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Abstract

Abstract

The last interglacial, MIS (Marine Isotope Stage) 5e, lasting from about ~129 to 116 ka,
holds important implications for the projected global warming, as this geological interval
is believed to have been significantly warmer-than-preindustrial with smaller ice sheets
and a sea level that was higher than today. Existing paleoceanographic reconstructions,
however, often provide only a general picture of this critical time period, either assuming
that the last interglacial peak was globally synchronous or presenting averaged
characteristics over the MIS 5e interval. This thesis refines the current understanding of
the last interglacial paleoceanography in the subarctic and subtropical North Atlantic,
thereby disentangling forcing mechanisms for temporal changes in the circulation and
providing new insights into ice-sheets dynamics, sea level history and cross-latitudinal
climatic teleconnections. For this purpose, a multi-proxy dataset comprising stable
isotope compositions, foraminiferal assemblages and lithic as well as X-ray fluorescence
data was produced using marine sediments from the Nordic Seas and the Bahama region.
The investigated core records span the entire last interglacial cycle, including MIS 5Se, the
penultimate (Saalian) deglaciation and the glacial inception after the peak interglacial
conditions.

Several lines of evidence from the Nordic Seas (stable carbon and oxygen isotopes,
foraminiferal assemblage data and ice-rafted debris) suggest a strong post-Saalian sea
surface freshening that persisted in the region until mid-MIS 5e (~125 ka). In particular,
new sediment data from the western Nordic Seas and the eastern Fram Strait reveal
continuous deglaciation of the Greenland and Svalbard-Barents Sea Ice Sheets during
early MIS Se. As a result, influence of the Atlantic Water (AW) at the sea surface was
reduced during the early phase of MIS 5Se, accounting for a weak regional climatic
optimum, which developed late within the interglacial when the insolation was already
low. Although influence of the AW at the sea surface during the Saalian deglaciation
(including early MIS 5e) was notably decreased, its inflow into the Nordic Seas never
completely stopped. A thorough inspection of the data (e.g., foraminiferal occurrences)
suggests that AW did penetrate polewards during the Saalian deglaciation, likely
underneath a low-density halocline layer, which obscured AW-related signals in
commonly used foraminiferal data.

Comparison of published data from the Labrador Sea with the new multi-proxy records
from the upstream western Nordic Seas (i.e., the East Greenland margin) provides an
apparent evidence for a tight freshwater-related coupling between these two basins with
implications for regional sea surface evolution and deep-water convection. In particular,
a millennial-scale sea surface cooling and reduction in vertical water convection
registered in the Labrador Sea during early MIS 5e (at ~126.5 ka) appears to follow a
meltwater discharge event documented in the western Nordic Seas and attributed to the
Greenland deglaciation. Following few earlier studies, this abrupt climatic reversal could
be referred to as a Younger Dryas-like event.
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A multiproxy dataset from shallow-water sediments of the Bahama region (geochemical,
lithological and stratigraphical data) suggests a late sea level highstand, that is in
agreement with a continuing deglaciation reconstructed in the Nordic Seas. In addition, a
comparable millennial-scale cooling event as found in the high northern latitudes during
early MIS 5e is revealed in the foraminiferal assemblage data from the subtropical North
Atlantic, arguing for a potential of this specific event to be used as an important marker
allowing for a better chronostratigraphic constraint of the MIS 5e interval. In the
Bahamas, the abrupt Younger Dryas-like sea surface cooling is associated with a sudden
southward displacement of the Intertropical Convergence Zone. The latter shift is, in turn,
related to a temporary reduction in deep-water formation, supporting a high-low latitude
teleconnection that influenced the subtropical ocean circulation via ocean-atmospheric
forcing. These observations lead to the inference that the persistent high-latitude
freshening and unstable deep water overturning in the northern North Atlantic during
early MIS 5e accounted for a particularly sensitive climatic regime, resulting in the abrupt
cold-warm switches which could be traced across various oceanic basins.

Overall, this thesis supplies valuable data for improving climate models, as the obtained
paleoceanographic information helps to constrain forcing mechanisms (insolation,
oceanic-atmospheric teleconnections versus freshwater forcing), controlling the North
Atlantic climate across the last interglacial cycle.
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Kurzfassung

Die letzte Warmzeit, das interglaziale MIS (Marine Isotope Stage) Se, kann wichtige
Riickschliisse zum Verstdndnis der gegenwirtigen globalen Erderwérmung zulassen. Es
wir allgemein angenommen, dass dieses geologische Intervall (Dauer von ca. ~129 bis
116 ka) durch deutlich hohere Temperaturen gekennzeichnet war als jene in der
vorindustriellen Zeit, und es verglichen zu heute damals kleinere Eisschilde und ein
hoherer ~ Meeresspiegel ~ vorherrschten.  Gegenwirtige  paldozeanographische
Rekonstruktionen dieses Intervalls liefern jedoch oft nur ein allgemeines Bild dieser
bedeutenden Zeitperiode, da diese entweder der Annahme unterliegen, dass der letzte
interglaziale Hohepunkt weltweit synchron verlief, oder aber nur allgemeine
Bedingungen des gesamten MIS 5e présentieren. Diese vorliegende Arbeit vertieft das
aktuelle Verstdndnis der Paldozeanographie des letzten Interglazials im subarktischen
und subtropischen Nordatlantik und beleuchtet damit Mechanismen, welche die
zeitlichen Verdnderungen der Ozeanzirkulation kontrollierten. Sie liefert damit neue
Erkenntnisse zur Eisschilddynamik, der Meeresspiegelgeschichte und zu klimatischen
Televerbindungen zwischen verschiedenen Breiten der nordlichen Hemisphire. Zu
diesem Zweck wurde ein Multiproxy-Datensatz bestechend aus stabilen
Isotopenzusammensetzungen, Foraminiferen-Zusammensetzungen und Litho- sowie
Rontgenfluoreszenzdaten an Sedimenten aus den subarktischen Meeren und der Bahama-
Region erhoben. Die untersuchten Kernabschnitte decken den gesamten letzten
Interglazialzyklus ab, d.h., einschlieflich des MIS 5Se, der vorletzten Saale-Kaltzeit und
der einsetzenden friiheiszeitlichen Phase, die direkt auf das MIS 5Se folgte.

Mehrere Parameter, die an Kernen aus den subarktischen Meeren untersucht wurden
(einschlieBlich  stabiler =~ Kohlenstoff- und Sauerstoffisotope, Foraminiferen-
Zusammensetzungen und eisbergtransportiertes Material) deuten auf eine starke post-
saalische MeeresoberfldchenaussiiBung hin, die in der Region bis zur Mitte des MIS 5Se
(~125 ka) anhielt. Die neuen Sedimentdaten aus dem westlichen Europédischen Nordmeer
und der Ostlichen Framstralle zeigen insbesondere eine kontinuierliche Enteisung der
Gronland- und Svalbard-Barents-Eisschilde wihrend des frithen MIS 5Se an. Daher war
der Einfluss des atlantischen Wassers an der Meeresoberfldche wihrend der frithen Phase
des MIS 5e schwach ausgeprigt, sodass sich das regionale Klimaoptimum erst spit im
Interglazial entwickelte, in einer Phase mit abnehmender Sonneneinstrahlung. Obwohl
der Einfluss des atlantischen Wassers an der Meeresoberfliche wihrend der Saale-
Enteisungsphase (einschlieBlich des frithen MIS 5e) deutlich verringert war, versiegte die
Advektion von Atlantikwasser in die subarktischen Meere nie vollstindig. Eine
griindliche Auswertung der Daten (z. B. zeitliche Foraminiferen-Verteilungen) legt nahe,
dass atlantisches Wasser auch wéhrend der Saaleenteisung polwérts transportiert wurde,
jedoch vermutlich unterhalb einer Halokline-Schicht geringerer Dichte, sodass die
atlantische Signatur nur schwach in den Foraminiferen-Daten ausgeprégt ist.
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Ein Vergleich von veroffentlichten Daten aus der Labradorsee mit den neuen Multiproxy-
Daten aus den westlichen subarktischen Meeren (d.h. vom ostgronlédndischen
Kontinentalhang) liefert einen deutlichen Hinweis fiir eine enge SiiBwasser-Kopplung
zwischen diesen beiden Becken, was entsprechend Auswirkungen auf die regionale
Meeresoberfliche und die Tiefenwasserbildung hatte. Insbesondere eine tausend Jahre
anhaltende Abkiihlung der Oberflichenwisser und eine Verringerung der vertikalen
Wasserkonvektion in der Labradorsee wahrend des frithen MIS Se (bei ~ 126,5 ka)
scheint auf ein Schmelzwasserereignis hinzuweisen, das in den westlichen subarktischen
Meeren stattfand und das somit der Enteisung des gronlédndischen Eisschilds
zugeschrieben werden kann. Frithere Studien beriicksichtigend konnte diese abrupte
Klimaumkehr als eine Art "Jiingere Dryas" (YD) vergleichbares Ereignis bezeichnet
werden.

Ein Multiproxy-Datensatz basierend auf Flachwassersedimenten der Bahama-Region
(geochemische, lithologische und stratigraphische Daten) deutet auf einen verspiteten
Meeresspiegelhochstand hin, der mit einer fortschreitenden Deglaziation in den
subarktischen =~ Meeren  iibereinstimmt. Ein  vergleichbares tausendjéhriges
Abkiihlungsereignis wie es in den hohen noérdlichen Breiten wahrend des frithen MIS 5Se
beobachtet wurde ist auch in den Foraminiferen-Verteilungen aus dem subtropischen
Nordatlantik erkennbar. Dieses Ereignis konnte somit als wichtiger Marker genutzt
werden kann, um eine bessere stratigraphische Eingrenzung des MIS Se-Intervalls zu
ermoglichen. Auf den Bahamas geht die YD-éhnliche Abkiihlung einher mit einer
siidlichen Verlagerung der Intertropischen Konvergenzzone. Die letztgenannte
Verschiebung steht wiederum im Zusammenhang mit einer voriibergehenden
Verringerung der Tiefenwasserbildung und zeigt die beeinflussende Televerbindung
zwischen den hohen und niedrigen Breiten der ndrdlichen Hemisphére durch ozeanisch-
atmosphérischen Antrieb. Diese Beobachtungen fiithren zu der Schlussfolgerung, dass die
anhaltende Aussiiung und die instabile Tiefenwasserbildung im ndrdlichen Nordatlantik
wihrend des frithen MIS 5Se ein besonders sensibles Klimaregime darstellte, die dann zu
den iiberregional beobachteten abrupten Kalt-Warm-Umschlédgen fiihrte.

Zusammenfassend liefert diese Arbeit neue Datensdtze auch fiir die Verbesserung von
Klimamodellen, da die hier gewonnenen paldozeanographischen Erkenntisse dazu
beitragen werden das nordatlantische Klimasystem und dessen kontrollierenden
Mechanismen (Sonneneinstrahlung, breitenabhingiger Temperaturgradient, ozeanisch-
atmosphirische Wechselwirkungen, nordliche StiBwasserzufuhr und Gletscherschmelze)
wihrend des letzten Interglazials besser zu verstehen.
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Chapter 1: Introduction

Chapter 1: Introduction
1.1 Preface

Accelerated Greenland Ice Sheet (GIS) mass loss and intensification of the hydrological
cycle, involving increased river runoff and enhanced high-latitude precipitation, have
long been recognized as direct consequences of global warming (Curry and Mauritzen,
2005; Wu et al., 2005). As a result of the ongoing freshening in the high-latitude ocean,
a global change in the ocean overturning circulation is anticipated with implications for
the global climate system (Rahmstorf et al., 2015; Sévellec et al., 2017). While the recent
changes are already evidenced by climatic data around the globe (Bryden et al., 2005;
Thompson et al., 2010; Smeed et al., 2013; Rahmstorf et al., 2015; Caesar et al., 2018),
there is no consensus about the magnitude, abruptness and reversibility of oceanic
perturbations in the future (Collins et al., 2013; Liu et al., 2017). In this venue, it is
important to know how the Earth’s system responded to pre-industrial forcings (e.g.,
orbital, solar or volcanic), which could be assessed by using appropriate climate data
obtained from specific geological archives (Flato et al., 2013).
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Figure 1.1: Globally stacked temperature anomalies for the Holocene (Marcott et al., 2011) and the
last interglacial (Hoffman et al., 2017) with their 1o uncertainties. Note that global temperature
anomalies for the Holocene are calculated relative to the 1961-1990 mean and anomalies for MIS 5Se are
given relative to the HadISST1.1 1870—1889 mean.

The last interglacial, MIS (Marine Isotope Stage) Se, or the Eemian in terrestrial records,
lasting from about ~129 to 116 thousand years before present (hereafter [ka]), holds
important implications for the projected global warming, as this geological interval is
believed to have been significantly warmer-than-preindustrial and marked by a sea level
that was 6 to 9 m above the present levels due to smaller ice sheets (Dutton et al., 2015;
Hoffman et al., 2017). While the greenhouse gases concentrations during MIS 5e
remained at the preindustrial levels (Liithi et al., 2008), the main trigger of the warm
Eemian climate is thought to be enhanced boreal summer insolation. Unlike the current
Holocene interglacial, which has started about 11.7 ka, MIS 5e is a concluded interglacial
period, followed by a glacial epoch (Fig. 1.1). It is anticipated, therefore, that the last
interglacial can also shed more light on any natural climate responses accompanying the
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terminal phase of an interglacial (Govin et al., 2015). The latter is particularly relevant
for understanding the climate sensitivity of the current late Holocene time interval, on
millennial time scales characterized by orbitally-driven cooling (Kaufman et al., 2009).

Although significant progress in understanding the last interglacial climate evolution has
been achieved in the last decades, the existing paleoclimatic reconstructions spanning this
crucial interval are still rather sparse to fully assess and disentangle external forcings and
internal climatic feedbacks at play. Moreover, earlier studies often provide only averaged
characteristics over parts or over the entire interval of MIS Se (e.g., Turney and Jones,
2010), presenting a very generalized and unrealistic picture of this critical time interval.
To facilitate the current understanding of the last interglacial climate progression, a better
spatio-temporal representation is urgently needed. New paleoclimate information, in turn,
not only enhances theoretical understanding of the climate system, it is also crucial for
testing the viability of numerical models. Therefore, climate data of the past help to assess
whether or not the current climate change is exceptional and, moreover, may be further
utilized to forecast what is to be expected in the future (Masson-Delmotte et al., 2013;
Bakker et al., 2014).

1.2 Ocean circulation in the North Atlantic

In the upper limb of the Atlantic Meridional Overturning (AMOC), tropical heat and salt
is transferred poleward via the Gulf Stream, contributing to the moderate climate of
northern Europe. Cooling and sinking of surface waters occurs in the subarctic Nordic
and Labrador seas and is essential for the deep-water southward flow, a crucial
component of the AMOC that ventilates the deep ocean and links both hemispheres
through the deep cross-equatorial flow (Kuhlbrodt et al., 2007). In contrast to earlier
views (e.g., Stommel, 1961), it is suggested now that cooling and sinking of deep waters
in the subartic North Atlantic does not drive the ocean overturning, but rather control the
strength and shape of the AMOC (Kuhlbrodt et al., 2007; Gelderloos et al., 2012).

The Gulf Stream, a western boundary current of the wind-driven subtropical gyre (STG),
is the main conduit of tropical heat to the high northern latitudes (Fig. 1.2). The Gulf
Stream originates from the Florida Current after it leaves the Gulf of Mexico through the
Straits of Florida and merges with the Antilles Current to the north of the Bahama Banks.
The Florida Current and the Antilles Current are fed by the North Equatorial Current,
which is pushed westwards by the northeastern trade winds and constitutes the southern
limb of the STG. The Florida Current is also fed by the currents from the South Atlantic
and is thought to compensate for the southward-directed cross-equatorial flow within the
deep branch of the AMOC (Schmitz and Richardson, 1991; Johns et al., 2002).

In the mid-latitude North Atlantic, one branch of the Gulf Stream recirculates southwards,
defining the anticyclonic rotation of surface water masses within the STG, while another
branch, the North Atlantic Current (NAC), continues northward to the polar regions. The
relatively warm and saline NAC splits after it crosses the mid-oceanic ridge between 50-



Chapter 1: Introduction

52°N (Hansen and Osterhus, 2000). Eastern branches pass the Iceland-Scotland Ridge
and flow further north into the Nordic Seas (i.e., the Norwegian Sea, the Iceland Sea and
the Greenland Sea), as the Norwegian Atlantic Current (NwWAC) and the Faroe Current
(Hopkins, 1991). A western-flowing branch of the NAC, the Irminger Current, partly
circulates around Iceland and enters the Iceland Sea through the Denmark Strait, and
partly continues in the subpolar gyre (SPG) towards the Labrador Sea.
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Figure 1.2: Simplified modern hydrography in the North Atlantic and locations of the core sites,
investigated in this thesis (green circles). Red/blue arrows indicate major warm/cold surface currents;
grey arrows denote the main deep and intermediate water masses (modified after Schott et al., 2004; Rudels
etal., 2012; Voelker et al., 2015). The map is created using Ocean Data View (Schlitzer, 2016).

Essentially, warm and saline Atlantic Water (AW) is delivered into the Nordic Seas via
the NwAC, which flows towards the Fram Strait as the main component of the West
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Spitsbergen Current (WSC) (Mauritzen et al., 2012). Together with the other important
inflow through the Barents Sea, the WSC supplies the Arctic Ocean with these Atlantic-
sourced waters, which have profound effect on oceanic and sea-ice conditions in the
region (Polyakov et al.,2017). Although extent of the sea-ice cover in the Fram Strait and
in the Nordic Seas is strongly related to the properties of the Atlantic inflows as well as
to atmospheric forcing (Dickson et al., 2000), a perennially ice-free area characterizes the
eastern Nordic Seas and the eastern Fram Strait influenced by the WSC.

In the western Nordic Seas, southward-directed outflow of cold and fresh Polar Water
from the Arctic Ocean is confined to the East Greenland Current (EGC). Today, the EGC
is a well-stratified surface current, transporting not only fresh polar waters and sea ice at
the surface, but also entraining water masses of Atlantic origin at intermediate depths,
including modified (cooled) AW from the Arctic Ocean, and distinctively warmer AW,
which recirculates in the Fram Strait (Rudels et al., 2002, 2012). During southward
propagation the EGC adds to the warm subsurface flow from the IC along the
southeastern coast of Greenland. As it loops around the southern tip of Greenland, it turns
into the West Greenland Current (WGC) and circulates further to the Labrador Sea. The
WGC together with the Labrador Current, transporting ice-loaded waters from the
Canadian Arctic to the mid-latitudes, constitute the northwestern extension of the SPG
(Myers et al., 2007).

