung

Die erhebliche thermische Tragheit von Wasser macht die Ozeane zum grofiten
Wirmereservoir der Erde und damit zum primdren Regler fiir globale klimatische
Veridnderungen iiber lange Zeitintervalle. Ozeane absorbieren, speichern und verteilen
Wirme iiber den Planeten. Eine sich veréindernde ozeanische Zirkulation kann daher
etablierte klimatische Bedingungen unterbrechen und veridndern. Vergleichbar ist dies
mit der Kryosphire, die das Klima der Erde moduliert, indem Sonnenstrahlung durch
vorhandenes Eis reflektiert wird. Vereisungen stellen zudem ein groBes SiiBwasser-
Reservoir dar, dessen Masse den Meeresspiegel steuert und damit menschliche
Ansiedlungen, insbesondere in Kiistenregionen, stark beeinflusst. Die Ozeane und die
Kryosphére sind die bedeutendsten Komponenten des Klimasystems der Erde und
iiber Riickkopplungs-Mechanismen, die sich zyklisch iiber orbitale Zeitskalen
verdandern, eng miteinander verkniipft. Das Verstindnis der internen Mechanismen,
die solche Riickkopplungen steuern, ist entscheidend fiir die Verfeinerung
numerischer und konzeptioneller Modelle und unterstiitzt daher auch offentliche
politische Entscheidungen im Umgang mit den Auswirkungen des anthropogenen
Klimawandels. Dennoch sind wissenschaftliche Erkenntnisse iiber die langzeitlichen
Wechselwirkungen zwischen Ozeanen und Kryosphdre vor allem durch mangelnde
globale Abdeckung von klimatischen Archiven und zeitlich nicht ausreichende
Beobachtungsintervalle eingeschrénkt. Die Rekonstruktion klimatischer Muster iiber
langere Zeitskalen erfordert das Erarbeiten und die Interpretation neuer Proxy-Daten,
was Gegenstand der vorliegenden Arbeit ist.

Die enge rdumliche Nédhe von grofen Eismassen und Bereichen, in denen
Tiefenwasser gebildet wird, macht den Nordatlantik zu einem der klimatisch
sensibelsten Gebiete der Erde. Eine dortige Ubergangszone zwischen dem
subtropischen und dem subpolaren Wirbel ist empfanglich fiir die Breitenverschiebung
ozeanischer Fronten. Seit dem Beginn des Pleistozins erreichten wéhrend Phasen
instabiler Vereisungen immer wieder Eisberge zusammen mit glazialen Sedimenten
dieses Areal. Dichtere Wassermassen direkt unterhalb der atmosphérisch beeinflussten
Wasseroberflache, die die beiden Wirbel in der Tiefe miteinander verbinden, sind
dariiber hinaus ein Weg, iiber den Wérme aus niedrigen Breitengraden wiederum in
die hohen Breiten gelangen kann, und entweder Feuchtigkeit zufiihren oder den Zerfall
der Eisschilde beschleunigen kann. Um die Beziehung zwischen ozeanischem
Wirmetransport und der Kryosphére iiber orbitale Zeitskalen zu beurteilen, wurden
zwei zusammenhédngende Proxy-Datensétze aus Tiefsee-Sedimentkernen gewonnen,
die aus der Ubergangszone zwischen beiden Wirbeln im Nordatlantik stammen.

Ein erster Datensatz ermoglichte die Rekonstruktion von Temperaturen und
Salinitdten unterhalb der Wasseroberflache wahrend des letzten glazialen Maximums
und dessen Abklingen, und der damit einhergehenden Reduktion von Vereisungen.
Wihrend dieser Zeitspanne édnderten sich die klimatischen Bedingungen in der
nordlichen Hemisphidre mehrfach abrupt. Diese Umschwiinge gingen einher mit



dhnlich abrupten Anderungen der ozeanischen Zirkulation, die zu einem zur Vereisung
relativen Meeresspiegelanstieg von ca. 120 m fiihrten. Mithilfe der Evaluation von
bereits publizierten und neu erarbeiteten Proxy-Daten kann gezeigt werden, dass ein
Anstieg der Wassertemperaturen unterhalb der Oberfléche bereits vor der Ablagerung
von glazialen Sedimenten stattfand, die durch Eisberge in den Nordatlantik
antransportiert wurden. Die Daten fithren daher zur Annahme, dass der
Wirmetransport unterhalb der Wasseroberfldche in hohere Breiten das Abschmelzen
von Gletschern beschleunigt oder sogar ausgelost hat.

Ein weiterer Proxy-Datensatz aus Sedimenten derselben Lokalitdt wurde
verwendet, um Temperaturen unter der Wasseroberfldche in mittleren Breiten, und die
ozeanischen Zirkulationsmuster zwischen mittleren und hohen Breiten des
Nordatlantiks wéhrend der mittelpleistozdnen Klimarevolution zu rekonstruieren.
Charakteristisch fiir dieses Zeitintervall, den Ubergang von einer 40-ka-Glazial-
Interglazial-Zyklizitit hin zur 100-ka-Zyklizitit des Oberpleistozéns, ist eine
signifikante Zunahme der Eismasse. Die vorliegenden Daten legen eine herausragende
Rolle der Priazession nahe, die einen ozeanischen Wéarmetransport in den Norden
antreibt, wihrend geringe Oberflichentemperaturen und eine geringe Konzentration
von atmosphérischem CO; den Gletschern Feuchtigkeit entziechenund so ihr
Wachstum behindern wiirden. Dariiber hinaus deuten Gradienten in der Sauerstoff-
Isotopie zwischen mittleren und hohen Breiten, die mit rezenten Daten aus
verschiedenen Wassertiefen vergleichbar sind, auf die Bildung der oberpleistozdanen
Ozeanzirkulation wihrend dieses zweiten Zeitintervalls hin.

Zusammenfassend fiihren die Daten, die im Rahmen der vorliegenden Arbeit
gewonnen wurden, zur Erarbeitung und Présentation eines neuen Mechanismus fiir
den ozeanischen Wirmetransport in nordliche Breiten. Dieser Mechanismus ist eng
verkniipft mit glazialen Verdnderungen in der nordlichen Hemisphére wéhrend des
mittleren und spdten Pleistozédns. Zudem zeigen die neuen Daten, dass ein ursidchlicher
Zusammenhang zwischen dem Wirmetransport in den Norden und der dortigen
Bildung von Tiefenwasser neu bewertet werden muss. Dadurch kann eine detailliertere
Beriicksichtigung von klimatischen Bedingungen und ozeanischer Zirkulation bei
zukiinftigen Klimamodellen mit hoheren CO2-Konzentrationen erreicht werden.
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Chapter 1 — Scientific motivation and rationale

1 Scientific motivation and rationale

Anthropogenically-induced climate change has the potential to impact the
Earth’s energy balance and therefore poses a large-scale societal hazard. By preventing
the escape of infrared radiation to space, greenhouse gases increase the surface energy
budget leading to increased unpredictability of weather and climate patterns centuries
(IPCC, 2014). The projected higher frequency of abrupt climate-related events and
decreased agricultural output threatens human lives and infrastructure around the
globe. Therefore, the accuracy of climate-model projections is of the utmost
importance to predict climate shifts and base adaptation programmes; however, these
models are limited by the scientific understanding about long-term climate system
interactions and feedback loops. As instrumental records are geographically sparse and
limited to the last ~150 years, proxy studies are necessary to affirm knowledge and
shed light into background processes that drive climate change on timescales longer
than a few centuries (IPCC, 2014).

The ocean is the Earth’s largest sink and reservoir of heat and carbon, and is thus
a significant modulator of climate on timescales longer than a decade (Speich, 2019).
On longer timescales, the dynamics of climate are strongly controlled by the behavior
of the oceans since the ocean circulation moves large amounts of heat around the planet
(Rahmstorf & Willebrand, 1995). The oceans influence climate in several ways: (1)
by absorbing solar radiation and releasing heat needed for driving atmospheric
circulation, (2) by releasing aerosols that influence cloud cover, (3) by emitting most
of the water that falls on land as rain, (4) by absorbing carbon dioxide from the
atmosphere and storing it for years to millions of years (IPCC, 2014). Ocean’s
circulation, driven by the wind and by density contrasts is much slower than the
atmosphere’s because of water’s large thermal inertia. Consequently, the oceans damp
high-frequency temperature changes and function as a source of (low-frequency)
natural climate variability on longer timescales. Additionally, ocean circulation
modulates the trajectory of global warming by controlling the rate at which heat and
carbon are sequestered in the deep ocean and exchanged with the atmosphere. Changes
in ocean circulation have been projected and inferred as a result of human-induced
climate change, mainly due to the disruption of deep-water formation by freshwater
from melting of ice sheets (Rahmstorf, 2002; Rahmstorf et al., 2015). However, the
extend through which ocean circulation can be impacted by freshwater fluxes is not
well defined.

The relationship between oceanic heat transport and the cryosphere are of
particular importance to constrain the effects of human-induced climate change on the
Earth’s environment. Continental ice sheets are another key component of the climate
system, and sea-level rise due to their decay is an additional dire future prospect. With
as many as 270 million people presently living in near-coastal lowlands, future sea-
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level rise as predicted by climate models for the next centuries (IPCC, 2014) will have
a direct influence on people’s lives (Mimura, 2013). The demise of ice sheets also
provides a positive feedback on global warming because their high albedo impacts the
Earth’s radiation balance, determining the amount of solar energy that is absorbed by
the Earth and reemitted to the atmosphere via infrared radiation. Nevertheless, the
mechanistic understanding of waxing and waning of the polar ice sheets remains as a
big question and the long-term feedbacks that determine their growth and decay are
poorly understood.

The ocean and cryosphere are interconnected in a multitude of ways and given
the role of the ocean as the Earth’s largest reservoir of heat, freshwater, and carbon, it
is also the most likely medium through which modulating feedbacks are transmitted to
the cryosphere. Evaporation from the ocean provides snowfall that builds and sustains
the ice sheets and glaciers. Ocean temperature and sea level affect ice-sheet, glacier,
and ice-shelf stability in places where the base of ice bodies are in direct contact with
sea water. Since the response of ice volume to ocean temperature changes is nonlinear,
even slight increases in ocean temperature have the potential to rapidly melt and
destabilize large sections of an ice sheet or ice shelf (IPCC, 2014). Freshwater fluxes
from melting ice sheets disrupt ocean circulation, leading to changes in the distribution
of heat in the ocean and thus, anomalous climate patterns also at lower latitudes
(Stocker & Johnsen, 2003). Although extremely significant, ocean-cryosphere
feedbacks across all timescales are also not well stablished (Lozier et al., 2010).

Classically, oceanic heat transport has been understood as a function of the
efficiency of the thermohaline circulation in driving mass transport in the Atlantic
Ocean, a concept that is widely referred to as “The Great Ocean Conveyor” (Broeker,
1991). Uniquely in the Atlantic Ocean, warm and salty waters are transported
northwards throughout all latitudes. As these reach the subpolar North Atlantic, the
salty upper layer loses heat to the atmosphere, sinks, and is exported at depth back
southwards. As around Antarctica the remaining heat of subducted waters upwells by
passive advection, the strength of overturning (deep-water formation) in the North
Atlantic is both considered crucial for surface heat transport and distribution
throughout the oceans and particularly sensitive to salt and freshwater fluxes to the
surface of the subpolar North Atlantic.

As the ocean’s upper layer is itself controlled by atmospheric processes, salt and
freshwater fluxes to areas of deep-water formation have mostly been considered a
passive process driven by the position and strength of wind belts (that control
precipitation and evaporation) and summer insolation (that control sea-surface
temperatures and ice-sheet stability). However, recent observational oceanography
studies have questioned the direct surface connection between net evaporative (warm
and salty) areas and the loci of deep-water formation in the North Atlantic (Burkholder
& Lozier, 2014; Foukal & Lozier, 2016)). This is now understood to take place at
intermediate levels, below the layer directly forced by the atmosphere, and via density
layers that connect the subsurface at the subtropics to subpolar areas of deep-water
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formation. Thus, processes that modulate sea-water density (temperature and salinity)
at the subsurface of the North Atlantic may be crucial for oceanic circulation and its
interaction with the cryosphere, but if and how conditions at the subsurface affected
or responded to waxing and waning of ice sheets throughout the Earth’s climatic past
is unknown.

The scope of this thesis is therefore to constrain how cryosphere-ocean dynamics
may have worked in the past. To tackle this main question, subsurface
paleotemperature and paleosalinity records from the mid-latitudes of the North
Atlantic have been generated. These encompass critical periods of ice-sheet evolution
and climate change of the Pleistocene, namely the Termination I (the most recent
period of glacial ice-sheet demise) and the Mid-Pleistocene Transition (MPT), a period
of ice-sheet enlargement. The following four chapters of this thesis provide a general
introduction to the discussed topics divided as follows. Chapter 2 provides a review of
the general oceanography of the Atlantic Ocean with special focus on the North
Atlantic. Chapter 3 offers an overview about the state-of-the-art knowledge about the
Mid-Pleistocene Transition. Chapter 4 details the materials and methods used in this
thesis. Chapter 5 provides a summary about the main water mass occupying the deep
thermocline of the North Atlantic and discusses how this may be affecting northward
heat transport. These are followed by three discussion chapters (6 - 8) on the results of
this research. Chapter 9 contains a summary of the main conclusions of this
dissertation and provides future perspectives.

Within the discussion chapters 6, 7, and 8, the following scientific questions will
be addressed:

Question 1 (Chapter 6): How did the meridional heat transport affect/was
affected by the demise of the circum-Atlantic ice sheets during the most recent glacial
termination?

Between 25 and 11 thousand years (ka) before present (taken as 1950 A.D.) the
Earth’s climate system emerged from a fully glaciated state (Last Glacial Maximum,
LGM) to the modern interglacial period. During this time interval, referred to as
Termination I, the Earth’s continental cryosphere decreased by ~ 65% (equivalent to
a ~ 125 m sea level rise), ocean circulation underwent profound changes and
atmospheric CO> concentrations rose by 80 ppm. Because of the chronological
proximity to the modern period and record availability, this interval is the most studied
transition between a glacial to interglacial state in the scientific literature and serves as
a paradigm for older deglaciations. Deep-thermocline temperature and salinity records
were produced from a deep-dwelling planktic foraminifera in parallel with stable
isotopes from a benthic foraminifera species (indicative of global ice volume and deep-
ocean ventilation). The absence of chronostratigraphic uncertainties between records
allowed for the assessment of potential associations between northward heat transport,
ice-sheet demise and deep-ocean ventilation changes.
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Questions 2 and 3 (Chapters 7 and 8): Did upper ocean circulation change
across the MPT? Is there a connection between meridional heat transport variability
and the glacial-interglacial cyclicity shift that occurred during the MPT?

The MPT, encompassing the interval between ~1200 and 600 ka ago, comprises
arguably the most profound change of the global climate system throughout the entire
Pleistocene. It marks the emergence of quasi-periodic ~100 kyr glacial cycles, in
contrast to the previously dominant ~41 kyr periodicity. Intrinsically coupled to this
change in the global climatic beat is the rapid expansion of Northern Hemisphere
continental ice sheets. Although there have been numerous studies on the MPT, the
exact mechanism explaining the ice-sheet growth and the ensuing periodicity shift has
remained elusive so far. To discuss this topic, deep-thermocline temperature and
salinity records were produced once again in parallel with stable isotopic records from
benthic foraminifera. These allowed for the novel assessment of deep thermocline
circulation variability across the MPT and indicate that this also changed significantly
during the studied interval, which so far had not been established (Chapter 7). Chapter
8 elaborates on these upper ocean circulation changes and provides evidence about the
potential connection between upper circulation and the accelerated ice-sheet
enlargement during the MPT.
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2 Modern circulation in the Atlantic Ocean and the

meridional heat transport

The circulation in the Atlantic Ocean is considered to play a fundamental role in
the climate of the Atlantic realm, mainly due to its poleward transport of large amounts
of heat (Clark et al., 2002). The northward-flowing Atlantic surface waters are warm,
whereas the southward-flowing deep waters are cold, defining the meridional heat flux
(MHF), which peaks at about 1.2 + 0.3 PW (1 PW equals 10'° Watts) at 24°N
(Ganachaud & Wunsch, 2000) and is usually described in terms of strength of the
Atlantic Meridional Overturning Circulation (AMOC; Kuhlbrodt et al., 2007). The net
northward transport of heat and salt across the North Atlantic via the surface ocean is
a key process for the modulation of European climate. It is also essential for the
densification or overturning of the surface waters, hence the formation of deep waters
as part of the thermohaline circulation. By modulating latitudinal sea-surface
temperature gradients, the MHF also affects the position of the Intertropical
Convergence Zone (ITCZ) and, therefore, rainfall variability in the lower latitudes of
both northern and southern hemispheres (Deplazes et al., 2013; McGee et al., 2014).
Although changes in the AMOC are implicated in almost every scenario of climate
change in the past (Herndndez-Almeida et al., 2015; Lehman & Keigwin, 1992;
Menviel et al., 2020; Pena & Goldstein, 2014), its controlling mechanisms are still not
completely understood.

A dominant paradigm in oceanography is that long-term MHF variability derives
from changes in the rate of deep-water mass formation, which stemmed from the
anomalous interhemispheric northward heat transport in the Atlantic Ocean observed
since the mid-20" century (Wiist, 1957; Bennet 1976). This anomaly led to the model
of the “Great Ocean Conveyor” (Broeker, 1991), that defined northward heat transport
to be a direct consequence of deep-water formation in the northern North Atlantic, at
the time considered to take place in the Labrador and Greenland Seas. As a result, the
term “AMOC” refers to northward heat transport, overturning and deep-water
circulation without distinction and, as the strength of the overturning circulation is
highly susceptible to freshwater fluxes over /oci of deep-water formation, so too would
be the MHF.

The gathering of continuous data from monitoring mooring arrays installed
across the subtropical and subpolar gyres have been contributing to the rapid pace of
scientific developments regarding the nature of the AMOC (Lozier et al., 2010, 2019)
and have put into question the direct causal link between water-mass formation, export
and the MHF (Lozier, 2012; Lozier et al., 2010, 2019). While earlier studies pictured
the western North Atlantic to be the main area of deep-water formation and convection
in the Atlantic because of the extremely deep mixed layer (1500 — 2000 m) of that
region. However, continuous monitoring data from the OSNAP arrays (Overturning in
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the Subpolar North Atlantic Program; Lozier et al., 2016) showed that deep-water
formation (i.e., overturning, oceanic heat loss) and deep-water convection (i.e., sinking
of water masses) are decoupled in the Subpolar Gyre (SPG; Lozier et al., 2019). The
western North Atlantic is indeed a region of deep-water convection, but cooling and
freshening in the Labrador Sea counteract one another in terms of density, resulting in
very small overturning rates (i.e., deep-water formation). Most of the de facto
conversion of warm, salty and shallow Atlantic waters into colder, fresher and deep
waters (i.e., overturning or “densification””) was found to occur rather in the
northeastern North Atlantic; in the Iceland and Irminger basins and the Nordic Seas
(Lozier et al., 2019). The western North Atlantic Maximum overturning rates along
OSNAP were found at oo = 27.53 (~950 m), at the Rockall Trough and significant
correlated with northward heat transport (i.e., the more heat was transported
northwards the higher the rates of deep-water formation and vice versa).

At subtropical latitudes, data from the RAPID-MOCHA array (Rapid Climate
Change Programme and associated Meridional Overturning and Heatflux Array; at
26.5°N; (Cunningham et al., 2007; Johns et al., 2011)) show that AMOC strength is
highly variable in all measured timescales and not coherent between the subtropical
and subpolar gyres. According to the “ocean conveyor” view, the AMOC and MHF
should be latitudinally coherent (i.e., more overturning leading to a stronger MHF).
However, period-matched observations found the subsurface of the STG to be warmer
when AMOC was weak and vice-versa (Lozier et al., 2010). Thus, the classic view
about ocean circulation as a “Great Ocean Conveyor” does not explain observed
AMOC variability. Rather, observational oceanographers find the AMOC to be
modulated by zonal (instead of meridional) density gradients across the North Atlantic
(Buckley & Marshall, 2016).

The concept of a purely thermohaline-driven AMOC is also challenged by
theoretical model-based studies of oceanic circulation (Gnanadesikan, 1999;
Kuhlbrodt et al., 2007). According to this view, the thermohaline circulation is decisive
in setting the deep-water properties but is it not the main energetic driver of deep-
ocean circulation. Embedded in this disagreement is the question about which mode
of meridional heat and freshwater transport is prevalent in the ocean interior, across or
along layers of equal density (isopycnals). Diapycnal transport refers to the turbulent
energy-intensive mixing of water across density surfaces that partly drives the AMOC
via thermohaline circulation. In contrast, isopycnal transport refers to warm and cold
water mixing along the same density surfaces, a process that is essentially adiabatic
and requires little energy expenditure. The contrast between these two modes of
transport is reflected in isopycnal diffusivities (~10’m?/s) being several orders of
magnitude higher than diapycnal diffusivities (~10#m?/s; Ledwell et al., 1993), which
imply that the role of overturning (diapycnal flow) may be secondary to that of
isopycnal geometry in the distribution of properties and tracer on the ocean. Hence,
also in palaecoceanographic studies, density indicators (e.g., 8'®Ocalcic) should be
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assessed, when possible, in order to establish patterns of heat and freshwater fluxes
below the mixed layer.

The degree to which deep-water mass formation in the ocean interior is the most
important modulator of heat transport and deep-water ventilation, or whether the
circulation in the Atlantic Ocean is essentially adiabatic is a subject of intense
discussion and it’s been suggested to depend on the analyzed timescale (Johnson et al.,
2019). This question will be addressed in the context of multicentennial to
multimillennial timescales in Chapter 6, by analyzing subsurface temperatures during
periods of catastrophic meltwater discharges over the SPG and weakening of the
overturning circulation (McManus et al., 2004) known as Heinrich Events (Bond et
al., 1992). As temperature anomalies are more efficiently transmitted along rather than
across density surfaces, processes that mold the geometry and/or heat content within
oceanic density layers are prime candidates to drive the MHF.

2.1 Detailed North Atlantic hydrography

2.1.1 The upper AMOC branch: surface circulation and mode waters
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Figure 2.1. (a) Traditional versus (b) present view of North Atlantic circulation and meridional heat flux. Green
(blue) arrows indicate surface (subsurface) water pathways. Figure extracted from Burkholder & Lozier (2014).

The surface hydrography of the North Atlantic Ocean is characterized by a
double-gyre circulation pattern (STG and SPG), fuelled by combined wind-driven and
buoyancy forcings from the western and eastern ocean boundaries, respectively (Hogg
& Gayen, 2020). Connectivity between the gyres, via the upper limb of the AMOC,
has strong implications for poleward heat transport and its variability in the basin.
Eulerian studies have moulded the traditional view, which assumed that the heat
transmission between gyres occurred via surface advection of heat anomalies along
the Gulf Stream - North Atlantic Current (NAC) pathway into the eastern SPG (Sutton
& Allen, 1997). Recent Lagrangian modeling of water pathways and drifter studies on
the North Atlantic heat connectivity between the STG and the SPG, however, have
determined that communication between the gyres at the surface is limited due to
southward Ekman velocities and a strong surface vorticity gradient (Burkholder &
Lozier, 2011; Foukal & Lozier, 2016). As these constraints on the inter-gyre
connectivity decrease with depth, a more direct pathway exists for heat stored within
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the subsurface STG to flow northwards, along the density surfaces (isopycnals) that
outcrop in the high-latitude northern North Atlantic (Figure 2.1). The discovery of this
subsurface pathway implies that thermal anomalies are transmitted to higher latitudes
from a much larger depth than previously expected (Burkholder & Lozier, 2011), with
maximum flow to eastern SPG detected along isopycnal co=27.1 located at 700 m
water depth below the Gulf Stream and the surface of northeastern North Atlantic
(NENA; Burkholder & Lozier, 2011).

Barred northwards by the strong vorticity gradient, Gulf Stream waters from the
Ekman layer (~100 m water depth) diverge east around 40°N, offshore of the Grand
Banks, feeding into the Azores Current. Gulf Stream waters under the Ekman layer
continue north along isopycnals feeding into the NAC. While the main heat source to
the surface northwards of the vorticity gradient is supplied along isopycnals, ocean-
atmosphere interaction in the winter causes the convection of thick surface-water
parcels, which sink across density layers (diapycnally) becoming mode waters and
occupy the thermocline. Waters within the Gulf Stream and STG form Subtropical
Mode Water (STMW, 60=26), also known as “Eighteen Degree Water” (Talley, 2011).
Along the NAC, from the transition zone between the STG towards the northeastern
North Atlantic, mode waters progress from Eastern North Atlantic Central Waters to
Subpolar Mode Waters (SPMW, 8-15 °C, 35.5-36.2 psu and 60=26.9-27.75) (Garcia-
Ibafiez et al., 2018; Hanawa & Talley, 2001). Mode water variability in this region is
usually interpreted as a result of air-sea interaction and winter convection, however
the paradigm shift from a surface to a subsurface advective pathway requires mode
water formation in the SPG to be reassessed, which has so far not been done (further
discussed in Chapter 5).

2.1.2 Lower AMOC branch — intermediate water masses

Wind-driven northward-flowing waters from the upper AMOC branch are
vertically isolated from the southward-flowing intermediate and deep waters in the
lower AMOC branch by the pycnocline, defined as the vertical level with the highest
density gradient. The pycnocline is typically found between 500 and 1000 m water
depth, below the Subtropical Gyre (STG) and outcrops at intermediate- and deep-water
sinking zones. The high vertical density gradient acts as a barrier to the downward
propagation of oceanic particulates, tracers (e.g., gases, salt and nutrients), and heat,
thereby allowing overturned waters below to maintain their distinct physiochemical
properties, set at their locus of formation.

The intermediate levels of the North Atlantic Ocean are occupied by three
distinct water masses identified by vertical salinity and oxygen extrema; the low-
salinity/high-oxygen Labrador Sea Water (LSW) in the north, the high-salinity/low-
oxygen Mediterranean Outflow Water (MOW, detailed in Section 5.1) in the central
North Atlantic, and the low-salinity/high-oxygen AAIW (Figure 2.2) in the southern
part of the North Atlantic.
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Figure 2.2: Dominant intermediate water masses in the North Atlantic (Talley, 2008). Antarctic Intermediate
Water (AAIW), Mediterranean Outflow Water (MOW), Labrador Sea Water (LSW).