Cooling and sinking of AW in the Nordic and Labrador seas constitutes the deep,
southward-flowing branch of the AMOC, the North Atlantic Deep Water (NADW).
Deep-water overflows from the Nordic Seas have to pass the Greenland-Scotland Ridge
and, therefore, are constrained by the sill depths of the two main passages: the Denmark
Strait with a sill depth of ~630 m and the Faroe Bank Channel with a sill depth of ~840 m
(Jungclaus et al., 2008). These overflow waters, referred to as Denmark Strait Overflow
Waters and Iceland-Scotland Overflow Waters, contribute to the lower part of the NADW
(~2500-4000 m) and spread around the Labrador Sea and further along the eastern
continental margin of North America in a Western Boundary Undercurrent (Stahr and
Sanford, 1999). These water masses are overlaid by intermediate-depth (~1500-2500 m)
Labrador Sea Water, which is renewed through convective mixing during favorable
winter conditions (Yashayaev and Loder, 2008). In the western subtropical North
Atlantic, admixture of deep water masses from the southern regions, i.e., the Antarctic
Bottom Water, occurs within the deepest components of the NADW, i.e., below ~4000 m
(Stahr and Sanford, 1999).

1.3 Atmospheric circulation in the low-latitude North Atlantic

The Atlantic Intertropical Convergence Zone (ITCZ), extending from the South America
to the west coast of Africa, is a dynamic low-pressure high-precipitation zone between
the southeast and northeast trade winds (Fig. 1.3). The ITCZ and its associated rainfall
belt migrates seasonally between 10°N and 5°S, responding to changes in cross-equatorial
sea surface temperature (SST) gradient in the tropical Atlantic (Chiang et al., 2002).
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Latitudinal migrations of the ITCZ, in turn, strongly affect wind patterns, hydrology and
other climatic characteristics on the adjacent land and ocean. In particular, in the
subtropical North Atlantic seasonal shifts in the ITCZ are closely related to the northward
expansion of the Atlantic Warm Pool of water warmer than 28.5 °C (Fig. 1.3). Thus,
during boreal winter, when the ITCZ is its southern position, the Atlantic Pool Water
stays largely restricted to the tropics, while the subtropical North Atlantic is dominated
by relatively cool, stormy weather with intensified northern winds. During boreal summer
season, when the ITCZ is at its northern position, northward expansion of the Atlantic
Warm Pool is coupled with increased precipitation and dominance of less intensified trade
winds from east and southeast (Wang and Lee, 2007; Stramma and Schott, 1999; World
Ocean Atlas, 2013).

Summer (Jul-Sep) SST (°C) Winter (Jan-Mar) SST (°C)
40°N - — .

20°S

"Ocean Data View / DIVA
\N)
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40°8 NN _
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Figure 1.3: Summer and winter sea surface temperatures (SST) in the low-latutide North Atlantic
(World Ocean Atlas, 2013) and positions of the Intertropical Convergence Zone (ITCZ) in July and
January. The map is created using Ocean Data View (Schlitzer, 2016).

1.4 Background on planktic foraminifera

Planktic foraminiferal assemblages provide valuable information on ancient
environments due to their high sensitivity to changing temperature, salinity and chemical
composition of ambient seawater, justifying their applicability to reconstruct positions of
oceanographic fronts, intensities of marine currents as well as for stratigraphic purposes.
Noting that comprehensive reviews of modern planktic foraminifera taxonomy,
distribution, evolution, ecology and biology are provided elsewhere (e.g., Schiebel and
Hemleben, 2017), in this chapter we briefly address the major issues relevant for
interpretation of the produced foraminiferal-based data (for methods see Chapter 2). The
investigations were made within two principally different biogeographical settings: the
subpolar (Nordic Seas) and the subtropical (Bahama Banks). All distinguished planktic
foraminiferal species are listed author-named in Table 1.1.

1.4.1 Nordic Seas

In the Nordic Seas, the planktic foraminiferal assemblage is generally comprised of one
polar and six temperate-subpolar species. Polar species Neogloboquadrina pachyderma
dominates the assemblage, with total relative abundance up to 100 % during cold times.
Characterized by very short reproductive season and being adapted to rapid food
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consumption, N. pachyderma is regarded as one of the most competitive species,
explaining its enhanced occurrence not only in polar, but also in upwelling regions
(Schiebel et al., 2017). Subpolar symbiont-bearing species Turborotalita quinqueloba is
the 2nd most frequent species in the study region. The latter two species display a narrow
interval of the highest shell production between August and September with maximum
abundances at sea-ice margins (Carstens and Wefer, 1992; Simstich et al., 2003).
Neogloboquadrina pachyderma and T. quinqueloba predominantly occur within the
upper 100 m, but tend to dwell deeper in ice-free regions (Pados and Spielhagen, 2014).
Opposing views exist with regard to their depth habitats in low-salinity or ice-covered
regions (Volkmann, 2000; Simstich et al., 2003; Pados and Spielhagen, 2014; Schiebel
and Hemleben, 2017).

Turborotalita quinqueloba was shown to prefer normal marine salinities, and, therefore,
is particularly useful for tracing AW inflows in the polar regions (e.g., Spielhagen et al.,
2011). Traditionally, increased relative abundances of 7. quinqueloba were interpreted as
an indicator of the Arctic Front (Johannessen et al., 1994), which is a dynamic frontal
zone between warm and saline AW and cooler and fresher Arctic Water, influenced by
polar outflows. Such strict affiliation seems, however, arguable (Zhuravleva et al.,
2017a), when consider a wide-spread occurrence of the latter species in the Nordic Seas
throughout the early to mid-Holocene (Bauch et al., 1999; Risebrobakken et al., 2011;
Van Nieuwenhove et al., 2013). Previous studies further suggest that under polar
conditions tests of 7. quinqueloba predominantly do not grow larger than 150 pm,
justifying the need to use smaller size fractions for studying cold-water assemblages
(Kandiano and Bauch, 2002, Husum and Hald, 2013). Other important species found in
the northern environmental settings include the warm species Globigerinita glutinata,
Globigerinita uvula, Neogloboquadrina incompta and Globigerina bulloides. These
species are, however, rare in the investigated cores.

The rare and patchily distributed subtropical to subpolar species Beella megastoma is not
found in the high northern latitudes today, but it spread in the Nordic Seas during glacial
Terminations 2, 3 and 4, when other faunal proxies suggest polar conditions at the sea
surface (Bauch, 1996). Similar oxygen isotopic trends recorded in N. pachyderma and B.
megastoma suggest that the latter species lived and calcified in the Nordic Seas (Bauch
et al., 2000). The occurrence of B. megastoma may evidence for an unusual vertical
column water structure, characterized by invasions of Atlantic-sourced waters underneath
a very thick deglacial halocline (Bauch, 2013; Zhuravleva et al., 2017b). However, further
studies on environmental preferences of B. megastoma are needed to affirm the
mechanisms responsible for appearance of this species in the deglacial Nordic Seas
sediments.

1.4.2 Subtropical North Atlantic

The vertical water column structure appears to strongly control the low-latitude planktic
foraminiferal assemblage (Andreasen and Ravel, 1997; Wolff et al., 1999). In the Bahama
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region two distinctly different layers can be distinguished within the upper 500 m of the
water column. The uppermost 50-100 meters are occupied by warm and comparatively
fresh waters of the mixed layer, which is underlain by a homogeneous pool of cool and
salty water, referred to as a thermocline layer (Schmitz and Richardson, 1991). Properties
of the mixed layer vary significantly on seasonal timescales and are closely related to the
latitudinal migration of the ITCZ.

Table 1.1: Foraminifera species, author-named, identified in the studied core sections

Beella digitata (Brady 1879)

Beella megastoma (Earland 1934)

Candeina nitida (d’Orbigny 1839)

Dentigloborotalia anfracta (Parker 1967)

Globigerina bulloides (d’Orbigny 1826)

Globigerina falconensis (Blow 1959)

Globigerinella calida (Parker 1962)

Globigerinella siphonifera (d’Orbigny 1839)

Globigerinita glutinata (Egger 1893)

Globigerinita uvula (Ehrenberg 1861)

Globigerinoides conglobatus (Brady)

Globigerinoides ruber, white and pink (d’Orbigny 1839)
Globigerinoides sacculifer (Brady 1877)

Globigerinoides trilobus (Reuss 1850)

Globorotalia crassaformis (Galloway and Wissler 1927)
Globorotalia hirsuta (d’Orbigny 1839)

Globorotalia inflata (d’Orbigny 1839)

Globorotalia menardii (d’Orbigny in Parker, Jones and Brady 1865)
Globorotalia menardii subsp. neoflexuosa (Srinivasan, Kennett and B¢, 1974)
Globorotalia scitula (Brady 1882)

Globorotalia truncatulinoides, sinistral and dextral (d’Orbigny 1839)
Globorotalia tumida (Brady 1877)

Globoturborotalita rubescens, white and pink (Hofker 1956)
Globoturborotalita tenella (Parker 1958)

Hastigerina pelagica (d’Orbigny 1839)

Neogloboquadrina dutertrei (d’Orbigny 1839)
Neogloboquadrina incompta (Cifelli 1961)
Neogloboquadrina pachyderma (Ehrenberg 1861)

Orbulina universa (d’Orbigny 1839)

Pulleniatina obliquiloculata (Parker and Jones 1865)
Sphaeroidinella dehiscens (Parker and Jones 1865)
Turborotalita humilis (Bardy 1884)

Turborotalita quinqueloba (Natland 1938)

The most frequent mixed-layer species is Globigerinoides ruber, exhibiting two
phenotypes: white and pink. Globigerinoides ruber is a symbiont-bearing species, known
to prefer salinities either less than 34.5 or more than 36 (B¢ and Tolderlund, 1971).
Globigerinoides ruber (pink) shows rather coherent abundance maxima in the tropics,
while no such affinity is observed for the tropical to subtropical species G. ruber (white)
(Siccha and Kucera, 2017). Although G. ruber (pink) is often considered a “summer
species” (Schiebel and Hemleben, 2017), one study reveals a rather even test flux for both
varieties of G. ruber during the year (Jonkers and Kucera, 2015). The latter authors
further note that, as a consequence of annual temperature decrease, the G. ruber test flux
could become shifted towards warmer months in autumn (Jonkers and Kucera, 2015). A
surface-dwelling symbiont-bearing eurohaline species Globigerinoides sacculifer,
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including a Globigerinoides trilobus morphotype, is abundant in the warmer Caribbean
Sea and tropical Atlantic (Bé and Tolderlund, 1971; Bijma, 1990) and accounts for less
than 10 % within the modern subtropical planktic foraminifera assemblage around
Bahamas (Siccha and Kucera, 2017). This species is commonly used as a tracer of tropical
waters and geographical shifts of the ITCZ (Poore et al., 2003; Vautravers et al., 2007,
Zhuravleva and Bauch, manuscript under review for CP).

Other important constituents of the subtropical foraminiferal assemblage are thermocline-
dwelling (average habitat 100-300 m) foraminifera, including Globorotalia inflata and
right and left varieties of Globorotalia truncatulinoides. The life cycle of
G. truncatulinoides includes winter reproduction in surface waters with a subsequent
descend of juveniles to greater depths, where shells continue to grow all year long
(Schiebel and Hemleben, 2017). Due to its reproduction cycle with changing habitats,
requiring reduced water column stratification to introduce juveniles from shallow to deep
water and backward, G. truncatulinoides abundance is often used a proxy for vertical
water column structure (Lohmann and Schweizer, 1990; Mulitza et al., 1997; Zhuravleva
and Bauch, manuscript under review for CP). Transitional to subpolar species G. inflata
is thought to prefer little seasonal variations in salinity (Hilbrecht, 1996). The latter
species together with Globigerina falconensis were considered as cold end-member
species in the Bahama region (Chabaud, 2016). Tropical to subtropical surface-dwelling
species Globorotalia menardii together with a subspecies G. menardii flexuosa, has
proven to be an important stratigraphic marker for delineating Ericson zones (Ericson and
Wollin, 1968; Bahr et al., 2011).

1.5 State of the art
1.5.1 Ocean-atmospheric teleconnections between low and high latitudes

Modeling and proxy data suggest that tropical variability of oceanic temperature and
salinity directly affects the AMOC functioning and has a profound impact on the global
climate on glacial-interglacial timescales, through control of moisture content in the
atmosphere (Schmidt et al., 2006a, b; Carlson et al., 2008a; Guihou et al., 2010).
Conversely, a high-latitude forcing of the (sub)tropical climate variability is also
revealed. In particular, perturbations in the subarctic deep-water formation sites can lead
to a reduced convection rate of the AMOC, decreasing the export of tropical heat to the
north, thereby warming the (sub)tropical western Atlantic (Rithlemann et al., 1999;
Carlson et al., 2008a; Bahr et al., 2013). In addition, intervals of weakened NADW
formation are coupled with southward displacements of the ITCZ and its associated
rainfall belt (Peterson and Haug, 2006). Accordingly, enhanced sea surface salinities are
found in the western (sub)tropical North Atlantic at times of AMOC reductions and
southward displacements of the ITCZ (Schmidt et al., 2006a; Carlson et al., 2008a; Bahr
et al., 2013). Model simulations and proxy data further suggest that sea-ice extent in the
polar North Atlantic can also affect the position of the ITCZ through feedbacks on the
thermohaline circulation (e.g., Chiang et al., 2003; Gibson and Peterson, 2014). Climatic
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coupling between the high- and low-latitude North Atlantic is well-studied for the last
glaciation and Termination I (e.g., Peterson et al., 2000), but has never been investigated
for the last interglacial cycle with sufficient resolution.

The last interglacial climatic connectivity between the subpolar and subtropical North
Atlantic is discussed in Chapter 5.

1.5.2 The last interglacial cycle: time frames

Dating of geological records spanning the last interglacial cycle appears a critical issue
(for overview see Govin et al., 2015), given that this time interval lies beyond the limits
of radiocarbon dating. In contrast to earlier findings (Winograd et al., 1988), new U-Th
datings from the iconic Devils Hole (Nevada) reconcile the last glacial/interglacial
transition with the orbital forcing, showing that the onset of the penultimate deglaciation
(Termination 2) follows boreal summer insolation (Moseley et al., 2016). These results
support the general accuracy of the astronomically tuned SPECMAP chronology,
suggesting an age of 131-130 ka for the mid-point of the MIS 6/5e transition (Martinson
et al., 1987). Similar results are provided by the new benthic stack LS16, aligned to
radiometrically-dated speleothems (Lisiecki and Stern, 2016). Representing a transition
between glacial and full interglacial values, the penultimate (Saalian) deglaciation is
associated with a range of climatic changes, related to ice sheets disintegration (Denton
et al.,2010). One of the most prominent features of Termination 2 is the massive iceberg
discharge event, termed Heinrich Event 11 (~135-129 ka).

Although constrained differently in various studies (e.g., Stein et al., 2017), there is
general consensus that, based on age estimates of the sea level highstand, the last
interglacial lasted between 129 and 116 ka (Masson-Delmotte et al., 2013; Capron et al.,
2017; Hoffman et al., 2017). This age is in agreement with the so called last interglacial
“plateau” of low benthic stable oxygen isotopes values and coral-based chronology
(Stirling et al., 1998; Shackleton et al., 2003). It should be, however, noted that
controversy still exists regarding the initiation and duration of the sea level highstand as
well as about any sea level variability within that time period (Hearty et al., 2007; Kopp
et al., 2009; Grant et al., 2012; Masson-Delmotte et al., 2013). Also, recognition of the
last interglacial onset, essential for construction of accurate age model and robust core-
to-core correlations, appears challenging for high latitude sediment records, because of
deglacial overprints during early MIS S5e (Bauch et al., 1996; Van Nieuvenhove et al.,
2011; Govin et al., 2012; Capron et al., 2014). At the end of MIS 5Se, the last interglacial
“plateau” terminates and a changeover towards colder conditions after ~116.7 ka signifies
the onset of the Weichselian glacial inception, i.e., the last interglacial/glacial (MIS 5d)
transition (NGRIP community members, 2004).

The age model construction for MIS 5Se is thoroughly discussed in Chapter 3. Insights
into sea level history of the last interglacial are given in Chapter 5.
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1.5.3 Peak warmth of the last interglacial

In contrast to earlier views (e.g., Turney and Jones, 2010), it is established now that the
warmest phase of MIS 5e was not globally synchronous (Capron et al., 2014). Thus, the
peak temperatures in the Southern Ocean and over Antarctica were reached several
millennia earlier than in the northern high latitudes (Masson-Delmotte et al., 2011). In
the low-latitude North Atlantic, an early peak warming, between 129 and 125 ka, is
revealed by a recent compilation of MIS 5e SST records (Hoffman et al., 2017). The
highest temperatures in the mid-latitude North Atlantic, over Europe and in the Labrador
Sea established rapidly at the end of Heinrich Event 11 (~129 ka), phasing maximum
boreal summer insolation values (Cortijo et al., 1999, Oppo et al., 2006, Bauch and
Knadiano, 2007; Bauch et al., 2012, Sanchez-Goni et al., 2012; Irvali et al., 2012). In
contrast, in the Nordic Seas a rather late and weak climatic optimum is found (Bauch et
al., 1999, 2011; Van Nieuwenhove et al., 2011; Govin et al., 2012). A reason for this is
suggested to be enormous meltwater discharge from the Saalian terrestrial ice that could
have hindered propagation of warm surface waters polewards during the glacial
termination and, notably, early MIS 5e (Bauch, 2013; Thiebodeau et al., 2017). The
recognition of the “transitional” phase during early MIS 5e is not new, but only several
authors have pointed out its importance for understanding the last interglacial climatic
evolution beyond the subpolar regions (e.g., Schwab et al., 2013; Kandiano et al., 2014).

For the Arctic region, it appears difficult to robustly constrain the MIS 5e peak, due to
low-resolution of available sedimentary records. Nevertheless, the last interglacial for this
region is often described as an interval characterized by strongly reduced sea-ice cover
with summer temperatures 5 °C warmer than present over circum-Arctic land (Brigham-
Grette and CAPE-Last Interglacial Project Members, 2006; Nergaard-Pedersen et al.,
2007a, 2007b; Adler et al., 2009; Polyak et al., 2010). Yet, a recent biomarker study
reveals that sea ice was present in the central Arctic Ocean throughout the year (Stein et
al., 2017). Importance of the AW heat flux for sea surface properties in the polar North
is well documented (Spielhagen et al., 2011; Polyakov et al., 2017). However, opposing
views on the strength and extent of the AW inflows into the polar region exist for the last
interglacial. Thus, while some authors suggest an enhanced poleward advection of the
AW when compared to the Holocene (Funder et al., 2002; Grosfjeld et al., 2006), others
determine a reduced presence of AW at the sea surface in the northern and eastern Nordic
Seas (Bauch et al., 1999; Van Nieuvenhove et al., 2008).

Causes of the late and weak interglacial optimum in the Nordic Seas are provided in
Chapters 3 and 4. Impacts of the “transitional” climatic regime of early MIS 5e on
climates beyond the subpolar North Atlantic are addressed in Chapter 5. The role of the
Atlantic-derived inflows for polar sea surface evolution during MIS 5e and Holocene is
examined in Chapter 4.
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1.5.4 Instability of the last interglacial climate

Recent studies from the North Atlantic demonstrate that the climate of the last interglacial
was rather unstable, involving one or several cooling events (Maslin et al., 1998; Fronval
and Jansen, 1997; Lehman et al., 2002; Bauch et al., 2011, 2012). These climatic shifts
were shown to be strongly related to changes in deep-water circulation (Adkins et al.,
1997). It is well established that deep overflows from the Nordic Seas, constituting
nowadays the lower NADW, strengthened (deepened) only during the second phase of
MIS 5e (Hodell et al., 2009; Barker et al., 2015), after the meltwater input into the region
ceased (Bauch and Erlenkeuser, 2008; Van Nieuwenhove et al., 2011). It is further
suggested that suppressed AMOC mode during early MIS 5e resulted in the asymmetrical
temperature signal across the Atlantic Ocean, perhaps facilitated through the
interhemispheric seesaw mechanism, which is thought to have reduced oceanic heat
transport towards the northern North Atlantic (Hoffman et al., 2017).

Although the full resumption of the AMOC from a shallow or weak mode during the
deglacial termination occurred only by ~124 ka, recent studies show that the AMOC
abruptly recovered at ~ 129 ka, presumably due to a deepened winter convection in the
Northwestern Atlantic (Galaasen et al., 2014; Deaney et al., 2017). The early MIS 5e
deepening of the NADW and strengthening of the AMOC was interrupted around 127-
126 ka (Galaasen et al., 2014; Deaney et al., 2017) likely due to a brief increase in
freshwater input into the subpolar North Atlantic region that was accompanied by a sea
surface cooling (Irvali et al., 2012; Zhuravleva et al., 2017b). Several studies refer to this
millennial-scale climatic reversal as to a Younger Dryas-like event (Bauch et al., 2012;
Jiménez-Amat and Zahn, 2015).

Causes and consequences of the last interglacial climate instability are discussed in
Chapters 3,4, and 5.

1.6 Rationale, objectives and contributions to the chapters

A better knowledge of warmer-than-today interglacial climates can help to draw
conclusions about future climate development and justifies the importance of
paleoclimatic reconstructions from MIS Se. To acquire a realistic picture of the last
interglacial climate progression, a better spatio-temporal representation is urgently
needed. Accordingly, the overall goal of this study is to investigate climate development
of the entire last warm cycle (MIS 6/5e/5d) by reconstructing sea surface properties (i.e.,
trends in temperatures, salinities) at several key sites in the North Atlantic. More
specifically, the study aims at understanding ocean and atmospheric circulation patterns
as well as climatic mechanisms (insolation versus oceanic forcing), including high-low
latitude teleconnections. The new time-series, spanning the entire last interglacial cycle,
supply dependable data for improving climate models.

Two sediment cores from the Nordic Seas and one sediment core from the Bahama region
were investigated to achieve the objectives of the thesis (for Material and methods see
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Chapter 2). Results of the study are presented in Chapters 3-5, consisting of two
manuscripts that have been published and one being submitted to a scientific journal.
Rationale for selected cores, specific research questions and my contributions to each
chapter are stated below.

Chapter 3 has been published in the journal Quaternary Science Reviews, authored by
Anastasia Zhuravleva, Henning A. Bauch and Nicolas Van Nieuwenhove under the title:
Last Interglacial (MISSe) hydrographic shifts linked to meltwater discharges from
the East Greenland margin (doi:10.1016/j.quascirev.2017.03.026). In the context of
very limited Eemian data from Greenland, this study aims at providing first high-
resolution marine records documenting GIS variability during the penultimate
glacial/interglacial transition and MIS 5Se. In addition, the poorly investigated East
Greenland margin is influenced by the EGC, which plays a key role in transporting low-
density Polar Water and sea ice to the convectional sites of the subpolar North Atlantic.
In this venue, the main research questions are:

> What information could be deduced from marine sediments in terms of GIS
variability during Eemian times?

»  How is GIS melt coupled with the documented AMOC shifts during the last
interglacial?

»  Are there any changes in the properties of the EGC during the last interglacial cycle
and what are the consequences for deep-water formation in the Nordic and Labrador
seas?

My contributions to this chapter comprised core sampling and preparation of samples for
carbonate microfossil analysis (e.g., sieving procedures), counting planktic foraminifera
in the size fractions >150 pm and 100-150 pum, counting lithic grains, collecting of
foraminiferal tests for stable isotope measurements, data interpretation and writing of the
manuscript. My co-authors H. A. Bauch and N. Van Nieuwenhove contributed with
valuable discussions and helped to improve the text of the manuscript. H. A. Bauch in
addition provided unpublished stable isotope data for cores PS1247 and M23485
(MIS 5e).

Chapter 4 has been published in the journal Global and Planetary Change, authored by
Anastasia Zhuravleva, Henning A. Bauch and Robert F. Spielhagen under the title: The
Atlantic Water heat transfer through the Arctic Gateway (Fram Strait) during the
Last Interglacial (doi:10.1016/j.gloplacha.2017.09.00). In this chapter, the existing
views on the strength of the poleward-directed AW inflows during MIS 5e are reevaluated
through the use of high-resolution records from the only deep Arctic Gateway, the Fram
Strait. Briefly, the chapter focuses on the following questions:

»  Are there any changes in strength and properties of the poleward-directed AW
inflows across the last interglacial and what are the consequences for the polar
regions?
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» What are the mechanisms controlling poleward-directed AW heat transfer
during MIS 5e and how do they differ from the Holocene situation?

> What information about fluctuations of the Svalbard-Barents Sea Ice Sheet
could be obtained from our sediment data?

My contributions to this chapter include sampling of the core at the IODP Bremen Core
Repository, preparing the samples for microfossil analysis, performing countings of
planktic foraminifera in the size fractions >150 um and 100-150 um, countings of benthic
foraminifera (Cibicidoides wuellerstorfi only) in the size fraction >250 um, countings of
fragmented tests, ice-rafted debris grains and coal fragments, picking of foraminiferal
tests for stable isotope measurements, interpreting the data and writing the manuscript.
My co-authors H. A. Bauch and R. F. Spielhagen contributed to the discussions and
improved the text of the manuscript. H. A. Bauch in addition provided unpublished census
faunal data from core M23071 (Holocene).

Chapter 5 is currently under review in the journal Climate of the Past, authored by
Anastasia Zhuravleva and Henning A. Bauch under the title: The last interglacial
(MIS 5e) cycle at Little Bahama Bank: A history of climate and sea level changes
(doi:10.5194/cp-2018-38). This chapter focuses on the sensitivity of the subtropical North
Atlantic region to past climatic and sea level changes. Shallow-water sediments from the
slope of the Little Bahama Bank are ideally suitable to reconstruct past ITCZ movements,
given that today the area lies at the northern edge of the influence of the Atlantic Warm
Pool, expansion of which is closely related to the seasonal shifts of the ITCZ. Thus, the
chapter seeks to address the following questions:

» What are the mechanisms (insolation versus oceanic and/or atmospheric
forcing) regulating subtropical climate across the last interglacial?

» Is there a climatic coupling between the AMOC strength and ITCZ during the
last interglacial cycle (i.e., subpolar forcing on the low-latitude climate)?

» Can the sea level history of the last interglacial be refined by using a multiproxy
dataset from shallow-water periplatform sediments (geochemical, lithological
and stratigraphical data)?

I contributed to this manuscript by counting planktic foraminifera in the size fractions
150-250 pm and >250 pm, performing X-ray fluorescence analysis, interpreting the data
and writing the manuscript. My co-author H. A. Bauch contributed with the discussions
and suggestions to improve the manuscript. Picking of foraminiferal tests for stable
isotope measurements was made by a student assistant instructed and supervised by me.
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Chapter 2: Material and methods

Three major sediment cores from the critical sites in the North Atlantic have been selected
in this thesis to produce a suite of new multiproxy-proxy records, spanning the last
interglacial cycle, i.e., MIS 6/5¢/5d (Fig. 2.1). Some unpublished data from several cores
in the Nordic Seas have also been used in Chapters 3 and 4, but these cores are not
discussed in this chapter. Core M23351 (GIK23351-1) was recovered in 1988 from the
lower slope of the eastern Greenland continental margin during a Meteor cruise
(campaign M7/5) by a Kasten corer (Voelker, 1999). The Site 986 (SVAL-1) was drilled
at the lower slope of the western Svalbard continental margin during the Ocean Drilling
Project (ODP) Leg 162 in 1995 (Jansen et al., 1996). Core MD99-2202 was taken from
the northern slope of the Little Bahama Bank in 1999 by the Calypso Giant Piston Coring
System onboard a research vessel Marion Dufresne (Lantzsch et al., 2007). The overview
of the sediment cores and produced proxy-records are shown in Table 2.1.
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Figure 2.1: Locations of the major investigated cores, used in this thesis. Violet lines indicate the
transects along c. 70°N, 77°N, 27.5°N shown, respectively, in the insets 1, 2 and 3 and discussed in Chapters
3,4, 5. Temperature and bathymetry profiles are based on data from the World Ocean Atlas 2013 (Levitus
et al., 2013) and created by using Ocean Data View (Schlitzer, 2016).

2.1 Sample preparation

Core M23351 was sampled as 1 cm thick slabs every 1 cm; sediments from Site 986 were
similarly sampled at 1 cm resolution, besides the (de)glacial parts, which were sampled
every 3 cm. The samples were then freeze-dried, weighed, wet-sieved using a 63 pm mesh
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size, and dry-sieved into 63-100 pm, 100-150 um and >150 pm mesh sizes. Sieved
samples from core MD99-2202 were already available at GEOMAR storage facilities
from previous studies (Lantzsch et al., 2007).

Table 2.1: Investigated sediment cores and obtained proxy data.

Core Latitude Longitude Water  Study area Section Obtained Chapter
Depth (cm) proxy*
(m)

M23351  70°21'N  18°13'W 1673 East 460- SI (Be, Pl), 3
Greenland 570 foram assembl.,
margin IRD

Site 986  77°20'N  09°04'E 2052 Fram Strait  1350- SI (Be, Pl), 4

1920 foram. assembl.,
fragmentation,
IRD (+clastic),
coal, CW
MD99- 27°35'N 78°58'W 460 Bahama 150- SI (Be, Pl), 5
2202 Bank 509 foram assembl.,
XRF

* SI — stable isotope data, Be — benthic, Pl — planktic foraminifera, foram. assembl. — planktic foraminiferal
assemblage countings, IRD — ice-rafted debris counts, clastic — clastic ice-rafted debris counts, coal — coal
fragments, CW — number of C. wuellerstorfi per gram sediment, XRF — X-ray fluorescence analysis

2.2 Stable isotopes

Continuous stable oxygen (8'%0) and stable carbon (8'°C) isotope records represent an
essential tool for paleoclimatic reconstructions. Stable isotope analyses on planktic
foraminifera were performed on ~25-30 tests of left-coiled Neogloboquadrina
pachyderma and on ~10-30 tests of right-coiling (dextral) Globorotalia
truncatulinoides and Globorotalia inflata; crushed tests of similar morphotype and size
(150-250 pum) were used. Also, about ~3-10 tests of epibenthic species Cibicidoides
wuellerstorfi (Schwager) and ~5-20 specimens of shallow-endobenthic species
Oridorsalis umbonatus (Reuss) were used to produce benthic foraminiferal isotope data.
To splice records and to account for species-dependent departures from isotopic
equilibrium, §'30 values were corrected by +0.64 %o and +0.36 %o for C. wuellerstorfi
and O. umbonatus, respectively (Duplessy et al., 1988). Analyses were performed using
a Finnigan MAT 253 mass spectrometer at the GEOMAR Stable Isotope
Laboratory. Calibration to the Vienna Pee Dee Belemnite (V-PDB) reference scale was
made via the NBS-19 and an internal laboratory standard. The analytical precision of in-
house standards was reported to be better than 0.08 %o for 5!30 and 0.04 %o for 5!°C.

2.3 Foraminiferal census counts

Planktic foraminiferal assemblages were counted following a conventional procedure.
After samples were reduced by means of micro-splitter, at least 300 foraminiferal tests
were counted on the counting tray with the help of binocular microscope. In accordance
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with the latest taxonomic status (Darling et al., 2006; Kucera, 2007), the left-coiling
(sinistral) specimens of N. pachyderma are referred to as N. pachyderma, whereas right-
coiling (dextral) specimens are referred to as N. incompta, in the case that the sample
contained at least 3 % dextral specimens. If a sample contains less than 3 % right-coiling
specimens, they can be considered as genotypically identical to left-coiling specimens
(Bauch et al., 2003) and calculated together with N. pachyderma. According to a standard
practice, G. menardii and G. tumida as well as G. sacculifer and G. trilobus were grouped
together, and referred to as G. menardii and G. sacculifer, respectively (Poore et al., 2003;
Kandiano et al., 2012; Chabaud, 2016).

For the subpolar cores M23351 and Site 986 planktic foraminiferal assemblages were
obtained from representative splits in the size fractions >150 pum and 100-150 um. The
census data from the two size fractions were subsequently added up and recalculated into
planktic foraminiferal assemblage composition for the fraction >100 um. For the
subtropical core MD99-2202 relative abundances of planktic foraminifera were counted
in the fractions 150-250 pm and >250 um and subsequently recalculated in faunal census
data in the fraction >150 um. To achieve a high statistical robustness, counts on rare
species (e.g., B. megastoma in M23351) were performed in a second run, and separately
from the method described above. For this procedure the number of splits was reduced,
to count as much rare species as possible.

2.4 Foraminiferal fragmentation index

In the high latitudes, dissolution and preservation of fossil planktic foraminifera was
shown to be an important proxy for studying paleoceanographic shifts (Zamelczyk et al.,
2013). To evaluate preservation changes of marine calcium carbonate at Site 986, we
established a foraminiferal tests fragmentation index, by calculating the percentage of
fragmented planktic foraminiferal tests relative to the total number of planktic
foraminifera and fragments in the sample. The degree of fragmentation (%) was
determined in the fraction 100-150 pm using the following equation (after Pfuhl and
Shackleton, 2004):

Fragmentation (%) = #Fragments/g/(#Fragments/g/3+#Test/g)

2.5 Ice-rafted debris and coal fragments

Ice-rafted debris (IRD), usually defined as the coarse sediment fraction (>63 um or
coarser fractions), is commonly used as an indicator of deposition from ice, which can
include both iceberg and sea-ice rafting (Lisitzin, 2012). IRD were counted in the size
fraction >150 um in the subpolar sediment cores, following the procedure described in
2.3. The number of counted IRD grains was projected for the entire sample, by
multiplying the result by a corresponding split factor, and the final result is reported as
IRD grains per gram of dry bulk sediment. Additionally, at Site 986 clastic sedimentary
rocks, often represented as darkish-grey siltstones, were distinguished from the other
IRD. Previous studies have pointed to the Barents Sea shelf area as a principal source
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area of such organic-rich clastic grains (e.g., Elverhgi et al., 1995; Bischof et al., 1997;
Hebbeln and Wefer, 1997; Bauch et al., 2001). Marked increases in clastic IRD inputs
could thus be related to fluctuations of the Svalbard-Barents Sea Ice Sheet.

Proportions of coal fragments relative to the number of IRD grains in the size fraction
>250 pm were counted for Termination 2 at Site 986. Occurrences of coal fragments can
indicate the source area of icebergs.

2.6 X-ray fluorescence

X-ray fluorescence (XRF) spectroscopy is widely used for rapid non-destructive and
nearly continuous assessment of elemental composition in unprocessed marine
sediments. Bulk-sediment elemental data are essential in sedimentological and
paleoclimatic studies, for stratigraphic correlations and sea level reconstructions (e.g.,
Haug et al., 2001; Tjallingii et al., 2008; Chabaud et al., 2016). The XRF core scanner
measures intensities of major elements in total counts (cnts) or counts per second (cps)
directly at the surface of split sediment cores, making the process of samples preparation
very straightforward (Jansen et al., 1998). However, individual element intensities
derived from XRF core scanning can be influenced by physical properties of sediment
cores and depend on hardware settings (e.g., Rohl and Abrams, 2000; Tjallingi et al.,
2007; Chabaud et al., 2016).

Ejected

photoelectron
o

Incoming
radiation from
X-ray tube

Figure 2.2: The X-ray fluorescence process in a Titanium atom (Ti, atomic number 22). (A) An electron
in the K-shell is ejected by the incoming radiation from the X-ray tube, creating unstable conditions of an
atom and ejecting a K-shell electron. (B) An electron from the outer (L or M) shells fills the vacancy in the
K-shell, emitting the element characteristic radiation (K« by a L-shell electron and Kg by a M-shell
electron). (C) An electron from a M-shell or a N-shell fills the vacancy in the L-shell, emitting, respectively,
the element characteristic Lo or Lg radiation (modified after: http://www.amptek.com/pdf/xrf.pdf).

The XRF spectroscopy uses a radioactive source that generates the primary X-rays, which
strike a sample, ejecting electrons from an inner shell (K-shell) of an atom (Fig. 2.2).
Thus, an unstable condition of an atom is created. Subsequently, the vacancies of an inner
electron shell are filled by an electron from the outer (L or M) shells. During this process,
the outer shell electron emits the characteristic surplus energy as X-ray fluorescence
photons. This X-ray energy is specific for every atom, it is characterized by a particular
frequency and wavelength and corresponds to the energy difference between the two
shells of the electron (Jansen et al., 1998). According to the Moseley’s Law, the emitted
fluorescence radiation of an element increases with the square atomic number (Moseley,
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1914). Thus, lighter elements emit lower fluorescence energies, which are more
susceptible for adsorption within the sample material. In addition, elements with lower
atomic numbers respond to X-ray ionization at smaller sample depths (the critical depth
for Al and Si - a few um, for Ca - several tens of um, for Fe - a few hundreds of um;
Jenkins and De Vries, 1970; Jansen et al., 1998). Due to the small response depth of
lighter elements and, therefore, a smaller analyzed sample volume, assessment of light
elements intensities is particularly sensitive to sample heterogeneity and water content
(Tjallingii, 2006; Tjallingi et al., 2007; Hennekam and de Lange, 2012).