Southwards of 20°N, intermediate levels in the North Atlantic are occupied by
the fresh and oxygenated AAIW, formed in the Antarctic Subpolar Front. Despite the
erosion of its original properties along its way northwards, AAIW can be very clearly
identified by a salinity minimum. As it reaches below the STG, AAIW loses its main
characteristics as it mixes with the upper part of the saline and oxygen-depleted MOW
(Reid, 1994). Although volume transport from the Gulf of Cadiz is very small (<1 Sv),
MOW: s salinity and temperature are extremely high in comparison with any water at
equivalent depth and density ranges. As a result, AAIW’s salinity minimum
disappears, but the water mass can still be traced northwards to 32°N (van Aken, 2000;
Tsuchiya et al., 1992) by its relatively high silicate content (it is negligible compared
to Antarctic Bottom Water, but high compared to other intermediate waters in the
North Atlantic). Waters within AAIW’s density level continue northward, with its
volume providing a medium for heat and salt (from MOW) to reach the northeastern
North Atlantic (Reid, 1994). Typical thermohaline values given to this water mass in
the North Atlantic are in the ranges 6 < 0 < 7.98°C, and 34.9 <S < 35.0 psu.

The LSW (3.6°C, 34.91 psu, 27.75 oo; Talley & McCartney, 1982) is the
dominant intermediate water mass of the northern North Atlantic and occupies from
the surface in northwestern North Atlantic down to 2000 m water depth (McCartney,
1982). After sinking in Labrador Sea, LSW spreads eastwards towards the Nordic Seas
and southwards. Along its pathway LSW is entrained by Iceland-Scotland Overflow
Waters (ISOW) in northeastern North Atlantic and mixes quasi-isopycnally with
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MOW below the STG, losing its typical low salinity and contributing to the formation
of North Atlantic Deep Water (NADW)).

2.1.3 The components of North Atlantic Deep Water

Between about 1500 and 3500 m water depth, the North Atlantic is occupied by
the NADW, which dominates in terms of net volume transport. Its characteristics, high
salinity and oxygen and low nutrient content are a consequence of its superficial
origins and relatively young age in relation to other deep-water masses of the Atlantic
Ocean. Its sources are the Nordic, Labrador and Mediterranean seas, by the way of
their Nordic Seas Overflow Water (NSOW), LSW, and MOW, respectively. In the
subpolar and subtropical North Atlantic, these specific components of NADW are still
distinguishable and enable the division of this water mass into the upper and lower
components. Upper NADW is formed from the mixing between LSW and MOW at
mid latitudes and below the STG (Talley, 2011). Lower NADW is mostly formed by
entrainment of ISOW (the most volumetrically significant waters from the Nordic
Seas; Garcia-Ibafiez et al., 2018) into intermediate and abyssal waters accumulated
below 2000 m east of the Mid-Ocean Ridge (Garcia-Ibafiez et al., 2018, Talley et al.,
2011). The resulting waters (referred as Northeastern Atlantic Deep Water by Garcia-
Ibanez et al., 2018, and Talley et al., 2011) occupy the whole eastern North Atlantic
and flow cyclonically towards the western North Atlantic through the Charlie-Gibbs
Fracture Zone. In the western North Atlantic, these join the Deep Western Boundary
Current and are exported southwards as NADW.

10
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3 Climate system interactions during the Mid-Pleistocene

Transition

The Pleistocene epoch, between 2.58 Ma and 11.7 ka (Gibbard et al., 2010), is
characterized by repeated cycles of glaciation and partial deglaciation, primarily paced
by orbital parameters (Lisiecki & Raymo, 2005). Between 1.2 and 0.6 Ma, during the
MPT, glacial-interglacial cycles intensified and became longer, with a marked increase
in the amplitude of ice-volume variations (Boer et al., 2014; Elderfield et al., 2012;
Rohling et al., 2014) and the appearance, although muted, of precession in
periodograms of the glacial-interglacial rhythm (Figure 3.1; Imbrie et al., 1993). There
have been numerous studies on the MPT, however the exact mechanism explaining
the ice-sheet growth and ensuing periodicity shift remains elusive so far.

The quasi-100 kyr cyclicity that dominated the Late Pleistocene after 0.6 Ma was
initially interpreted as reflective of the orbital modulation by eccentricity, which in its
turn modulates precession (Imbrie et al., 1993; Ruddiman et al., 1989). However,
eccentricity has by far the weakest influence on insolation amount received by Earth
and the lack of mechanistic understanding of how and why eccentricity would have
begun dictating the pace of climate cycles during the MPT characterized the intensely
discussed “100-kyr problem” (Maslin & Brierley, 2015). Mathematical model studies
(Feng & Bailer-Jones, 2015) show that the observed cyclicity can be explained by a
combination of obliquity and precession with obliquity being the dominant pacer for
glacial cycles over the whole Pleistocene and precession only becoming important
after the MPT. As a result, scientists have long searched for internal climate feedbacks
that would increase the sensitivity of ice sheets to precession forcing.

Early studies on the MPT suggested that the increase in precession forcing in
global ice volume may be explained by the simple southward migration of the
continental edges of NH ice sheets, because at mid-latitudes these would be subjected
to stronger precessional forcing (Ruddiman & Mclntyre, 1981). However,
reconstructions of the Laurentide Ice Sheets (LIS) meltwater discharges suggested that
the LIS frequently expanded into mid-latitudes already in the Early Pleistocene, and
even though these expansions were heavily paced by NH summer insolation (itself
paced by precession) they apparently had little impact in the overall obliquity-paced
glacial/interglacial cyclicity of that period (Shakun et al., 2016). Sedimentary deposits
on the North American continent further suggested that the repeated erosion of
substrate below ice sheets throughout the Early Pleistocene increased friction between
ice and bedrock and therefore allowed for taller, more resilient ice sheets to develop,
which is usually referred to as the “regolith hypothesis” (Clark & Pollard, 1998).
(Kutzbach, 1981) proposed that high-latitude ice sheets may have become more
sensitive to precessional insolation heating of low- and mid-latitude land masses at

11
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latitudes south of the ice sheets, but why and how this change would have happened
during the MPT remains unclear.
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Figure 3.1. (top) Combined stacked benthic §%0 record from Imbrie et al. (Imbrie et al., 1992) and record
from Ocean Drilling Program site 677 (Shackleton et al., 1990). (bottom) The &%0 spectra of Early
Pleistocene (A), Mid-Pleistocene (B), and Late Pleistocene (C). Extracted from (Imbrie et al., 1993).

Recently, discussions regarding the MPT moved southwards, instead focusing
on the transition of Antarctic ice sheets (AIS) from terrestrial to marine-based ice-
shelves around 1 Myr (Raymo et al., 2006). According to this concept, referred to as
the “Antiphase hypothesis”, the pre-MPT 41-kyr cyclicity was a product of the anti-
phased precession-driven variability in ice volume between hemispheres being
cancelled out in global 3'30, leaving the in-phase obliquity signal to dominate during
Early to Mid-Pleistocene. The post-MPT 100-kyr cyclicity would be then a result of
the expansion and stabilization of AIS margins into the glaciomarine realm. Drill cores
on the edge of the Ross Sea, confirmed AIS had more dynamic margins in the Early
to Mid-Pleistocene and underwent significant expansion around 0.8 Ma, in support of
the “Antiphase hypothesis” (McKay et al., 2012). As a result, a substantial proportion
of the sea-level drop detected during the MPT’s mid-point (MIS 22) has been
attributed to Antarctica (Elderfield et al., 2012). Implicit in the “Antiphase hypothesis”
is the increased sensitivity of the global climatic system to ice-volume variability in
the NH during and after the MPT. Sea-level variations driven by the waxing and
waning of the NH ice sheets would have preconditioned seaward expansion and retreat
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of AIS after the MPT because glaciomarine ice sheets are very sensitive to calving due
to sea-level rise (Raymo et al., 2006). Although current hypotheses are not in
agreement about which hemisphere would have led in terms of ice-sheet enlargement
during the MPT, substantial ice-sheet enlargement in the NH is considered to be
instrumental for the MPT cyclicity shift (Berger and Jansen, 1994; Clark et al. 2006,
Raymo et al., 1997) and is confirmed by proxy records documenting the southward
shift of wind systems in the Pacific and Atlantic Oceans, the prolonged extension of
sea ice over the Bering Strait, the intensified erosion of the continental regolith in
North America and ice-sheet growth in the Alps and Greenland (Clark et al., 2006;
Ford & Raymo, 2019; Kender et al., 2018; Seo et al., 2015; Thiede et al., 2010).
Therefore, climatic feedbacks supporting ice-accumulation or triggering ice-sheet
instability in the NH are crucially important to resolve glacial-interglacial cyclicity
change that occurred during the MPT (Berger & Jansen, 1994; Clark et al., 2006;
Raymo, 1997).

Changes to the Earth’s climate system during the MPT were not only restricted
to the cryosphere, but also included an ocean circulation “crisis” during the crucial
Marine Isotope Stages 24 and 22 (the so-called “900-kyr event”, 0.94 — 0.87 Ma; Pena
& Goldstein, 2014; Raymo et al., 1990; Schmieder et al., 2000) and an abrupt drop in
atmospheric CO; concentrations (Chalk et al., 2017; Honisch et al., 2009). Because
more than 90% of the combined oceanic, atmospheric and terrestrial carbon resides in
the deep ocean, ocean circulation variability is believed to play a primary role in
regulating atmospheric CO» (Broecker, 1982; Sigman & Boyle, 2000). A permanent
change in the mechanisms of ocean-air CO; transfer may have allowed the general
cooling of the climate system and acted as a positive feedback to increased ice-sheet
build-up at the onset of 100-kyr cycles (Chalk et al., 2017; Farmer et al., 2019;
Hasenfratz et al., 2019).

The close geographical proximity between the ice sheets and the main areas of
deep-water formation in the NH make the North Atlantic one of the most climatically
sensitive regions in the world’s oceans (Hodell & Channell, 2016). There, ocean
circulation and ice-sheet variability are tightly coupled by feedbacks involving heat
and freshwater fluxes on millennial and orbital timescales (Alvarez-Solas et al., 2019;
Timmermann et al., 2010; Zhang et al., 2014). While AMOC-driven northward heat
transport impacts ice-sheets mass balance by modulating sea-surface temperatures and
atmospheric moisture content, freshwater flux from ice sheets may hamper deep-water
formation and ocean circulation, which then affects the oceanic carbon reservoir.
Hence, internal oceanic mechanisms that modulate northward heat transport to the
high-latitudes of the North Atlantic are prime candidates to regulate the stability of
NH ice sheets and glacial-interglacial cyclicity. Chapter 7 presents a novel oceanic
mechanism for northward heat transport that was active during the MPT and may have
supplied the moisture that supported ice-sheet growth despite low atmospheric
temperatures and decreased atmospheric CO».
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4 Study material, site and methods

4.1 Foraminifera as paleoceanographic proxies

Foraminifera are among the most abundant shelled organisms in marine planktic
and benthic environments. They are single-celled protists recognizable in the fossil
record by their shells (tests). These are often composed of calcite and calcified in
partial or complete chemical equilibrium with sea water. Their chemical composition
is, thus, ideally suited for reconstructing chemical variations of the ocean in
paleoclimate and paleoceanography studies (Gooday, 2003).

Planktic foraminifera are widely used for upper water column reconstructions.
To reconstruct deep-thermocline variability across the LGM and MPT, two abundant
deep-dwelling species have been chosen and analysed. Globorotalia truncatulinoides
and Globorotalia crassaformis belong to the non-spinose macroperforate
Globorotaloidea superfamily (Schiebel & Hemleben, 2017). As all constituents of this
group, these two species are nonsymbiotic and therefore believed to precipitate their
shell calcite at or close to equilibrium with seawater (Fairbanks et al., 1980), allowing
the dismissal of species-specific vital effects. Their chemical composition is
interpreted to reflect the properties of the specific depths or geochemical niches in
which they dwell (Rohling & Cooke, 1999).

4.1.1 Globorotalia truncatulinoides (d)

Figure 4.1. Scanning electron microscopy images of Globorotalia truncatulinoides. Figures extracted from
Schiebel and Hemleben (2016). Scale given by white bars at the bottom with 100 pm.

Appearing at the Pliocene-Pleistocene transition, the test of G. truncatulinoides
is trochospiral, medium to high conical in the umbilical side and flat on the spiral side
(Figure 4.1). It has 4.5-5.5 chambers in the last whorl and presents a keel at its
periphery. Cosmopolitan, G. truncatulinoides is a deep-dwelling planktic foraminifera
featuring coiling dimorphism with a complex life cycle superfamily (Schiebel &
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Hemleben, 2017). It has been shown to migrate vertically within the water column
according to its different life stages and for reproduction (Kemle-von-Miicke &
Oberhénsli, 1999). Juvenile specimens calcify their test in the upper few hundred
meters of the water column. As G. fruncatulinoides ages, it continues to grow and
calcify new chambers as it slowly sinks in the permanent thermocline. Adult
specimens migrate upwards to reproduce, but otherwise live specimens have been
found down to 1000 m water depth in the subtropical North Atlantic (Hemleben et al.,
1985). This species’ distribution is usually found to be the highest in relatively warm
sea waters and deep permanent thermoclines (Lohmann, 1992). Their reconstructed
calcification depth is usually determined to fall between 300 and 600 m in the Atlantic
Ocean (Cléroux et al., 2013; Feldmeijer et al., 2015). As a result, their test calcite
records the integrated deep-thermocline characteristics.

4.1.2 Globorotalia crassaformis

200 pm

Figure 4.2. Scanning electron microscopy images of Globorotalia crassaformis. Figures extracted from (Bylinskaya,
2005).

Appearing in the geological record during the Late Miocene, G. crassaformis
bears a trochospiral and planoconvex test with 4 to 4.5 chambers in the last whorl
(Figure 4.2). Its test’s surface is smooth and peppered with pustules, which merge and
form a thick calcite crust. This species is cosmopolitan and found to dwell at the
permanent thermocline of tropical and subtropical oceans (Schiebel & Hemleben,
2016). In the Atlantic Ocean, G. crassaformis has been found to dwell between 450
and 950 m water depth (Cléroux et al., 2013; Schiebel & Hemleben, 2016). Its
biological niche has been repeatedly associated with enhanced biological productivity
at the surface and oxygen depletion at habitat depth (Kemle-von-Miicke & Oberhénsli,
1999). In their detailed thermocline reconstruction study, Cléroux et al. (2013) found
that the calcification depth of G. crassaformis is symmetric relative to the Equator,
with shallower depth in the equatorial region (~600 m), greater depths in the
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subtropical regions (~1000 m) and shoaling toward higher latitudes. This distribution
matched the depth of the 3.2 ml/l oxygen level along their studied transect, consistent
with abundant G. crassaformis found at the minimum oxygen level in the water
column in the eastern equatorial Atlantic (Kemle-von-Miicke & Oberhénsli, 1999).
Given its observed deep habitat depth, these authors speculated that this species
occupies the oxygen minima of the upper water column where predation pressure is
much lower. This biological niche is rich in organic matter aggregates that originate
from bacterial activity in the oxygen minimum zones underlying the high productivity
areas (Gowing & Wishner, 1998). In the subtropical North Atlantic, this minimum
oxygen level coincides with the pycnocline, which is the high-density gradient
interface that divides surface and intermediate water levels by definition. The
occupation of this specific biological niche gives new significance to the
interpretations of records composed by G. crassaformis, as it potentially allows
researchers to gather chemical signals from the bottom of the thermocline and
intermediate levels.

4.2 Marine sediment cores from Site U1313

Marine sediment cores from Integrated Ocean Drilling Project (IODP) Site
U1313 (41°00°04”N, 32°57°25”W, 3424 mbsl) were raised from the central North
Atlantic during IODP Expedition 306 (IODP Expedition Scientists, 2005). Site U1313
was a re-drill of the benchmark Deep Sea Drilling Project (DSDP) Site 607, situated
at the base of the western flank of the Mid-Atlantic Ridge. Sediments retrieved from
holes U1313A, U1313B, U1313C and U1313D consist mainly of nannofossil ooze
with varying amounts of foraminifera and fine-grained terrigenous material. Regular
occurrences of drop stones and coarser terrigenous fractions were interpreted as a
product of Northern Hemisphere ice-sheet instability across the Pleistocene. Bio- and
magnetostratigraphy indicated stable sedimentation rates of ~4.5 cm/k.y. during the
Pleistocene epoch. The core sections from the four drilled holes are stored in the IODP
Core Repository in Bremen, Germany.

4.2.1 Shipboard splice and preliminary age models of Site U1313

Sediments obtained at Site U1313 allowed the production of two complete
spliced stratigraphic sections for the Pleistocene 306 (IODP Expedition Scientists,
2005). Holes U1313B and U1313C constitute the primary splice and holes U1313A
and U1313D constitute the secondary splice. The shipboard age model was constructed
by matching distinct lightness parameter (L*) variations with glacial and interglacial
terminations. Such comparison was based on the assumption that the lightness
parameter (L*), which reflects changes in the carbonate content due to variations in
terrestrial input, and mimics variations in the global benthic oxygen isotope stack
(LRO4; Lisiecki & Raymo, 2005) without temporal offsets. Naafs et al. (2012) adjusted
the original meter composite depth (mcd)-scales from holes U1313A, C, and D by
tying them to the mcd-scale for Hole U1313B and creating the common adjusted med
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(amcd) depth scale. The authors also refined the shipboard age model for the last 1 Ma
by combining the lightness parameter with some benthic foraminiferal 3'*0 data and
tuning these once more to the LR04 benthic stack (Lisiecki & Raymo, 2005)

For the Late Pleistocene records of U1313 (LGM and deglaciation, Chapter 6),
the age model was further refined by Naafs et al. (2013) by tuning XRD and XRF
records of Sites U1313 and U1308, respectively. The age model for Site U1308 had
been determined by radiocarbon dating up to 35ka (Hodell et al., 2008). For the Mid-
Pleistocene records of U1313 (MPT, Chapters 7 and 8), the age model of Site U1313
has been further refined using new benthic 8'30 data tuned to the LR04 benthic stack
(see Chapter 4.3.3).

4.2.2 Local hydrography of IODP Site U1313

Depth (m)
20 20
18| A "
500

16-] O ENACW16
O 14/ 1000 ~1000
o) Git.
:’- 12 $ENACW12 ()MOW
@ 12
3 a 1500 & 1500
g B
8 4 ®
g 10 Tg 112000
< 2000 £
3 8 b
g 3 2500
g 5
s 2500 ~

g 3000
4 8
8 2] NEADVLV
2
Opsow
0 : ‘ ; . 3500 1 - 4000
345 35 35.5 36 36.5 348 35 3.2
Salinity (psu)

Salinity (psu)

Figure 4.3. &S diagrams used to distinguish the water masses at the study site. (4) &S distribution from the
surface to 3500 m water depth. Yellow circles mark the estimated habitat depths of the foraminifera discussed in
the text (G.t.: G. truncatulinoides (d), 450 m, and G.c.: G. crassaformis, 800 m). Dashed gray box outlines the
detailed in Figure B. (B) &S distribution of water column below 1000 m water depth. Yellow circle marks the
depth of Site U1313. Figure produced using the software Ocean Data View (Schlitzer, 2018) with data of the
World Ocean Atlas 2018 from a 10°%10° square centered around the location of Site Ul313 (Locarnini et al.,
2019, Zweng et al., 2019). Colors represent depth. Diamonds represent the end-members of the water masses as
characterized by Garcia-Ibaiiez et al. (2018). ENACW s and ENACW > are the Eastern North Atlantic Central
Waters of 16°C and 12°C, respectively. SPMWs, SPMW;, [rSPMW are the Subpolar Mode Waters of 8°C, 7°C and
Irminger Seas, respectively. LSW corresponds to Labrador Sea Water, ISOW, Iceland-Scotland Overflow Water,
and DSOW, Denmark Strait Overflow. MOW is the Mediterranean Outflow close to Cape St. Vincent (Baringer
and Price, (Baringer & Price, 1999).

Site U1313 is ideally suited to track heat-transport variability to the higher
latitudes as it is located in the intergyre region, between the STG and the SPG. At the
surface, Site U1313 is located along the pathway of the NAC, which is characterized
by saline and warm waters (18°C annual average surface temperature; Locarnini et al.,
2019). At present, the uppermost 150 m of the water column at Site U1313 comprise
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the mixed layer and the seasonal thermocline (Figure 4.3A). The permanent
thermocline, between 150 m and 1100 m, is extremely deep due to entrainment of
MOW into central waters in the eastern North Atlantic (Spall, 1999) and contains the
whole progression of mode waters formed within the inter-gyre region and eastern
SPG (Brambilla & Talley, 2008; Garcia-Ibafiez et al., 2018). Eastern North Atlantic
Central Waters of 16°C and 12°C originate in the intergyre regions and occupy between
150 m and 650 m water depth above Site U1313. Between 650 m and 1100 m water
depth, the bottom of the pycnocline in the central North Atlantic, the water column
above U1313 is occupied by Subpolar Mode Waters (SPMW) formed east and west of
the Iceland and Irminger basins (SPMWs, SPMW7, and I[rSPMW, respectively).
Between 1100 m and 2000 m water depth, fresh and oxygenated LSW mixes
isopycnally with the saline and warm MOW (36.4 psu and 12°C off the Cape San
Vincent; Baringer & Price, 1999). Below ca. 2000 m, waters above Site U1313 have
average characteristics between LSW and ISOW (Figure 4.3B) and bottom waters at
3426 m water depth above Site U1313 are classified as Northeastern Atlantic Deep
Waters (Garcia-Ibafiez et al., 2018) These formed in the deep northeastern North
Atlantic with significant contribution from ISOW (Garcia-Ibanez et al, 2018).

4.3 Methods

4.3.1 Core sampling and sample processing

Sections from the primary splice (holes U1313B and U1313C) were sampled
every 4 cm between 0.24 mcd and 1.5 med and every 5 cm between 26.82 mcd and
56.77 mcd at the IODP Core Repository in Bremen, Germany. The approximately 10
cm? big samples were then freeze dried, weighted, wet sieved over 125 um and 63 um
combined meshes, rinsed with Milli-Q water and dried at 40°C at the Institute of Earth
Sciences at Heidelberg University. When present, around 20 tests (~1000 pg) of the
deep-dwelling planktic foraminiferal species G. truncatulinoides dextral (for the Late
Pleistocene) or G. crassaformis (for the Middle Pleistocene) have been picked under
a binocular microscope from the 315-400 pum size fraction in order to avoid size-
related ontogenetic effects (Friedrich et al., 2012). The tests were then cracked
between glass plates and a third of the crushed shell fragments was separated for stable
isotope measurements while the remaining portion was reserved for trace-element
analyses. For age model refinement, around 4 tests (~200 pg) of the benthic
foraminiferal species Cibicidoides wuellerstorfi or Uvigerina peregrina were picked
under a binocular microscope from the >250 um size fraction. These tests were cracked
between glass plates and between 40 and 80 pg of shell fragments was used per stable
isotope measurement.

4.3.2 Stable isotope analyses of foraminifera

Oxygen and carbon stable isotopes are traditional paleoceanographic proxies
used for reconstructing the physical and chemical characteristics of water masses and
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ocean circulation. The isotopic composition of foraminiferal shells is usually assumed
to be precipitated in equilibrium with ambient sea water and therefore to reflect
paleoceanographic characteristics of ancient sea water. The 8'*0 of marine carbonates
has been widely applied for assessing past variability in ocean circulation (Lynch-
Stieglitz et al., 2006), continental ice volume (Waelbroeck et al., 2002), sea-water
salinity (Adkins et al., 2002) and temperature (Emiliani, 1955). The 8'3C of
foraminiferal calcite can provide a wealth of information on the carbon cycling of the
oceans and has been used to infer the distribution of deep-water masses and their
geographic and bathymetric distributions (Curry & Oppo, 2005), biological
productivity and variations in the global carbon cycle (Duplessy et al., 1988).

The isotopic composition of a sample is expressed using the 8 notation (i.e., 8'%0
and 8'3C), which represents the difference between the ratio of the least over the most
abundant isotope of a sample and an internationally recognized standard, expressed in
parts per thousand (i.e., %o). Equation 1 exemplifies the calculation of &'0. For
carbonate isotopic ratios the most used standard is Vienna Pee Dee Belemnite (VPDB),
normalized in relationship to the chemical composition of Belemnitella americana
fossil shells from the Cretaceous Pee Dee Formation in the United States and provided
by the International Atomic Energy Agency in Vienna, Austria.

Equation 1:
18 16 18 16
5180 _ ( 0/ 0)sample N ( O/ O)Standard] X103
le =
R (180/160)standard
, which can be written as:
(180/160)
6% Osampte = (**0/%0) amee 1] x103
standard

4.3.2.1 Stable oxygen isotope ratio

The oxygen isotopic composition of marine carbonates varies with temperature,
the isotopic composition of seawater, and physiologically induced factors or vital
effects (Rohling & Cooke, 1999). The fractionation of oxygen isotopes in precipitated
carbonate is heavily temperature-dependent, with higher fractionation coefficients at
lower temperatures and vice versa. This relationship allowed the determination of a
number of paleotemperature equations relating temperature and §'80 (Bemis et al.,
1998; Kim & O’Neil, 1997; Marchitto et al., 2014; Shackleton, 1974), from which the
following approximate values were derived: 0.25%o per °C at ~10°C and 0.20%o per °C
at ~40°C (Kim & O’Neil, 1997). However, these equations require the estimation of
the offset between calcite and sea-water §'30 (8'¥Osw), which in turn, varies according
to the global ice volume and the hydrological cycle (precipitation and evaporation) at
the formation sites of intermediate- and deep-water masses. During glacial periods, the
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increased accumulation of light oxygen isotopes in the ice caps led to a global
depletion of '°0 in the world’s oceans. Paleoceanographic studies of the Pleistocene
usually correct 8'8Qcarcite for ice volume by subtracting between 0.008-0.01 %o per
meter of sea level increase (Spratt & Lisiecki, 2016). As sea-water density is similarly
affected by compensating temperature and salinity effects, '%0 can be interpreted as
a qualitative density proxy, indicative of the strength of horizontal (isopycnal)
circulation (LeGrande et al., 2004; Lynch-Stieglitz et al., 1999). After §!%0 is set at
the surface, it becomes a conservative sea-water property, that can only change due to
mixing between water masses (assuming negligible geothermal and pressure heating
effects; Oppo et al., 2015).

8180 equilibrium deviations in organically precipitated carbonates can be caused
by a variety of biological effects (i.e., ontogenetic, symbiont photosynthesis,
respiration, gametogenic) and changes in carbonate ion concentration in sea water
[COs*]. The few studies available on the effect of carbonate ion concentration show
decreasing 8'80 with increasing [CO3?], with the magnitude of this effect being
species specific (Spero et al., 1997). Nevertheless, the resultant carbonate ion effect is
one to two orders of magnitude smaller (0.002-0.005 %o per umol.kg™! [CO3>]) than
the expected effect attributable to salinity or temperature changes, so its effect on
foraminiferal 8'30 is not considered in this study.