X-ray analyses was performed using Aavatech XRF Core Scanner at Christian-Albrecht
University of Kiel (for technical details see Richter et al., 2006). To obtain intensities of
elements with lower atomic weight (e.g., Ca, Cl), the XRF scanning measurements were
carried out with a X-ray tube voltage of 10 kv, a tube current of 750 pA and a counting
time of 10 seconds. To analyze heavy elements (e.g., Fe, Sr), the X-ray generator settings
of 30 kv and 2000 pA and the counting time of 20 seconds were used. A palladium thick
filter was placed in the X-ray tube to reduce the high background radiation generated by
the higher source energies. The XRF Core Scanner data were collected directly from the
split core sediment surface, that had been flattened and covered with a 4 pm-thick
ULTRALENE SPEXCerti Prep film to prevent contamination of the measurement unit
and desiccation of the sediment (Richter et al., 2006; Tjallingii et al., 2007). The XRF
scanning analysis (at 1 to 3 mm steps) was made for the Bahama sediment core (MD99-
2202), made up of typical periplatform oozes with strong dominance of calcium and
strontium (Chapter 5). To account for potential biases related to physical properties of the
sediment core, the XRF intensities (raw counts) of a given element were normalized.
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Abstract. Proximal evidence of the surface ocean response to the size reduction of the
Greenland Ice Sheet (GIS) during the Last Interglacial (MIS5e) and preceding glacial
termination (T2) remains largely elusive. Using a new sediment record from the western
Iceland Sea, the behavior of the northeastern GIS and its relation to the subpolar North
Atlantic surface hydrography is examined. Extremely light oxygen isotopic (8'30) values
are found off central East Greenland during early MIS5e and point to enhanced meltwater
release, potentially from the northeastern sector of the GIS. Data from downstream the
cold East Greenland Current (EGC) and its eastward branches suggest a far-reaching
effect of this meltwater not only in the Nordic Seas but also in the SE Labrador Sea. In
particular, whereas an early MIS5e warming (at ~128.5-126.5 ka) in the two regions
coincided with the relative reduction of meltwater input into the EGC, the subsequent
cooling noted at ~126.5 ka followed a renewed major freshwater event off central East
Greenland. Our data further indicate persistent freshwater influence from the East
Greenland margin over the entire MIS5e interval and, in addition, also reveal a late MIS5e
meltwater event. The latter event occurred just prior to the last glacial inception and
emphasizes the importance of Greenland meltwater as forcing factor on Interglacial
climates.

3.1 Introduction

Present day mass loss of the Greenland Ice Sheet (GIS) and the retreat of Arctic sea ice
lead to accumulation of low-density water in the convection areas of the Nordic Seas and
the Labrador Sea (Masson-Delmotte et al., 2013; Boning et al., 2016). Significant changes
of winter convection in the Labrador Sea linked to upper ocean freshening are known
from historical observations as “great salinity anomalies” (e.g., Belkin, 2004 and
references therein). Such surface processes may not only affect deep convection locally
but also impact the Atlantic Meridional Overturning Circulation (AMOC), and thus the
global climate (Rahmstorf et al. 2015). Freshwater additions into the subpolar regions
also modulate the strength of the North Atlantic subpolar gyre (SPG) (Born and Stocker,
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2014), eventually also affecting the northward heat and salt transfer into the deep
convection sites of the Nordic Seas (Hatun et al., 2005, 2009).

To assess the effects of freshwater forcing on the AMOC, numerous studies have focused
on late Pleistocene intervals. The Last Interglacial, i.e., the Eemian or Marine Isotope
Stage (MIS) Se, is a particularly suitable period for testing future oceanic responses as
this interval is believed to have been globally at least 2 °C warmer than the present
(Masson-Delmotte et al., 2013), with a sea level 4-6 meters higher than today (Hearty et
al., 2007; Kopp et al., 2009). Because of limited direct field evidence from Greenland
(Funder et al., 1998, 2011; Vasskog et al., 2015) including the absence of stratigraphically
well-preserved Eemian ice (e.g., NEEM community members, 2013) — the response of
the GIS to a warmer climate is largely based on numerical modeling efforts. Yet ice sheet
simulations generate considerably different model outputs in terms of the size and timing
of the changes of the GIS, depending on the methodology and boundary conditions used
(Masson-Delmotte et al., 2013 and references therein).

Marine sediments can provide valuable insight into past GIS dynamics and oceanic
responses, dating back to the Eemian and older geological intervals (e.g., Alley et al.,
2010). For instance, sedimentary evidence from the Labrador Sea is in line with previous
assumptions of a reduced southern GIS extent during the Eemian (Otto-Bliesner et al.,
2006; de Vernal and Hillaire-Marcel, 2008; Carlson et al., 2008b; Colville et al., 2011).
However, interpretations of the surface water evolution in this area are complicated by
the Laurentide Ice Sheet dynamics as well as sea-ice/freshwater export from the Arctic
region (Hillaire-Marcel et al., 2001; Cottet-Puinel et al., 2004; Born et al., 2010; Nicholl
et al., 2012). Sizeable meltwater discharges during the Saalian deglaciation (Termination
2) were also documented in the Nordic Seas (Van Nieuwenhove et al., 2011; Bauch, 2013;
Thibodeau et al., 2016). Yet the role of the GIS in the formation of a thick, freshened
surface layer, which significantly delayed peak MIS5e sea surface temperatures (SSTs)
(Bauch et al., 1999; Hodell at al., 2009; Govin et al., 2012), remains unclear.

Unlike the well-known areas to the south of the GIS and in the eastern Nordic Seas, the
East Greenland margin and the adjacent surface current the East Greenland Current
(EGC) are still poorly investigated due to the scarcity of available archives and the low
resolution of existing records (Nam et al., 1995; Stein et al., 1996; Fronval and Jansen,
1996, 1997; Funder et al., 1998). However, the EGC plays a crucial climate-regulating
role, given that it transports polar water to the convection sites of the Nordic Seas and the
Labrador Sea (Dickson et al., 1988, 2007; Aksenov et al., 2010; Rudels et al., 2012; Luo
et al., 2016) and potentially changes the properties and dynamics of the SPG (Born and
Stocker, 2014).

The purpose of this study is twofold. First, we focus on the southwestern Nordic Seas
(i.e., the Iceland Sea) and examine how the GIS instabilities interacted with the properties
of the EGC and the Atlantic water inflows across the entire last interglacial cycle. In a
second step, we compare the MIS5e sea surface evolution off the East Greenland margin
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with climate development further downstream, i.e., the area still within the influence of
polar waters confined to the EGC, to assess hydrographic connections between the Nordic
Seas and the SE Labrador Sea.

3.2 Oceanographic settings and core sites

As part of the upper cell of the AMOC, warm and saline surface currents transport heat
from the tropics northwards into the SPG and across the Iceland-Scotland Ridge into the
polar gyres of the Nordic Seas (Fig. 3.1; Hansen and Osterhus, 2000). Opposed to that is
the outflow of the EGC carrying low-salinity polar waters and sea ice from the Arctic
Ocean southward along the Greenland continental margin (Aagaard and Coachman,
1968; Hopkins, 1991). Today, the EGC is a well-stratified surface current, transporting
not only fresh polar waters at the surface, but also entraining water masses of Atlantic
origin at intermediate depths, including modified (cooled) Atlantic waters from the Arctic
Ocean, and distinctively warmer Atlantic water, which re-circulates in the Fram Strait
(Rudels et al., 2002, 2012). In the southwestern Nordic Seas, an eastward branch of the
EGC combines with the warm Irminger Current forming the relatively cold East Iceland
Current (EIC), which continues eastward along the northern Icelandic shelf. After having
passed the Denmark Strait, the polar waters of the EGC either loop around the southern
tip of Greenland and continue further into the Labrador Sea or turn southwards into the
interior of the SPG (Holliday et al., 2007). The convective sinking of Atlantic waters in
the Nordic Seas and the Labrador Sea forms the deep, southward-flowing branch of the
North Atlantic Deep Water, constituting the lower limb of the AMOC (Eldevik et al.,
2009).

It has been shown that the properties of the Atlantic water flowing into the Nordic Seas
and, therefore, the rate and intensity of the AMOC, are modulated by the strength and
shape of the SPG (e.g., Hatan et al., 2009). In particular, a weaker, north-south oriented
SPG results in enhanced injections of Atlantic salt and heat into the Nordic Seas, whereas
a stronger, east-west oriented SPG contributes more freshwater into the poleward Atlantic
flow (Hékkinen and Rhines, 2004; Hatun et al., 2005, 2009). The SPG strength is
controlled by wind stress (e.g., Lohmann et al., 2009a, 2009b; Chaudhuri et al., 2011) but
also by buoyancy forcing (e.g., Levermann and Born, 2007). Simplified, addition of
freshwater into the Labrador Sea hampers water convection and, therefore, reduces the
baroclinic contrasts between the center and the rim of the gyre, eventually leading to a
weak mode of SPG circulation (e.g., Born and Stocker, 2014).

Marine sediment records were selected from key oceanographic sites in the (subpolar)
North Atlantic (Table 3.1, Fig. 3.1): new paleoceanographic records were produced from
a site off mid-eastern Greenland (M23351) and from two sites in the Iceland Sea (PS1247,
M23485). These records were then complemented with published core data from the
central Nordic Seas (M23352, PS1243), the mid-latitude Northeastern (NE) Atlantic
(M23414 and Ocean Drilling Program (ODP) Site 980 of Leg 162), and the Greenland
Rise (Eirik Drift) in the SE Labrador Sea (HU90-013-013 and MD03-2664).
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Figure 3.1: Simplified modern hydrography in the subpolar North Atlantic and locations of core sites
with the inset representing temperature and bathymetry profile across the southwestern Nordic Seas.
(a) Red/blue arrows indicate major warm/cold surface currents; dashed arrow indicates a subsurface current
and grey arrows denote the main deep-water pathways (modified after Schott et al., 2004 and Rudels et al.,
2012). The green dot marks the location of the investigated core M23351 (70°21'N, 18°13'W, 1673 m
water depth); white dots indicate the locations of other cores discussed in the text (see Table 3.1). White
lines drawn across Greenland delimit the northeastern sector of GIS. Black dashed line indicates the transect
along ~70°N shown in (b). EGC — East Greenland Current, EIC — East Iceland Current, WGC — West
Greenland Current, NAC — North Atlantic Current, IC — Irminger Current, RAC — Return Atlantic Current.
(b) Temperature and bathymetry profile across the Iceland Sea and the western Norwegian Sea from World
Ocean Atlas 2013 (Levitus et al., 2013) together with the locations of investigated cores. The figures are
created using Ocean Data View (Schlitzer, 2016).

3.3 Methods

3.3.1 Sample Preparation

The last interglacial interval in core M23351 (460-570 cm) was continuously sampled as
1 cm thick sediment slabs. The samples were then freeze-dried, weighed, wet-sieved
using a 63 um mesh size, and dry-sieved at 150 pm and 100 um mesh sizes.

3.3.2 Foraminiferal assemblages and iceberg-rafted debris

Given that the subpolar Atlantic-water indicative species Turborotalita quinqueloba
(Natland) rarely grows larger than 150 pm in polar conditions (Bauch, 1994; Kandiano
and Bauch, 2002), planktic foraminiferal counts were performed in the size fraction
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>100 pm. Following the conventional procedure, each sample was reduced by means of
a microsplitter and, when possible, a minimum total of 300 foraminifera was counted.
Samples containing less than 100 specimens were not considered for foraminiferal
relative abundances calculations, but test concentrations (number of specimens per gram
sediment) were calculated for all samples. In all of the samples foraminifera were well
preserved without significant signs of corrosion.

Table 3.1: List of cores considered in this study.

Core Latitude Longitude Water Depth (m) Reference
M23351 70°21'N 18°13'W 1673 Voelker, 1999
this study
M23352 70°00'N 12°26'W 1819 Bauch et al., 2000
Van Nieuwenhove et al., 2013
PS1247 69°30'N 17°07'W 1388 Bauch et al., 1999
this study
M23485 67°55'N 17°52'W 1120 this study
PS1243 69°22'N 06°32'W 2710 Bauch et al., 2012
PS1230 78°52'N 4°50'W 1248 Thiede et al., 2011
PS1906 76°51'N 2°09'W 2901 Bauch, 2013
ODP Site 980  55°29'N 14°43'W 2179 Oppo et al., 2006
M23414 53°32'N 20°17'W 2199 Bauch and Kandiano, 2007
Bauch et al., 2012
HU90-013- 58°13'N 48°22°'W 3380 Hillaire-Marcel et al., 1994,
013 2001

Stoner et al., 1995
Seidenkrantz et al., 1995

MD03-2664 57°26'N 48°36'W 3440 Irvali et al., 2012, 2016
Galaasen et al., 2014

MD99-2227 58°12'N 48°22'W 3460 Carlson et al., 2008b
Winsor et al., 2012

ODP Site 984 61°15'N 24°02'W 1648 Mokeddem et al., 2014

In accordance with the latest taxonomic status (Darling et al., 2006; Kucera, 2007), the
left-coiling (sinistral) specimens of Neogloboquadrina pachyderma (Ehrenberg) are
referred to as N. pachyderma, whereas right-coiling (dextral) specimens are referred to as
N. incompta, in case that sample contained at least 3 % dextral specimens. If the sample
contained less than 3 % right-coiling specimens, they were considered as genotypically
identical to left-coiling specimens (Bauch et al., 2003) and calculated together with
N. pachyderma.

Occurrences of the rare, but stratigraphically important species Beella megastoma
(Earland) were investigated separately from the general counting procedure and on the
entire unsplit sample in the fraction >150 um (Bauch, 1996). Not much is known about
the environmental preferences of this subtropical species, but it has been found at greater
depths (down to 1000 m) in the low latitude North Atlantic and Mediterranean Sea
(Hemleben et al., 1989; Bauch et al., 2000; Bauch, 2013).

Iceberg-rafted debris (IRD) counts were performed in the fraction >150 um at a 1-cm
interval. The results are expressed as IRD grains per gram of dry bulk sediment. While
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executing the IRD counts, each sample was also checked for a potential presence of tephra
grains.

3.3.3 Stable isotope analyses

Oxygen (8'%0) and carbon (6'°C) stable isotope ratios were measured on both planktic
and benthic foraminifera. For the planktic foraminifera about 25-30 tests of
N. pachyderma of similar morphology and size (150-250 pm) were picked when possible,
crushed and homogenized. In some deglacial samples, where presumably high
sedimentation rates diluted the number of available specimens, replicate runs were
performed (when possible) on available tests (5-10). Benthic foraminiferal isotope data
were produced using 5-10 specimens of the epibenthic species Cibicidoides wuellerstorfi
(Schwager) and 5-20 specimens of the shallow-endobenthic species Oridorsalis
umbonatus (Reuss) (e.g., Rathburn and Corliss, 1994). Both of these records were then
spliced together. To account for species-dependent departures from isotopic equilibrium,
880 values were corrected by +0.64 %o and +0.36 %o for C. wuellerstorfi and
O. umbonatus, respectively (Duplessy et al., 1988).

Stable isotope analyses were carried out on a Finnigan MAT 253 mass spectrometer at
the GEOMAR Stable Isotope Laboratory. Results were calibrated to the Vienna Pee Dee
Belemnite (VPDB) isotope scale via the NBS-19 and an internal laboratory standard.
Analytical precision (1o) of in-house standards is better than 0.04 %o for 5'3C and 0.08 %o
for 310 (N=69).

3.4 Results from core M23351

Proxy records from core M23351 (Fig. 3.2) show that the early deglacial transition at
~565-555 cm is characterized by a 0.3-0.7 %o decrease in planktic 5'%0 values and a 1.3-
1.6 %o negative change in benthic 8'®0 values. Further up within T2, two spikes of
extremely depleted N. pachyderma 8'0 values (<1.8 %o) occur, centered at ~545 and
~515 cm. These two events are separated by a reversal, associated with increased planktic
813C (0.4 %o) and intermediate 3'30 (up to 4 %o) values; note that the sediment section at
~545-530 cm did not contain any O. umbonatus specimens. A first occurrence of the
subtropical species B. megastoma as well as of the epibenthic species C. wuellerstorfi is
noted around the second peak of depleted 6'%0, near the end of T2 (at ~515 cm). Although
oxygen isotopic offsets between O. umbonatus and C. wuellerstorfi disappear soon
thereafter, a small, but noticeable difference (0.3 %o) is observed around 500 cm.

The MIS5e peak (marine interglacial optimum) stands out by lowest proportions of the
polar species N. pachyderma, whereas relative abundances of its subpolar counterpart
T. quinqueloba are highest. The subpolar species Globigerinita uvula (Ehrenberg) also
constitutes up to 0.5 % of the assemblage during the MIS5e peak (data not shown).
Planktic and benthic 3'0 show relatively constant values until about 490 ¢cm, however,
rapid negative excursions of 3'%0 values in N. pachyderma, C. wuellerstorfi and
O. umbonatus are observed at the end of MIS5e (at 492 cm). This is followed by an
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increase in IRD input and N. pachyderma proportions, indicating the glacial inception
after the warmest interval. Planktic foraminifera abundance (specimens/g), consisting
thereafter exclusively of N. pachyderma, increases after the demise of interglacial
warmth, and remains high until about 475 cm. No apparent ash layers were recognized
within the entire record.
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Figure 3.2: Proxy data of core M23351 (off the East Greenland margin) over the last interglacial cycle
versus depth: (a) 3°C values of C. wuellerstorfi and N. pachyderma, (b) 8'*0 (smoothed and original) of
N. pachyderma, (¢) benthic (C. wuellerstorfi and O. umbonatus) 50 data, (d and e) proportions of N.
pachyderma and T. quingueloba, respectively, (f) number of planktic foraminifera per gram dry sediment,
(g) iceberg-rafted debris (IRD), grains per gram dry sediment, (h) number of B. megastoma per gram dry
sediment. Second-run measurements on stable isotopes O/C are marked respectively with
crosses/diamonds. The interval of MIS5e peak warmth is highlighted in red. The upward grey arrows at
492 ¢cm mark the light 3'80 values of N. pachyderma, C. wuellerstorfi and O. umbonatus representing a
meltwater event. Also indicated are isotopic events 6.2 and 5.4 (Martinson et al., 1987). Black triangles
with age indicate the age control points (see Fig. 3.3). C.w. — C. wuellerstorfi; N.p. — N. pachyderma; O.u.
— O. umbonatus.
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3.5 Core correlations and time scales

The framework of our marine age model is built on the recent AICC2012 ice core
chronology, which incorporates ice records from Antarctica and Greenland (Bazin et al.,
2013; Veres et al., 2013) and is expressed as thousand of calendar years before present
(i.e., 1950) or “ka”. The construction of the age model thus implies a stepwise transfer of
age tie points from the ice cores to the cores studied here (Table S3.1), following
alignment of marker events (Govin et al., 2015) using AnalySeries 2.0.8 (Paillard et al.,
1996).

In a first step, the stratigraphic markers, tying the ice core records (NorthGRIP
community members, 2004; Loulergue et al., 2008) to ODP Site 980 as identified by
Capron et al. (2014), were adopted and applied to nearby core M23414 in the NE Atlantic,
whose age model was further improved (Fig. S3.1). The same approach was then also
used to transfer the Labrador Sea cores (MD03-2664 and HU90-03-013) and core PS1243
from the Nordic Seas onto the AICC2012 chronology (Figs. S3.2 and S3.3). The reader
is referred to the appendix for a more elaborate discussion on the rationale of each tie
point.

Because of a more complex depositional regime, constructing a common stratigraphy for
sediment cores recovered in proximity to the GIS margin (M23352 and most notably
M23351) is challenging, particularly in the deglacial intervals. For instance, correlating
deep-sea benthic §'%0 records — generally regarded to reflect global ice volume — can be
hampered due to offsets in 3'30 signatures between the ocean basins (Dokken and Jansen,
1999; Shackleton, 2000; Lisiecki and Raymo, 2009) and other deglacial overprints in ice-
sheet-proximal environments (e.g., Bauch et al., 2000). Climatic alignments on the base
of SST records and faunal data that appear justified for the North Atlantic (e.g., this study;
Govin et al., 2012) have limited applicability in the circum-Arctic regions, particularly at
the onset of MIS5e due to the belated progression of interglacial warmth towards the polar
North Atlantic (Cortijo et al., 1999; Rasmussen et al., 2003b; Van Nieuwenhove et al.,
2011). In addition, the abrupt global methane increase (dated at ~128.7+0.5 ka in
Antarctic ice cores; Loulergue et al., 2008) coherent with post-Saalian warming in the
North Atlantic (Carlson et al., 2008b; Waelbroeck et al., 2008; Govin et al., 2012; Capron
etal., 2014), remains difficult to trace in the high northern latitudes by using faunal-based
proxies (Govin et al., 2012; Capron et al., 2014).

We selected core PS1243 as stratigraphical reference base for cores M23352 and M23351
because of its relatively even sedimentation rates over the last interglacial cycle (see
appendix). The last interglacial cycle in cores M23352 and M23351 can easily be
discerned from the readily identifiable peaks of heavy planktic 8!30 values at 135 ka and
107 ka in PS1243, here associated with the isotopic events 6.2 and 5.4 (Figs. 3.3 and S3.4;
Martinson et al., 1987). The changeover from the MIS5e “plateau” of low stable planktic
and benthic 330 values to markedly heavier values in both records reflects the glacial
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inception (early Weichselian) and seemingly corresponds to a cooling identified in the
NorthGRIP ice core at ~116.7 ka (NorthGRIP community members, 2004).
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The age model of core M23352 was further constrained for T2 by specifying two
additional tie points based on the striking resemblance with the N. pachyderma 830
record in core PS1243 (Fig. S3.4): (1) the mid-point of the deglacial transition following
the “first step” of decreasing 6'0 values at 129.4 ka; (2) the prominent return to higher
8180 values at 125.5 ka, indicating the end of T2 (e.g., Bauch et al., 2000). Additionally,
a rhyolitic tephra layer in core M23352, was aligned to the Se-Midt/RHY ash layer found
in PS1243 at ~121 ka (e.g., Fronval and Jansen, 1996).

For core M23351 two additional tie points were used to better constrain the age model
around the MIS6/5¢ transition (Fig. 3.3): (1) a less obvious end of the deglacial “first
step” (129.4 ka) was set around 549 cm, just before a drastic increase in IRD (Fig. 3.2g),
roughly corresponding to the mid-point of the steep decrease in planktic 8'%0 values
across the MIS6/5¢ transition; (2) for the second tie point, at 125 ka, the (smoothed)
benthic rather than the planktic oxygen isotope records were used, given that the planktic
signatures could have been biased by meltwater overprints close to the active GIS. Based
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on the proximity and similar water depth of cores M23352 and M23351, it was assumed
that both sites were influenced by the same deepwater mass. Thus, the onsets of the
benthic 330 “plateaus” at 125 ka were aligned and their timing additionally crosschecked
with faunal, IRD and planktic isotopic (O/C) data.

Despite the arguments provided above (and in the appendix), the construction of the
stratigraphic framework applied here, may still carry some uncertainties, for instance, due
to the diachronous nature and/or spatially-restricted influence of meltwater events.
However, it should be noted that relative uncertainties can be assumed to be minimal due
to incorporation of several independent age markers in a suite of benthic and planktic
records. Thus, any remaining uncertainties would seem marginal in the context of the
assessment of millennial-scale events across the studied regions.

3.6 Discussion

3.6.1 Saalian deglaciation in the Nordic Seas: influence from northeastern
Greenland

The overall course of the Saalian deglaciation (T2) in the Nordic Seas was shaped by
large meltwater release from the collapsing continental ice sheets and fringing ice shelves,
especially on the Eurasian side (e.g., Hebbeln et al., 1998; Knies and Vogt, 2003;
Spielhagen et al., 2004; Knies et al., 2007; Bauch, 2013). It therefore seems difficult to
trace meltwater pulses back to their provenances in general (Spielhagen and Bauch,
2015).

In the western Iceland Sea (core M23351) the extremely light planktic 3'%0 values
documented during early MIS5e (late T2) are significantly lower than deglacial values
anywhere else in the central Nordic Seas, where N. pachyderma 8'30 recorded both a
post-glacial SST increase and surface freshening (Fig. 3.4c and f). These values,
therefore, clearly reflect a deglacial meltwater overprint along the East Greenland margin.
Although identification of freshwater origin is complicated by the variety of potential
sources, likely candidates for these early MIS5e meltwater events are the circum-Arctic
region as well as the GIS.

To better evaluate the Arctic Ocean’s role in the observed abrupt and large decreases in
planktic 8'30 values, we compared core M23351 with available isotopic data from the
upstream region, i.e., the western Fram Strait and the Greenland Sea (Fig. 3.4). There, the
Saalian deglacial meltwater pulses, easily identifiable in IRD and planktic 3'30 records,
do not show equally high-amplitude isotopic excursions as during the last deglaciation
(Fig. 3.4a and b; Kohler and Spielhagen, 1990; Stein et al., 1996; Antonow et al., 1997;
Bauch et al., 1999, 2001; Spielhagen et al., 2004; Knies et al., 2007; Thiede et al., 2011;
Telesinski et al., 2014, 2015). These post-Saalian values farther north are much higher
than the time-coeval values downstream in the western Iceland Sea, excluding the circum-
Arctic region as a principal source for the early MIS5e isotopic excursions in core
M23351.
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Figure 3.4: Comparison of 38!0 values of N. pachyderma during the Saalian deglaciation across (a)
the western Fram Strait (core PS1230, Thiede et al., 2011), (b) the Greenland Sea (PS1906, Bauch, 2013),
(c-f) and the Iceland Sea (from west to east: cores M23351, M23485, PS1247, M23352 (Bauch et al.,,
2000)). The interval of MIS5e peak warmth is highlighted in pink. Intervals within the glacial termination
with 8'30 values lower than the interglacial average (indicated by horizontal dashed lines) are colored in
blue. In core M23485 (e) interpretation of peak interglacial 3'%0 values is hampered by low sedimentation
rates and a relatively thick basaltic ash layer (at 805-820 cm). The upward arrows in (c¢) and (d) indicate
the late MISS5e meltwater event. Blue arrows on the map mark the pathways of post-Saalian meltwater
based on data discussed in the text. The bathymetry map is created using Ocean Data View (Schlitzer,
2016). JL — Jameson Land peninsula.

Since freshwater contributions from the Arctic region are thus regarded to have been of
secondary importance, meltwater from the GIS is, therefore, considered here as the most
likely cause for the very low planktic 8'%0 values found in the western Iceland Sea during
late T2. In the absence of marine records from the northeastern Greenland shelf, recent
simulations reveal a complete Eemian GIS collapse north of ~79°N (e.g., Born and
Nisancioglu, 2012; Stone et al., 2013). However, sediment cores retrieved off North
Greenland, i.e., in the vicinity of an important route for GIS meltwater propagation
(Gillard et al., 2016), do not provide evidence for significant freshwater runoff from the
high-latitude GIS during this time (Nergaard-Pedersen et al., 2007). Collapse of the mid-
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eastern GIS during T2 can be deduced from the terrestrial data from Jameson Land to the
northwest of site M23351 (Fig. 3.1). This area was extensively glaciated during the
Saalian, but has remained more or less ice-free since Eemian times (Funder et al., 1998,
2011; Hékansson et al., 2009). Taking into account the variety of potential GIS sources,
it is suggested here that the entire northeastern sector of the GIS, including the glacier
outlets between ~70° and 83°N (Fig. 3.1), could have played a role in the sea surface
freshening revealed at site M23351.

The related freshwater release during early MIS5e appears to be traceable eastward of
M23351, at site PS1247 — there, the low sedimentation rates in combination with
bioturbation likely biased N. pachyderma 8'30 towards higher values (Fig. 3.4d) — and to
the site of core M23485, north of Iceland (Fig. 3.4¢). The comparatively low 3'30 values
found at the latter site may suggest additional freshwater contributions from other
sources, i.e., from a decaying Icelandic ice sheet.

3.6.2 Early MISSe meltwater events (129-125 ka)

As shown in Fig. 3.5, the deglacial record from the East Greenland margin (core M23351)
clearly documents the stepwise nature of the deglaciation (e.g., Seidenkrantz et al., 1996;
Rasmussen et al., 2003a, 2003b; Risebrobakken et al., 2006; Bauch and Erlenkeuser,
2008; Van Nieuwenhove et al., 2011). Within the second step, which reaches into early
MIS5e at these latitudes, at least two prominent meltwater events can be identified based
on the paired low planktic 6'*0-8'3C values and the IRD record (Fig. 3.5). The two events
are separated by a millennial-scale reversal (~128.5-126.5 ka) evident from a pronounced
increase of planktic 3'30 values (up to 4 %o) and a significant abrupt decrease of IRD at
~128.5 ka in core M23351.

According to our age model, the first major meltwater event within early MIS5e occurred
around 129 ka and followed shortly after the first deglacial step, when global sea level
rise caused increased ice sheet instability and enhanced glacier calving (Funder et al.,
1998). The ablation and calving from the GIS was probably reinforced by the increasing
boreal insolation and, particularly, by positive late spring-early summer solar insolation
anomalies (Otto-Bliesner et al., 2006).

During phases of significant meltwater input, low planktic 8°C values are generally
attributed to the input of glacial meltwater, which typically has very low 3'3C values
(Bauch and Weinelt, 1997; Bhatia et al., 2013; Xiao et al., 2014), and a deeper, less-
ventilated habitat for N. pachyderma with an increased supply of C'*-depleted metabolic
CO; from bacterial respiration (Spielhagen and Erlenkeuser, 1994; Xiao et al., 2014;
Spielhagen and Bauch, 2015). The pronounced shift to much higher planktic §'°C at
~128.5 ka in core M23351, therefore, suggests a marked change in the environment, and
together with heavier planktic §'80 values and reduced IRD points to a significant
reduction in meltwater input, arguing for an interruption of deglacial processes between
~128.5 and 128 ka (Fig. 3.5). The following interval until ~126.5 ka is characterized by
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elevated IRD deposition but generally high §'30 values of N. pachyderma. 1t therefore
seems to reflect a time of relatively reduced meltwater input into the EGC.
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Figure 3.5: Proxy records from cores M23351, M23352 (Bauch et al., 2000) and PS1243 (Bauch et al.,
2012) for the period 135-114 ka. Left panel (core M23351): (a) 3'80 of N. pachyderma, (b) 8'20 of spliced
C. wuellerstorfi and O. umbonatus, (¢) 8'*C of N. pachyderma, (d) proportion of T. quinqueloba and (e)
IRD grains per gram dry sediment. Right panel (cores M23352 (violet line) and PS1243 (dashed red line)):
(f) 380 of N. pachyderma, (g) 5'30 of C. wuellerstorfi, (h) 8*C of N. pachyderma, (i and j) proportions of
T. quinqueloba respectively in cores PS1243 and M23352. The horizontal bars in (d), (i) and (j) mark
occurrences of B. megastoma (B.m.) in cores M23351, PS1243 and M23352, respectively. Note a longer-
lasting Termination 2 at the site more proximal to the GIS (M23351) compared to the central Nordic Seas
(PS1243 and M23352; of which T2 was longer for M23352). Early MIS5e meltwater events off the East
Greenland margin are highlighted with blue bars. Opposite sequences of warm and cool episodes within
the stepwise Termination 2 are marked with downward arrows (red/blue) for cores M23351 and PS1243.
Upward-pointing grey arrows at ~118 ka in core M23351 denote the late MIS5¢ meltwater event.

Throughout early MIS5e (~129-127 ka), including both phases of increased (~129 ka)
and decreased (~128 ka) melting of the GIS, the sedimentary record at site M23351 is
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almost barren of fossils, including N. pachyderma and O. umbonatus (Fig. 3.2c and d).
The latter shallow-endobenthic species is capable to tolerate environments with low
fluxes of organic matter (Mackensen et al., 1985; Rathburn and Corliss, 1994). Such
reduced numbers of planktic and benthic foraminifera likely indicate low bioproductivity
due to cold surface conditions, limited food abundance and/or enhanced sea-ice cover
(Nam et al., 1997; Bauch et al., 2001; Perner et al., 2015).

The second (younger) prominent IRD-enriched freshwater episode, centered around
126 ka in M23351, reflects a continuation of the northeastern GIS deglaciation but with
less severe conditions than during the first event (Fig. 3.5). This is deduced from
increased planktic foraminiferal abundances and the appearance of C. wuellerstorfi,
suggesting increased sea surface productivity and seasonally open waters (Fig. 3.2¢ and
f; Wollenburg et al., 2001). As an epibenthic-living suspension feeder, C. wuellerstorfi is
typically abundant during interglacial times when reinforced bottom currents assure high
food supply (Mackensen et al., 1985; Lutze and Thiel, 1989).

Analogies to the stepwise deglaciation as revealed by our marine record can be found in
sedimentary successions on Jameson Land (Fig. 3.1) that apparently reflect Eemian sea
level changes (Lysa and Landvik, 1994; Funder et al., 1998). Here, an initial eustatic sea
level rise (“deglacial flooding”) was succeeded by a regressive phase, which likely
resulted from isostatic rebound. That phase was then followed by a second transgression
due to resumed melting of Saalian ice elsewhere but on Jameson Land (Lysa and Landvik,
1994; Funder et al., 1998). It seems relevant to link the terrestrial sequence of events to
the step-wise deglaciation found at site M23351. And yet, such a correlation between the
onshore and offshore records remains largely tentative and speculative, also because it
cannot be excluded that site M23351 was affected by several simultaneous meltwater
discharge events that originated from potentially different sources.

3.6.3 Implications of climatic oscillations during early MISSe
3.6.3.1 Nordic Seas

In contrast to the more proximal site M23352, core PS1243 further away from the GIS in
the western Norwegian Sea documents a pronounced post-glacial surface warming as
early as ~128 ka (Fig. 3.5). This relatively early MIS5e warming is linked to the intrusion
of Atlantic water at the sea surface, as seen by the rapid increase of the subpolar,
symbiont-bearing species 7. quinqueloba around 128 ka (Fig. 3.5i). Such high
proportions of this species indicate at least seasonally open waters and a rather restricted
influence of deglacial meltwater for this area at that time. Enhanced presence of Altantic-
sourced waters at the sea surface corresponds with the initiation of vertical convection in
the central Nordic Seas at ~128 ka, as inferred from benthic 8'3C (Fig. 3.6a-c). That warm
phase was, however, interrupted by an abrupt short-term surface cooling at ~126.5 ka,
coherent with a temporal reduction of deep water ventilation. According to our age model,
the early climatic amelioration in core PS1243 appears to coincide with the phase of
decreased melting of the northeastern GIS (~128.5-126.5 ka), whereas the subsequent
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cooling followed upon a renewed GIS freshwater release at ~126.5 ka. Admixture of this
low-density water would inhibit the vertical convention, however, noting that the GIS
should only be considered as one of several possible sources.

The intensified melting from the northeastern GIS around ~129 ka and ~126 ka
corresponds in time (within the age uncertainties) with the first and the last intrusions of
subtropical species B. megastoma into the southern Nordic Seas (Fig. 3.5), revealing a
possible link between subsurface heat advection and ice sheet melting (e.g., Marcott et
al., 2011). In the Nordic Seas, the occurrence of B. megastoma coincides with abrupt
depletions in benthic §'30 values, including the freshwater event around 126 ka found off
the East Greenland margin (Fig. 3.5). The onset of the so-called B. megastoma event (at
~126 ka) there was obviously delayed in comparison to the more central regions of the
Nordic Seas (Bauch, 1996). There, the species occurred as early as the latest phase of
Heinrich Event 11, providing evidence for an existing, although variable, subtropical-to-
polar “teleconnection” at subsurface water depths during T2 (Bauch et al., 2012; Bauch,
2013).

At times of overall suppressed ocean overturning due to freshwater forcing (e.g., Oppo et
al., 1997; Bauch and Erlenkeuser, 2008; Hodell et al., 2009; Sanchez Goni et al., 2012;
Govin et al., 2012), the B. megastoma events suggest that warmer and denser Atlantic-
sourced water masses propagated into the Nordic Seas at the subsurface, very much like
it is seen in the Arctic Ocean today (e.g., Rudels, 2015). Considering that during early
MIS5e the northward flow of subsurface Atlantic waters in the eastern Nordic Seas was
likely hindered by a rather thick deglacial meltwater lid, its main flow could have been
deflected westward into the Iceland Sea (Bauch et al., 1999). There, the re-circulated
Atlantic-sourced waters were either entrained beneath the cold polar waters of the EGC
or transported further west across the Greenland shelf break, eventually affecting the GIS
mass balance through submarine ice melting. Accordingly, modern observations reveal a
pivotal role of such topographically-dependant warm intrusions in melting of marine-
terminating glaciers and ice streams (Hellmer et al., 2012; Straneo et al., 2012; Wilson
and Straneo, 2015).