4.3.2.2 Stable carbon isotope ratio

Foraminifera use marine total dissolved inorganic carbon (DIC) to precipitate
their calcite tests, thereby recording the 8'3C of seawater. Tests of planktic
foraminifera are generally assumed to be precipitated in equilibrium with the isotopic
carbonate composition of ambient seawater (Rohling & Cooke, 1999) and therefore
foraminiferal 5!°C has been widely used to reconstruct primary productivity, carbon
dioxide concentration, and the carbonate ion concentration of ancient oceans (Lear et
al., 2016). Possible disequilibria in calcite 8!°C and §'*C of DIC can be caused by
biological (i.e., vital effects and presence of symbionts) and carbonate ion
concentration effects. Similarly to its effect on 8'®0, higher carbonate ion
concentrations decrease calcite 3'*C. The signal magnitude is species specific (Spero
et al., 1997) and probably due to kinetic fractionation (Rohling & Cooke, 1999). To
avoid having to account for most biological effects in §!3C, paleoceanographic studies
focus on single species samples collected from narrow granulometric ranges (Friedrich
et al., 2012). Since this thesis focusses on the deep thermocline characterization, non-
spinose and non-symbiont-bearing globorotaliids were selected because these species
are believed to accurately record 8'*Cpic (Ravelo & Fairbanks, 1995).

Dissolved inorganic carbon comprises the sum of the concentrations of CO>
(aqueous carbon dioxide), HCO* (bicarbonate, the most abundant), and COs*, with
seawater pH controlling the relative proportion of the different components
(Kroopnick, 1985). Biological primary production in the euphotic zone (~200 meters
water depth) strongly fractionates stable carbon isotopes, concentrating the light
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isotope !2C in organic matter, and enriching surficial water in 3C (Freeman & Hayes,
1992). As organic matter falls though the water column, '?C-rich organic matter is
oxidized and remineralized, adding nutrients, and effectively transferring carbon with
low 3'3C to deep waters (Duplessy et al., 1984). Maximum remineralization rates are
found between 100 m and 1200 m water depth, below the photic zone and above the
pycnocline, where high-density gradients promote the accumulation of organic matter
(Feely et al., 2004). Therefore, increased productivity will enhance 8'3C gradients
between surface and deep waters. Less ventilated water masses (“older”) will also tend
to have a lower 3'3C signal relative to waters that have been recently exposed to the
surface (“younger”). As a result of these processes, nutrient levels and the §'3*Cpic are
generally negatively correlated (Kroopnick, 1985). High nutrient concentrations and
low 8!3C in Antarctic Bottom Water, for example, reflect the longer time these waters
have spent away from the surface, collecting nutrients and *C-poor carbon from the
decay of organic matter transported to abyssal depths in particulate and dissolved
forms. Conversely, NADW’s low nutrient content and high 8!°C reflect relatively
recent convection of nutrient poor and *C-rich surface waters from the upper to the
lower AMOC limb. Following the same logic, extensive sea-ice cover at the /ocus of
formation of a deep-water mass tend to decrease its 8'°C values, due to incomplete
nutrient usage and increased accumulation of remineralized organic matter. The
relative “age” of a water mass (i.e., amount and time of exposure to organic-matter
decay) can also be qualitatively assessed by vertical 8!°C gradients in basins with
active convection or upwelling (Hodell et al., 2003; Ziegler et al., 2013). Efficient
vertical transport of carbon (generalized as ventilation) results in low 8'3C gradients
between the upper water column and sea bottom, while the opposite is true in non-
overturning basins with “old”, poorly ventilated, deep waters (Rohling & Cooke,
1999). The 8'3C in surface waters is also influenced by air-sea gas exchange, which is
favored in cold, windy regions (Broecker & Reimer, 1992), such as the Subantarctic
Frontal Zone. *C enrichment of dissolved CO; in surface seawater results from the
temperature-dependent fractionation of '*C/!2C during the exchange of CO; at the
water-atmosphere interface (Mook et al., 1974). Colder waters display a larger
fractionation and higher 8!*Cpic (0.105%o / °C™).

4.3.2.3 Methodology used for stable isotope analyses

Stable carbon and oxygen isotope ratios were measured on a Thermo Fischer
MAT 253 Plus IRMS gas isotope ratio mass spectrometer with a coupled Kiel IV
automated carbonate preparation device at the Institute of Earth Sciences, Heidelberg
University. The instrument was calibrated using an in-house standard (Solnhofen
limestone), which is itself calibrated against the IJAEA-603. The standard deviations
(reproducibility) for repeated measurements of the in-house standard were 0.04%o for
813C and 0.08%o for 5'%0. The results were normalized according to Paul et al. (2007).
The standard deviations (reproducibility; n=10) for repeated sample measurements
were 0.12%o for 8'3C and 0.08%o for 5'30. All reported uncertainties are 1o.

21



Chapter 4 — Study material, site and methods

4.3.3 Age model refinement of the Middle Pleistocene section of Site U1313

The existing age model for the Middle Pleistocene portion of UI313
{Naafs:2012ep} has been updated in the framework of this thesis since this period was
previously only covered by low-resolution benthic isotope records between 696—607
ka and 885-854 ka. For this purpose, 297 new benthic stable oxygen isotope data
points for the interval 1203—543 ka have been generated using C. wuellerstorfi and U.
peregrina from the primary splice (Figure 4.4; Naafs et al, 2011). The new
measurements were then combined with the previously published benthic data from
the primary splice (Naafs et al., 2011; 2012), and high-resolution benthic oxygen
isotope data from the secondary splice of U1313, that covered the interval between
840 and 800 ka (Ferretti et al., 2015). To allow for a continuous record comprising
data of both species, 830 values of C. wuellerstorfi were corrected to U. peregrina
8!80 values by adding 0.64%o. (Shackleton & Opdyke, 1973). For depth-age
conversion, the combined and species-adjusted benthic 830 record of Site U1313 was
tuned to the LRO04 benthic stack (Lisiecki & Raymo, 2005) using the software
AnalySeries 2.0.8 (Figure 4.4; Paillard et al., 2011). All tie points used are listed in
Table Al (Data appendix). The sedimentation rate averaged 4.6 cm/kyr, close to the
expected rate for the Pleistocene (IODP Expedition Scientists, 2005).

4.3.4 Magnesium/Calcium ratios of planktic foraminifera as temperature proxy

Variations in the ratio of magnesium to calcium (Mg/Ca) in carbonate tests of
foraminifera are widely used as a paleotemperature proxy (Anand et al., 2003; Barker
et al., 2005; Cléroux et al., 2008, 2013; Niirnberg et al., 1996). Mg is incorporated
directly in foraminiferal calcite from sea water during test precipitation, with an
average sensitivity around 10% per 1°C (Anand et al., 2003). Apart from sea-water
temperature, Mg/Ca ratios may also be affected by (1) the ontogenetic development of
planktic foraminifera species, test size and the presence of symbionts (Elderfield et al.,
2002), and (2) sea-water salinity (Arbuszewski et al., 2010). Ontogenetic and size
related effects are avoided by selecting single species samples from narrow
granulometric fractions. Salinity may increase Mg/Ca incorporation, but the so far
available data from laboratory studies suggests that its effect is small relative to
temperature (4 + 3% per psu; Duefias-Bohorquez et al., 2009; Gray & Evans, 2019).
Given the regional salinity variations expected in most of the ocean over glacial-
interglacial cycles (less than +1 PSU, 20), a salinity sensitivity of ~4% per PSU should
not pose a major problem for Mg/Ca paleothermometry in the framework of this study
(Gray et al., 2018).
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Figure 4.4. Chronostratigraphy of Site U1313 between MIS 36 and 14. (4) Benthic 5'50 data for Site UI313 on the amcd depth scale (Naafs et al., 2012). Orange circles
represent data from Naafs et al. (2011), pink circles from Ferretti et al. (2015), and blue circles represent data produced for this study. The black line represents the resampling
every 0.09 m (amcd). (B) LR04 benthic 5'50 stack used as tuning target. Tie points (Table 1) are illustrated by arrows. (C) Sedimentation rate for Site U1313 in cm/kyr. Grey
bars represent MIS stages according to Lisiecki and Raymo (2005).
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4.3.4.1 Methodology used for Mg/Ca analyses

The cracked foraminiferal tests were cleaned following the procedures described
by Martin & Lea (2002) without the DTPA step. This method includes a reductive step
for the removal of metal-oxides with an ammonium citrate/hydrazine solution and an
oxidative step with H2O: for the removal of organic matter. A total of 836 trace-
elemental analyses were performed on a Thermo Scientific Agilent 720 ICP-OES at
the Institute of Earth Sciences, Heidelberg University. Blanks were measured
alongside the samples to detect potential contamination during the cleaning process.
Standard deviation from replicates (n=20) was + 0.18 mmol/mol for Mg/Ca.

Fe/Ca, Mn/Ca and Sr/Ca ratios were additionally analyzed to monitor
contamination by siliciclastic material and diagenetic overgrowths. Mg/Ca, Fe/Ca and
Mn/Ca results were normalized to the external standard ECRM752-1 (3.762 mmol/mol
for Mg/Ca, 0.17 mmol/mol for Fe/Ca, and 0.132 mmol/mol for Mn/Ca; Greaves et al.,
2008). Linear correlation between normalized Fe/Ca and Mg/Ca was inferred as
siliciclastic contamination and led to the exclusion of 12 data points with Fe/Ca higher
than 0.2 mmol/mol. Linear correlation between normalized Mn/Ca and Mg/Ca was
interpreted as a sign of diagenetic overgrowth and led to the further exclusion of 5 data
points with Mn/Ca higher than 0.26 mmol/mol.

4.3.5 Choice of paleotemperature equations

4.3.5.1 Globorotalia crassaformis

Core-top and sediment-trap studies from the North Atlantic realm unanimously
show that G. crassaformis calcifies in the deep thermocline (Anand et al., 2003;
Cléroux et al., 2013; Regenberg et al., 2009). Accordingly, calculated calcification
depths vary depending upon the investigated oceanographic region, between 330—-600
m in the Caribbean and Equatorial Atlantic (Regenberg et al., 2009), 500-800 m in the
Sargasso Sea (Anand et al., 2003) and 600900 m in the equatorial and mid-latitude
North Atlantic (Cléroux et al., 2013). The species-specific G. crassaformis
paleotemperature equation established by Cléroux et al. (2013; Equation 2) was
applied to convert Mg/Ca ratios into subsurface temperatures (Tcrass). This equation
was chosen because (i) the samples used in this study are the most representative of
the hydrographic conditions at Site U1313, and (ii) the Mg/Ca data produced for this
project were generated using the same cleaning protocol, which also includes a
reductive step.

(Equation 2) Mg/Ca = 0.658+0.006 ¢?-12240.016T
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4.3.5.2 Globorotalia truncatulinoides (d)

As different cryptospecies of G. truncatulinoides have different Mg assimilation
proportion in relation to temperature, the choice of paleotemperature equation for this
species should consider the geographical distribution of different cryptospecies. The
species-specific temperature equation for this species published by Cléroux et al.
(2013) was excluded because it was generated using specimens from a large latitudinal
range within the Atlantic Ocean. The authors take note that their samples contained
three different G. truncatulinoides (d) populations/cryptospecies, which may help
explain why their calculations led to unrealistically cold temperatures (<0°C) during
the LGM (Figure 4.5). The “cold water” equation from (Regenberg et al., 2009) was
also excluded because it is a more general equation that bundled data from several
deep dwellers. This equation also yielded colder-than-expected values for the youngest
Holocene samples compared to modern temperature at the calculated calcification
depth of G. truncatulinoides (d) at Site U1313 (~450 m water depth; Cléroux et al.,
2013). Thus, for this thesis the species-specific equation determined by Cléroux et al.
(2008; Equation 3) has been chosen because the calculated temperature values for the
youngest Holocene samples match the modern temperature for the estimated
calcification depth temperature at our study site (Figure 4.5) and because it was
determined using only dextral specimens from the North Atlantic. To account for the
lack of a reductive step in the cleaning methodology used by Regenberg et al. (2009)
and Cléroux et al. (2008), ECRM normalized Mg/Ca values were adjusted using
Equation 4 (Regenberg et al., 2014) before being applied to those paleotemperature
equations. The reported uncertainty of Equation 3 is +1.4°C.

(Equation 3) Mg/Ca = 0.62 + 0.16 e0-074+0.017*T

(Equation 4) Mg/Cared = -0.019 + 0.978 * Mg/Canon-red
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Figure 4.5. (A) ECRM-corrected Mg/Ca results from ICP-OES analyses performed on G. truncatulinoides
(d) samples with and without adjustment for the reductive cleaning step (Regenberg et al., 2014). (B)
Calculated paleotemperatures according to Cléroux et al., 2008, Regenberg et al., 2009, and Cléroux et
al., 2013. Dashed line in graph (A) marks 0°C and grey star represents modern subsurface temperature
at the calculated calcification depth (450 m) of G. truncatulinoides (d) at the latitude of Site Ul313
(Locarnini et al., 2019)..

4.3.6 Ice-volume correction and calculation of 630 of seawater

Ice-volume corrected 8'30 of seawater (8!30sw-ivc) Was used as an approximation
for sea-water salinity. It was computed using the “low-light” equation by Bemis et al.
(1998) followed by a correction for global ice volume. For salinity estimates during
the Late Pleistocene interval, the ice-volume component of §'%Osy was estimated by
scaling the sea-level record of Lambeck et al. (2014) to a factor of 0.009%o.m’!
(Rohling et al., 2014) and then subtracting it from §'¥Osy.

4.3.7 Modern oceanographic analysis and dataset

All oceanographic figures were prepared using the software Ocean Data View
(Schlitzer, 2002) and data from the World Ocean Atlas 2018 (Locarnini et al., 2019;
Zweng et al., 2019). This dataset is composed of time integrated data from over 15
million stations measured between 1955 and 2018, which is particularly relevant for
the very long timescales of this study as it averages the effects of decadal variability.
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5 The relationship between Atlantic Meridional
Overturning Circulation and the Mediterranean

Outflow

5.1 The Mediterranean Outflow Water

The Mediterranean Outflow Water (MOW) is a modulator of temperature and
salinity at intermediate depths within the subtropical North Atlantic (Potter & Lozier,
2004), thus playing a crucial role in determining upper ocean stratification in the basin
(Feucher et al., 2016) .The flux of this warm and saline water mass into the North
Atlantic Ocean contributes with 30% to the total salinity that reaches high latitudes of
the North Atlantic with the remaining 70% being attributed to subtropical evaporation
in the open-ocean (Talley, 2011). As a result, though its flow is small in magnitude
(<1 Sv at the Strait of Gibraltar) compared to other circulation features of the upper
North Atlantic, the MOW is considered crucial for the thermohaline structure of this
basin (Hecht et al., 1997), and may have a disproportional impact on the overall water-
mass distribution of the northern Atlantic basin (Reid, 1979).
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Figure 5.1. Vertical distribution of water masses in the Mediterranean Sea (GRID-Arendal, 2014)

Surface Atlantic waters inflow the Mediterranean through the Strait of Gibraltar
(~0.8 Sv, ~15.5°C and 36.5 psu; Millot, 2009; Soto-Navarro et al., 2015) and flow
eastward, cooling and becoming more saline on their way due to positive net
evaporation. Mainly during boreal winter, when the Mediterranean is subjected to
stronger westerlies, dry and cold winds from the European continent induce convection
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and precondition the formation of endogenous intermediate- and deep-water masses.
The Levantine Intermediate Water (LIW, ~15.5°C and ~39 psu, Hayes et al., 2019) is
the most voluminous water mass produced in the Mediterranean (Skliris, 2013) and is
formed primarily in the Levantine Basin. The LIW dominates the Mediterranean water
column between 350 and 600 m water depth and accounts for more than 60% of the
final modern MOW (Millot et al., 2009). In the Gulf of Lion, winter convection is
responsible for the formation of the Western Mediterranean Deep Water (Figure 5.1,
WMDW, 12,7°C and ~38.4 psu; Zavatarielli & Mellor, 1995), which accounts for
around 20% of the final outflow although this proportion is believed to increase during
colder winters and glacial stages (Kinder & Parrilla, 1987; Lafuente et al., 2002). Both
water masses then flow westward, pouring over the Strait of Gibraltar to form MOW.
Once it reaches the eastern Atlantic, the outflow plunges downward (0.7-1 Sv, ~15.5°C
and 36.5 psu, Soto-Navarro et al., 2015), entraining into surrounding central waters
and increasing three- to fourfold in volume from the Strait of Gibraltar to up to ~3 Sv
within the first 100 km eastwards (Baringer & Price, 1999). Entrainment of overlying
central waters decreases the density of the Mediterranean plume, which then becomes
neutrally buoyant in the deep thermocline / upper pycnocline of the North Atlantic
near Cape St. Vincent (Baringer & Price, 1999; Price et al., 1993). Notwithstanding
entrainment, MOW sustains excess salinity and temperature, providing a source of
heat and salt for both the North Atlantic's subtropical and subpolar gyres (lorga &
Lozier, 1999). Because of the topography of the Gulf of Cadiz, MOW splits into two
stability levels (Baringer & Price, 1999). The upper core is centered around 700 m and
constitutes the northward branch of the MOW, which flows geostrophically as an
eastern boundary current along the European continental margin to the Irish Seas and
Rockwall Trough (Rogerson et al., 2012). The westward or descending branch
develops from the denser lower core, centered around 1000 m and with density range
similar to LSW (Talley, 2011). The denser lower core forms the MOW's westward
branch, which descends further into the main thermocline and achieves neutral
buoyancy centered around 1100 m (between 800 to 1300 m; Price et al., 1993) with
density similar to LSW (Talley, 2011).
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Salinity (psu)
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Figure 5.2 — Salinity (colors) and temperature (contours) at op = 27.53, the density layer with maximum
overturning in the northeastern North Atlantic (Lozier et al., 2019). This density layer is found between 900 m and
1000 m in the subtropical North Atlantic. Figure produced using the software Ocean Data View (Schlitzer, 2013)
and data from the World Ocean Atlas 2018 (Locarnini et al., 2019; Zweng et al., 2019). Note the salinity and
temperature anomaly originating from the outflow of the MOW via the Gulf of Cadiz.

The MOW's westward branch recirculates only to 35°W, with no clear advective
flow past this meridian (Iorga & Lozier, 1999; Mazé et al., 1997). Beyond that, the
transport of saline water into the North Atlantic interior is through the propagation of
anticyclonic submesoscale eddies (meddies; Armi & Zenk, 1984; Richardson et al.,
1991). The release of meddies is a MOW-specific mechanism for large-scale mixing
of outflow water into the subtropical North Atlantic (Richardson et al., 1989). After
their formation near Cape St. Vincent (Bower et al., 1997), they propagate past the
Mid-Atlantic Ridge, transporting approximately 25% of the total MOW's salinity
anomaly. Along their way eastwards, meddie decay releases extra heat and salinity
into the large-scale flow of deep thermocline and upper-intermediate levels (Spall,
1999). Meddies have also been detected as far as the Bahamas, below the core of the
subtropical gyre (McDowell & Rossby, 1978). As a result of all these processes,
MOW's westward transport forms and maintains a permanent subsurface salinity
maximum between 700 m and 1500 m water depth that extends to the eastern edge of
the North Atlantic (Figure 5.2; Baringer & Price, 1999; Price et al., 1993). The upper
part of the salinity anomaly interacts with central waters, influencing the physical
properties of the flow that later joins NAC. The lower layer of the salt tongue
represents the interaction between the deep MOW and LSW (Spall, 1999), which
characterizes the upper NADW (1300 m and 2500 m water depth) and flows southward
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as part of the lower branch of the AMOC. Finally, MOW also interacts directly with
waters from the Nordic Seas via its northward branch, that reaches the northern end of
the Rockall Trough, near 60°N. There, isopycnals containing these warm and saline
waters rise above the Wyville-Thomson Ridge as part of the Atlantic Inflow (Lozier
& Stewart, 2008; Reid, 1979). This way, the MOW affects both upper and deep
branches of the meridional circulation and is an essential part of North Atlantic
circulation.

Although the MOW's most typical characteristic is its high salinity content,
numerical modeling shows that it dramatically increases the potential temperature
within the central North Atlantic above 900 m (Jia et al., 2007). Long-term studies of
hydrographic changes in the subtropical North Atlantic found that the MOW was a
significant source of long-term warming and salinification of mid-depths Atlantic
(Potter & Lozier, 2004) and has contributed to 0.159°C temperature increase per
decade at mid-depths in the eastern North Atlantic since the 1950s. Numerical models
also found that, in the absence of Mediterranean outflow, the eastern North Atlantic
thermocline would be cooler (Jia et al., 2007) with deepened isopycnals from below
the STG outcropping to the east of the gyre (Spall, 1999). The presence of the MOW
places these isopycnals below the outflow, effectively deepening the thermocline in
the eastern North Atlantic (Spall, 1999) and connecting outflow and subtropical gyre
at depth through density layers.

Despite suggestions that salinity and heat from the MOW are intrinsically
connected to AMOC variability (Reid, 1979), modern physical oceanography studies
question its role beyond the salinification that would be affected by a freshwater loss
of about 0.05 Sv over a comparable area of the Atlantic (Johnson et al., 2019). The
questioning is understandable, given MOW’s absolute flux is very small in comparison
with other circulation features of the upper North Atlantic (e.g., ~ 30 Sv of the Gulf
Stream). It is possible, nonetheless, that MOW’s influence on the AMOC is a matter
of timescale. A study reproducing pathways of Argo floats to study the distribution of
intermediate-water masses over a wide range of timescales found that tracers starting
from the Gulf of Cadiz accumulated in the STG, potentially altering thermohaline
characteristics of this gyre over timescales longer than a century (Sévellec et al., 2017).
As the MHF transports warm water from under the STG to the eastern SPG, this
suggests that the thermal effect of MOW on northward heat transport via the upper
AMOC branch may be significant on centennial timescales.

5.2 On the subsurface heat transport in the North Atlantic

Scientific understanding about northward heat transport has changed
considerably over the last decade. The simplistic direct surface heat transport from the
STG to the eastern SPG (eSPG) via the Gulf Stream and the NAC is now understood
to be tridimensional, taking place along layers of equal density (Foukal et al., 2016).
This has profound implications on the scientific understanding about heat transport
and variability on longer timescales, because it implies that the meridional heat
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transport to eastern subpolar gyre should depend on inter-gyre density connectivity.
Consequently, mechanisms that determine isopycnal geometry and density-
compensated heat gradients along isopycnals may be crucial to understand the
sequence of events during periods of abrupt climate change.

The shape of isopycnals connecting eastern SPG to STG and Gulf of Cadiz
(Figure 5.4), the main sources of heat and salt to high-latitudes North Atlantic, can be
interpreted as indicative of connectivity between gyres. Studies about northward heat
transport and overturning highlighted density surfaces 6o=27.10 and 60=27.53. The
former being the layer of maximum flow from the STG to the surface of the SPG
(Burkholder & Lozier, 2011) and the latter being the surface of maximum overturning
across the OSNAP line (Chapter 2; Lozier et al., 2019). As any subsurface heat is
ultimately derived from surface anomalies, spice (i.e., density-compensated heat)
distribution within a density layer can indicate the geographical origin of heat at the
subsurface (Figure 5.3).
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Figure 5.3. Spice distribution (4, C) at and depth (B, D) of the density layers oy=27.10 and cp=27.53. Spice
distribution in layers op=27.10 and oy=27.53suggests the MOW strongly influences heat variability in the NAC
and in the upper AMOC branch.

Distribution of salt-compensated heat at o=27.10 (maximum flow to eSPG)
shows the two sources of spice to this density layer: the “Northwest Corner” under the
Gulf Stream (east of Grand Banks) and the Mediterranean outflow off the Gulf of
Cadiz (Figure 5.3A). Depth distribution of this layer shows the typical bulging of
isopycnals below the STG, where 6o=27.10 is the deepest (between 700 m and 800 m,
Figure 5.3B). This layer rises to the surface at the high latitudes of the North Atlantic
bringing central waters to the surface of eSPG (Burkholder and Lozier, 2014)
transporting a mixture of STMW and entrained MOW along isopycnals. MOW’s
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contribution to the physiochemical characteristics of surface and mode waters in eSPG
have been suggested by Harvey (1982) and Reid (1994), but usually ignored because
of the classic surface-to-subsurface directionality bias in oceanographical studies.
According to the canonic interpretation, surface waters in eSPG undergo winter
convection to form the different types of SPMW (Brambilla and Talley, 2008; Garcia-
Ibanez et al., 2018). The new understanding about pathways of northward heat
transport (Burkholder and Lozier, 2014; Foukal and Lozier, 2016) is in better
agreement with the cyclonic circulation of the SPG and can account for a decreasing
spice gradient between the Gulf of Cadiz and eSPG (Figure 5.3A).
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Figure 5.4 Spice distribution and isopycnal geometry (A) between the Gulf Stream and eastern Subpolar Gyre,
(B) along the North Atlantic’s eastern boundary. Black lines in A and B highlight 0p=27.10 and oy=27.53. The
color scales for spice are equal.

The significance of Mediterranean spice for northward heat transport, thus
overturning, in the North Atlantic is even more evident at 6o=27.53 (Figure 5.3C), the
layer with maximum northward flow in the upper AMOC branch (Lozier et al., 2019).
As any subsurface heat is ultimately derived from surface anomalies, spice maximum
at a density layer should correspond to the location of where this spice originates. In
the case of density layer 27.53, this does not correspond to eastern subpolar gyre as
previously expected, but to the Gulf of Cadiz (Figure 5.3C). This layer outcrops only
in the Nordic and eastern Mediterranean Seas, pointing to the intrinsic connection
between heat loss in that basin with density-compensated heat from the eastern
Mediterranean (Figure 5.3D).
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Isopycnal geometry and spice gradients between the Gulf Stream, Gulf of Cadiz
and eSPG further corroborate the connection between MHF and the MOW (Figure
5.4). Along the western boundary pathway (Figure 5.4A), density layers containing
the warm and salty waters of the STG outcrop at the boundary between gyres due to
strong vorticity gradients and southward Ekman velocities (Foukal and Lozier, 2016).
As a result, these waters accumulate in the STG, as inferred by Burkholder and Lozier
(2011; 2014). Spice along these isopycnals, including 6o=27.10, decreases and then
increases again, suggesting lateral spice advection and not a continuous transport
between the STG and eSPG. In contrast, along the eastern boundary pathway (Figure
5.4B) spice decreases northwards continuously, which would be expected due to
continuous heat loss to the atmosphere. Thick density layers below the STG (thus
below the mixed layer) show the isopycnal connection is well established. A pattern
that is due to the existence of MOW at this location. The vertical distribution of spice
along the eastern boundary pathway (Figure 5.4B) can be confidently attributed to the
Mediterranean outflow between ¢¢=27.3 and c¢=27.8, which confirms that MOW’s
contribution to co=27.10 (Figure 5.3A) is likely completely attributed to entrainment
in subtropical central waters. According to OSNAP’s data review (Lozier et al., 2019),
the upper (northward flowing) and lower (southward flowing) AMOC branches were
divided along the oo = 27.66 density in the SPG. Thus, the northward transport of
MOW warms the subsurface of the eSPG and below oo = 27.66 MOW'’s spice is
transported southwards as part of the upper NADW in the lower AMOC branch.