When compared with the time interval of increased vertical convection in the central
Nordic Seas at ~128-126.5 ka, during the B. megastoma events density changes of the
Atlantic water flowing across the Nordic Seas are inferred to have been minimal, thereby
arguing for an enhanced Atlantic heat transfer towards the east Greenland shelf at that
time (Fig 3.7a and c). Accordingly, a relatively stronger (colder) EGC could be inferred
for the time interval of enhanced water column ventilation at ~128-126.5 ka, which
coincided with reduced/moderate melting of the northeastern GIS (Fig. 3.7b). This lasted
until another significant reduction in deep water ventilation happened at ~126 ka,
coincidently with another B. megastoma event (Fig. 3.7¢c).
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Figure 3.6: Comparison of proxy records from the Nordic Seas cores M23351 and PS1243 (Bauch et
al., 2012), the Labrador Sea cores MD03-2664 (Irvali et al., 2012; Galaasen et al., 2014) and HU90-
013-013 (Seidenkrantz et al., 1995) and the NE Atlantic core M23414 (Bauch et al., 2012) for the
period 135-110 ka. (a) 3'%0 values of N. pachyderma in core M23351, (b) 5'3C values of C. wuellerstorfi
in cores M23351 and PS1243, (¢) N. pachyderma proportions in PS1243; horizontal green bars mark
occurrences of B. megastoma (B.m.) in core PS1243, (d) 5'*C values of C. wuellerstorfi in MD03-2664, (e)
N. pachyderma proportions in HU90-013-013 and MD03-2664, () 5'30 values of N. pachyderma in MD03-
2664, (g) Modern Analogue Technique (MAT) summer sea surface temperature (S-SST) in M23414. Early
MIS5e meltwater events off the East Greenland margin are shown with blue bands. Horizontal double-
ended red arrow in (g) shows an interval of peak SSTs as revealed in Bauch and Kandiano (2007). Upward
black arrow in core M23351 (a) at ~118 ka indicates the late MIS5e meltwater event. Note that the duration
of Termination 2 varied depending on the region and is shown here for core M23351. The dotted green line
indicates a tentative correlation of events in the Nordic and Labrador Seas, as discussed in the text. Heinrich
Event 11 (H11) is allocated based on core M23414 data (see Fig. S3.1).
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During the B. megastoma events the associated relatively dense subsurface inflow
probably promoted the initiation of a deeper convection in the central Nordic Seas. A
comparable process is suggested for the last deglaciation when a surplus of Atlantic salt
and heat transported from the mid-latitudes into the Nordic Seas at subsurface depths
facilitated an AMOC resumption (Thornalley et al., 2010; Repschldger et al., 2015). Heat
released from the subsurface waters caused thermobaric instability of the water column
and led to a diminished stratification (Thiagarajan et al., 2014). As an additional trigger
for reduced stratification at that time, a possible release of the glacial heat stored in the
deep Nordic Seas can be invoked. Considering that low deglacial benthic §'30 values in
the Nordic Seas could be partly related to geothermal heating of isolated bottom water
masses (Adkins et al., 2005; Thiagarajan et al., 2014; Thornalley et al., 2015), the deep-
ocean heat release may be supported by the increasing trends in benthic §'%0 records in
cores M23352 and PS1243 between 129.5 and 128 ka (Fig. 3.5g). However, the lack of a
clear understanding of the nature behind such isotopic depletions in deep-sea benthic
foraminifera (e.g., Lehmann et al., 1993; Rasmussen et al., 2003b; Dokken and Jansen,
1999; Bauch and Bauch, 2001; Stanford et al., 2011) precludes any further affirmation of
such a mechanism at this time.

3.6.3.2 Labrador Sea and North Atlantic

Throughout T2 and up to mid-MIS5e the Labrador Sea was strongly influenced by
elevated freshwater supply from the GIS and the Laurentide Ice Sheet (de Vernal and
Hillaire-Marcel, 2008; Carlson et al., 2008b; Colville et al., 2011). Although
foraminiferal data and SSTs indicate warming during early MIS5e (~128.5-126.5 ka) at
the Eirik Drift sites MD03-2664 and HU90-013-013 (Fig. 3.6e), data from nearby core
MD99-2227 (Fig. 3.1) lack a similar early climatic amelioration (Carlson et al., 2008b;
Winsor et al., 2012). Accordingly, higher planktic 'O values at the other two Eirik Drift
sites (Fig. 3.6f) evidence the influence of a warmer surface current (e.g., Irvali et al.,
2012), whereas at MD99-2227 site lowered 8'%0 values in N. pachyderma from ~128 ka
onwards would rather suggest continuous influence of a cold and fresh EGC, implying a
strong hydrographic gradient at the sea surface (Winsor et al., 2012). And yet, such
comparisons may remain tentative (Carlson et al., 2008b; Winsor et al., 2012), if one
considers different age model concepts used for core MD99-2227 (Evans et al., 2007;
Channell et al., 2009; Sanchez Goiii et al., 2012) and cores MD03-2664 and HU90-013-
013 (this study; Hillaire-Marcel et al., 2001; Irvali et al., 2012; Galaasen et al., 2014).
Instead, striking resemblance of overall CaCOj3 records of cores HU90-013-013 (Stoner
et al., 1995) and MD99-2227 (Carlson et al., 2008b) as well as correlations of red detrital
layers deposited after the final collapse of the Laurentide Ice Sheet (Nicholl et al., 2012;
Galaasen et al., 2014) could be considered a firmer basis for correlating between cores
(Fig. S3.2).
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Figure 3.7: Schematic representation of surface and subsurface circulation during three different
time slices within the early MISSe (~129.5-125 ka), based on data discussed in the text. Subsurface
flows are based on occurrences of B. megastoma. (a) End of Heinrich Event 11 (~129.5-128.5 ka). A
meltwater event off eastern GIS corresponds in time with the subsurface Atlantic inflow into the Nordic
Seas and a weak SPG; (b) Early MIS5e warming (~128.5—126.5 ka) in the NE Atlantic, the SE Labrador
Sea and the Nordic Seas caused by the influence of Atlantic water at the sea surface. The warm phase
coincides with a reduction of meltwater input from the East Greenland margin, initiation of vertical
convection in the central Nordic Seas and a strong SPG; (¢) Surface cooling in the SE Labrador Sea and
the Nordic Seas (~126.5—125 ka) coincides with a renewed meltwater event off the East Greenland margin.
The subsurface Atlantic inflow into the Nordic Seas appears to have been far-reaching but short-lasting
(~126.5-125 ka). EGC — East Greenland Current.

The influence of a warmer surface current during early MIS5e in the SE Labrador Sea is
also recognized on the opposite side of the SPG, in the NE Atlantic (Fig. 3.6g; Cortijo et
al., 1994; Oppo et al., 2006; Bauch and Kandiano, 2007; Bauch et al., 2012). In spite of
initial climate ameliorations noticeable in the central Nordic Seas at ~128 ka (Fig. 3.6¢),
ongoing significant meltwater input from the disintegrating ice sheets limited the
propagation of Atlantic surface heat through the eastern Nordic Seas and into the Arctic
Ocean (e.g., Van Nieuwenhove et al., 2011). That situation accounted for excess heat
storage in the mid-latitudes (Bauch and Kandiano, 2007; Bauch et al., 2012; Sanchez
Goni et al., 2012) with positive climatic feedbacks on the Labrador Sea (Figs. 3.6f and
7b; Irvali et al., 2012; Galaasen et al., 2014) and the area off southern Iceland (ODP Site
984, Fig. 3.1; Mokkedem et al., 2014).

Rapid increases of N. pachyderma proportions in the SE Labrador Sea and in the central
Nordic Seas starting at ~126.5 ka indicate a significant cooling that punctuated the early

_4] -



Chapter 3: Hydrographic shifts linked to meltwater discharges

MIS5e warming in these regions (Fig. 3.6¢ and e; Seidenkrantz et al., 1995, 1996; Fronval
and Jansen, 1996; Irvali et al., 2012; Bauch et al., 2012; Galaasen et al., 2014).
Superimposed on the continuous ablation of the southern GIS at that time (Carlson et al.,
2008b), a large meltwater discharge at ~126.5 ka as evidenced by the planktic §'%0 record
in core M23351 can be invoked as additional trigger for the cooling observed at the Eirik
Drift (Fig. 3.6). The meltwater released during this discharge was likely carried eastwards
and southwards (towards the Eirik Drift area) by the EIC and EGC respectively. It is
further conceivable that the southward transport of freshwater together with sea ice
caused a weakening and contraction of the SPG (Fig. 3.7c; Hatin et al., 2005, 2009;
Thornalley et al., 2009; Born et al., 2010; Born and Stocker, 2014). Coincident with cold
surface conditions at the western SPG periphery, records from the NE Atlantic show peak
SSTs at ~126.5-123 ka (Fig. 3.6g; Bauch and Kandiano, 2007). The associated high
abundance of subtropical foraminifera there would indicate a smaller east-west expansion
of the SPG, which enabled more tropical waters to be advected into the NE Atlantic
(Hatan et al., 2009; Thornalley et al., 2009) at times when the northward surface flow
was still blocked by the presence of a thick meltwater lid (Fig. 3.7¢). That Atlantic water
did nonetheless flow further into the Nordic Seas at that time, presumably as a subsurface
current, is documented by the rare but omnipresent occurrence of subtropical
B. megastoma (Fig. 3.6; Bauch et al., 2000, 2012).

At the Eirik Drift, colder conditions also started to develop at ~126.5 ka but persisted
about 2-3 kyr longer than in the central Nordic Seas, i.e., until ~123 ka (Fig. 3.6e), perhaps
amplified by a non-linear response of the SPG to surface freshening and atmospheric
forcing (Lohmann et al., 2009a; Born et al., 2010). The continuing melting of the southern
GIS across the early and mid-MIS5e (de Vernal and Hillaire-Marcel, 2008; Carlson et al.,
2008b; Colville et al., 2011) together with a surge event from the Laurentide Ice Sheet
(Nicholl et al., 2012) may have contributed to this longer-lasting, regional cooling. In
addition, the increased freshwater presence might have added to the reduction of Labrador
Sea Water formation at that time (Hillaire-Marcel et al., 2001; Cottet-Puinel et al., 2004;
Born et al., 2010).

The cold surface conditions at the Eirik Drift after ~126.5 ka (core MD03-2664) are
characterized by very low C. wuellerstorfi 3'3C values (Fig. 3.6d; Galaasen et al., 2014).
Also in the Nordic Seas at shallow depth in M23351 and at greater depth in PS1243
depleted benthic 8'3C values are seen for this time period and coincide with the freshwater
release from the northeastern GIS (Fig. 3.6a and b). In the Labrador Sea, these depletions
associated with rapid reductions of deep water formation were suggested by Galaasen et
al. (2014) to occur during the peak interval of MIS5e. We, however, interpret the
aforementioned &'3C depletions in MD03-2664 to belong stratigraphically and
climatically still to the main deglaciation, very much like in other records from the Nordic
Seas (e.g., Van Nieuwenhove et al., 2011). Thus, also the earlier MIS5e warm episodes
documented in the central Nordic Seas (Bauch et al., 2012) and at the Eirik Drift (Irvali
et al., 2012, 2016) between ~128.5 — 126.5 ka (Fig. 3.6c and e) are suggested here to be

-4 -



Chapter 3: Hydrographic shifts linked to meltwater discharges

part of the main deglaciation. Accordingly, because of the different physical constraints
inherent to the Saalian deglaciation, these climatic events present quite different
environmental circumstances when compared to proper, peak interglacial conditions with
high global sea level and insignificant meltwater influence (Bauch et al., 2012). In
addition, given that stratigraphical markers across MIS5e are scarce and could be biased
because of deglacial processes, particularly in proximity to ice sheet margins (Govin et
al., 2015), it cannot be ruled out that the entire cold, '*C-depleted event which started in
MDO03-2664 at ~126.5 ka might in fact be time-equivalent to the cold event recognized
in PS1243 between ~126.5 and 125 ka (Fig. 3.6b-¢).

3.6.4 Peak MISSe and a meltwater event preceding the glacial inception

According to our new age model, the main deglaciation came to an end in the central
Nordic Seas around 125.5 ka, whereas in the western Nordic Seas substantial amounts of
IRD together with lowered planktic §'30 values (surface meltwater) persisted for another
2-3 kyr (Fig. 3.5). A freshened sea surface at this time is also seen in phytoplankton-based
reconstructions from core M23352 (Van Nieuwenhove et al., 2013). Together with the
continued IRD input at the Greenland margin, the 8'%0 offset between O. umbonatus and
C. wuellerstorfi (Fig. 3.2¢) is a further indication for ongoing ice sheet melting and a deep
water environment which had not approached a stable climate mode typical for an
interglacial (Bauch and Erlenkeuser, 2003).

Over the peak of MIS5e, defined here by highest proportions of 7. quinqueloba, the
deposition of IRD along the East Greenland margin never completely ceased and some
notable variability in IRD input occurred in phase with polar foraminiferal increases
(Fig. 3.5d and e), something not mirrored in the isotope data (in contrast to the early
MIS5e). The reason for this may have been stable summer temperatures at the base of the
seasonal mixed layer, and much less freshwater influence during the foraminiferal
reproduction period (Jonkers et al., 2010; Pados and Spielhagen, 2014). A recent multi-
proxy study from core M23352 revealed an early optimum and a cooling trend, which
started already after 120 ka (Van Nieuwenhove et al., 2013). According to our revised
age model for this core, which also considers the S5e-Midt/RHY ash layer, the cooling
trend is observed in this record even earlier within the MISS5e, already after ~122 ka
(Fig. 3.5j). In contrast, core M23351 would rather indicate a late MIS5e foraminiferal
optimum, very comparable to what is reported from the eastern Nordic Seas (Bauch and
Erlenkeuser, 2003). While keeping in mind the low resolution across the peak of MIS5e
in this core, we cannot discount the possibility that the elevated proportions of
T. quinqueloba and, by inference, the lower shares of N. pachyderma during late MIS5e
may not exactly capture the actual peak of SSTs (Fig. 3.5d). Foraminiferal census data
can also reflect specific changes at the species habitat depths, incorporating different
forcing mechanisms (e.g., food and light availability, predation) with regard to their
respective seasonal occurrence (e.g., Simstich et al., 2003; Jonkers et al., 2010).
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The end of the last interglacial warmth off the East Greenland margin (core M23351) is
marked by a pronounced short-term depletion in both planktic and benthic 3!30 values
around 118 ka, associated here with a freshwater pulse (Figs. 3.5a, b and 3.6a). A similar
rapid negative planktic 8'30 excursion is observed in nearby core PS1247 (Fig. 3.4d) and
further downstream in core MD99-2227 (Winsor et al., 2012). In the M23351 record, a
decrease in subpolar foraminifera proportions as well as a significant increase in IRD
indicate that regional ice sheet growth and the onset of glacial inception followed upon
that event (Fig. 3.5d and e). Because of the low temporal resolution of core M23351, one
can only speculate whether the meltwater pulse was also related to one of the SST-cooling
events described from the North Atlantic (McManus et al., 1994; Oppo et al., 2006; Irvali
et al., 2016).

Intensification of the AMOC during late MIS5e as a result of enhanced injections of
tropical heat and salt into the Nordic Seas due to a weak and contracted SPG has been
proposed on the basis of paleoclimatic data and modeling studies (e.g., McManus et al.,
2002; Risebrobakken et al., 2007; Born et al., 2000, 2011; Mokkedem et al., 2014). It is
thought that the elevated moisture transport from the North Atlantic superimposed on the
orbital forcing initiated glacier growth in the high latitudes (McManus et al., 2002;
Risebrobakken et al., 2005, 2007; Bauch and Kandiano, 2007). If the scenario of a
weakened SPG is valid, the meltwater pulse off the eastern GIS at ~118 ka could have
played a role in the Labrador Sea freshening and, consequently, the spatial shrinking of
the SPG (Mokkedem et al., 2014). However, given that the SPG properties, besides the
freshwater forcing (e.g., Levermann and Born, 2007; Mengel et al., 2012; Born and
Stocker, 2014), are controlled by atmospheric circulation patterns (e.g., Lohmann et al.,
2009a, 2009b; Chaudhuri et al., 2011), further investigations of the complex and non-
linear interactions between the SPG properties, wind stress and the AMOC are needed to
understand the past and present climatic teleconnections.

3.7 Conclusions

New sedimentary data from the western Iceland Sea encompassing the last interglacial
cycle (late MIS6/T2/MIS5e/early MIS5d) document the temporal dynamics of the water
masses in response to GIS variability. During early MIS5e (~129.5-125 ka) extremely
light 8!80 values registered along the East Greenland margin point to pronounced retreat
of the northeastern GIS, and our data argue for a potentially far-reaching influence of this
meltwater downstream the EGC and its eastward branches. In agreement with other
reconstructions from high northern latitudes, a step-like and long-lasting Saalian
deglaciation postponed the establishment of optimum marine conditions in the Iceland
Sea until ~123 ka, i.e., out of phase with peak summer insolation. The planktic isotope
data also reveal a short but pronounced meltwater event off the East Greenland margin at
~118 ka, immediately following the warmest phase of MIS5e and just prior to the last
glacial inception.
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The data further demonstrate a strong climatic decoupling between the central/western
Nordic Seas, the SE Labrador Sea and the NE Atlantic over MIS5e, related to GIS
instabilities and associated changes of the EGC properties. In particular, comparison of
combined proxy data indicates that the early MIS5e warming (~128.5-126.5 ka) in the
central Nordic Seas and SE Labrador Sea coincided with a temporary but pronounced
reduction of deglacial processes of the northeastern GIS region. Subsequently, the
termination of warm surface conditions occurred simultaneously in both regions at
~126.5 ka and appears to have coincided with a prominent meltwater event off the East
Greenland margin. Downstream propagation of this low-density (and sea-ice-laden)
water masses may have affected the convection sites in the Iceland Sea and the Labrador
Sea and likely played a significant role in changing the properties of the SPG at that time.