The contribution of subsurface spice to northward heat transport has likely gone
unnoticed because of the two paradigms: (1) of the ocean being forced by the
atmosphere, and (2) the surface as the only origin for spice. Regarding the first, this is
true at the surface and on short timescales, but on climatic timescales such as the ones
discussed in this thesis (i.e., Chapters 6, 7 and 8), the atmosphere can be considered in
thermal equilibrium with the ocean due to its low thermal capacity and fast adjustment
times (Rahmstorf & Willebrand, 1994). Therefore, on climatic timescales it is more
likely that the atmosphere (and thus surface circulation in the ocean as well) is forced
by internal oceanic variability and interactions between the ocean and cryosphere.
Regarding the second paradigm, although the origin of the spice at the subsurface of
eastern is indeed at the surface, it is the surface of the Mediterranean Sea, not of the
North Atlantic. Therefore, in the latter basin, spice is supplied both downwards from
the surface of the STG and laterally via the outflow off the Gulf of Cadiz. As most
models do not have resolution enough to resolve outflows from narrow marginal basins
(Johnson et al., 2019), potential effects of MOW on northward heat flux in the North
Atlantic have not yet been estimated. However, the Mediterranean Sea in practice
imports heat from surface waters and exports it at depth, deepening the thermocline
and “thickening” isopycnals in the upper AMOC branch, thus acting as a gateway for
heat in the deep STG to be transmitted to the SPG over the long timescale focus of this
dissertation. There, the anomalously warm surface (relative to its latitude) cedes
(mostly latent) heat to the atmosphere, warming western Europe and providing
moisture to very high latitudes. This is in agreement with model and observational
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studies showing that the strength of the AMOC at 40°N is not significantly correlated
to overturning in the SPG but rather modulated by zonal density gradients across the
North Atlantic (Levang and Schmitt, 2020; Lozier 2010).

As the density compensated heat by the MOW was displayed so clearly in the
analyzed density layers, it is to be expected that strength and settling depth of the
MOW in relationship to the STG, should be intrinsically connected to northward heat
transport in the North Atlantic, a concept which is so far unexplored. The strength,
settling depth and northward extension of MOW were very different during the last
glacial stage and before and after the MPT (Kano et al., 2007; Rogerson et al. 2005,
2010; Schonfeld and Zahn, 2000; Wienberg et al., 2020) and would have affected the
northward heat transport during these intervals. The variability of the STG-MOW
system in modulating the oceanic heat transport in the North Atlantic and its
interaction with the cryosphere are the focus of the Chapters 6 to 8.
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6 On the relationship between subsurface warming and
the Atlantic Meridional Overturning Circulation across

the Last Glacial Maximum and deglaciation

6.1 Introduction

The AMOC is inferred to play a significant role in modulating the global and
regional climate via the redistribution of oceanic heat, salt, and carbon (Chapters 1 and
2), but its evolution throughout the last deglaciation is still not well constrained. The
delivery of positive buoyancy fluxes to the upper subpolar North Atlantic has long
been evoked as the main mechanism for weakening the AMOC (Manabe & Stouffer,
1988; Stommel, 1961) and have been inferred to cause the near collapse of deep
convection in the northwestern North Atlantic during massive ice-rafted debris
deposition events (McManus et al., 2004; Bohm et al., 2015, Ng et al., 2018). Episodic
calving from the circum-Atlantic ice sheets during Heinrich Events (HE) has also been
associated with abrupt subsurface warming (Alvarez-Solas & Ramstein, 2011; Marcott
et al., 2011), which would trigger the melting of buttressing ice sheets and thus lead to
(more) freshwater discharge over the North Atlantic (Alvarez-Solas & Ramstein,
2011). However, the initial trigger for subsurface warming has not yet been
established. Warm and saline waters within the intermediate North Atlantic have been
invoked as a crucial factor for restarting the AMOC at the onset of the Bolling-
Allered/Greenland Interstadial 1 (B-A; Rasmussen, S. et al., 2006; Thiagarajan et al.,
2014), while others argue that the accumulation of heat in the deep North Atlantic may
be the main mechanism for weakening the strong interglacial AMOC (Haskins et al.,
2020; Levang & Schmitt, 2020). Modeling studies suggest that freshwater fluxes to
the surface of the SPG alone are ineffective in weakening the AMOC for the length of
time suggested by paleorecords (Fu et al., 2020; Mecking et al., 2016; Sévellec &
Fedorov, 2016). Therefore, the cause and effect relationships connecting subsurface
warming, freshwater fluxes and ocean circulation is not yet clear.

Since ocean circulation is of crucial importance for global heat distribution and
the maintenance of stable climate patterns, the uncertainty regarding the mechanistic
link between subsurface heat and fluctuations in AMOC strength is a major
shortcoming of our current understanding of the climate system (IPCC, 2014).
Subsurface warming has been detected in the abyssal Atlantic Ocean (Meinen et al.,
2020) and interpreted as a consequence of the inferred long-term decline in AMOC
strength due to anthropogenic warming (Caesar et al., 2021; Rahmstorf et al., 2015).
Therefore, understanding the relationship between high-latitude subsurface warming
and oceanic circulation during the deglaciation may provide significant insight
regarding how the climate system is projected to respond to climate change.
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The aim of this study is, therefore, to advance our understanding of the
interaction between upper ocean heat transport and AMOC strength by using a proxy-
based assessment of subsurface heat accumulation within the deep thermocline layer
of the North Atlantic during the last 30 ka. This period experienced the full range of
past AMOC variability as a result of two massive freshwater release events (Heinrich
Events 1 and 2), the subsequent deglaciation and the Early Holocene. With this aim,
paleotemperature and paleosalinity records from the deep thermocline of Site U1313
were interpreted along bottom and surface water indicators from the same site (Chalk
et al., 2019, Lang et al., 2016, Naafs et al., 2013, Smith et al., 2013). The compilation
of paleorecords at Site U1313 shows significant accumulation of heat and salt at the
deep thermocline between the STG and SPG during HE1, synchronous with the
deepening of northern-sourced waters and the return to a modern-like interglacial
AMOC state. The available data implies that the variability of northward transport of
subtropical waters is intrinsically connected with ice-sheet destabilization during
Termination I and a phase of sluggish deep-ocean circulation in the northern and
western North Atlantic.

6.2 Hydrography of the dwelling depth of G. truncatulinoides (d) at
Site U1313

Temperature (*C)
<-13

L 12

Figure 6.1. (main) Subsurface hydrography at op = 27.0, located at 450 m water depth at Site U1313. Color
shading shows temperatures in °C (Locarnini et al., 2019) and dotted contours indicate isohalines (Zweng et
al., 2019). (inset) Location of Site U1313 at the surface in relationship with the subtropical and subpolar gyres
(STG and SPG, respectively).

At mid-latitudes G. truncatulinoides dextral has been found to calcify at an
average water depth of 450 m (Chapter 4.1.1; Cleroux et al., 2013). Nowadays, this
depth is within the co=27 density layer (Figure 6.1), very close to the isopycnal with
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maximum volume transport between the STG and SPG (Chapter 5; Burkholder &
Lozier, 2011), suggesting that this species is able to record changes in northward heat
transport across glacial-interglacial transitions and during millennial events in the
inter-gyre region. At 450 m water depth above Site U1313, the water column is
characterized by the 12°C Eastern North Atlantic Central Waters (Garcia-Ibanez et al.,
2018), thus between subtropical and subpolar mode waters entrained by MOW
(Harvey, 1982).

6.3 Additional materials and methods

6.3.1 Combining records from different holes of Site U1313

The stratigraphies of Holes A, B, C, and D from Site U1313 were initially
correlated by their lightness parameter (Naafs et al., 2012). The age model for the
upper sections of the primary splice (i.e., Hole B) of Site U1313 was published by
Naafs et al. (2013; Chapter 4.3.3). This was based on fine-tuning of Site U1313 XRD-
based dolomite/calcite and quartz/calcite ratios to XRF-based Ca/Sr and Si/Sr ratios
from Site U1308 (Hodell et al., 2008). This refined age model was later transferred to
the upper sections of the secondary splice (in this case, Holes C and D) by matching
the dolomite/calcite ratios of the primary splice (Naafs et al., 2013) to the abundancies
of detritic carbonate ice-rafted debris (IRD) of the secondary splice (Figure 6.2). As a
result, regardless of the uncertainty of this age model in relation to records from other
sites, composite depths (in adjusted meters composite depth, amcd) and age models of
all records from Site U1313 (this study; Chalk et al., 2019; Jakob, not published; Lang
et al.,, 2016; Naafs et al, 2013; Smith et al., 2013) are comparable without
chronostratigraphic uncertainties. This is important because it allows for the
interpretation of all records from Site U1313 independently of age model uncertainties
(e.g., reservoir corrections). To contextualize the discussion and calculate relative
salinity variations (which require ice-volume corrections with independently produced
sea-level curves), all records were plotted using the age model of the primary splice
(Naafs et al., 2013).
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Figure 6.2. Dolomite/calcite ratios of the primary splice (Hole B, purple circles, Naafs et al., 2013) and proportion of
detritic carbonate grains of the secondary splice (Holes C and D, blue diamonds, Lang et al., 2016) of Site U1313.
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6.3.2 Deep-thermocline temperature uncertainty

The methodology used in Mg/Ca analyses and the paleotemperature equation
choice rationale are detailed in chapters 4.3.4 and 4.3.5, respectively. Standard
deviation from replicates of trace elements analysis in G. truncatulinoides (d) (n=10)
was + 0.13 mmol/mol for Mg/Ca, equivalent to + 0.95°C using the chosen temperature
equation (Cléroux et al., 2008). As this analytical uncertainty is smaller than the 1o
uncertainty of the chosen paleotemperature equation (£ 1.4°C), the latter was
considered when comparing the relative magnitude of other sources of uncertainties in
subsurface estimates (Chapter 6.5.1).

6.4 Results

6.4.1 Compilation of records from Site U1313

LGM

Figure 6.3. Compilation of proxy records from Site
Ul313. Bold lines show records from the primary
splice (Hole B) and the dashed line shows record
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To establish the relationship between upper-level heat transport and the AMOC,
upper- and bottom-water circulation proxies at Site U1313 were integrated on their
common depth scale (Naafs et al., 2013). The LGM and the deglaciation are arguably
the best studied intervals in paleoceanographic research (e.g., Clark & Mix, 2002;
Ivanovic et al., 2018; Ng et al., 2018; Oppo & Curry, 2008; Thiagarajan et al., 2014;
Yu et al., 2020). Still, significant uncertainties in age models (Stern & Lisiecki, 2013)
and diachronous changes in benthic 3'*0 (Waelbroeck et al., 2011) preclude a
consensus regarding the chronological order of circulation changes in the North
Atlantic during the studied period. To address this issue, upper- and deep-water
indicators of Site U1313 were compiled (Figure 6.3) according to their common depth-
dependent stratigraphy (amcd; Naafs et al., 2012; 2013). At Site U1313, Heinrich
Events 2 and 1 (HE2 and HEI) were identified by the typical high abundance of
dolomite (i.e., dolomite/calcite ratios, Figure 6.3A, 1.49-1.11 amcd and 0.91-0.49
amcd, respectively; Naafs et al., 2013), which coincide with intervals of increased
magnetic susceptibility (Figure 6.3B; Expedition 306 Scientists, 2006). Peak dolomite
deposition was found at 1.33 and 0.71 amed (Figure 6.3A, Naafs et al., 2013) and
divide the early and late stages of HE2 (HE2.I and HE2.II) and HE1 (HE1.I and
HE1.1T), respectively. According to the age model of the primary splice (Hole B; Naafs
et al., 2013), HE2-related dolomite deposition had its onset at 26.2 ka, peaked at 24.5
ka and ceased at 22.3 ka. The detritic carbonate deposition associated with HE1 started
at 19.5 ka, peaked at 17.4 ka and ceased ca. 15 ka. These intervals are in agreement
with the timing and duration of Heinrich Stadials 2 and 1, which are periods of cold
atmospheric temperature in the northern North Atlantic with marked ice-sheet
destabilization (Bond et al., 1992, Heinrich, 1988), but are here referred to as Heinrich
Events because at Site U1313 these are recognized by the typical IRD deposition and
characterized by relatively high SSTs (Naafs et al., 2013).

The LGM is the interval between HE1 and HE2, characterized by low SSTs
(Figure 6.3D), low IRD deposition (Figure 6.3A), high upper-ocean biological
productivity (6.3C; Naafs et al., 2013, Stein et al., 2009) and the highest eNd values
(~11.5, Figure 6.3F; Poppelmeier et al., 2018). Bottom-water eNd end member of
northern-sourced waters (NSW) is dependent on the contribution of weathered
sediments from the Canadian Shield and/or Greenland (Zhao et al., 2019). Thus, the
relatively high eNd between 1.10 - 0.93 amcd during the LGM reflects the decreased
input of unradiogenic neodymium to deep waters due to extensive ice-sheet cover of
adjacent continental masses. It should be noted that the period characterized here as
the LGM (i.e., the episode when global ice volume last reached its maximum and
associated sea levels were at their lowest) is not synchronous with maximum benthic
oxygen isotope ratios (Figure 6.3E; Jakob, not published). These are classically
interpreted to indicate the interval of maximum global ice volume (Shackleton, 1967),
but independently dated records show that benthic §'®0 exhibit distinct patterns and
significant differences in timing over the last deglaciation depending on water depth
and location in the Atlantic Ocean. This diachronicity limits the use of benthic §'30 as
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a stratigraphic marker on millennial time scales and particularly across glacial-
interglacial transitions (Waelbroeck et al., 2011, Skinner & Shackleton, 2005). In the
age model used here (Naafs et al., 2013), the interval marked as the LGM corresponds
to the period between 22.3 and 19.5 ka, which is within the 23-19 ka period strictly
defined as the LGM in ocean-based record compilations (e.g., MARGO, 2009) in
agreement with most LGM definitions referenced by the general paleoclimate and
paleoceanography community (Brady and Otto-Bliesner, 2011; Ezat et al., 2014; He
et al., 2020; Marcott et al., 2011; Ng et al., 2018; Otto-Bliesner and Brady, 2010;
Weldeab et al., 2016; Yu et al., 2020).

6.4.2 Variability of salinity and temperature at the deep thermocline above Site

U1313 between 30 and 5 ka

Trace element and stable isotope records from G. truncatulinoides (d) allowed
for the reconstruction of deep-thermocline conditions in the North Atlantic across
HE2, the LGM, and deglaciation and are shown in Figure 6.4 according to the age
model of the primary splice (Naafs et al., 2013). The time interval between 30-5 ka
comprises phases of different AMOC states: strong and shallow during the LGM,
strong and deep during the Early Holocene and the sluggish “off” AMOC state during
HEs (as per Bohm et al., 2015) and is therefore well suited for assessing the state of
the thermocline heat budget during various ocean-circulation scenarios. G.
truncatulinoides (d) was present throughout the sampled time interval, allowing for
the construction of continuous thermocline temperature and oxygen isotope records
with an average temporal resolution of ~340 years.

The oxygen isotope record of G. truncatulinoides (d) (8'8Owunc, Figure 6.4A)
shows an overall glacial/interglacial amplitude of ~2.3%o. Between 28 ka and 20.5 ka,
8'80wunc gradually increases from ~1.7%o to ~3.3%o. Between 19.5 ka and 17.8 ka (Late
LGM to Early HEI, before the dolomite/calcite peak), 8'80wunc remains stable at
around ~2.7%o. At 17.8 ka, 8'"®Oyunc decreases abruptly to ~1.9%o, and plateaus after
~9.7 ka at ~1%o, equivalent to the modern value (Cléroux et al., 2013). Ice-volume
corrected 8'¥Osy at Site U1313 (8'8Ogw-ive, Figure 6.4B) has been used as a proxy for
salinity. The youngest values in this record are 0.3 %o lower than the interpolated
8!80sw from the database of LeGrande & Schmidt (2006) for Site U1313 at 450 m
water depth (0.57%0 SMOW). Nevertheless, the large uncertainty of Tyunc (0.95°C) in
relation to the uncertainty of 3'30 (0.31%o) results in a large propagated 1o uncertainty
of 8'8Ogw-ive ( £1%o). Thus, 8'8Osw-ive should only be interpreted in terms of long-term,
high-amplitude fluctuations and trends.
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Figure 6.4. Results of stable isotopes and paleothermometry for the deep thermocline above Site Ul313 during
the time interval 30-5 ka. Stars show modern values for the respective datasets and the error bars to the left show
one standard deviation (10). (A) G. truncatulinoides (d) 6'°0. Reference of modern value: Cléroux et al. (2013).
(B) Ice-volume corrected 6'5Osy. Reference of modern value: 6"y at 450 m water depth above Site Ul313
according to the online database created by LeGrande and Schmidt (2006). Error bar corresponds to the
propagated error of the Mg/Ca-based temperatures and 6'°0. (C) Mg/Ca-based temperatures for G.
truncatulinoides (d). Reference of modern value: temperature at 450 m water depth at Site Ul313 from the
WOAI1S8, Locarnini et al. (2019). (D) G. truncatulinoides (d) 53C. Reference of modern value: Cléroux et al.,
2013. Original data points are marked as circles for stable isotopes (A and D), triangles for ice-volume corrected
6"80s (B), and squares for Mg/Ca-based temperatures (C). Black lines represent LOESS smoothing of the original
data points (smoothing factor = 0.1). Vertical grey bars mark Heinrich Events 1 and 2. The stratigraphic location
of peaks in dolomite/calcite ratios are marked by red dotted lines. Early and late sections of Heinrich Events are
marked by roman numerals 11 and I, respectively.

The subsurface temperature at Site U1313 (Tuunc) shows a remarkable amplitude
of ~11°C (Figure 6.4C), ranging between ~6°C at 18.7 ka and ~17°C at 15.0 ka, at the
transition between HE1 and the Bolling-Allered, when deep ocean circulation became
stronger (Barker et al., 2009, McManus et al., 2004). From 30 ka to 18.7 ka, Ttrunc
decreases from ~12.3°C to ~6°C and stabilizes at this value until 18 ka. During HE2
(26-23 ka), Twunc Was on average 10.4°C, just 1.8°C under the modern subsurface
temperatures at 450 m water depth (12.2°C; Locarnini et al., 2019). Minimum
thermocline temperatures occurred between 19 and 18 ka during the initial rise in
dolomite deposition at Site U1313 (~6.2°C). Starting at 17.8 ka, Tyunc recorded an
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abrupt ~9°C warming of the subtropical thermocline within only 700 years
(~12.8°C/kyr or ~0.12°C/decade), which started ~400 years before the peak in
dolomite deposition of HEI. At 16.3 ka the subtropical thermocline cooled by ~2°C
and warmed again towards the maximum, ~17°C at 15.0 ka, forming a two-peak shape
that is often described for HE1 in continental and oceanic records of the Atlantic realm
(e.g., Bond et al., 1992; Bond & Lotti, 1995; Hodell et al., 2017; Strikis et al., 2015).
The magnitude of temperature increase at 17.8 ka is unique for this record and implies
that a substantial reconfiguration of heat transport in the central North Atlantic, at the
subsurface level, took place during HE1. After 15 ka, the thermocline gradually cooled
towards modern temperatures.

The carbon isotope record of G. truncatulinoides dextral (Figure 6.4D, 8'3Cirunc)
shows an overall amplitude of ~0.7%o. Between 25.5 ka and 17.4 ka and after 11.0 ka
8"3Cirunc is relatively stable at 1%o. At 17.4 ka, 8"3Ciunc decreased to ~0.55%o and
remained low from mid-HE1 until 12.6 ka, when it gradually rose to 1%o. During the
Early Holocene, 8'3Ciunc remained relatively stable at 1.0%o, equivalent to modern
83 Crrunc values (Cléroux et al., 2013).

6.5 Discussion

6.5.1 Potential biases in Mg/Ca-based paleotemperature estimates

The incorporation of Mg into tests of foraminifera is commonly used to estimate
sea-water temperature in paleoceanographic studies (e.g., Barker et al., 2005; Lear et
al., 2002; Schmitt et al., 2019), but its reliability may be affected by seawater [CO3%],
pH, or salinity during the incorporation of Mg?" into foraminiferal tests (Chapter 4.3.4;
Gray et al., 2018; 2019). Post-deposition, Mg/Ca ratios in foraminiferal calcite may
also be biased by test exposure to corrosive bottom waters, which preferentially
dissolves high-Mg calcite, thus lower temperature estimates (Regenberg et al., 2014).

In the modern upper-level North Atlantic, seawater [CO3*] is positively
correlated with temperature (Broecker and Peng, 1987), which hinders the independent
assessment of the carbonate ion effect on Mg/Ca incorporation in non-cultured tests of
foraminifera (Cléroux et al., 2013). Culture studies suggest that Mg/Ca incorporation
in planktic foraminifera is negatively correlated to [CO3*] and pH but is relatively
insensitive to increases above ambient seawater values (Russell et al., 2004; Duefias-
Bohorquez et al., 2009). The pH-dependence of Mg/Ca incorporation in foraminiferal
calcite is highly species specific (Gray et al., 2019) and has not been established for
G. truncatulinoides (d), but its effect is usually assumed to be canceled out by the
positive salinity effect on Mg/Ca (Lea et al., 2000). This is justified by the high
correlation between salinity and alkalinity in the North Atlantic (r?=0.83; Olsen et al.,
2020) and the opposite effects of pH and salinity in Mg?*" incorporation of
foraminiferal calcite. Additionally, studies suggest both pH and [COs*] were higher
than modern in the upper and intermediate waters of the North Atlantic during the
LGM (Russell etal., 2004; Yu et al., 2019). Hence, it is unlikely that paleotemperatures
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computed from foraminiferal Mg/Ca during the period studied here were significantly
influenced by variations in upper ocean [CO3*] or pH.

In high salinity regions (>35 psu) of the world’s oceans, such as subtropical
gyres of both hemispheres, Mg/Ca-based paleotemperature estimates may be
overestimated due to the salinity dependence of Mg/Ca (“excess salinity”,
Arbuszewski et al., 2010). Thus, relatively high salinities may partially account for the
elevated Tiunc during HS1. As deviations of the local §'3Osy-salinity during the studied
interval are so far impossible to quantify, estimates of the possible salinity effect in
Tuwune Were calculated by applying the salinity-dependence of Mg/Ca estimated from
culture studies (4+3% per psu; Gray, 2019), absolute salinity estimated from Equation
5 (Arbuszeski et al., 2010), and a wide range of 3'*Osy-salinity sensitivities of different
areas in and around the North Atlantic (LeGrande and Schmidt, 2006). The absolute
salinity equation by Arbuszeski et al. (2010) was developed specifically for the
subtropical Atlantic (35.5 psu < salinity < 37.3 psu) by taking advantage of the
opposite effect of salinity in 880, and Mg/Ca ratios and does not require the
conversion of Mg/Ca to temperatures, which results in smaller 16 uncertainties than
using the conventional approach to calculate 5'3Osy (relative salinity) by Bemis et al.
(1998). No ice-volume correction was applied as the ~1 psu increase in global ocean
salinity during the LGM (Adkins & Schrag, 2003) could also potentially affect Mg/Ca
ratios.

(Equation 5) Salinity (psu) = 34.28 + 1.97*In(Mg/Ca) + 0.59*3'30

The variability in absolute salinity agrees well with seawater 5'%Osy estimates
(Figure 6.3A) using the conventional method without global ice volume correction
(Chapter 4.3.6). Holocene salinity estimates (35.6 psu) precisely match the modern
values at 450 m water depth at Site U1313 (35.6 psu; Zweng et al., 2019). Considering
these values as absolute salinities, Tuunc Was corrected using +1% and +7% Mg/Ca.psu
I, the lowest and highest sensitivities of Mg/Ca to salinity found in culture studies
(Figure 6.3B, Grey et al., 2019). In the most conservative scenario (+7% Mg/Ca.psu’
1, only 1.1°C in Tyunc could be attributed to the 1.3 psu salinity increase between 18.5
ka and 17.4 ka. In all scenarios, the salinity peak at 17.4 ka precedes the associated
peak in Tuune by ~350 years (one sample step). The further increase in subsurface
salinity at the end of HEI (15 ka) is synchronous with the rise in Tuunc. High salinity
at 15 ka may have accounted for an 1.3°C increase in Teuunc, but as in the first
temperature peak, the salinity effect in subsurface temperatures was smaller than the
reported 1o uncertainty of the paleotemperature equation used (i.e., 1.4°C; Cléroux et
al., 2008).

Alternatively, absolute salinity was computed by using a wide range of
8!80sw:salinity relationships found in and around the modern North Atlantic (Figure
6.3C, Table 6.1; LeGrande and Schmidt, 2004; 2006). The §'*Osw:salinity of the
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modern NADW yielded the highest absolute salinity estimates and implied on a 3.7
psu increase at deep thermocline levels at the onset of HEL.II (pink curve in Figure
6.3). Deep-thermocline temperatures were then recalculated by assuming that these
high salinity values were representative of the salinity variability at above Site U1313
and that Mg/Ca ratios were very sensitive to salinity during the study interval (+7
Mg/Ca.psu’!; Grey et al., 2019). Even then, salinity would have accounted for no more
than 1.6°C of the abrupt temperature rise in Tyune between 18 ka and 17 ka (Figure
6.3D). Therefore, although it is possible that deep-thermocline temperatures may be
slightly overestimated (by up to 1.3°C) during the coupled salinity and temperature
rises of HEL.II, salinity cannot account for the temperature variability recorded in
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Figure 6.5. (4) Comparison between 080y (black, calculated using Bemis et al., 1998) and absolute salinity
(grey, calculated using Arbuszewski et al, 2010). (B) Salinity-corrected Mg/Ca temperatures for G.
truncatulinoides (d). Green and purple lines show Tyuc corrected for the salinity dependance of Mg/Ca (1% and
7% Mg/Ca.psu’’, respectively; Gray et al., 2019). (C) Absolute salinity estimated using modern North Atlantic
6"80sy-salinity slopes (LeGrande and Schmidt, 2006). (D) Salinity-corrected Mg/Ca temperatures for G.
truncatulinoides (d) using NADW'’s 6" Oy,:salinity (LeGrande & Schmidt, 2006) and 7% Mg/Ca.psu” (Gray et
al., 2019). For comparison, the black line shows non-salinity corrected Tyunc in panels B and D. All panels exhibit
LOESS smoothed data (smoothing factor = 0.1). Stars show modern values for salinity and temperature at 450 m
water depth above Site U1313 (Zweng et al., 2019 and Locarnini et al., 2019, respectively). The error bars show
the 1 o uncertainty of the temperature equation ( +1.4 °C, Cléroux et al., 2008).