Deciphering the relation between hydrographic shifts observed in different areas of the
subpolar North Atlantic requires a careful core-to-core correlation and the construction
of a robust chronology. Especially for the early and mid-MIS5e, this study adds to a
growing body of evidence showing comparable sequences of millennial-scale climatic
events and trends across the various regions of the North Atlantic. These observations not
only illustrate the sensitivity of the subpolar ocean to freshwater forcing, they also reveal
the potential of specific events as important markers that can be traced across various
oceanic basins, eventually allowing for a better (chrono)stratigraphic constraint of the
actual MIS5e interval.
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Supplementary information

Last Interglacial (MIS5e) hydrographic shifts linked to meltwater
discharges from the East Greenland margin

S3.1 Core correlations and time scales

Correlation scheme

The construction of a common time scale was based on a stepwise correlation of
climatic/isotopic signals in ice cores, NE Atlantic records (ODP Site 980 and core
M23414), SE Labrador Sea records (cores MD03-2664 and HU90-013-013) and the
Nordic Seas records (cores PS1243, M23352 and M23351). Note, that the development
of the age model for cores M23351 and M23352 as well as other issues associated with
the intra-Nordic Seas chronology are discussed in the main text (Chapter 3). All ages are
expressed on the AICC2012 ice core chronology (Bazin et al., 2013; Veres et al., 2013)
as thousand of calendar years before present (refers to 1950) and denoted here as “ka”.
All tie points used for the age models are shown in Table S3.1 from the appendix. The
NEEM ice core was transferred from the EDML1 age scale onto the AICC2012
chronology by Emilie Capron, using correspondence between the EDC3 age and the
AICC2012 age for every depth level and taking into account that the EDML1 age scale
is coherent with EDC3 by construction (Capron et al., 2014; Govin et al., 2015; Capron,
pers. comm., 2016).

North Atlantic

For the NE Atlantic cores, ODP Site 980 (Oppo et al., 2006) and core M23414 (Bauch et
al., 2012), we generally adopted stratigraphic age markers from Capron et al. (2014).
These authors, following the approach of Govin et al. (2012), aligned the warming
indicated in SST proxy records at the beginning of MIS5e to a sharp methane increase at
128.7+0.5 ka in the EPICA Dome C (EDC) ice core (Loulergue et al., 2008). That
assumption is based on the coeval timing of warm phases over Greenland and rapid global
methane emissions as recorded in Antarctic ice cores during well-dated Termination 1
(Chappellaz et al., 1993; Huber et al., 2006; Loulergue et al., 2008; Baumgartner et al.,
2014). Further tie points for ODP Site 980 and core M23414 were based on alignment of
faunal-based SSTs to ice cores. One of the age markers — used as an age control point for
all age models in the current study — represents a conspicuous changeover in a suite of
proxies indicating the glacial inception at the end of the MIS5e. This crucial age marker
was linked to a corresponding cooling in the NorthGRIP ice core at ca. 116.7 ka
(NorthGRIP community members, 2004) and referred to as the North Atlantic C26 cold
event (Oppo et al., 2006; Bauch and Kandiano, 2007).

The only age marker in M23414, which differed from what is suggested in Capron et al.
(2014), tied the heavy excursion in planktic §'30 values with a similar feature in ODP
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Site 980 around 135 ka, referred to as isotopic event 6.2 (Martinson et al., 1987). By using
this tie point we attained a better coherence between the benthic 8'3C trends seen at ODP
Site 980 and M23414 (Fig. S3.1).
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To transfer cores MD03-2664 (Irvali et al., 2012; Galaasen et al., 2014) and HU90-013-
013 (Hillaire-Marcel et al., 2001; Seidenkrantz et al., 1995) onto the AICC2012
chronology we aligned the early MIS5e sea surface warming to the steep methane
increase in Antarctica (as suggested in Govin et al. (2012) and Capron et al. (2014)) and
defined the turn to the glacial inception on the basis of faunal and isotopic data
(Fig. S3.2). Taking into account the good coherence between isotopic records of HU90-
013-013 and MD03-2664, the glacial inception in HU90-013-013 was determined at 1280
cm. Highest planktic 8'30 values in both cores were aligned to similar features at ODP
Site 980 and identified as isotopic event 6.2 (135 ka). Finally, we tied the first pronounced
planktic and benthic 8'30 increase at the glacial onset to Greenland Stadial 26 (GS 26,
112.7 ka, NorthGRIP members, 2004). Note that within “the MIS5e plateau” (128-
116.1 ka in Shackleton et al., 2002, 2003) our age model for MD03-2664 remains
relatively consistent with previously published age models for this core (Irvali etal., 2012,
2016; Galaasen et al., 2014; Capron et al., 2014).

-47 -



Chapter 3: Hydrographic shifts linked to meltwater discharges

100 110 120 130 140 Figure S3.2: Age models for the SE

z Labrador Sea cores MD03-2664
700 @ (Irvali et al., 2012; Galaasen et al.,
600 £ 2014) and HU90-013-013
%90 (Seidenkrantz et al., 1995; Hillaire-
400 @ Marcel et al., 2001). Vertical dashed

lines along with black and red triangles

| \ | show age control points (see Table
%22”5552;‘2’;’2}”2%’52"2%””4 S3.1). Age models are based on
‘ correlation to ice cores (upper panel) as

well as to ODP Site 980 (Fig. S3.1;
Oppo et al., 2006). For comparison, the
green solid line shows the MD03-2664
winter  foraminifera-derived SSTs
(MAT-W-SST) transferred onto a
common age scale by using the Capron
et al. (2014) model. Upward arrows

I I
Loulergue et al., 2008

O
(@]

(%)

ice
'

w

~

6180,

GS24

A
o

MAT-W-SST (°C)
0.3

o

& 2

L 3] indicate the position of red detrital
g 4 sediment layers after the Laurentide
E 5] 3 outburst flooding event (Nicholl et al.,
o ] o”  2012; see chapter 3.6.3.2 in the main
_ o 4 ‘ 0 g text). Also indicated is isotopic event
g 0 o | ; 6.2 (Martinson et al., 1987). GS —
E\ 50 SLVa ‘ ! Greenland Stadial (NorthGRIP
§ - ! ! | ] community members, 2004); C25 —the
é 1001 0(\)\ FTTTT \1\1‘(\) FTTTTT \1\2‘6\ TTTTT \‘1\:"’6\ T 1\40 North Atlantic sea surface COOling

AICC2012 age (ka) event (McManus et al., 1994).

Central Nordic Seas

Here, several indicative features in core PS1243 were used and correlated to the
NorthGRIP ice core and ODP Site 980 — both records themselves turned onto the
AICC2012 age scale (Fig. S3.1) — to develop the chronology of core PS1243 (Fig. S3.3).
We identified 4 age markers (see Table S3.1): (1) In accordance with previous studies
(e.g., Bauch et al., 2012), the heaviest planktic 5!30 values during MIS6 (corresponding
to isotopic event 6.2, Martinson et al., 1987) in PS1243 (270 cm) were aligned to a similar
feature in the core from ODP Site 980 (at 135 ka). (2) A dramatic increase in benthic §'*C
at ODP Site 980 (and also in M23414) at ~127.7 ka, which followed the end of Heinrich
Event 11 — as identified in the North Atlantic by McManus et al. (1994) — was aligned to
a corresponding 8'°C increase in PS1243 (249 cm). This correlation is based on an
assumption of a simultaneous establishment of deep water ventilation on either side of
the Iceland-Scotland Ridge and intensification (deepening) of the Iceland-Scotland
Overflow Water (Rasmussen et al., 2003b; Hodell et al., 2009). The tie point is also
further supported by a concurrent initial decrease in N. pachyderma proportions at both
ODP Site 980 and PS1243 roughly corresponding to an abrupt global methane increase
at ~128.7 ka (Loulergue et al., 2008). (3) A prominent trend switch (214.5 cm) subsequent
to the low interglacial planktic 380 values was correlated to the glacial inception
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(116.7 ka) and is corroborated by the coeval termination of the benthic §'%0 plateau,
recurrence of IRD and pronounced increase in N. pachyderma proportions. (4) Finally,
the ensuing peak of heavy planktic §'%0 in PS1243 at ~198 ¢cm was aligned to a similar
isotopic peak at ODP Site 980 (107 ka) and associated with the isotopic event 5.4
(Martinson et al., 1987).

We also note here that the tie points used for construction of the PS1243 chronology in
Capron et al. (2014) appear to result in an earlier establishment of warm surface
conditions in the central Nordic Seas, when compared to lower-latitude sites of the North
Atlantic as ODP Site 980 and M23414 (Fig. S3.3). The latter disagrees with the belated
progression of interglacial warmth towards the northern North Atlantic (Cortijo et al.,
1999; Rasmussen et al., 2003b; Van Nieuwenhove et al., 2011).

Western Nordic Seas

Development of time frames for cores M23352 (Bauch et al., 2000) and M23351 (by
alignment to core PS1243) is discussed in the main text (Chapter 3.5).
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~121 ka). Also indicated are isotopic events 6.2 and 5.4 (Martinson et al., 1987).
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Table S3.1: Tie points used to transfer records onto AICC2012 age scale.

Abbreviations
GI: Greenland Interstadial CW: Cibicidoides wuellerstorfi
GS: Greenland Stadial SST: Sea surface temperature
NP: Neogloboquadrina pachyderma IE: Isotopic event
Core Site Depth AICC2012  Sedimentation Rationale and tie point
[em] age [ka] rates [cm/kyr] reference
ODP Site 980 1389.5 105.8 10.0 SST and NorthGRIP ice 5'%0
(Fig. S3.1) (start of GI 24)
1410.6 107.9 5.6 SST and NorthGRIP ice 5'%0
(end of GI 25)¥
1436.7 112.6 15.2  SST and NorthGRIP ice 5'%0
(start of GI 25)?
1499.0 116.7 20.0  SST and NorthGRIP ice 30
(glacial inception)®
1738.5 128.7 7.4 Final warming and EDC CH4
increase’
1869.4 146.4 7.4 NP percentage and EDC CH4?
M23414 357.9 105.8 1.7 SST and NorthGRIP ice 5'%0
(Fig. S3.1) decrease; coherence with ODP
Site 980 SST?
376.1 116.8 3.0 SST and NorthGRIP ice 5'%0
decrease; coherence with ODP
Site 980 SST?
412.4 128.8 5.6 Final warming and EDC CH4
increase’
446.7 135 5.6 Coherence with ODP Site 980
NP 330 (IE 6.2)®
MD03-2664 2368.1 112.7 13.0 NP 8'30 and NorthGRIP ice 30
(Fig. S3.2) (GS 26)»
2420.0 116.7 32.8 Coherence with ODP Site 980
NP 5'80, SST and NorthGRIP
ice 8'%0 (glacial inception)®
2813.1 128.7 1.1 Final warming and EDC CH4
increase?
2820.0 135 1.1 Coherence with ODP Site 980
NP 530 (IE 6.2)®
HU90-013-013 1240 112.7 10 Coherence with MD03-2664 NP
(Fig. S3.2) 3'80 and NorthGRIP ice 5'*0
(GS 26)»
1280 116.7 13.0 Coherence with MD03-2664 NP
3'80 and NorthGRIP ice 5'*0
(glacial inception)®
1433 128.7 5.9 Final warming and CHj increase’
1473 135 5.9 Coherence with ODP Site 980
NP 530 (IE 6.2)®
PS1243 197.8 107 1.8 NP 8'30 and NorthGRIP ice 530
(Fig. S3.3) (GS 25, IE 5.4)®
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214.5 116.7 3.1 Coherence with ODP Site 980 M.
incompta 5'*0 and NorthGRIP
ice 8'%0 (glacial inception)®

249.0 127.7 2.9 Coherence with ODP Site 980
CW §B3¢C»
270.0 135 2.9 Coherence with ODP Site 980 N.
incompta %0 (IE 6.2)°)
M23352 212 107 1.1 NP §'®0 and NorthGRIP ice §'*0
(Fig. S3.4) (GS 25, IE 5.4)?
223 116.7 0.9 NP §'30 and NorthGRIP ice §'0
(glacial inception)®
227 121 2.6 Midt/RHY ash layer (coherence
with PS1243)P)
238.5 125.5 3.3 Coherence with PS1243 NP §'%0
(end of deglacial termination)®
251.5 129.4 1.5 Coherence with PS1243 CW
313C (MIS6/5¢ boundary)®
260.0 135 1.5 Coherence with PS1243 NP §'%0
(IE 6.2)
M23351 478.0 107 1.3 NP §'%0 and NorthGRIP ice §'*0
(Fig. 3.3) (GS 25, IE 5.4)?
490.5 116.7 1.4 NP §'%0 and NorthGRIP ice §'*0
(glacial inception)®
502 125 10.7 Coherence with M23352 CW
3130, 83C, NP §'%0, IRD
549.0 129.4 3.2 Coherence with PS1243 NP §'*0
(MIS6/5¢ boundary)®
567.0 135 3.2 Coherence with PS1243 NP §'%0
(IE 6.2)°

3 Capron, E., Govin, A., Stone, E.J., Masson-Delmotte, V., Mulitza, S., Otto-Bliesner, B.,
Rasmussen, T.L., Sime, L.C., Waelbroeck, C., Wolff, E.-W., 2014. Temporal and spatial structure
of multi-millennial temperature changes at high latitudes during the Last Interglacial. Quat. Sci.
Rev. 103, 116-133. doi:10.1016/j.quascirev.2014.08.018.

' this study
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Abstract. The Last Interglacial in the Arctic region is often described as a time with
warmer conditions and significantly less summer sea ice than today. The role of Atlantic
Water (AW) as the main oceanic heat flux agent into the Arctic Ocean remains, however,
unclear. Using high-resolution stable isotopes and faunal records from the only deep
Arctic Gateway, the Fram Strait, we note for the upper water column a diminished
influence of AW and generally colder-than-Holocene surface ocean conditions. After the
main Saalian deglaciation had terminated, a first intensification of northward-advected
AW happened (~124 ka). However, an intermittent sea surface cooling, triggered by
meltwater release at ~122 ka, caused a regional delay in the further development towards
peak interglacial conditions. Maximum AW heat advection occurred during late MIS 5Se
(118.5-116 ka) and interrupted a longer-term cooling trend at the sea surface that started
from about 120 ka on. Such a late occurrence of the major AW-derived near-surface
warming in the Fram Strait — this is in stark contrast to an early warm peak in the
Holocene — compares well in time with upstream records from the Norwegian Sea,
altogether implying a coherent development of south-to-north ocean heat transfer through
the eastern Nordic Seas and into the high Arctic during the Last Interglacial.

4.1 Introduction

In the Fram Strait, the northward transport of warm and saline AW is confined to the
topographically guided two branches of the West Spitsbergen Current (WSC). The
western WSC branch largely re-circulates in the Fram Strait and then returns into the
Nordic Seas at the subsurface, whereas the eastern WSC branch enters the Arctic Ocean
and continues as a boundary current at intermediate depth (Beszczynska-Moller et al.,
2012). In contrast to the Arctic Ocean, where the possible link between observed warming
of the AW inflows and shrinking of the sea-ice cover is highly debated (cf. Spielhagen et
al., 2011; Polyakov et al., 2017), importance of AW heat flux for oceanic and sea-ice
conditions in the Fram Strait is well documented (Walczowski and Piechura, 2011).
Various climatic records prove this relation also for present interglacial, the Holocene.
During its early phase an intensified poleward AW advection appears to coincide with a
peak in sea surface warmth and a sea-ice minimum in the Fram Strait (e.g., Salvigsen et
al., 1992; Miiller et al., 2009; Risebrobakken et al., 2011; Werner et al., 2016).
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Despite the apparent climatic sensitivity of the Fram Strait, marine sediment core data
never revealed warmer-than-Holocene surface conditions for the Last Interglacial, or
Marine Isotope Stage (MIS) 5e (Kohler and Spielhagen, 1990; Hebbeln and Wefer, 1997;
Hebbeln et al., 1998; Bauch et al., 1999; Risebrobakken et al., 2005, 2007). This lack of
evidence may indicate a reduced transfer of AW heat and salt through the Arctic Gateway
(e.g., Van Nieuwenhove et al., 2011). However, opposing views on the strength of the
northward-directed AW flow during MIS 5e also exist (Knies et al., 1998; Matthiessen et
al., 2001; Wollenburg et al., 2001; Gresfjeld et al., 2006). It is worth noting that in the
Fram Strait and along the northern Eurasian continental margin marine fossil records are
sparse, and/or often biased by enhanced dissolution of biogenic carbonate during
interglacial peaks (e.g., Wollenburg et al., 2001; Spielhagen et al., 2004). In the context
of warm Eemian climate and mild ice conditions inferred for the Arctic region (Funder et
al., 2002; CAPE-Last Interglacial Project Members, 2006; Gresfjeld et al., 2006; Otto-
Bliesner et al., 2006; Negrgaard-Pedersen et al., 2007; Polyak et al., 2010), it seems
particularly important to reevaluate the existing views on the AW influence in the Arctic
Gateway during MIS Se.

To provide a refined picture of MIS 5Se climatic developments in the polar North, we
compiled a new multi-proxy record from the eastern Fram Strait (ODP Site 986). To allow
a better documentation of the AW heat advection, the high-resolution foraminiferal
assemblage study was performed in the relevant small-size fraction (Kandiano and
Bauch, 2002; Husum and Hald, 2012). In an attempt to add to understanding of the
mechanisms regulating the northward-directed AW heat transfer, our MIS Se data were
compared to some new and published Holocene records from the eastern Nordic Sea.

4.2 Regional Setting

At present, warm and saline AW is delivered to the southeastern Nordic Seas, i.e., the
Norwegian Sea, via the topographically guided Norwegian Atlantic Current (NWAC).
Together with another important extension of the NwAC in the Barents Sea, the WSC in
the eastern Fram Strait feeds the Arctic Ocean with AW and defines the perennially ice-
free Atlantic Domain (Fig. 4.1; Walczowski, 2013). In the central Fram Strait mixing of
AW and Arctic-sourced Polar Water, confined to the East Greenland Current, results in
cooler, fresher and seasonally ice-covered Arctic Water (ArW) of the Arctic Domain
(Hansen and @sterhus, 2000). ArW, together with sea ice, is also transported across the
western Svalbard shelf within the East Spitsbergen Current (Saloranta and Svendsen,
2001). The Atlantic Domain is separated from ArW by the Arctic Front (Swift, 1986). In
the eastern Fram Strait such dynamic frontal zones may be found just to the west of the
offshore WSC branch and just to the east of the inner WSC branch, i.e., at the Svalbard
shelf break (Saloranta and Svendsen, 2001; Walczowski, 2013).
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Figure 4.1: Maps of the study area showing location of the investigated Site 986 (asterisk) and other
sediment cores mentioned in the text (see Table 4.1). (A) Red and blue arrows schematically represent
surface circulation, i.e., Atlantic Water inflows and Polar Water outflows, respectively. Major surface
currents are after Hansen and @sterhus (2000). Black dashed lines show median sea-ice limits (1981-2010)
for August and April (National Snow and Ice Data Center; http://nsidc.org/data/seaice/). EGC — East
Greenland Current, NwWAC — Norwegian Atlantic Current, NCC — Norwegian Coastal Current, WSC — West
Spitsbergen Current, ESC — East Spitsbergen Current, YP — Yermak Plateau, VP — Vering Plateau, KR —
Knipovich Ridge. (B) Modern distribution of 7. quinqueloba (sediment surface) in the fraction >100 {m.
Data from Husum and Hald (2012) and Pados and Spielhagen (2014). Arctic Front position is after
Saloranta and Svendsen (2001) and Walczowski (2013). All maps were created using Ocean Data View
(Schlitzer, 2016).