44



Chapter 6 —Subsurface warming and the AMOC during the LGM and deglaciation

Table 6.1. Modern &' ‘QOXW.'salinity in and around the North Atlantic Ocean.

Salinity = (6180sw + Intercept)/Slope (LeGrande & Schmidt, 2004; 2006)

upper North
Atlantic Ocean 0 A : :
(0-1000 m dep Sear
water depth)
Slope (%o/psu) 0.60 0.60 0.55 0.51
Intercept 20.71 20.84 18.98 17.75
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Figure 6.6. (4) Carbonate ion concentration of bottom waters ([CO5* Jin sins left axis, Chalk et al., 2019) and
carbonate ion saturation (A[{CO3*] = [CO5 Jinsin - [CO5* Jsar , Yu et al., 2008) at Site UI1313. Dashed lines mark
the calcite saturation horizon at 3426 m water depth (| C03-7’]m,; Jansen et al., 2002, Yu et al., 2008) and the calcite
saturation threshold (A[CO5*"] = 21.3 umol/kg; Regenberg et al., 2014), below which planktic foraminifera would
be particularly susceptible to dissolution. (B) Alkenone-based sea surface temperatures (light gray dashed line,
Naafs et al., 2013), non-corrected subsurface temperatures (Tyune, black line), temperatures corrected for potential
high-Mg calcite dissolution (pink line) and for dissolution and salinity (using +4% Mg/Ca.psu’’, orange line).
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The exposure to corrosive bottom waters may also potentially bias Mg/Ca-based
temperatures by preferentially dissolving high-Mg calcite in foraminiferal tests, which
would result in lower paleotemperatures. This concern was addressed during the
foraminifera selection process by specifically avoiding the inclusion of partially
dissolved or not fully calcified G. truncatulinoides (d) specimens in the samples
analyzed for Mg/Ca. Since in the supersaturated waters of the modern North Atlantic,
the calcite saturation depth (CSD) is very deep (4600 m water depth, Jansen et al.,
2002), at 3426 m water depth, the carbonate sediments of Site U1313 are safe from
dissolution. Pre-industrial [CO3*] at Site U1313 was ~123 pumol/kg (Chalk et al.,
2019), thus 41 umol/kg higher than the calcite saturation concentration at the same
depth ([CO3*]sat = 82 umol/kg; Jansen et al., 2002; Yu et al., 2008). During the LGM
(22.3 and 19.6 ka in this age model), the CSD was between 800 m to 1000 m shallower
and carbonate ion saturation below 2800 m water depth in the North Atlantic decreased
by 20 umol/kg (Figure 6.4D; Chalk et al., 2019; Yu et al., 2008). At Site U1313,
minimum [CO3%] during the LGM was still well above the calcite saturation horizon
(Figure 6.4A; Chalk et al., 2019) but below the critical threshold concentration for
partial dissolution of planktic foraminifera (Regenberg et al., 2014). To assess the
potential impact of low [CO3>] on subsurface temperatures during the interval between
23 and 18.5 ka, Mg/Ca ratios from G. truncatulinoides (d) were corrected using the
global Mg/Ca:A[CO3?] sensitivity of planktic foraminifera (Figure 6.4B; Regenberg
et al.,, 2014). Carbonate ion saturation concentrations were reconstructed using the
B/Ca ratios for the secondary splice of Site U1313 (Chalk et al., 2019) and the local
[CO3%]sat at 3426 m (Jansen et al., 2002). Subsurface temperatures corrected for
dissolution do not differ considerably from non-corrected temperatures in terms of
both absolute values and patterns (Figure 6.4B), which supports the interpretation that
G. truncatulinoides (d) was not significantly affected by low [CO3?*] at Site U1313
during the LGM. The maximum effect of the dissolution correction was to increase
subsurface temperatures during the LGM, which would have been partially
compensated by the higher upper ocean salinity during this interval (see Tiunc corrected
for dissolution and salinity in Figure 6.4B). As the main focus of this research are
intervals in which the bottom water [CO3*] was higher than the critical threshold (27-
23 ka and after 18.5 ka, respectively HE2 and the later portion Heinrich Event 1,
HEL.ID), it is safe to assume that corrosion did not significantly affect subsurface
temperatures and that Tiunc 1S @ robust indicator of subsurface temperature variability
throughout the discussed intervals.

6.5.2 The North Atlantic water column above Site U1313 between 30 and 5 ka

The compilation of proxy records from Site U1313 (Figure 6.7) provides novel
insights into the temporal order and relationship between ocean circulation changes
and climatic shifts during the last 30 ka. As all records produced in this thesis derive
from samples of the same splice used by Naafs et al. (2013), there is no
chronostratigraphic uncertainty between sea-surface and subsurface temperatures,
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subsurface salinity and detritic carbonate records, which allowed for the determination
of leads and lags between different processes. Maximum deposition of detritic
carbonate (i.e., dolomite/calcite, Figure 6.7A) during HE2 and HE1 were preceded by
increased subsurface temperatures, accompanied by higher SSTs and followed by a
peak in relative subsurface salinity. However, apart from these similarities, both events
are markedly different and are preceded by opposite patterns in the upper and deep
oceanic circulation branches.
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Figure 6.7. Compilation of proxy records from Site U1313. Bold lines show records from the primary splice (Hole
B) and dashed lines show records from the secondary splice (Holes C and D) and Hole A. Tuning between holes
was based on lightness parameter (Naafs et al., 2012) and tuning between dolomite/calcite ratios of Hole B and
counts of detritic carbonate grains of the secondary splice (Lang et al., 2016). (4) Dolomite/calcite ratios (purple,
Naafs et al., 2013) and number of volcanic grains per gram of sediment (grey dashed line, Lang et al., 2016). (B)
Alkenone-based sea-surface temperatures (orange, Naafs et al., 2013) and Mg/Ca-based subsurface temperatures
(Toune, black, this study). (C) Ice-volume corrected 6'8Ogyive (black, this study). (D) G. bulloides §'50 (orange
dashed line, Schmidt et al., 2013), G. truncatulinoides (d) 5'°0 (black, this study, smoothed by a factor of 0.1 using
LOESS) and C. wuellerstorfi §'50 (blue, Jakob, not published). (E) Concentration of alkenones in sediments (black,
Naafs et al., 2013). Vertical grey bars mark Heinrich Events 1 and 2. The stratigraphic location of peaks in
dolomite/calcite ratios are marked by red dotted lines. Early and late sections of Heinrich Events are marked by
roman numerals Il and I, respectively.

Heinrich Event 2 took place during full glacial conditions, when density
stratification in the upper ocean was minimal (i.e., minimal difference between surface
and subsurface planktic foraminiferal &'%0, Figure 6.7D). Deep-thermocline
temperatures peaked in the early HE2 (HE2.1) at 11.2°C, just 1°C lower than SSTs
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(Figure 6.7B; Naafs et al., 2013). Circum-Atlantic ice sheets were close to their
maximum size during HE2 (Toucanne et al., 2015) and high Tiyue considerably
preceded (by ~ 1.4 kyrs) the peak deposition of IRDs during HE2 at Site U1313, which
suggests that increased northward heat transport via the deep thermocline during this
interval may have contributed to the destabilization of the European and Laurentide
ice sheets upstream. Deep-thermocline temperatures during the late HE2 (HE2.II)
began a gradual descent towards minimum values of the early HE1 (HE1.I). After
HE2, biological productivity at the surface increased (Figure 6.7E) towards the
maximum during the LGM. Cold and highly productive surface waters during the
LGM indicate that the surface above Site U1313 was within the domain of the SPG
(Chapman and Shackleton, 1998; Chapman and Maslin, 1999). The southward
position of the subpolar front during the last glacial stage is corroborated by the high
percentages of the foraminifera Neogloboquadrina pachyderma across the subpolar
North Atlantic during the LGM (Sarnthein et al., 1995, 2003; Pflaumann et al., 2003;
Kucera et al., 2005; Eynaud et al., 2009). Paleoceanographic reconstructions indicate
that surface ocean circulation during the glacial maximum was more zonal, with the
virtual absence of the latitudinal extension of the North Atlantic Current (Chapman
and Maslin, 1999). As a consequence, a stark temperature gradient separated the
subtropical and subpolar domains of the North Atlantic (DeVernal, 2006, MARGO,
2009) with SSTs north of 45°N being between 8°C and 12°C colder than modern
(MARGQO, 2009).

At the onset of HE1.11, productivity decreased abruptly (Figure 6.7E), which has
been interpreted as a consequence of the abrupt freshening of surface waters above
Site U1313 during events of iceberg release and ice-sheet destabilization in the North
Atlantic (Stein et al., 2009). This scenario is supported by the increase in upper ocean
stratification (i.e., higher difference between surface and subsurface planktic
foraminiferal 3'0, Figure 6.7D) and abundant deposition of volcanic grains at the
study site (Figure 6.7A; Lang et al., 2016). These were likely sourced from Icelandic
or eastern Greenland terrains and indicate the destabilization of ice sheets in
northeastern North Atlantic during a precursor event to HE1 (Grousset et al., 1993;
Hemming et al., 2004). Similarly to HE2.1, the rise in deep-thermocline temperatures
during HE1.I preceded the maximum deposition of dolomite at Site U1313 by ~ 400
yrs and Tiune converged to values similar for the surface (Figure 6.7B). However, in
contrast to HE2.1I, deep-thermocline temperatures increased abruptly following the
rise in subsurface salinity and remained almost as high as SSTs for over 2 kyrs
(between 17.4 and 15 ka). Subsurface temperatures only decreased after 15 ka, at the
transition between Heinrich Stadial 1 and the Bolling-Allered/Greenland Interstadial
1 (B-A; Rasmussen, S. et al., 2006). The B-A is characterized by the abrupt 12°C rise
of atmospheric temperatures over Greenland (Kindler et al., 2014) and is generally
interpreted to mark the disappearance of sea-ice and the onset of deep convection in
the Nordic Sea (Rasmussen, T. & Thomsen, 2004, Rasmussen, T. et al., 1993). The
continuous increase in SST (Figure 6.7B; Naafs et al., 2013), the high density gradient
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between surface and deep thermocline (Figure 6.7D) and the permanently lowered sea
surface productivity (Figure 6.7E; Naafs et al., 2013) during HE1.II and towards the
Holocene indicates the transition of upper ocean circulation from glacial to modern
conditions.
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Figure 6.8. Compilation of proxy records from Site Ul313. Bold lines show records from the primary splice (Hole
B) and dashed lines show records from the secondary splice (Holes C and D) and Hole A. Tuning between holes
was based on lightness parameter (Naafs et al., 2012) and tuning between dolomite/calcite ratios of Hole B and
counts of detritic carbonate grains of the secondary splice (Lang et al., 2016). (4) Dolomite/calcite ratios (purple,
Naafs et al., 2013) and number of volcanic grains per gram of sediment (grey dashed line, Lang et al., 2016). (B)
Alkenone-based sea-surface temperatures (orange, Naafs et al., 2013) and Mg/Ca-based subsurface temperatures
(Tyune, black, this study). (C) Ice-volume corrected "8 Og-ive (black, this study). (D) Vertical carbon gradient at Site
UI313 (A553C, 63 Chunc - 0" Cuinis, light blue, this study and Jakob, not published). (E) Carbonate ion concentration
(pink dashed line, Chalk et al., 2019). Vertical grey bars mark Heinrich Events 1 and 2. The stratigraphic location
of peaks in dolomite/calcite ratios are marked by red dotted lines. Early and late sections of Heinrich Events are
marked by roman numerals 11 and I, respectively.

The inherently different background conditions of HE2 and HEI are also
reflected in the concurrent changes in deep water ventilation during these events. After
HE2 and throughout the LGM, chemical stratification in the North Atlantic increased
(indicated by a high vertical carbon gradient, Figure 6.8D) and bottom water carbonate
ion saturation further decreased (Figure 6.8E, Chalk et al., 2019). During the glacial
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stages of the Late Pleistocene, the water column of the North Atlantic was
characterized by a strong chemocline, which separated the well-ventilated upper NSW
(i.e., GNAIW) with high §'3C and [CO3*"] above ~2800 m water depth from the poorly
ventilated bottom waters (lower NSW, with low 8'3C and [CO3*]; Poppelmeier et al.,
2018, Yu et al., 2008). In contrast, the maximum detritic-carbonate IRD deposition of
HE1 coincides with the abrupt increase in deep ocean [CO3*] (Chalk et al., 2019) and
the decrease in the vertical carbon gradient (AS'3C = §"3Cirunc-8"3Ceibis; this study and
Jakob, not published). At Site U1313, [COs*] and A8'*C similar to the modern North
Atlantic mark the the disappearance of the glacial chemocline during HE1, showing
that the warming and salinification of the deep thermocline also preceded the
deepening of the North Atlantic overturning cell. Thus, the data suggest HE1.II marks
the transition between the shoaled glacial AMOC state and the modern Atlantic Ocean
circulation at the onset of the last deglaciation (Hodell et al., 2016). Therefore, even
though HE1 and HE2 are usually referred to as similar, their structure and background
conditions are intrinsically different and it may be more accurate to classify HE1 as
the onset of Termination I, rather than a stadial period of the last glacial stage.

To address the relationship between northward heat transport and how that may
have affected deep-water ventilation, the following Chapter 6.5.3 reviews evidence for
subsurface warming during the last 30 ka and Chapter 6.5.4 discusses the link between
subsurface warming and the AMOC.

6.5.3 Subsurface warming in the North Atlantic at the onset of the last

Termination

Subsurface warming in the deep thermocline and intermediate water levels
during the deglaciation has been reported by many proxy-based reconstructions in the
North Atlantic Ocean and Nordic Seas (Ezat et al., 2014; Marcott et al., 2011;
Poggemann et al., 2018; Thiagarajan et al., 2014; Schmidt et al., 2012; Weldeab et al.,
2016), but with different amplitudes and patterns than at observed Site U1313 (Figure
6.9). Records from intermediate water levels (Figures 6.9A, 6.9B and 6.9G; Ezat et al.,
2014, Marcott et al., 2011, Poggermann et al., 2018) show an abrupt temperature
increase during HE1 (between 2°C and 4°C) and cooling during the B-A, while
shallower thermocline records from lower latitudes show either gradual temperature
increases after HE1 (Figure 6.9D and 6.9F; Bahr et al., not published, Schmidt et al.,
2012) or stable conditions throughout the deglaciation (Figure 6.9E, ReiBlig et al.,
2019). The timing and pattern of the compiled subsurface temperature records suggest
that the subsurface warming of HEI1 originated in the North Atlantic and that the
warming at the intermediate levels and the deep thermocline of the mid-latitudes
preceded the gradual warming at shallower depths.
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Figure 6.9. Subsurface temperature records in the North Atlantic and the Nordic Seas. (4) Bottom water
temperature, BWT, in the Nordic Seas (Ezat et al., 2014, 3pt running average), and (B) in the subpolar North
Atlantic (Marcott et al., 2011, 3pt running average). (C) Subsurface temperature from G. truncatulinoides (d)
at Site U1313 (this study, smoothed using LOESS by a factor of 0.2). (D) Subsurface temperatures in the
Subtropical Gyre (Bahr, not published, 5pt running average). (E) Subsurface temperatures in Central
Caribbean (Reifsig et al., 2019, 3pt running average). (F) Subsurface and (F) bottom water temperatures in the
tropical North Atlantic (Schmidt et al., 2012, Poggemann et al 2018).
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Figure 6.10. (4) Modern temperature and density distribution in the upper North Atlantic. Figure produced using
data from the World Ocean Atlas 2018 (Locarnini et al., 2019, Zweng et al., 2019) and the software Ocean Data
View (Schlitzer, 2020). Reconstructed temperature distribution in the upper North Atlantic during (B) the Bolling-
Allerod (15-12 ka), (C) late and (D) early Heinrich Event (17.5-15 ka and 19-17.5 ka, respectively), (E) Last Glacial
Maximum (23-19 ka, MARGO, 2009) and (F) Heinrich Event 2 (26-23 ka). Red star marks temperature as recorded
at the deep-thermocline of Site UI1313 (this study) and white dots from the records (ordered from low to high
latitudes) of sites VM12-107 (surface and subsurface, between 300 and 450 m water depth, Schmidt et al., 2012),
M78/1-235 (852 m water depth, Poggemann et al., 2018), SO164-03-4 (surface and subsurface, ca. 200 m water
depth, Reifsig et al., 2019), 1058 (subsurface, ca. 350 m water depth, Bahr, not published), Ul313 (surface, Naafs
etal, 2013), EW9302-2JPC (1251 m water depth), MD01-2461 (surface, Peck et al., 2006), JM11-FI-19PC (1179
m water depth, Ezat et al., 2014). Presence of meltwater at the surface was inferred from records of sites BOFS17K
(Barker et al., 2004) and PS2644-5 (Voelker et al., 1998).
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All the available subsurface records were then used to reconstruct the
temperature evolution of the upper 1000 m in the North Atlantic and Nordic Seas
across the discussed time intervals (Figures 6.10 and 6.11; starting from the tropical
North Atlantic northwards: Site VM12-107, Schmidt et al., 2012; Site M78/1-235,
Poggemann et al., 2018; Site SO164-03-4, ReiBig et al., 2019; Site 1058, Bahr, not
published; Site U1313, Naafs et al., 2013, this study; Site EW9302-2JPC, Marcott et
al., 2011; Site MDO01-2461, Peck et al., 2006; Site IM11-FI-19PC, Ezat et al., 2014).
The presence of meltwater (or warming) at the surface northwards of 50°N was
assessed by 8'%0 of shallow dwelling foraminifera (Sites BOFS17K, Barker et al.,
2004, PS2644-05, Voelker et al., 1998).

The reconstructed scenarios show that heat distribution in the upper 500 m of
the North Atlantic during HE2 (26-23 ka, Figure 6.10F) was similar to that of the LGM
(23-19.5, Figure 6.10E). The marked latitudinal temperature gradient within the upper
North Atlantic water column during the LGM is in agreement with other glacial
reconstructions, which show a southward-shifted Subpolar Front and SPG until 18 ka
relative to the Holocene (Chapman and Maslin, 1999, MARGO, 2009, Pflaumann et
al., 2003, Sarnthein et al., 2003).

At the onset of HE1.1, between 19 and 18 ka, a brief but well-marked SST peak
was recorded at Site MDO01-2461 (Figure 6.11A), in the northeastern North Atlantic.
A similar event is also recorded as low surface 5'%0 at Site BOFS17K (Figure 6.11C,
Barker et al., 2004). The early HE1 (HE1.I) is marked by high deposition of volcanic
grains at Site U1313 (Figure 6.11D) and similar §!30 values from G. truncatulinoides
(d) and G. bulloides at Sites BOFS17K (Figure 6.11C) and MDO01-2461, which suggest
the onset of the isopycnal connection between the deep-thermocline at the mid-
latitudes and northeastern North Atlantic. In the modern North Atlantic, this density
connection is modulated by the MOW, which connects the lower STG and the surface
of the SPG (Chapter 5). During the last glacial stage, the MOW settled deeper into the
water column of the North Atlantic (Rogerson et al., 2005) and its northwards
latitudinal extension was limited (Schonfeld and Zahn, 2000). The gradual upward
shift of MOW’s northward branch was detected as erosional features in marine
sediment cores at the Porcupine Seabight and was interpreted to reach its modern depth
after 18 ka. Thus, it’s feasible that the renewed intergyre connection at the subsurface
aided the destabilization of ice sheets in the eastern North Atlantic during the HE1.I
(Figure 6.10D), indicated by the peak in volcanic grains at Site U1313 (Grousset et al.,
2000, Lang et al. 2016).
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Figure 6.11 (4) Temperature records of: deep thermocline over Site SO164-03 (red, Central Caribbean, smoothed using
LOESS by a factor of 0.1; Reifsig et al., 2019), deep thermocline over Site 1058 (pink, STG, 3pt running average, Bahr, not
published), surface and deep thermocline above Site Ul313 (orange, Naafs et al., 2013, and black, smoothed using LOESS
by a factor of 0.1, this study, respectively) and the surface at Site MD01-2461 (green, 3pt running average, Peck et al., 20006).
(B) Percentage of N. pachyderma at Site PS2644-5 (Voelker et al. 1998). (C) 830 of G. truncatulinoides (d) from sites SO164-
03 (red, Central Caribbean, smoothed using LOESS by a factor of 0.1; Reiflig et al., 2019) and U1313 (black, smoothed
using LOESS by a factor of 0.1, this study), §°0 of G. bulloides at Site BOFS17K (green; Barker et al., 2004), %0 of N.
pachyderma at Site PS2644-5 (blue, Voelker et al., 1998; 2015). (D) Dolomite/calcite ratios and counts of volcanic grains
at Site U1313 (purple and grey, respectively; Naafs et al., 2013, Lang et al., 2016). Vertical grey bars mark Heinrich events
1 and 2. The stratigraphic location of peaks in dolomite/calcite ratios are marked by red dotted lines. Sketches at the bottom
show the interpreted location of the subtropical (light pink) and subpolar (light blue) gyres in relationship to sites U1313
(black dot), SO164-03 (red dot), 1058 (pink dot) and PS2644-5 (blue dot). Sites MD01-2461 and BOFS17K are represented
as a green dot. Orange lines suggest the strength of the subsurface heat transport.
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At 17.9 ka, approximately 500 years before the large influx of dolomitic IRD
from the western North Atlantic (HE1), subsurface temperatures and relative salinity
at the deep thermocline began rising quickly (~0.12°C/decade). Unlike the onset of
HE2, salinity and temperature rose synchronously, indicating increased northward
advection of density-compensated heat. There is indeed firm evidence that the initial
strengthening of the northward heat flux via the deep thermocline recorded at Site
U1313 reached the Nordic Seas during HE1.I. High latitude warming is indicated by
percentages of the planktic foraminifera N. pachyderma at Site PS2644-5, in the
Denmark Strait. These briefly but clearly decreased at 18 ka (Figure 6.11B, Voelker
et al., 1998), indicating warming. Notably, 8'%0 in the shallow thermocline of the
Denmark Strait decreased to values similar to 8'8Ounc values at Site U1313 (within
1o uncertainties, Figure 6.11C) and G. bulloides 5'%0 values at Site BOFS17K (Barker
et al., 2004). This corroborates that the density connectivity between both sites
developed precisely when the detected shallow thermocline warming at the Denmark
Strait took place, accompanied by a brief IRD peak (Voelker et al., 1998).

Starting during HE1.I and after the brief temperature rise in the Nordic Seas
(Figure 6.11B, Voelker et al., 1998), several cores in the eastern SPG and the Nordic
Seas show very low 8'%0 at the surface and subsurface (e.g., Benway et al, 2010;
Maslin et al., 2010; Praetorius et al., 2008; Voelker et al., 1998). This regional §'30
minimum is usually interpreted as freshening at the surface and, at the subsurface, the
overflow of isotopically light brines from the Nordic Seas (Waelbroeck et al., 2011).
However, decreasing percentages of N. pachyderma and increasing SSTs (estimated
using MAT) recorded at the surface of Site 980, at the Rockall Trough, and Site
GIK23415, in the northeastern North Atlantic suggest that the widespread low 8'30
must be at least partly due to warming (Benway et al., 2010; Weinelt et al., 2003).
Subsurface warming in the northeastern North Atlantic is further supported by the
abrupt increase in intermediate water temperatures in the Nordic Seas during HE1.1II
(Ezat et al., 2014), which are interpreted as a result of the upward shift of the Atlantic
Inflow below the glacial halocline. The reported strengthening and upward shift of the
Atlantic Inflow corroborate the return of the NAC to the northeastern North Atlantic
during HE1, and thus of the intergyre isopycnal connection described in Chapter 5.
The subsurface to surface directionality of the northward heat transport along
isopycnal pathways (Foukal et al., 2016) would have allowed oceanic heat to “upwell”
at the high latitudes where it could melt sea ice and marginal ice sheets from below,
causing the 8'*0 anomaly at the surface ocean.

The reconstructed upper ocean temperature distribution of the late HE1 (HE1.1I)
shows that warming occurred throughout the North Atlantic at the subsurface (Figure
6.10C), at the surface of Site U1313 (Naafs et al., 2013) and of northeastern North
Atlantic (Site MDO01-2461, Figure 6.11A, Peck et al., 2006; Site GIK23415, not
shown, Weinelt et al., 2003). Elsewhere at the surface of the North Atlantic, however,
the consensus is that the sea surface was cold and fresh (Bond et al.,, 1992; Calvo et
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al., 2001; Cayre et al., 2010; Chapman et al. 2000; Chapman & Maslin, 1999; Maslin
et al., 1995; Repschldger et al., 2015; Salgueiro et al., 2014). The increased
stratification at the surface due to the spreading of meltwater would have hampered
air-sea fluxes and may have supported the accumulation of heat at subsurface levels
during HE1.1I (Hodell et al, 2017). As long as the upper ocean was stratified (fresh
and cold at the surface overlaying warm and salty waters), the atmosphere would have
remained cold and oceanic heat would have accumulated at the subsurface. As density-
compensated heat reached deep western North Atlantic, zonal density gradients at
depth would decrease, slowing deep ocean circulation at western and northern North
Atlantic (Levang and Schmitt, 2020; McManus et al., 2004, Ng et al., 2018) and
triggering the destabilization of the LIS (Alvarez-Solas & Ramstein, 2011; Marcott et
al., 2011).

At the onset of the B-A, atmospheric temperatures over Greenland rose abruptly
by 13°C within 200 years, intermediate water temperatures in the Nordic Seas
decreased abruptly to modern levels and overturning within the basin resumed (Figures
6.9A and 6.10B; Ezat et al., 2014). Concomitantly, deep thermocline temperatures at
Site U1313 began a gradual descent (Figure 6.11A and 6.11C), showing that Teunc
variability was significantly tied to oceanic heat loss in the SPG.

6.5.4 The connection between freshwater fluxes, northward heat transport and

deep ocean circulation as recorded at Site U1313

To explore the relationship between northward heat transport and deep-water
ventilation, deep-thermocline and IRD records were compared to the vertical carbon
isotope gradient between G. truncatulinoides (d) and C. wuellerstorfi (A8'*C = §'3Cirunc
- 813Ceibis), here interpreted as a proxy for deep-water ventilation (Hodell et al., 2003,
Ziegler et al., 2013). Both species have been previously argued to calcify in
equilibrium with DIC of sea water (Curry and Oppo, 2005, Ziegler et al., 2013). Lower
(higher) gradients between upper and sea-bottom waters indicate higher (lower)
bottom water ventilation. Site U1313 recorded the three episodes of IRD deposition
(deemed indicative of freshwater fluxes to the surface of the SPG) during the studied
time interval, but each was characterized by different conditions at the deep
thermocline of Site U1313 (Figure 6.12).

The delivery of positive buoyancy fluxes to the upper subpolar North Atlantic
has long been evoked as the main mechanism for weakening the AMOC (Manabe and
Stouffer, 1988; Stommel, 1961), which was supported by circulation proxies such as
Pa/Th (Figure 6.12A; McManus, 2004, B6hm, 2015, Ng, 2018). These indicated the
near collapse of deep-ocean circulation in the northwestern North Atlantic during HEs,
which are mostly associated to the destabilization of the LIS (MacAyeal, 1993; Alley
& MacAyeal, 1994). At Site U1313, however, high A3'3C (i.e., low deep-water
ventilation) during HE2 and HE1.I (Figure 6.12E) coincided with abundant deposition
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of volcanic grains, associated to destabilization of ice sheets in northeastern North
Atlantic. During HE1.1I, when the freshwater influx to the subpolar North Atlantic is
typically assumed as especially large due to the destabilization of the LIS, deep water
ventilation at Site U1313 increased to values similar to the modern. These records
therefore imply that meltwater discharges to NENA were more efficient to disrupt
deep-ocean ventilation than those to northwestern North Atlantic. The high sensitivity
of deep-water formation to freshwater fluxes in northeastern North Atlantic is coherent
with monitoring data showing that over 88% of modern deep-water formation in the
Atlantic occurs at that location (Lozier et al., 2019).
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Figure 6.12 (4) Compilation of Pa/Th records from the Bermuda Rise (deep western North Atlantic, dark blue;
Béhm et al., 2015, Henry et al., 2016, McManus et al., 2004) and at Sierra Leone Rise (equatorial eastern North
Atlantic, green; Ng et al., 2018). (B) Mg/Ca-based subsurface temperatures at Site U1313 (black, this study) and
alkenone-based SSTs (orange, Naafs et al., 2013). (C) Ice-volume corrected NOg-ive at the deep-thermocline of
Site UI313 (this study). (D) Vertical carbon gradient at Site U313 (A6"°C, 6" Cirune - 67 Ceivis, light blue, this
study and Jakob, not published). (E) Dolomite/calcite ratios and counts of volcanic grains at Site Ul1313 (purple
and grey, respectively; Naafs et al., 2013, Lang et al., 2016).
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During the late HE1 (HE1.1I), the collection of proxy records at U1313 reveal a
paradoxical scenario of hampered overturning in the SPG and active deep-water mass
formation at mid latitudes. The 2.5 kyr-long maintenance of subsurface temperatures
higher than modern at deep thermocline levels is a robust indicator that oceanic heat
loss at high latitudes during this interval was weak, which is supported by Pa/Th ratios
close to their production level in the northern and western North Atlantic (Figure
6.12A; Bohm et al.,, 2015, Henry et al., 2016, McManus et al., 2004). Weak
overturning at high latitudes also led to the southward migration of deep-convection
to the mid latitudes, as implied by the quasi-continuous overlap of SSTs and Tirunc
between 17.5 and 15 ka (Figure 6.12B). The low temperature gradient of waters in the
upper ocean indicate the development of an extremely deep mixed layer over Site
U1313 and may explain the abrupt increase in bottom water ventilation (Figure 6.12D)
and [CO3*] to modern NADW values despite weak overturning in the subpolar
domain. It remains to be tested how strong this overturning cell may have been relative
to the modern, because most modelling studies do not account for the increased
northwards advection of salinity when forcing a shutdown of the AMOC with
freshwater fluxes to the SPG (e.g., Brady & Otto-Bliesner, 2011; He et al., 2020; Liu
et al., 2009; Otto-Bliesner & Brady, 2010). The spreading of subtropical waters
through the intermediate North Atlantic has been evoked as the dominant mechanism
for weakening the AMOC (Haskins et al., 2020, Levang and Schmitt, 2020, Zhang et
al., 2017) and may provide a new rationale for explaining prolonged phases of sluggish
deep circulation in the subpolar and western North Atlantic which does not require
extremely high rates of freshwater fluxes used by many hosing studies.

The occurrence of deep-water formation at mid latitudes during HE1.II is
consistent with the different deep-water circulation histories of western and eastern
Atlantic sectors reported during the deglaciation (Figure 6.12A, Ng et al., 2018). While
in the western and northern North Atlantic, deep ocean circulation came close to a halt
during HE1.11, circulation at the low latitudes and in the eastern Atlantic was relatively
constant throughout the last deglaciation, with a small decrease in intensity during
HEL.II and the B-A. Even as the AMOC was weaker, the accumulation of salt at deep-
thermocline levels would have favored the deepening of NSW, leading to the
disappearance of the glacial chemocline at indicated both by low A8'*C (Figure 6.12D)
and high [CO3?] (Figure 6.8E). The resumption of deep-water ventilation during HE1
has also been reported at intermediate depths in the tropical North Atlantic (Valley et
al., 2017) and southwards in the Southern Ocean (Gottschalk et al., 2016; Piotrowski
et al., 2004; Skinner et al., 2010; Ziegler et al., 2013), where it has been associated
with the atmospheric rise of CO; during the deglaciation. Thus, the deepening of NSW
upon the return of the NAC to northeastern North Atlantic may have had profound
implications for global climate system, not restricted to the North Atlantic realm. The
records here discussed indicate the need of modelling studies that consider AMOC
dynamics during phases of increased northward transport of subtropical waters.
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7 Inter-gyre connectivity and northward heat transport

during the MPT

Parts of this chapter have been published in modified form in: Catunda, M.C.A.,
Bahr, A., Kaboth-Bahr, S., Zhang, X., Foukal, N., Friedrich, O. (2021). Subsurface
heat channel drove sea surface warming in the high-latitude North Atlantic during the
Mid-Pleistocene Transition. Geophysical Research Letters, 48(11), €2020GL091899.

7.1 Introduction

Between 1.2 and 0.6 Ma during the MPT, glacial/interglacial cyclicity shifted
from a 40-kyr period to the ~100-kyr saw-toothed cycles characteristic of the Late
Pleistocene (Clark et al., 2006; Imbrie et al., 1993; Raymo et al., 1997; Ruddiman et
al., 1989). Although there have been numerous studies on the MPT (Chalk et al., 2017;
Clark et al., 2006; Hasenfratz et al., 2019; McClymont et al., 2013; Ruddiman et al.,
1989), the exact mechanism(s) explaining the shift in glacial-interglacial cyclicity and
the increase in precessional pacing in global ice volume records, in the absence of
significant changes in the orbital configuration remain(s) elusive (Imbrie et al., 1993;
Lisiecki, 2010; Chapter 3).

The most widely accepted explanation for the ice-sheet enlargement during the
MPT is the “regolith hypothesis” (Clark & Pollard, 1998; Chapter 3). This cyclicity
shift was also marked by the long-term cooling of global sea-surface temperatures due
to a decrease in atmospheric pCO; (Chalk et al., 2017; Honisch et al., 2009) and the
potential slowdown of the AMOC during the so-called “900 ka event” (Pena &
Goldstein, 2014). These processes would have promoted conditions ideally suited for
sustaining large continental ice sheets. However, the cooling of global temperatures
and the reduction in surface-heat transport in the North Atlantic would have decreased
the moisture capacity of the ocean’s overlaying air masses, hampering the precipitation
over continental ice sheets. Thus, the source of the moisture that fueled the
intensification of NH ice-sheet growth across the MPT is also unknown.

The dynamics of the NH ice sheets are intimately linked to variations in ocean
circulation on millennial and orbital timescales (Hodell & Channel, 2016; Zhang et al.,
2014). The upper ocean is a direct source of heat and moisture to the atmosphere and
thus impacts the mass balance of the adjacent ice sheets. Hence, northward heat
transport via subsurface routes (Chapter 2 and 5) may have played a so far neglected
role in oceanographic processes, including the boundary conditions leading to the
MPT.

In this chapter, new mechanisms for North Atlantic meridional heat transport
(Chapter 2) are applied to interpret the variability in a deep-thermocline temperature
record and are used to trace the potential origin of the moisture source that fueled NH
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ice-sheet enlargement during the MPT. To test if enhanced subsurface heat transport
into the high-latitude North Atlantic provided moisture for the abrupt increase in NH
ice-sheet volume during the MPT, a subsurface temperature record (Tcrass) from the
regions in-between gyres in the North Atlantic was produced for the interval MIS 36
to 14 (~1.2-0.54 Ma). Upper-ocean stratification was assessed by the thermal gradient
between alkenone-based sea-surface temperatures (SST) at Site U1313
{Naafs:2012ep} and the newly measured Terass (A(SST-Terass)). As vertical temperature
gradients determine thermocline stratification in the region, these data allowed to
reconstruct the geometric configuration of isopycnals in the upper ocean between the
STG and the SPG. The connection between thermocline stratification and northward
heat transport across the MPT was further assessed by calculating the sea-surface
temperature gradient between Site U1313 and subpolar Site 982 (Lawrence et al.,
2010; ASSTui313-982) located in northeastern North Atlantic (NENA). Based on the
findings described here, it is proposed that subsurface heat transport played a vital role
in enhancing the northward oceanic heat transport during the MPT, which might have
helped to shape glacial/interglacial variability during Mid- and Late Pleistocene.

7.2 The dwelling depth of Globorotalia crassaformis at Site U1313

Temperature (°C)
118

Figure 7.1. Figure 1. (main) Temperature along the oy = 27.45 surface, which intersects Site U1313 (star) at 800
m depth (Locarnini et al., 2019). Black contours indicate isohalines from 35 to 36 psu at 0.25 intervals (Zweng et
al., 2019). (inset) Location of Site Ul313 (star) relative to the Subtropical Gyre (STG) and the Subpolar Gyre
(SPG).

At the mid-latitudes G. crassaformis has been found to calcify at 800 m water

depth within the zone of minimum oxygen concentration in the upper pycnocline
(Cleroux et al., 2013). Nowadays, this depth is within the 6o=27.45 density layer
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(Figure 7.1), very close to the isopycnal of maximum overturning (co=27.53, Chapters
2 and 5), suggesting that this species is able to record the characteristics of waters
undergoing overturning further downstream. Figure 7.1 shows the temperature and
salinity distribution for the isopycnal level at 800m water depth above Site U1313 (oo
= 27.45). Temperature and salinity at this density level covary and radiate from the
Gulf of Cadiz, strongly indicating that MOW (Chapter 5.1) modulates temperature
distribution at the dwelling depth of G. crassaformis in the subtropical North Atlantic.

7.3 Additional methods

7.3.1 Deep-thermocline temperature uncertainty

The methodology used in Mg/Ca analyses and the rationale for the choice of
paleotemperature equation are detailed in chapters 4.3.4 and 4.3.5, respectively.
Standard deviation from replicated trace element measurements in G. crassaformis (d)
(n=20) was = 0.14 mmol/mol for Mg/Ca, which would account for a temperature
uncertainty of + 0.86°C using the species-specific Equation 2 (Chapter 4.3.5; Cléroux
etal., 2013). As this analytical uncertainty is similar but higher than the 1c uncertainty
of the chosen equation (£ 0.82°C) the former was considered.

7.3.2 Calculation of temperature gradients

Upper ocean stratification was qualitatively estimated using the temperature
gradient between alkenone-based SST and Mg/Ca-based Terss at Site U1313. Both
records were produced from the same core sections of the primary splice. As the
temporal resolution of the SST record (1 data point every ~0.6 ka) is double that of the
SubT record (1 data point every ~1.2 ka), SSTs were linearly interpolated to match the
time scale of the SubT record (thereby reducing the resolution of the SST record in
half). Deep-thermocline temperatures were then subtracted from SST to produce
A(SST-Terass) values. A similar procedure was used to calculate the surface temperature
gradients between sites U1313 and 982 (Lawrence et al., 2010). Like the records from
site U1313, the age model for the SST record at Site 982 was also produced by tuning
benthic oxygen isotopes to the LR04 stack (Lisiecki & Raymo, 2005). As the temporal
resolution of the SST record from Site U1313 is higher than the one from Site 982, the
U1313 SST record was linearly interpolated to match the 982 record in age. Subpolar
SSTs (Site 982) were then subtracted from U1313 SSTs to produce ASSTui313-98
values.
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7.3.3 Model description and experimental design
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Figure 7.2. Winter sea-surface forcing derived from the modeling experiments. (4) sea-surface temperature
(units: °C) and (B) sea-ice concentration in the control experiment A_CTL/NHIS 0.3s. Contours in (4) represent
isothermal lines of -1.5, -1, -0.5, 0, 1, and 2. (C) Sea-surface temperature (units: °C) and (D) sea-ice cover
anomalies between A_CTL and A_ WARM.

Two glacial simulations in an Atmosphere General Circulation Model (AGCM),
ECHAMS (Roeckner et al., 2003), were conducted by Prof. Xu Zhang (Langzhou
University) to quantify the contributions of preferential warming in the northeastern
North Atlantic (NENA) on the mass balance of continental ice sheets in the Atlantic
realm during glacial periods. The control experiment (A _CTL) was conducted by
applying boundary conditions (including ice-sheet configurations, greenhouse gases,
orbital parameters etc.) and sea-surface forcing (i.e., sea-surface temperature, SST, and
sea-ice concentration, SIC) from a glacial experiment (NHIS 0.3s) done by a fully
coupled atmosphere-ocean model (AOGCM, Zhang et al., 2014). The prescribed
global ice volume in NHIS 0.3s equaled a ~50 m sea-level drop. In NHIS 0.3s, NENA
was characterized by a perennial open water area, while extensive sea-ice cover was
simulated in the southern flank of the North Atlantic subpolar gyre (i.e., north of Site
U1313, Figure 7.2). To investigate impacts of the recorded warming on the ice-sheet
mass balance, a sensitivity experiment (A WARM) was conducted in which only the
SST in the NENA perennial open water area in A_CTL was substituted by the SST
derived from experiment NHIS 0.5 (Zhang et al., 2014), which is 2°C warmer at

62



Chapter 7 — Inter-gyre connectivity and northward heat transport during the MPT

NENA than NHIS 0.3s (Figure 7.2). This provides a direct evaluation of sole impacts
of NENA warming on the ice-sheet mass balance.

Additional ice-volume growth was calculated based on the precipitation
anomaly over the NH ice-sheet area (additional volume = NH_ice-sheet area *
precipitation_anomaly / ocean area). Calculated estimates are considered
conservative because the simulations do not consider the possible positive feedbacks
from a growing ice sheet on ocean circulation, since a larger ice sheet can strengthen
the AMOC, leading to an enhancement of precipitation over the ice-sheet area, further
increasing its volume (Zhang et al., 2014).

7.4 Results

7.4.1 Subsurface temperature and thermocline variability at Site U1313
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Figure 7.3. Comparison between SST and Terass at Site U313 between MIS 24 and MIS 18. Mg/Ca-based
subsurface temperatures (ved line and circles) and alkenone-based SST (grey line). Light gray rectangles denote
cold MISs (Lisiecki and Raymo, 2005). Both records were produced from the primary splice from Site Ul313 and
are plotted using the same updated age model, thus avoiding stratigraphic uncertainties.

The temperature gradient between SST and Terass (A(SST-Terass), Figure 7.4C)
shows that a steep thermal gradient of 11.2 &+ 1.9°C existed at Site U1313 between 1.2
and 0.93 Ma (MIS 36-25), which is higher than the modern mean annual gradient
between surface and 800m water depth of ~9.9°C (Locarnini et al., 2019). Between
MIS 24 and 17 (~0.93-0.67 Ma), SSTs cool while SubTs show a long-term warming
trend, resulting in a prolonged phase of weaker stratification (9.1 + 1.5°C). This trend
reversed after MIS 17 (~0.67 Ma) when a thermal gradient similar to the modern
gradient was re-stablished. Weak upper-ocean stratification between MIS 24-17
(Figure 7.4C) suggests that the thermocline deepened in the mid-latitude North
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Atlantic and that heat accumulated at subsurface depths. Minimum upper-ocean
stratification occurred during MIS 24 (8.6 £1.2°C) and MIS 22 (7.4 £1.6°C, Figure
7.4C), which were crucial stages of ice-sheet build up during the MPT (Ford and
Raymo, 2019), particularly for the European Ice Sheet (Berger & Jansen, 1994;
Knudsen et al., 2020).
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Figure 7.4. (A) UI313 benthic 550 record for reference (this study and Ferretti et al., 2015), and numbered
cold Marine Isotope Stages (Lisiecki and Raymo, 2005). (B) Alkenone-based sea-surface temperatures (Naafs
et al., 2012, SST, orange, 3pt running mean) and Mg/Ca-based subsurface temperatures (purple, this study,
original data points and 3pt running mean). Purple star on the left Y-axis marks modern subsurface
temperatures at 800 m water depth above Site U1313 (Locarnini et al., 2019). (C) Upper ocean stratification
at Site Ul313 (A(SST-Terass), brown, this study, original data points and 3pt running mean). Light brown
filling marks temperature-gradient lower than the modern annual average (~9.9 °C, Locarnini et al., 2019).
(D) Temperature gradient between Sites Ul313 and 982 (Lawrence et al., 2010). Shading marks ASSTyi313-
982 lower gradient than the study interval’s average (3.2°C). Grey box demarks period of long-term weakening
of upper-ocean temperature gradient (“stratification”) as indicated by low A(SST-Tcrass).
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7.4.2 Heat transfer into the high latitude North Atlantic during the MPT

Net northward heat transport to the eastern SPG was evaluated based on the SST
gradient between Site U1313 (Naafs et al., 2012) and the subpolar Site 982 at 58°N
(ASSTui313.982, Figure 7.3D; Lawrence et al., 2010). Across the studied interval,
ASSTuis13.082 (Figure 7.3D) follows the same trend (Figure 7.3C) and shows a
significant correlation to A(SST-Terss) changes (r= 0.69, p<0.01 using the Monte-
Carlo-based surrogateCorr script implemented in the astrochron package (Meyers et
al. 2014) in R). Based on the modern annual SST difference between both sites
(~7.2°C; Locarnini et al., 2019), the reduced ASSTui1313-982 between MIS 24 and 17
suggests increased net northward heat transport between subtropical and subpolar
latitudes in the North Atlantic during this interval.

7.5 Discussion

7.5.1 Potential seasonality bias affecting the thermocline temperature gradient

of Site U1313

At Site U1313, alkenone-derived SSTs from core-top samples were virtually
identical to the modern annual mean SST (18.2°C; Locarnini et al. 2019), supporting
the interpretation that the Ux®” SST record at this site reflects mean annual SSTs
(Naafs et al., 2012). However, water column and satellite data indicate that most
coccolithophorid productivity in subpolar ocean regions occurs from summer to early
autumn (Samtleben and Bickert, 1990), biasing alkenone-based SSTs to warm
(summer) conditions in locations with surface temperatures below ~15°C (Rosell-
Melé et al., 1995). During the time span discussed here, SSTs from Site U1313 dipped
below this threshold during cold glacial stages MIS 34, 32, 24,22, 20 and 16, implying
that during these periods, SSTs may have been overestimated. Comparison with SSTs
based on planktic foraminiferal assemblages at the same location as Site U1313 (Site
V30-97; Ruddiman et al., 1989) supports this interpretation, as Ug3”’-based
temperatures overlap with summer SST estimates during the LGM but fall between
winter and summer SSTs during the Holocene (see Naafs et al., 2013).

Subsurface temperatures from G. crassaformis, on the other hand, are unlikely
to show seasonal biases because the oxygen-depleted niche preferred by this species
is stable below the seasonal thermocline depth (see Chapter 4.1.1) and the physically
feasible maximum depth reachable by Ekman pumping (~300 m, Talley, 1996). While
it is possible that the depth occupied by G. crassaformis was influenced by changes in
the depth of the pycnocline and/or the shallow oxygen minimum at Site U1313, we
infer that the amplitude of shifts in the calcification depth was relatively minor, as
abundant proxy records support G. crassaformis being a reliable recorder of deep
thermocline properties and having a stable habitat (e.g., Bahr et al., 2011; Bolton et
al., 2018; Karas et al., 2017). Therefore, during periods in which the sea surface was
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warmer, both SST and Terss record annual temperature averages and A(SST-Terass) 1S
a robust indicator of the thermocline thermal gradient. During cold glacial stages,
however, the potential summer bias of SST implies that A(SST-Tcnss) may be
overestimated and that the annual thermocline thermal gradient during cold glacial
stages MIS 22 and 24 may have been lower (weaker stratification).

Alkenone-based SST estimates from Site 982 likely present summer-biased
SSTs throughout the Pleistocene (Lawrence et al., 2010). Core-top SST estimates
(13°C, Lawrence et al., 2010) fell in the upper range of the modern annual variability
(9—-13°C), further supporting the assumption of a warm-season bias. As alkenones
from site U1313 and 982 contain the same summer bias during cold glacial stages, the
SST gradient between sites U1313 and 982 should be robust during MIS 24, 22 and
20. During interglacials, the SST gradient may be considered a minimum estimate
because alkenone-SSTs at Site U1313 are likely reflecting the annual mean
temperature (above ~15°C) while Site 982 alkenone-SSTs are summer-biased. Despite
these caveats, ASSTui313-982 can be considered a robust indicator of heat transport into
the high-latitude North Atlantic, particularly during glacial times. The evaluation of
possible seasonal biases in alkenone-based SSTs suggests that these would not
negatively impact findings described here, but rather reinforce them.

7.5.2 Subsurface pathway for heat advection to high latitudes during the MPT

The strong correlation between ASSTui1313-982 and A(SST-Terass) throughout the
MPT (r= 0.69, p<0.01) suggests that low upper ocean stratification may have
facilitated the advection of warmer subtropical waters from the subsurface of the STG
to the surface of the eastern SPG (Site 982), particularly during MIS 22. The increased
advection of subtropical sourced waters to NENA between MIS 22 and 21 is also
supported by the relatively high counts of G. truncatulinoides at Site 552, also located
in NENA (Kaiser et al., 2019). As this foraminifera species prefers warm waters, they
are uncommon at such high latitudes.

As northward heat transport between the STG and SPG in the North Atlantic
takes place in the subsurface via the deep thermocline (Chapter 2.1; Foukal and Lozier,
2016), thermocline deepening (decreased stratification) between MIS 25 and 17 may
have increased density connectivity between gyres and the subtropical-subpolar flux
during the MPT. The location of Site 982 is at the end of the isopycnal pathway
described by Burkholder and Lozier (2011) and Foukal and Lozier (2016) and has been
previously used to reconstruct climate variability in the high-latitude North Atlantic
(Lawrence et al., 2010, Venz et al., 1999). Site 982 is furthermore atmospherically
upstream of the European Ice Sheet, which enlarged significantly during MIS 22
(Berger & Jansen, 1994; Knudsen et al., 2020). The relatively mild and higher than
average temperatures at Site 982 particularly during MIS 22 (Figure 7.5A) are notably
at odds with the concurrent intrusion of subpolar waters in the mid-latitude North
Atlantic as reflected by the high abundance of N. pachyderma within sediments of Site
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607 (adjacent to Site U1313, Figure 7.5D; Ruddiman et al., 1989) and SST cooling at
Site U1313 (Figure 7.5A; Naafs et al., 2012). This indicates that the heat giving rise to
mild SST at Site 982 between MIS 24 and 17 was not transferred along a surface
trajectory, but rather via a subsurface pathway.
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Figure 7.5. (4) Alkenone-based SSTs at sites Ul1313 (orange, 3pt running mean, Naafs et al., 2012) and 982 (red;
Lawrence et al., 2010) and Mg/Ca-based Teruss at Site UI313 (original data shown as a light grey line and 3pt
running mean shown as a purple line). (B) Thermocline stratification (A(SST-T.rass)) at Site U1313 (original data
shown as a light grey line and 3pt running mean shown as a brown line). Brown shading marks stratification
weaker (deeper thermocline) than the modern (9.9°C, Locarnini et al., 2019). (C) Temperature gradient between
Sites U1313 and 982. Shading marks ASSTui313-982 lower gradient than the study interval’s average (3.2°C). (D)
Percentage of Neogloboquadrina pachyderma (Ruddiman et al., 1989) at Site 607. (E) Quartz/calcite (light blue
line and Y-axis) and dolomite/calcite ratios (dark grey line and Y-axis) at Site U1313 (Naafs et al., 2012). All

records of Site Ul313 not produced in this study are plotted on the updated age model for this site (Chapter
4.3.3). Grey bars in the background mark cold Marine Isotope Stages (Lisiecki and Raymo, 2005).
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7.5.3 Did shifts in the Subpolar Front and/or variations in AMOC strength

cause the subsurface warming between MIS 24-17?

Temperature fluctuations in the upper ocean of the mid-latitude North Atlantic
thermocline are typically attributed to spatial shifts of the Subpolar Front, which may
also explain the minimum thermocline stratification during MIS 22 and 24 (Figure
7.5B and 7.5D). However, such frontal shifts should generate synchronous fluctuations
of SST and Terss as expansion (retreat) of the front would decrease (increase) the
influence of the STG above Site U1313, thereby cooling (warming) the entire upper
water column. Particularly during MIS 24 and the end of MISs 22 and 20, Terass
warmed while SST remained cold (Figures 7.3 and 7.5A), arguing against frontal shifts
as a driver of the Tcrass increases during these intervals.

The increased warming at depth relative to the surface might instead be the
consequence of a weakened AMOC (Lopes dos Santos et al., 2010). In particular,
during MIS 22, very high percentages of N. pachyderma at Site 607 (Figure 7.5D;
Ruddiman et al., 1989) and quartz/dolomite ratios at Site U1313 (Figure 7.5E; Naafs
et al., 2012) suggest this stage was marked by both prominent development and long-
term instability of the European Ice Sheets (i.e., quartz IRDs are usually associated
with EIS instability; Hodell et al., 2017, Naafs et al., 2012). As the NENA is nowadays
an important /ocus of deep-water formation (Lozier et al., 2019), high IRD deposition
and surface freshening could also be indicative of a long-term disruption of
overturning in the SPG. Weakened overturning in the SPG due to freshwater influx (as
suggested by abundant N. pachyderma and IRDs at sites 607 and U1313; Naafs et al.,
2012, Ruddiman et al., 1989) could potentially hamper intergyre heat transport,
leading to the accumulation of heat and reduced thermal stratification in the subtropical
upper ocean during MIS 22. However, although weak overturning in the SPG may
have co-occurred with subsurface warming at Site U1313, the cause and effect
relationship between subsurface warming in the mid-latitudes and the strength of the
AMOC is unclear, even over short timescales (Lozier et al., 2010).

Subsurface warming at the mid- to high- latitudes of the North Atlantic is
considered a product of the two competing effects of surface freshening over deep
convection regions (He et al., 2020): (1) surface freshening reduces the mixing of
warm subsurface and cold surface water masses, resulting in anomalous subsurface
warming and (2) surface freshening also weakens the AMOC which reduces ocean
heat transport into northern North Atlantic and results in subsurface cooling (Sgubin
et al., 2017, He et al., 2020). Thus, although it is possible that overturning in the SPG
could result in subsurface warming in the northern North Atlantic at millennial
timescales, over the glacial-interglacial timescales of this study, a weak AMOC would
more likely have resulted in cooling of the deep thermocline. Furthermore, if
thermocline stratification in the subtropics was modulated by AMOC strength on
orbital time scales, the spectral signal of A(SST-Tcass) would be expected to peak in
the obliquity band (Lisiecki et al, 2008, Rutberg & Broccoli, 2019). Yet, A(SST-Terass)

68



Chapter 7 — Inter-gyre connectivity and northward heat transport during the MPT

variability is dominated by a peak in the precession frequency, without any obliquity
imprint (Figure 7.6). Thus, this finding suggests that AMOC strength was not the
primary driver of the temperature gradient in the subtropical North Atlantic during the
MPT.
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Figure 7.6. Power spectrum of A(SST-Trass) at Site Ul313 computed with the interpolated and detrended data
using the program REDFIT (Schulz and Mudelsee. 2002) implemented in the software PAST (version 3.18,
Hammer et al., 2001). The green line marks the 99% chi squared confidence limit.

7.5.4 The connection between the thermocline in central North Atlantic and

eastern Mediterranean

Here it is argued that the influence of the MOW on the deep-thermocline waters
at Site U1313 is primarily responsible for both the Tcrass warming during MIS 24-17
and the precession modulation of the A(SST-Terass) record. The MOW is a particularly
suitable candidate to explain the good agreement between thermocline warming and
increased northward heat transport to the SPG because it affects temperature and
salinity at the deep-thermocline and upper-intermediate levels of both the subtropical
and subpolar North Atlantic (Potter & Lozier, 2004), thus playing a crucial role in
determining upper-ocean stratification (Feucher et al., 2016; Chapter 5).

During the MPT, the occurrence of pronounced and widespread erosion within
the Gulf of Cadiz suggests that the outflow was particularly strong (Hernandez-Molina
et al. 2014). This is supported by the high abundance of epibenthic foraminifera,
directly associated with the presence of the MOW, between MIS 30 and MIS 18 (Site
U1391, 1085 m water depth; Guo et al., 2020). The presence of the MOW at
intermediate levels of the slope of the Gulf of Cadiz was mostly paced by obliquity for
the last 1.3 Ma, but developed a strong precession pacing between 0.7 and 0.9 Ma
(Guo et al., 2020). The precession pacing of the MOW during the Late Pleistocene is
derived from the relationship between Eastern Mediterranean aridity and the
convection of Levantine Intermediate Water (LIW; Rohling et al., 2015), the main
component of the modern outflow (Bryden and Stommel 1982, Parrilla et al.1986).
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Aridity in the East Mediterranean, in its turn, is driven by the strength of the African
Monsoon (Rohling et al. 2015). During phases of low precession and increased NH
insolation, the ITCZ migrates northward and strengthens the monsoon (Rohling et al.
2002). The strengthening leads to increased freshwater outflow by the River Nile and
consequent decreased surface salinity and buoyancy loss at the source region of LIW
(Rohling et al. 2015). Inversely, southward shifts of the ITCZ and weakening of the
African Monsoon leads to reduced continental freshwater runoff and, likely,
intensification of buoyancy loss in eastern Mediterranean (Bahr et al. 2015). During
the MPT, the eastern Mediterranean experienced diminished runoff from the River
Nile which, favored continuous LIW formation, as suggested by scarcity of sapropels
(i.e. organic matter-rich layers formed during periods of low bottom water ventilation
by LIW, citation) in Mediterranean sedimentary records (Konijnendijk et al. 2014).
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Figure 7.7. (4) Mg/Ca-based T at Site UI313 (original data shown as a light grey line and 3pt running
mean shown as a purple line).(B) Thermocline stratification (A(SST-T,rass)) at Site U313 (original data
shown as a light grey line and 3pt running mean shown as a brown line). Brown shading marks stratification
weaker (deeper thermocline) than the modern (9.5°C, Locarnini et al., 2019). (C) Mediterranean dust index
at Site 967 (IRM strength, Larrasoana et al., 2003). (D) Eccentricity (dashed line) and precession parameters
(solid line) as calculated by Laskar et al., 2004. Grey bars and numbers highlight cold marine isotope stages
according to the LR04 benthic §%0 stack (Lisiecki and Raymo, 2005).
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To indirectly assess LIW (thus, MOW) production during the MPT, A(SST-
Terass) was compared to an eastern Mediterranean aridity proxy (Figure 7.7). Isothermal
Remanent Magnetization (IRM) at ODP Site 967 indicates variations in hematite
concentration in the eastern Mediterranean, at the formation site of LIW. High
hematite concentrations (high IRM values) at this site are inferred to represent
enhanced Saharan dust supply(Larrasoafia et al. 2003). As dust input reflects wet and
arid cycles in the Sahara (Trauth et al. 2009) and annual moisture availability in this
region is related to intensity of the African Monsoon, increased IRM at this site
indicates a weakened North African monsoonal system, which allowed for increased
dust formation and transport to the eastern Mediterranean. Between MIS 25 and MIS
17, high dust deposition in the eastern Mediterranean Sea suggests the prevalence of
arid conditions during these stages (Larrasoafia et al. 2003; Konijnendijk et al. 2014).
The long-term covariations in both the aridity index and thermocline depth may also
suggest that the MOW is a long-standing modulator of subsurface heat and thermocline
depth along the subtropical North Atlantic (Figure 7.7). The most pronounced peaks
of IRM at Site 967 also correspond to decreased thermohaline stratification in central
North Atlantic (Figure 7.7). Pronounced aridity in eastern Mediterranean may have
predisposed convection of the LIW, which would have resulted in a shallower-settling
and a warmer and possibly stronger MOW (Cacho et al., 2000, Guo et al., 2020,
Rohling et al., 2015, Sierro et al., 2020). The entrainment and mixing between the
shallower and warmer MOW would preferentially warm the lower thermocline of the
subtropical North Atlantic, thereby decreasing the upper ocean stratification at Site
U1313 during MIS 24 to 17.

The shoaling of the MOW during this interval also coincides with a period of
flourishing cold-water coral reefs at the Irish Margin after a 600 kyr-long hiatus (Kano
et al., 2007). These corals depend on the high-energy pycnocline between the MOW
and the central waters for nutrient mobilization and larval dispersal, serving as
indicators of the presence of the northward branch of the MOW along the eastern
European margins (Wienberg et al., 2020). The enhanced MOW production between
MIS 25 and 17 is likely the result of progressively smaller amplitudes of the
precessional cycle associated with the transition towards the minimum of the ~2.4 Myr
eccentricity cycle from ~930 ka onwards (Fig. 7.5D). Low eccentricity reduced
precession amplitudes and weakened the African Monsoon, and thus favored
conditions ideally suited to sustain strong intermediate water formation (LIW) in the
eastern Mediterranean. This, in turn, would have kept the deep thermocline in the
subtropical North Atlantic relatively warm even during times of decreasing
atmospheric pCO> (Honisch et al., 2009) and global surface-water cooling
(McClymont et al., 2013). Increased subsurface heat advection to the SPG,
counteracting surface cooling, would have led to weaker thermocline stratification in
the central and northeastern North Atlantic, thus, creating a subsurface channel for
latitudinal heat transport via the deep thermocline.
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7.5.5 Implications: impact of the subsurface heat channel on ice-sheet growth
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Figure 7.8. Changes in (4) simulated changes in the annual mean positive degree days (units: day), (B) the annual
mean precipitation (units: mm/year), (C) sea-level pressure (SLP, shaded, units: Pa), and vertical integrated
moisture transport (vector, units: kg.m™ .s™!) in response to sea-surface warming in the northeastern North Atlantic
in the climate model (Figure 7.2).

Subsurface transport of warm waters to the eastern SPG has the potential to
impact the adjacent ice sheets. During glacial stages with intermediate-sized ice sheets,
warming of the eastern SPG could provide the moisture necessary for promoting ice-
sheet build up. To evaluate if the anomalously strong subsurface heat transport into
the high latitudes during the MPT could provide additional moisture and thus enhance
NH ice-sheet growth, two glacial simulations with an atmospheric global-circulation
model were conducted by Dr. Xu Zhang (Lanzhou University). The initial settings of
both control (A_CTL) and experiment (A_ WARM) simulations reflected intermediate
glacial conditions with global ice-sheet volumes consistent with pre-MIS 22
glaciations (~65 m sea level equivalent, Chapter 7.3.3 and Figure 7.2; Zhang et al.
2014). The experiment run was forced with a 2°C higher mean SST at NENA. This
2°C warming is the average SST difference at Site 982 between the glacial interval
with lowest net northward heat transport (MIS 26; ~11°C, Lawrence et al., 2010) and
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the glacial with maximum subsurface warming and maximum northward heat
transport (MIS 22; ~13°C). According to the model output, warming of the subpolar
North Atlantic by 2°C during intermediate glacial conditions boosts atmospheric
absolute humidity and stimulates a low-pressure anomaly across the NENA (Figure
7.8C). This, in turn, leads to enhanced moisture transport and a salient increase in
annual mean precipitation over the Eurasian Ice Sheets (Figure 7.8B) without evident
changes in ice-sheet surface melting (Figure 7.8A). Based on this precipitation
increase, the model output suggests that SST warming in the NENA would have led
to at least the equivalent of a 3 meter rise in sea level of additional ice-volume growth.
This is a conservative estimate because ice-sheet volumes were fixed in these
simulations.

The increased northward subsurface heat transport against the cold atmospheric
background associated with decreased glacial atmospheric pCO, (Honisch et al., 2009)
and intermediate-sized ice sheets ultimately provided a potent moisture source, as
evidenced by model results, and acted as an amplifier for NH ice-sheet growth over
the strongly eroded regolith (Clark et al., 2006; Clark and Pollard, 1998). The resultant
ice-sheet enlargement may have helped the cryosphere system to cross the critical
threshold that enabled the full establishment of the large Late Pleistocene ice sheets
after ~700 ka BP.

7.6 Conclusions

Vertical temperature gradients between the surface and the deep thermocline
in the mid-latitude North Atlantic may be used to assess the influence of MOW in the
upper water column and to develop a new precession-paced mechanism for the
subsurface transport of warm waters to the eastern SPG during the MPT. Strong
outflow from the Mediterranean Sea during the MPT deepened the thermocline in
subtropical North Atlantic and led to the return of the northward branch of the MOW
to the eastern SPG, connecting the gyres along density layers. Increased inter-gyre
connectivity allowed for the advection of warm waters to the NENA at a time of
presumably lower atmospheric temperatures, due to decreased glacial atmospheric
pCO> (Honisch et al., 2009) and global sea-surface cooling (McClymont et al., 2013).
During glacial stages with intermediate-sized ice-sheets, a warming of the eastern SPG
could have provided the moisture necessary to promote precipitation over the
downstream ice-sheets, particularly the European Ice Sheets. As the advection of
subtropical waters into the North Atlantic was essentially driven by orbital precession
via the MOW, the combination of both the intrinsic obliquity forcing of ice-sheet
feedbacks (Imbrie et al., 1993) and the precession-paced changes in North Atlantic
stratification might explain the average 100-kyr cyclicity that characterizes the post-
MPT world (Feng and Bailer-Jones, 2015).
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8 Modulation of North Atlantic upper ocean circulation
by the interplay between oceanic heat transport and

the cryosphere across the Mid-Pleistocene Transition

8.1 Introduction

Ocean circulation during glacial stages of the Late Pleistocene was drastically
different from modern ocean circulation and was characterized by the development of
a strong chemocline between the upper and lower northern sourced waters (NSW;
Oppo and Lehman, 1993). Contrasting ventilation conditions in the upper and lower
waters have been classically attributed to a shoaling of the North Atlantic’s overturning
cell (Gebbie, 2014) or enhanced formation of upper NSW relative to lower NSW
(Oppo and Lehman, 1993). Shoaled NSW are classically termed Glacial North Atlantic
Intermediate  Water (GNAIW) and has been characterized by low-nutrient
concentrations and high-8'3C (Boyle and Keigwin, 1987; Zahn et al., 1987; Oppo and
Lehman, 1993), similar to the modern NADW. The shoaling of NSW would have
resulted in a poorly ventilated ocean below ~2500 m water depth which then allowed
for the accumulation of “light” remineralized carbon on the sea floor of the North
Atlantic during glacial stages (Gebbie, 2014). Glacial §'3C minima occurred in the
deep North Atlantic during the MPT (in particular during MIS 24 and 22) and have
been associated with the abrupt drawdown of atmospheric carbon during this interval,
which facilitated the enlargement of polar ice caps and fostered the prolongation of
glacial stages of the Late Pleistocene (Chalk, 2019; Farmer 2019). Therefore, the
shoaling of the northern overturning cell (i.e., the formation of GNAIW) is considered
a critical aspect of the Late Pleistocene glacial stages and is linked to the evolution of
the Northern Hemisphere cryosphere through CO; feedbacks.

Despite its relevance, little is known about the characteristics and evolution of
upper NSW during glacial stages and the origins of GNAIW are still controversial
(Sarnthein et al., 1994). Suggested sources for GNAIW formation include subtropical
thermocline waters through rapid, open ocean circulation (Boyle and Keigwin, 1987),
subpolar northeastern Atlantic (Veum et al., 1992; Oppo and Lehman, 1993), and
Mediterranean Sea Outflow (Zahn et al., 1987), but a consensus has not yet been
reached. Here, the changing ocean circulation patterns associated with the dramatic
decrease in deep water ventilation during the MPT were assessed using planktic and
benthic stable isotope records from Site U1313 and subpolar North Atlantic. The
thermocline of the North Atlantic is the passageway which transports subtropical
waters upstream to undergo overturning and become components of NADW.
Additionally, since the dwelling level of G. crassaformis is the pycnocline (i.e., the
interface between upper and intermediate water masses), changes in the characteristic
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of upper NADW may have been recorded in the test of this foraminifera. In Chapter
8.3.1, the G. crassaformis 8'3C record of the deep-thermocline was compared to C,
wuellerstorfi §'3C from sediment cores in northeastern North Atlantic that tracked
upper and lower NSW during the MPT to assess how deep-thermocline waters may
have responded to or recorded glacial-interglacial variability. Controlled culture
investigations on the fractionation of carbon isotopes in G. crassaformis are few, but
suggest that the 8'3C of this species is not biased by species specific vital effects
(Ravelo & Fairbanks, 1995). To then reconstruct upper ocean circulation patterns
during the study interval, in Chapter 8.3.2, the 5'30 gradients between G. crassaformis
Site U1313 and C. wuellerstorfi from Site 982 (the benchmark location for monitoring
the GNAIW; Venz et al, 1999) were interpreted as density gradients. As
oceanographic flows are directed primarily along isopycnals, low density and §'30
gradients may indicate where isopycnals passing through the deep thermocline
outcropped and thus, the direction of flow during glacial and interglacial stages
between MIS 36 and 14. Together, carbon and oxygen isotopes from the deep
thermocline recorded upper ocean circulation patterns during the MPT and traced the
origins of GNAIW.

8.2 Results

The oxygen isotopic signature of G. crassaformis (8'8Ocrass, Figure 8.2A, purple)
varied between 3.6 and 1.6 %o, broadly in parallel with the C. wuellerstorfi benthic
8180 (8'8Ovibis) record from the same site (Figure 8.2A, pink). This epibenthic species
is believed to calcify its test in equilibrium with sea water oxygen (Bemis et al., 1998,
Marchitto et al., 2014, Zahn et a., 1986), thus for the purpose of this study 6'3Ovivis was
not corrected (as it was done for the updating the age model for Site U1313 in Chapter
4.3.3). Both 8'"®Ocrass and 8'8Ocipis display pronounced glacial-interglacial cyclicity,
with increased amplitude and glacial length from MIS 21 onwards. Interglacial
8'80¢rass after MIS 21 was consistent with the modern value of §"®QOcrass (1.88%0),
obtained from the uppermost samples available from Site U1313 (dated ca. 5 ka,
Chapter 6). The modern values of §'"®Ovcibis (2.74%o0) and 8'3Ceivis (0.95%0) were also
obtained from core-top samples from Site U1313 (Jakob, not published).

Stable carbon isotopes from the benthic foraminifera C. wuellerstorfi (8'3Ceivis,
Figure 8.1B, gray) show a glacial-interglacial pattern, with low values between 0 and
-0.6%0 during glacials and high values approaching those of modern NADW during
interglacials (~1%o, Schmittner et al., 2013) Stable carbon isotope values of G.
crassaformis (8'3Cerass, Figure 8.1B, orange) were stable relative to 8'3Ceibis and
averaged 1.04%o between MIS 36 and MIS 14, also similar to the modern 3'3C of
NADW {Schmittner:2013hq}. Throughout the record, sharp 8'3Ccrass decreases of up
to 0.6%o marked glacial to interglacial transitions in the oxygen isotope records.
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Figure 8.1. Stable isotope records from the deep thermocline and bottom water at Site Ul313 spanning the
interval between MIS 36 and MIS 14. Stars show modern values for the respective datasets and the error bars to
the left show one standard deviation (10). (4) 80 values from G. crassaformis (6" Oerss, purple, 3pt running
average) and N0 values from C. wuellerstorfi (05 O.iis, pink, 3pt running average, this study and Ferretti et
al., 2015). (B) 83C values from C. wuellerstorfi (6'3Ceipis, black, 3pt running average; this study and Ferretti et
al., 2015). Stars on the left indicate modern values for all records obtained either from core-top samples in the
case of C. wullerstorfi (Jakob, not published) or from the top most sample of the first section of Site UI313, in
the case of G. crassaformis (this study). Original data points are marked as circles for stable isotopes of G.
crassaformis. Cold Marine Isotope Stages (MIS) are indicated as light gray rectangles according to Lisiecki and
Raymo (2005).

8.3 Discussion

8.3.1 Was the deep-water ventilation in the North Atlantic controlled by deep

water formation in the Nordic Seas or around Antarctica?

To assess the relationship between deep thermocline records and GNAIW
813Cerass was compared to the 8'°C of the epibenthic foraminifera C. wuellerstorfi from
Site 982 (982- 8'*Ccw, 16°W, 58°N, 1145 m, Figure 8.3A; Raymo et al., 2004, Venz
et al., 1999), considered the benchmark site for the characterization of intermediate
waters in the subpolar North Atlantic. Site 982 is located eastwards of Site 984, at the
Rockall Bank, and bathed mainly by LSW with a secondary influence of the MOW’s
northward branch (Figure 8.2). The general matching values of 8'3Cerass and 982-
8!3Ccw support the assumption that deep thermocline waters were under the domain of
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upper NSW, thus records based on G. crassaformis could serve as a monitor of
GNAIW (Figure 8.3A).

Figure 8.2. Longitudinal section across the main loci of deep- and intermediate- mass formation in the SPG. Colors
show oxygen concentration, superposed by isotherms. Sites 984 and 982 are referred in the text and the main water
masses in this section are marked by their acronyms: LSW (Labrador Sea Water), MOW (Mediterranean Outflow
Water) and ISOW (Iceland-Scotland Overflow). Figure prepared using the software Ocean Data View with data
from the World Ocean Atlas 2018 (Locarnini et al., 2019).

The concept of glacial shoaling of NSW (i.e., GNAIW formation) arose due to
low deep-water ventilation in the Atlantic Ocean below approx. 2000 m water depth,
as indicated by the consistently low 8'3C of benthic foraminifera in the Atlantic Ocean
during glacial stages (8'*Ocipis, Figure 8.3B; Raymo, 1997). Progressive depletion in
benthic 8'*C during glacial stages have been classically interpreted as northward
excursions of southern-sourced waters (SSW) either as a compensatory mechanism
due to due to sluggish formation of lower NSW (i.e., NSOW) or increased deep-water
formation around Antarctica. However, the increased contribution of deep-water
formation in the Nordic Seas or in the Southern Ocean to deep ocean ventilation (and
the shoaling of NSW to form GNAIW) have been questioned based on two lines of
evidence.

A compilation of vertical 8'*C profiles from deep cores located at the
northeastern North Atlantic (NENA) showed that during the MPT and at least until
MIS 16, the relative volumetric importance of water originating in the Nordic Seas
versus the Labrador Sea did not change significantly from glacial to interglacial stages.
The carbon and oxygen isotopic composition of NSOW was stable across glacial-
interglacial intervals and formed a plume of low 8'3C (~0.2%o) and relatively high §'30
water at NENA centered at ~1500 m water depth and extending downwards to at least
~2500m (Raymo et al., 2004). The persistent low 8°C of NSOW during the early-
mid- Pleistocene led to the interpretation that the Nordic Seas were mostly covered by
sea ice, which is supported by the lack of carbonate preservation within the basin
between 2.8 and 0.5 Ma (Kellogg, 1980; Baumann & Huber, 1999). Perennial sea-ice
cover would have suppressed surface water productivity, convection and deep-water
ventilation, leading to the accumulation of low-8'*C and preformed nutrient-rich
waters in this basin. Episodic inflow of warm Atlantic waters may have contributed to
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further decreasing NSOW’s 3!°C by leading to gas hydrate instability and local
methane seeping under glacial lower sea-level conditions (Millo et al., 2005). Thus,
the Nordic Seas was an endogenous source of low-8'3C waters to the North Atlantic
during glacial stages (Bauch et al., 2001; Raymo et al., 2004). The low §'3C signature
from the Nordic Seas has been detected on samples from Site 984 (61°N, 24°W, 1650
m water depth), nowadays located along the pathway of ISOW. This water mass is a
significant component of NEADW and low-8'3C values from Site 984 correspond to
the glacial 8!3Ceipis at Site U1313 between MIS 36 to 25 and the end of MIS 16 (Figure
8.3B), suggesting that Site U1313 was already bathed by the glacial equivalent of
ISOW during glacials before the MIS 25. Nevertheless, as 8'°C of Site 984, was
equally low during glacials and interglacials, the role of ISOW in ventilating the deep
North Atlantic before MIS 25, must have been secondary to another source of well-
ventilated deep waters. As NSOW (mainly ISOW) is considered the main component
of lower NSW at present (Chapter 2.1.3), their passive role to deep waters ventilation
before the MPT was surprising (Raymo et al., 2004).

It has also been suggested that the decrease in deep ocean ventilation in the North
Atlantic may be related to increased deep-water formation around Antarctica (Raymo
et al., 2004, Pena & Goldstein, 2014), particularly during the MPT. Southern-sourced
Waters are denser than NSW and are thus capable of displacing the entire water
column upward. Increased formation of deep SSW relative to NSW was inferred as a
mechanism for the glacial shoaling of NSW based on the relatively radiogenic eéNd of
sediments in the Southern Ocean during the “900-kyr event” (MIS 24 to 22; Pena and
Goldstein, 2014). However, this model conflicts with the new evidence regarding the
effects of extensive ice-sheet cover over the eNd-end member of NSW during glacial
stages (see Chapter 6; Zhao et al., 2019). Specifically, the relatively radiogenic NSW
signal found at southern sites during glacial stages after MIS 24 (and interglacial MIS
23) could also be argued to be a consequence of ice-sheet enlargement in the northern
hemisphere and decreased contribution of unradiogenic weathering sediments to NSW
during glacial stages after MIS 24 (Tachikawa et al., 2021). Tachikawa et al. (2021)
produced a eNd record from 3400 m water depth in the eastern North Atlantic, which
showed that during MIS 24 and 22 ¢Nd-signature of deep waters were still reflective
of NSW, albeit with a more radiogenic endmember (~-10.5), similar to LGM values
(Chapter 6; Poppelmeier et al., 2020, Zhao et al., 2019). Based also on model results,
Tachikawa et al. (2021) suggested that the low glacial 3'3C and radiogenic eNd of
Atlantic waters below 2000 m water depth in the North Atlantic is consistent with the
combination of a weak overturning circulation in the Atlantic, and increased ice-sheet
cover of the European and North American landmasses during mid-MPT glacial
stages. Consequently, deep-water ventilation in the North Atlantic during the MPT
was likely a result of interactions between the cryosphere and deep-water formation in
the North Atlantic but outside of the Nordic Seas. Thus, the appearance of GNAIW
during glacial stages after MIS 25 was more likely dependent on overturning
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variability at other sites of deep-water mass formation, such as the Iceland and
Irminger basins.
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Figure 8.3. (4) 8°C values from C. wuellerstorfi at Site U1313 (6" Ceis, black, 3pt running average; this study
and Ferretti et al., 2015) and at Site 984 (984-6'3Cc, pink, 3pt running average, Raymo et al., 2004). (B) 5°C
values from G. crassaformis from Site U1313 (08 Crass, orange, 3pt running average; this study) and at Site 952
(982-6'3Ccy, pink, 3pt running average, Raymo et al., 2004). Cold Marine Isotope Stages (MIS) are indicated as
light gray rectangles according to Lisiecki and Raymo (2005).

8.3.2 Assessing the variability in upper NSW based on isopycnal connectivity
with the deep thermocline of Site U1313

Oceanographic flows are directed primarily along isopycnals and their
outcropping location indicate the geographical location where subsurface waters
exchange properties with the atmosphere and therefore density records can be used to
infer circulatory pathways in the upper ocean. To establish the baseline upper ocean
circulation during glacial and interglacial stages during the MPT, 8'%0 of G.
crassaformis was first compared to the upper ocean §'30 signature of the northeastern
North Atlantic (Figure 8.4). The 3'%0 of surface waters above Site 982 is available
until 1 Ma from a record based on Globorotalia bulloides (8§'%O¢s, 16°N, 58°W, 1145
m water depth; Venz et al., 1999). This species has been shown to calcify in in
equilibrium with the oxygen composition of the upper 200 m of the water column in a
monitoring study done with samples collected from the northern North Atlantic
(Irminger Sea; Jonkers et al., 2013). The deep thermocline of Site U1313 is currently
occupied by North Atlantic central waters entrained by the MOW (Chapter 5) and
intercepts density layers that occupy similar depths (approx. 800 m) in the northeastern
North Atlantic. There, these density layers bend steeply upwards in response to
convection driven by oceanic heat loss (Ferrari et al., 2014) and enter the Nordic Seas.
Thus, a modern-like upper ocean circulation pattern should imply a relatively warm
deep thermocline in the mid-latitudes and low 3'%0 gradients between G. crassaformis
and upper ocean dwelling foraminifera of above Site 982. This scenario occurred
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during MIS 25 (Figure 8.5). During all other warm phases (until 1 Ma), matching
8806, and 8'80crass and high Terass suggest that waters from the deep thermocline of
the central North Atlantic upwelled in the NENA (interglacials MIS 15, 17, 19 and 21
and during a warm interval of MIS 18, Figure 8.5).
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Figure 8.5. (Left panel) Temperature distribution at the density level oy=27.45, that intersects Site U1313 at 800
m water depth, and location of sites discussed within the text. (Right panel) Salinity and density distribution along
the section A-B, shown in the left panel. Longitude of sites U1305, Ul1313, 982 and 980/981 are marked above
the panel. Blue diamond marks the dwelling depth of N. pachyderma (upper 200 m, Jonkers et al., 2013). Yellow
circles mark the dwelling depth of G. crassaformis above Site U1313 (~800 m water depth, Cléroux et al. 2013)
and the corresponding depth of the record based on C. wuellerstorfi ( 3426 m water depth, Expedition 306
Scientists, 2006). Red diamonds mark the depth correspondent to the records from Site 982, based on G. bulloides
(upper 200 m; Jonkers et al., 2013) and C. wuellerstorfi (1145 m water depth, Jansen et al., 1996). Dark blue
diamond marks the depth of sites 980 and 981, records based on C. wuellerstorfi of these sites were spliced to
generate the record referred as of Site 980/981 (2171 m water depth, Jansen et al.. 1996, Raymo et al., 2004).
Black numbers marked close to diamonds and circles refer to the youngest 5'0 values available from each
record (Hillaire-Marcel et al., 2011, Jakob, not published, this study, Raymo et al., 2004, Venz et al., 1999).
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Figure 8.5. (A) Stable oxygen isotope ratios from G. crassaformis at Site Ul1313 (purple, 3pt running average) and
G. bulloides at Site 982 (red, Venz et al., 1999). (B) Mg/Ca-based subsurface temperatures from G. crassaformis at
Site U1313 (Terass, black, 3pt running average) and alkenone-based summer SSTs at Site 982 (orange, Lawrence et
al., 2010). Purple dashed line marks the modern subsurface temperature at the deep thermocline of Site U1313 (8.1 C,
Locarnini et al., 2019). Light gray bars denote cold Marine Isotopic Stages (Lisiecki and Raymo, 2005).
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The second half of MIS 22 was exceptional, with lower §'®Ocrass than §'*Ogp
indicating that surface waters at Site 982 occupied denser isopycnals than the ones
intercepting the dwelling depth of G. crassaformis in the mid latitudes. As this
occurred while SSTs at the northern site were warm and thermocline at Site U1313
was deep (Chapter 7), the 0.64%o difference between the two records between 884 ka
and 870 ka indicates that the surface of Site 982 was occupied by relatively saline
waters that were transported northwards via density layers located below the dwelling
depth of G. crassaformis. Together, the comparisons between the SST, Terass and 830
records from sites 982 and U1313 corroborate the scenario delineated by Kaiser et al.
(2019) and discussed in Chapter 7 for the second half of MIS 22. Given that it was a
glacial stage, the second half of MIS 22 was marked by an anomalous northward
advection of subtropical waters to NENA, via deep density layers and due to the
outpour of MOW from the Gulf of Cadiz (Chapter 7).

Interestingly, after MIS 25 high gradients between 8'®Ocrass and 8'¥0gp occurred
during periods in which the deep thermocline was markedly cold (early MIS 22, MIS
20, early and late MIS 18, and MIS 16), indicating that density layers intercepting the
deep thermocline contained denser (colder and/or saltier) waters than the surface layer
above Site 982. During these intervals, density layers crossing the deep thermocline at
Site U1313 would have either outcropped northwards of Site 982 (e.g. in the Nordic
Seas) or were influenced by waters that interacted with the atmosphere near the
Labrador Sea. To trace changes in the geographical source of water masses occupying
the central North Atlantic, 8'80crass (Site U1313) was then compared to 8'30 of the
upper thermocline dweller Neogloboquadrina pachyderma from Site U1305 (3'30np,
58.5°N, 48.5°W, {HillaireMarcel:2011cb}), located southeastwards of Greenland
within the downwelling zone of LSW. The lack of species-specific offsets of this
species in regard to its oxygen isotope signature was validated by Jonkers et al. (2013)
using samples collected close to the location of Site U1305.

Matching 8'®Ocrass and 8'80np occurred episodically throughout the studied
interval, but most often coincided with cold Terass after MIS 23 (Figure 8.6; early MIS
22, MIS 20, late MIS 18, early MIS 16 and mid MIS 15). Matching 8'80crass, '8 Onp
and low Terass 1s a robust indicator that intermediate waters that occupied the deep
thermocline during those post-MIS 23 glacial stages were very similar to the modern
LSW. Periods of matching 8'80crass, 6'%0Onp and warm Terass occurred only during
interglacials after MIS 30. The prolonged phase of overlap between 8'®Ocrass and
8!80np during MIS 31, 32 and 34, when deep-thermocline waters were warm, indicates
that surface waters in northwestern North Atlantic were also warm during those
intervals even though MIS 32 and 34 were glacial stages. As the northward branch of
the MOW did not extend northwards before ca. 1 Ma (Kano et al., 2007) and the
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northern ice sheets were still intermediate in size, it is possible that the warm surface
in northwestern North Atlantic was the status quo before the MPT.
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Figure 8.6. (4) Stable oxygen isotope ratios from G. crassaformis at Site U1313 (purple, 3pt running average), N.
pachyderma from Site 1305 (dark blue dotsHillaire-Marcel, 2011) and C. wuellerstorfi from Site 982 (blue, 3pt
running mean, Venz et al., 1999, Raymo et al., 2004). (B) Mg/Ca-based subsurface temperatures firom G.
crassaformis at Site U1313 (Terass, green, 3pt running average). Blue dashed line marks modern temperature of
LSW (3.5 C, Talley and McCartney, 1982). Blue bars mark periods of low T,rass (panel B) and coincident 0180 1ass,
982-6"8Ocinis and U1305- 5'8Opacny (panel A). Light gray bars denote cold Marine Isotopic Stages (Lisiecki and
Raymo, 2005).

The significance of the interplay between of subpolar and subtropical waters for
the characterization of GNAIW is clarified by analyzing the oxygen composition of N.
pachyderma and G. crassaformis in comparison with the 3'%0 of the epibenthic
foraminifera C. wuellerstorfi from Site 982 (Figure 8.6, 8'%0cw; Venz, 1999, Raymo,
2004). At 1145 m water depth, C. wuellerstorfi from Site 982 were permanently bathed
by upper NSW/GNAIW (Venz et al., 1999). The comparison between '30.y at Site
982 and 8'®0np of Site U1305 (a planktic and a benthic) is justified based on the current
hydrography of LSW and density distribution in the northern North Atlantic (Figure
8.4). In its modern state, the role of overturning (i.e., sea-water densification) to the
formation of LSW is secondary to Eulerian downwelling (e.g., Georgiou et al., 2019,
Lozier et al., 2019). The formation of deep waters that sink westward of Greenland to
form LSW take place upstream, in the Irminger Sea and Iceland Basin. Densified
waters (i.e., deep waters) then flow westward and sink into the water column
maintaining their density characteristics, that afterward change only via mixing. Thus,
in settings similar to the modern, the density of waters at the surface of Site U1305 is
quasi-conservative and stable until LSW is not mixed with other water masses, which
occurs eastwards by entrainment of ISOW and northern MOW and southwards upon
the encounter with MOW’s westward branch (Chapters 2 and 5, Talley et al., 2011).
After sinking LSW occupies between 1000 m and 2000 m in the SPG and is the
dominant water mass bathing the sea floor over Site 982 (Figure 8.7). Thus, matching
values of 3% 0.y and 3'®0x; indicate that Site 982 was occupied by LSW-like waters,
originated in northwestward North Atlantic.
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Figure 8.7. Salinity and density distribution along a latitudinal transect connecting the Gulf of Cadiz and the Nordic
Seas. Location and depth of records discussed in the text are marked as symbols.

Based the above description, the comparison of 6'*0 records shows that ocean
circulation in the SPG during MIS 34, 32 and 31 was indeed markedly different from
modern ocean circulation. §'%0 at the surface of Site U1305 coincided with 8"®Ocrass,
showing that deep-thermocline waters above Site U1313 interacted with the
atmosphere in the northwestern North Atlantic. As both §'80crass and 830Ny were up
to 1.3%o lower than 8'®O.y, it’s robust to interpret that during these stages, the loci of
deep-water formation were distributed differently in the SPG (e.g., overturning may
have taken in the Labrador Seas). Unfortunately, lack of data from the surface of the
NENA, prevents further conclusions. Commencing with MIS 30, matching 3'80xp and
8'80cy indicate that the Labrador Sea became a locus of intermediate mass
downwelling and continued to be so during most of the studied time interval, without
distinction between glacials or interglacials. Furthermore, matching 8'8Ocrass and
8!80.w (and cold Terass) show that especially after the MPT (MIS 22, MIS 20, early and
late MIS 18 and MIS 16) GNAIW reached deep-thermocline waters at mid-latitudes
episodically during glacial stages. It had similar temperature and origin as the modern
LSW and was also subjected to heat transport from the MOW (e.g., mid-MIS 16,
Figure 8.8). During interglacial stages the deep thermocline records show that LSW
was mixed with MOW, forming upper NADW.

The fact that the Labrador Sea became a locus of intermediate mass downwelling
and continued to be so without distinction between glacials or interglacials from MIS
30 onwards (i.e., matching §'80.w at Site 982 and §'0ny, of Site U1305, Figure 8.6)
suggests the that deep-ocean ventilation was also not dependent on downwelling in
northwestern North Atlantic. Rather, the data suggests that upper-ocean circulation
and deep-ocean ventilation are dependent on the strength of the meridional flux of
subtropical waters to northeastern North Atlantic. The variability pattern of 8'*Ceipis at
Site U1313 is the most similar to that of deep-thermocline temperatures at the same
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site (Terass, Figure 8.8). Both records were generated from the same samples, so there’s
no chronostratigraphic uncertainty between them. The rise in deep-thermocline
temperatures at the end of glacial stages preceded the rise in benthic 3'°C at the same
site between MIS 25 and 18, indicating that increased northward heat transport
preceded the rise in deep-water ventilation. This observation is coherent with the
suggestion that overturning is mainly responsive to upper ocean property changes
instead of their driver (Lozier et al., 2010). By extension, as upper ocean properties in
northeastern North Atlantic reflect the shoaling and extension of the northward MOW
branch to the Rockall Trough (Chapter 5), the arrival of subtropical waters to that
region may be intrinsically connected to deep-water mass formation in the North
Atlantic.
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Figure 8.8. Mg/Ca-based subsurface temperatures from G. crassaformis at Site U1313 (green, 3pt running
average) and stable carbon isotope ratios of C. wuellerstorfi.from Site Ul1313 (black, 3pt running average).
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9 Conclusions and outlook

In the framework of this thesis, materials from deep-sea sediment cores of IODP
Site U1313 were investigated. New proxy records of stable isotopes (8'%0 and 5'°C)
and Mg/Ca ratios were generated from planktic and benthic foraminiferal tests from
the time intervals 5-30 ka (Last Glacial Maximum, LGM, and Termination I, TI) and
540-1200 ka (Mid-Pleistocene Transition). This final chapter summarizes research
results and discussions of Chapters 6 to 8 and explores the main conclusions of the
research presented in this thesis. In the outlook, implications of this work are discussed
in a societal context and future work to refine scientific understanding on the topics
here discussed are suggested.

9.1 Conclusion

The first question addressed in this thesis concerned the dynamics of northward
heat transport in the North Atlantic during the last glacial maximum and deglaciation
and its relationship with the demise of northern hemispheric ice sheets (Chapter 6).
Northward heat transport between 5 and 30 ka was assessed using stable isotopes and
Mg/Ca ratios to estimate temperature and salinity at the ocean’s subsurface in between
the subtropical and subpolar gyres. These were then compiled with all other available
records from the same core site, which included the proportion of terrigenous
carbonate, an indicator of the deposition of ice-rafted debris transported by icebergs.
The lack of chronostratigraphic uncertainties between records of Site U1313 allowed
the recognition that subsurface warming preceded peak IRD deposition at Site U1313
during Heinrich Events 1 and 2, and therefore likely contributed to ice-sheet
destabilization of the European and Laurentide ice sheets during Termination I.
Subsurface temperatures at Site U1313 between 17.5-15 ka (i.e., the second phase of
HEL, here termed “HE1.11"") were as high as sea-surface temperatures and suggest that
the center of deep-water convection in the North Atlantic moved southwards to the
mid latitudes. Synchronous warming at the deep thermocline of Site U1313 and in
northeastern North Atlantic show that HE1 coincided and may have been triggered by
the resumption of northwards heat advection via the subsurface, of which the surface
expression is referred to as the North Atlantic Current. The accumulation of heat and
salt at deep-thermocline levels between both gyres during the late HE1 (HE1.II)
happened synchronously to the deepening of the North Atlantic overturning cell.
However, the convected deep waters had a lower than modern §'3*Cpic (~0.5 %o), which
may have prevented its identification as NADW thus far and led to the previous
attribution to southern-sourced waters.

Therefore, the data produced within the context of Chapter 6 suggest that
subsurface heat transport was intrinsically connected with the demise of northern
hemisphere ice sheets during the end of the last glacial stage. The initial destabilization
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of the European Ice Sheets began at 25 ka (Toucanne et al., 2015), 1.4 kyrs after a rise
in subsurface temperatures and when northern summer insolation was close to its
minimum. The destabilization of EIS, adjacent to the main sites of deep-water
convection, may have hampered northward heat transport between 25 and 18 ka but
also supplied freshwater to the North Atlantic, which decreased the density of upper
ocean waters. After a major pulse of freshwaters to the ocean during early HEI (i.e.,
“HE1.I”), meltwaters possibly entered in the Mediterranean Sea (Sierro et al., 2020),
which would have decreased the density of the MOW and the Mediterranean-Atlantic
density gradient. A lower density gradient across the Gulf of Cadiz would have caused
the plume of warm and salty MOW to shoal, reconnecting the subtropical and subpolar
gyres via density layers at the subsurface and intensifying the northward transport of
heat. Nevertheless, heat release by the ocean in the subpolar gyre would have been
hampered by the combined effects of the meltwater flux to the surface of the subpolar
gyre and the northward advance of density-compensated subtropical waters (Haskins
et al. 2020). The superposition of these two effects would have maintained the
stratification in the Subpolar Gyre and favored the prolonged accumulation of heat at
subsurface levels of the North Atlantic and Nordic Seas during HE1.II (Ezat et al.,
2014, Marcott et al., 2011, Poggemann et al., 2019, Thiagarajan et al., 2014). The
stratification in the subpolar gyre would have weakened subpolar overturning during
HEL1.11, but deep-water formation may have taken place by convection at mid latitudes
and by the mixing of subtropical and subpolar waters at the subsurface. Deep-water
formation via mixing is indeed the most likely explanation for the resumption of deep-
water ventilation in the North Atlantic at 17.5 ka (onset of HE1.II). This may have had
significant global impacts by driving deep upwelling in the Southern Ocean and
flushing the CO» that was previously stored throughout the deep Atlantic and Southern
oceans (Ziegler et al., 2013), in agreement with the deglacial rise in atmospheric CO2
that has also been dated at 17.5 ka using Antarctic ice cores (Buizert et al., 2014,
Marcott et al., 2014, Kohler et al., 2016).

The second question addressed in this thesis concerned potential changes in
ocean circulation during the Mid-Pleistocene Transition and its relationship between
the variability in northward heat transport to the glacial-interglacial cyclicity shift that
occurred during this interval (Chapters 7 and 8). Northward heat transport between
540 and 1200 ka was assessed using Mg/Ca ratios of deep-dwelling foraminifera to
estimate temperature at the ocean’s subsurface (Chapter 7). Combined records of
subsurface temperatures and stable isotopes were then used to infer the density
connectivity and circulatory pathways between the subtropical and subpolar gyres
(Chapter 8).

In Chapter 7, the comparison between subsurface temperatures with sea-surface
temperatures produced from Site U1313 led to the conclusion that vertical temperature
gradients in the upper North Atlantic Ocean at mid-latitudes may be used to assess the
lateral heat advection from the Mediterranean Sea. Between Marine Isotope Stages 25
and 17 (936676 ka), strong and sustained mixing of MOW into North Atlantic central
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waters kept the deep thermocline in the subtropical North Atlantic relatively warm
even during times of decreasing atmospheric pCO> (Honisch et al., 2009) and global
sea-surface cooling (McClymont et al., 2013). Minimum upper-ocean stratification
(i.e., temperature gradients at Site U1313) occurred during MIS 24 and MIS 22, crucial
stages of ice-sheet build up during the MPT (Ford and Raymo, 2019). Thus, it has been
inferred that increased mixing of warm Mediterranean waters into the central waters
of the North Atlantic deepened the permanent thermocline, thereby increasing
northward heat advection into the SPG during the MPT. Glacial simulations in an
atmospheric global circulation model indicate that strong subsurface heat transport
into the high latitudes during the MPT may have contributed to ice-sheet growth in the
northern hemisphere. In the model experiment, warmer SSTs in the eastern North
Atlantic against a cold atmospheric background and intermediate glacial conditions
(consistent with pre-MIS 22 glaciations) boosted atmospheric absolute humidity and
stimulated a low-pressure anomaly across northeastern North Atlantic (Catunda et al.,
2021). This in turn lead to enhanced moisture transport and a prominent increase in
annual mean precipitation over the European Ice Sheets. The resultant ice-sheet
enlargement may have accelerated erosion of the regolith and boosted the cryosphere
system across the critical threshold that enabled the full establishment of the Late
Pleistocene ice sheets after ~0.70 Ma. As the advection of subtropical waters into the
North Atlantic was essentially driven by orbital precession via the MOW, the
combination of the intrinsic obliquity forcing of northward heat transport via
latitudinal insolation gradients (Maslin and Brierley, 2015) and the MOW-led
precession-paced changes in North Atlantic stratification may have contributed to
glacial-interglacial cyclicity shift of the post-MPT world (Feng and Bailer-Jones,
2015).

In Chapter 8, stable oxygen and carbon isotope data were used to reconstruct
ocean circulation at intermediate levels of the North Atlantic during the MPT. These
showed that /oci of deep-water formation and dynamics of the northern-formed water
masses were radically different during MIS 34-31 relative to the rest of the studied
interval (MIS 30-14). Waters sinking in the Labrador Sea occupied intermediate levels
of the northeastern North Atlantic commencing from MIS 30. The upward and
southward shift of cold intermediate waters became a typical feature of thermocline
records during glacial stages after MIS 23, possibly due to the enlargement of northern
ice sheets between MIS 24 and 22. Larger northern ice sheets would have strengthened
the northern westerly winds and favored the shoaling and southward shift of the cold
waters from the Labrador Sea to the deep thermocline at mid-latitudes. During glacials
after MIS 22, intervals of low bottom water ventilation coincided with the surfacing
of Labrador Sea-like waters to the deep-thermocline, meaning that waters referred to
as Glacial North Atlantic Intermediate Waters had similar temperature (3.5°C) and
subducting location as modern LSW. During interglacial stages and phases in which
the deep thermocline was relatively warm, LSW interacted with MOW forming upper
NADW, analogously to the modern circulation patterns of intermediate levels of the
North Atlantic
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All datasets within this thesis provide support to the predominant role of density
connectivity between the subtropical and subpolar gyres in driving heat transport
northwards. The interplay between heat transport and freshwater fluxes from ice sheets
would then modulate deep-water formation at high latitudes of the North Atlantic. This
represents a reversal of the concept that northward heat transport is driven by
overturning and testifies to the importance developing oceanic models that can resolve
the effects of narrow outflows (e.g., MOW and ISOW) to large-scale ocean dynamics
across time.

9.2 Outlook — The oceanic mechanisms propelling glacial-
interglacial cyclicity -Potential implications and future

perspectives

For decades, northward heat transport in the North Atlantic has been considered
to be driven by overturning at high latitudes. However, if this was the case deep
thermocline waters should have been the coldest during periods of reported weakening
of the AMOC. Rather, during crucial climate transitions when freshwater from melting
ice sheets stratified the upper ocean, the deep subtropical thermocline was
unexpectedly warm. Similar inconsistencies have been found also on short timescales,
for which continuous monitoring data of the AMOC is available (Lozier et al., 2010).
These authors analyzed continuous ocean monitoring data and were puzzled by
warming (cooling) of the subtropical thermocline during phases of weak (strong)
overturning in the subpolar gyre. The data shown in this thesis are consistent with
modern observations and model studies, which point out that northward heat transport
is not driven by subpolar overturning (Levang & Schmitt, 2020).

A potential solution to understand the driving forces of northward heat transport
is to consider that property transport across isopycnals is secondary to transport along
density layers (Kuhlbrodt et al., 2007). In this case, as the MOW is a subsurface source
of heat (Chapter 5), vertical shifts on its settling depth may modulate the temperature
gradients along isopycnals outcropping in the northern North Atlantic. This
mechanism requires numerical confirmation, which may be done by varying the
settling depth of the MOW in an eddy permitting ocean model with fixed atmospheric
conditions and tracking temperature variability in the surface and subsurface of the
subpolar gyre. If true, shoaling (deepening) of the MOW would connect the surface of
the SPG to warmer (colder) density layers within the STG, strengthening (weakening)
the northward heat transport and warming (cooling) the subpolar gyre. This process
may then impact overturning, because deep-water formation is primarily driven by
oceanic heat loss. Thus, more (less) heat loss in the SPG would result in higher (lower)
rates of overturning and stronger (weaker) circulation in the deep ocean. Coupled
ocean and ice-sheet models may also be used to test the influence of additional heat
and moisture supply on ice-sheet sizes for different boundary conditions, particularly
those expected in the near future.
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Redefining feedbacks between northward heat transport and deep-water
formation has far-reaching implications for our understanding of the mechanisms
driving oceanic storage and release of CO; during climate transitions. For example,
the generation of subsurface, sea-surface temperature and stable isotope records
without chronostratigraphic uncertainties (from the same samples) from sites close to
the southern subtropical front could be used to verify leads and lags between different
processes related to the degassing of CO from the ocean (e.g., subsurface warming,
strength of upwelling in the Southern Ocean). Together with IRD counts and the
determination of €Nd from sea-bottom sediments, the variability between records can
be used to test if the strengthening of NSW’s &Nd signal in the Southern Ocean
coincided with subsurface warming and preceded CO; release to the atmosphere
during deglaciations.
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Data Appendix

Table Al. Tie points between LR04 and Site U1313 on the amecd depth scale.

Depth (amcd) Age (ka)
27.72 562.3
28.58 580.8
29.66 602.8
30.63 621.1
34.87 713.5
36.52 743.7
37.32 758.3
38.44 790.1
39.10 805.9
40.07 825.7
41.63 866.8
42.94 900.1
43.83 917.5
46.22 968.0
47.27 991.4
48.49 1014.2
49.21 1032.2
50.75 1064.9
51.69 1086.1
52.90 1116.0
54.07 1138.3
56.11 1189.7

Table A2. All other data produced within the framework of this thesis (next page)
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NATURWISSENSCHAFTLICH-MATHEMATISCHE RUPRECHT-RARLS-

. UNIVERSITAT
GESAMTFAKULTAT HEIDELBERG
COMBINED FACULTY OF NATURAL SCIENCES AND
MATHEMATICS

Eidesstattliche Versicherung gemaR § 8 der Promotionsordnung fur die
Naturwissenschaftlich-Mathematische Gesamtfakultat der Universitat Heidelberg /
Sworn Affidavit according to § 8 of the doctoral degree regulations of the Combined
Faculty of Natural Sciences and Mathematics

1. Bei der eingereichten Dissertation zu dem Thema / The thesis | have submitted entitled

handelt es sich um meine eigenstandig erbrachte Leistung / is my own work.

2. Ich habe nur die angegebenen Quellen und Hilfsmittel benutzt und mich keiner unzuléassigen Hilfe
Dritter bedient. Insbesondere habe ich wértlich oder sinngemaf aus anderen Werken Gibernommene
Inhalte als solche kenntlich gemacht. / | have only used the sources indicated and have not made
unauthorised use of services of a third party. Where the work of others has been quoted or
reproduced, the source is always given.

3. Die Arbeit oder Teile davon habe ich wie folgt/bislang nicht" an einer Hochschule des In- oder
Auslands als Bestandteil einer Prifungs- oder Qualifikationsleistung vorgelegt. / | have not yet/have
already” presented this thesis or parts thereof to a university as part of an examination or degree.

Titel der Arbeit / Title Of the thesis: ..o e
Hochschule und Jahr / University and Year: ... ....oieiiiii e
Art der Prifungs- oder Qualifikationsleistung / Type of examination or degree: .........ccccoevviviiiiennnnnn.

4. Die Richtigkeit der vorstehenden Erklarungen bestatige ich. / | confirm that the declarations made
above are correct.

5. Die Bedeutung der eidesstattlichen Versicherung und die strafrechtlichen Folgen einer unrichtigen oder
unvollstandigen eidesstattlichen Versicherung sind mir bekannt. / | am aware of the importance of
a sworn affidavit and the criminal prosecution in case of a false or incomplete affidavit.

Ich versichere an Eides statt, dass ich nach bestem Wissen die reine Wahrheit erklart und nichts
verschwiegen habe. / | affirm that the above is the absolute truth to the best of my knowledge and that
| have not concealed anything.

Ort und Datum / Place and date Unterschrift / Signature

) Nicht Zutreffendes streichen. Bei Bejahung sind anzugeben: der Titel der andernorts vorgelegten Arbeit, die
Hochschule, das Jahr der Vorlage und die Art der Prifungs- oder Qualifikationsleistung. / Please cross out what is
not applicable. If applicable, please provide: the title of the thesis that was presented elsewhere, the name of the
university, the year of presentation and the type of examination or degree.

The German text is legally binding.