4.3 Material and methods

New sedimentological data were produced from Site 986, drilled at the lower slope of the
western Svalbard continental margin (77°20°N, 9°04’E, 2051 m water depth) during
Ocean Drilling Project (ODP) Leg 162 (Jansen et al., 1996). Also, some new data are
shown from core M23071 (67°05'N, 2°55’E, 1308 m water depth) from the Vering
Plateau (see Table 4.1).

4.3.1 Site 986

Using unpublished low-resolution planktic 8'®0 and 8'3C records (T. Snow and A.
Shevenell, pers. comm. 2013), we identified MIS 5e and then re-sampled the entire
sediment core section spanning from late MIS 6 into late MIS 5. The interval
corresponding to the peak interglacial phase of MIS Se (between 15.30 and 15.89 mcd) -
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termed here as MIS 5Se sensu stricto (ss) following Bauch et al. (1996) - was sampled
continuously every 1 cm, whereas the remaining parts of the core were sampled as 1 cm
thick slabs every 3 cm.

Table 4.1: List of investigated cores.

Core Latitude Longitude  Water Time Reference
Depth (m) interval
Site 986 77°20'N  9°04'E 2052 MIS 5e this study
M23071 67°05'N  2°55'E 1308 Holocene this study
Voelker, 1999
MIS 5e Bauch and Erlenkeuser,
2008
Van Nieuwenhove et al.,
2008
PS1243 69°22'N  6°32'W 2710 Holocene Bauchet al., 2012
and MIS 5e
MD99-2304 77°37'N  9°57'E 1315 MIS 5e Risebrobakken et al., 2005,
2007
MSMO05/5- 79°09'N  5°20'E 1350 Holocene Werner et al., 2016
723-2

Stable isotopes analyses (8'%0 and 8'°C) were performed on ~25-30 specimens of left-
coiled Neogloboquadrina pachyderma (Ehrenberg) and ~3-10 tests of epibenthic species
Cibicidoides wuellerstorfi (Schwager), using a Finnigan MAT 253 mass spectrometer at
the GEOMAR Stable Isotope Laboratory. The analytical accuracy of in-house standards
was better than 0.03 %o for 8'°C and 0.08 %o for 5!80. Results were calibrated to the
Vienna Pee Dee Belemnite (VPDB) isotope scale via the NBS-19 and an internal
laboratory standard.

Abundance of planktic foraminifera was counted in the size fraction >150 um for all
samples. Initially, planktic foraminiferal assemblages were obtained for MIS Se-ss from
representative splits with a minimum of 300 foraminiferal tests in the size fraction
>150 um. In a second step, samples taken from MIS Se-ss were also counted in the size
fraction 100-150 um. The census data from the two size fractions were subsequently
added up and recalculated into planktic foraminiferal assemblage composition for the
fraction >100 um. Small-sized Globigerinita glutinata (Egger) and Globigerinita uvula
(Ehrenberg) were added up and shown here as Globigerinita spp.

The fraction 100-150 um was also used to calculate the percentage of fragmented planktic
foraminiferal tests relative to the total number of planktic foraminifera and fragments in
the sample. The degree of fragmentation (%) was determined using the following
equation (after Pfuhl and Shackleton, 2004):

Fragmentation (%) = #Fragments/g/(#Fragments/g/3+#Test/g)

Counts of the total number of ice-rafted detritus (IRD) were made in the fraction >150 um
and are reported as IRD grains per gram of dry bulk sediment. Additionally, clastic
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sedimentary rocks, often represented in our record as darkish-grey siltstones, were
distinguished from the other IRD. Previous studies have pointed to the Barents Sea shelf
area as a principal source area of such organic-rich clastic grains (e.g., Elverhoi et al.,
1995; Bischof et al., 1997; Hebbeln and Wefer, 1997; Bauch et al., 2001). Marked
increases in clastic IRD inputs could thus be related to fluctuations of the Svalbard-
Barents Sea ice sheet. In addition, proportion of coal fragments relative to the number of
IRD grains in the fraction >250 um was counted for Termination 2 (T2). Since the
appearance of C. wuellerstorfi has been recognized as a reliable indicator of increased
bottom water ventilation after a deglaciation (Struck, 1997), numbers of this benthic
species were also noted from the fraction >250 pm.

4.3.2 Core M23071

Planktic foraminiferal census data and IRD countings for the Holocene were made in the
fraction >150 um. This new data set complements the already existing stable oxygen and
carbon isotope records for the Holocene section (Voelker, 1999). For MIS 5e, some
published sedimentological evidence (e.g., Bauch and Erlenkeuser, 2008; Van
Nieuwenhove et al., 2008) is also shown, however, a slightly different chronology is
suggested and explained below.

4.4 Age framework

To place the MIS 5e records from Site 986 and M23071 on the common AICC2012 ice
core chronology (Bazin et al., 2013; Veres et al., 2013) we used core PS1243 from the
central Nordic Seas (Fig. 4.2; see also Table S4.1 for age tie points), which has relatively
constant sedimentation rates over the entire MIS Se interglacial (see Zhuravleva et al.,
2017b for a detailed discussion on the age model construction). Based upon N.
pachyderma 5'%0 records we tied the readily identifiable isotopic events 5.4 and 6.2
(Martinson et al., 1987) at 107 and 135 ka, respectively. Accordingly, we transferred the
age of 129.5 ka to the midpoints of the deglacial transition. The changeovers from the
MIS 5e plateau of low stable benthic and planktic 8'%0 values towards notably higher
values are considered as the onset of the glacial inception (116.7 ka, NorthGRIP
Community Members, 2004). To better frame the peak interglacial phase of MIS 5Se in
core M23071, we tied the prominent return to higher 8'*0 values, signifying the end of
the main deglaciation, with a similar feature at 125.5 ka in PS1243. Finally, the onset of
MIS 5e-ss at Site 986, inferred from combined faunal and isotopic evidence, was aligned
to a similar climatic amelioration observed in core M23071 at ~124.7 ka. The Holocene
age model for core M23071 (short trigger box core) was taken from Voelker (1999).

We are aware that changes in environmental conditions may have occurred in a time-
transgressive manner along the pathway of AW from the Norwegian Sea to the Fram
Strait during a glacial termination — as indicated by Hald et al. (2007) for the earliest
Holocene. However, more recent high-resolution Holocene data show that the time-offset
in the change of dominant planktic foraminifera species is hardly detectable (Werner et
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al., 2016; see also discussion further below). Accordingly, we assume such offsets for
late T2 to have been small in the context of the millennial-centennial scale climatic
variations discussed here.
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Figure 4.2: Age models for core M23071 (upper panel) (Bauch and Erlenkeuser, 2008) and Site 986
(lower panel). Vertical dashed lines show correlations to reference core PS1243 (a-b) (Bauch et al., 2012).
Black triangles denote the applied tie points (see Table S4.1 in the Supplementary information). Isotopic
events are indicated after Martinson et al. (1987). The grey bar marks the peak interglacial conditions
(MIS Se-ss). The dashed green line in (a-b) indicates the position of the 5e-Midt/RHY tephra in core
PS1243 and the dashed green arrow in (c-d) marks the inferred stratigraphic position of this ash layer in
core M23071, deduced from correlation with a core from the southeastern Norwegian Sea (Brendryen et
al., 2010). Blue arrows denote the mid-MIS 5e cooling event (see text for discussion). Proxy records of Site
986 include (e-f) 3'*C and 3'%0 values in N. pachyderma, (g) magnetic susceptibility from the Janus Web
Database (http://www-odp.tamu.edu/database/), (h) IRD, grains per gram of dry sediment, (i) numbers of
planktic foraminifera per gram of dry sediment and (j) relative abundances of clastic sedimentary rocks in
the total amount of IRD grains.

4.5 Results
4.5.1 Site 986

Sediments comprising the late Saalian (MIS 6, between 144 and 132 ka) are characterized
by high IRD amounts and variable, but generally elevated planktic foraminiferal
abundances with highest numbers corresponding to reductions in clastic IRD (Fig. 4.3).
At 132 ka negative trends in magnetic susceptibility and planktic 8!*C values commence.
An abrupt increase in IRD and the virtual disappearance of planktic foraminifera at ca.
131 ka go along with a rapid decrease in planktic 5!30 values and could be ascribed to
the onset of the main Saalian deglaciation (131-125 ka). Around 129.5 ka a short-term
return to elevated planktic foraminiferal abundances and magnetic susceptibility coupled
with slightly higher §'30 values in N. pachyderma is noted.

The onset of peak last interglacial conditions (MIS Se-ss, between 125 and 116.7 ka)
corresponds in the eastern Fram Strait to an abrupt increase in numbers of planktic
foraminifera coupled with a drop in IRD (Fig. 4.4). Following the taxonomic
classification of Darling et al. (2006), small percentages of right-coiling tests of
N. pachyderma (<3 %) calculated for MIS S5e-ss were regarded insignificant for
paleoenvironmental reconstructions and added together with left-coiling specimens of
N. pachyderma. Although N. pachyderma strongly dominates the foraminiferal
assemblage across entire MIS Se-ss, reduced proportions of this polar species are noted
around 124 and 117 ka. This corresponds to increased relative and absolute abundances
of subpolar planktic foraminifera 7. quinqueloba and Globigerinita spp., as well as to
elevated numbers of benthic C. wuellerstorfi.

Considering various sedimentological features, we distinguish between an early (125-
120 ka) and a late (120-116 ka) phase within the MIS Se-ss (Fig. 4.4). The early phase is
characterized by enhanced shell fragmentation and high numbers of planktic
foraminifera. A reduction in foraminiferal abundance noted around 122 ka is associated
with an IRD increase, highly unstable planktic 5'30 values (between 0 and 4 %o) and
strong shell fragmentation. Following the beginning of the late phase of MIS Se-ss at
120 ka, a rapid decrease in planktic foraminiferal abundance and an increase in planktic
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and benthic 380 values together with a change towards higher fragmentation are
observed. IRD amounts are generally higher than during the first phase of MISS5e-ss,
however, the increase occurred already prior to 120 ka. After a coherent increase between
120 and 118.5 ka, a trend towards lighter oxygen isotopic values is noted in both benthic
and planktic foraminifera. The second phase of MIS 5Se-ss is concluded by a rapid increase
in CaCO; preservation (low fragmentation) at 117 ka and lowered planktic and benthic

380 values.
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Figure 4.3: Proxy records from Site
986 for the late Saalian and
Termination 2 (T2). (a and ¢) 5'3C and
380 wvalues in N. pachyderma, (d)
magnetic susceptibility from the Janus
Web Database (http://www-
odp.tamu.edu/database/), (e) proportion
of coal fragments relative to the number
of IRD grains, (f) >63um fraction
content, (g) IRD, grains per gram of dry
sediment, (h) relative abundances of
clastic sedimentary rocks in the total
amount of IRD grains, (i) number of
planktic foraminifera per gram of dry
sediment. Also shown is (b) mean
summer insolation at 75°N (computed
with AnalySeries 2.0.8 (Paillard et al.,
1996) using the Laskar et al. (2004) data).
The red arrows mark Atlantic Water
influence inferred for the late Saalian.
The grey band indicates the first step of
the Saalian deglaciation. The pink bar
denotes the pause in the deglaciation.
PGM — Penultimate Glacial Maximum.

4.6.1 Late Saalian and Termination 2 in the eastern Fram Strait

During the late Saalian, including the penultimate glacial maximum at ~135 ka, inflows
of warm AW facilitated seasonally open conditions and high planktic foraminiferal
productivity along the western Svalbard margin (Fig. 4.3; Hebbeln and Wefer, 1997,
Spielhagen et al., 2004). Despite the generally cold surface conditions reconstructed
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farther upstream and to the north of the Greenland-Scotland Ridge (e.g., Bauch et al.,
2012), such a strong AW impact on the eastern Fram Strait could have been amplified by
several factors in a similar manner as was suggested for the Last Glacial Maximum
(Nergaard-Pedersen et al., 2003). Among them are a shallowing of the AW layer as a
result of reduced halocline thickness, a relative strengthening of the Fram Strait branch
at the expense of the blocked Barents Sea branch and/or the formation of open waters
(polynyas) along the Svalbard-Barents Sea ice sheet margin (Nergaard-Pedersen et al.,
2003). It is further evident from our records that the peaks in clastic IRD deposition,
largely indicating fluctuations of the proximal Svalbard-Barents Sea ice sheet, correspond
with the low numbers of planktic foraminifera (Fig. 4.3), pointing to a rather local
freshwater-related cause (i.e., near-surface salinities close to the tolerance limit of
foraminifera) for some of the observed foraminiferal variability (e.g., around 140 and
135.5 ka).

An abrupt decrease of AW influence in the Fram Strait after the onset of the main Saalian
deglaciation around 131 ka is deduced from the rapid disappearance of planktic
foraminifera and a strong decrease in magnetic susceptibility (Fig. 4.3). The latter proved
to be a reliable proxy for the strength of the meridional overturning as far north as the
eastern Fram Strait, given that the transport of magnetic material from the nearby
Knipovich Ridge is enhanced/reduced at times of intensified/suppressed northwardly
propagating surface and deep water currents (Risebrobakken et al., 2006). In spite of
strong post-Saalian insolation forcing, our planktic foraminiferal abundance record thus
argues for a relatively warm “glacial world” when compared to the ensuing T2, which in
the northern North Atlantic continued well into MIS 5e (e.g., Van Nieuwenhove et al.,
2011).

During its first step, from 131 to 130 ka, T2 is indicated by a rapid lowering in planktic
8!80 values and an increased input of the non-clastic IRD (Fig. 4.3). This relatively well-
sorted, medium to fine-grained sand layer also contains coal fragments, which may point
to both the westernmost Siberian shelf region and the northwestern European ice sheet
margin as potential source areas for the icebergs (Bischof et al., 1990; Wagner and
Henrich, 1994; Henrich et al., 1995). In contrast, the major meltwater event that followed
at ~129 ka more likely involved disintegration of the Svalbard-Barents Sea ice sheet, as
can be deduced from the high proportions of clastic IRD.

4.6.2 MIS 5Se-ss (~125-116 ka) in the eastern Fram Strait

Studies from the Fram Strait have shown that increased abundances of planktic
foraminifera occur at marginal ice zones where sea-ice melt fosters primary production
in a stratified water column (Wadhams, 1986; Hebbeln and Wefer, 1991; Carstens et al.,
1997; Pados and Spielhagen, 2014). Accordingly, the rather high absolute abundances of
cold-water adapted N. pachyderma during early MIS Se-ss (125-120 ka) may be
associated with increased food availability close to the sea-ice edge (Fig. 4.4). The
notably lower 8'3C values of N. pachyderma recorded at nearby site MD99-2304, which
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may have experienced a stronger influence of the WSC (Fig. 4.1; Risebrobakken et al.,
2005, 2007), similarly suggest that a highly productive and thus '>C-depleted ArW-like
water mass may have prevailed at Site 986.

The relatively high proportions of subpolar planktic species — 7. quinqueloba and
Globigerinita spp. — in conjunction with elevated numbers of benthic C. wuellerstorfi
around 124 ka may reflect the influence of warm and saline waters of Atlantic origin,
high primary productivity, and at least seasonally open water conditions in the eastern
Fram Strait (Wollenburg et al., 2001). Importantly, the increase in proportion of subpolar
planktic foraminifera appears to lag slightly behind the climatic amelioration which is
deduced at Site 986 from the rapid increase of foraminiferal abundance and the IRD
decrease already at ~125 ka (Fig. 4.4). Likewise, the foraminifera-rich but IRD-poor layer
centered at 121 ka lacks a clear response in the subpolar assemblage. Strong foraminiferal
fragmentation and selective dissolution of less calcified subpolar species may partly
explain such a weak and sporadic response in our faunal proxies.

The significant return to cold conditions around ~122 ka with low planktic foraminiferal
abundance and no subpolar species but high amounts of IRD is framed by large-amplitude
fluctuations in planktic 3'%0 and 8'3C (Fig. 4.4). While the depletions in planktic §'%0
and 8'3C suggest at least two pronounced meltwater events, the strong cooling in-between
seems corroborated by the positive excursion in 3'30 values of C. wuellerstorfi and N.
pachyderma. Although we cannot point to the actual source area of meltwater before and
after this significant climatic episode, our data clearly demonstrate a freshwater-induced
cooling, probably as a result of enhanced regional iceberg activity.

The mid-MIS 5e cold event in the eastern Fram Strait does not appear to be of local nature.
On a more regional level a very pronounced mid-MIS 5e cooling was noted for the eastern
Norwegian Sea (Bauch et al., 2011) and in Scandinavia (Helmens et al., 2015; Plikk et
al., 2016). At site PS1243, in the central Nordic Seas, a cold event, interpreted as an
eastward expansion of Polar Water (Thibodeau et al., 2017), occurred ~1 ka prior to
deposition of the Se-Midt/RHY ash layer (~121 ka on the AICC2012 age scale). This
finding has important implications, when constraining stratigraphic position of the mid-
MIS 5e cooling event in other high-latitude records containing tephra deposits (Fig. 4.2a-
d; e.g., Cortijo et al., 1994; Fronval and Jansen, 1997; Fronval et al., 1998).

From about 120 ka onwards our proxy records suggest decreasing sea surface
temperatures (SSTs) in the eastern Fram Strait, more or less in phase with insolation
decrease and cooling over Greenland (Fig. 4.4). This cooling trend may be termed MIS
Se-Neoglaciation (in analogy to the late Holocene cooling, see e.g., Werner et al., 2016)
and is inferred from a significant increase in 3'%0 values of N. pachyderma, elevated
amounts of IRD and a strongly diminished presence of subpolar foraminifera. The cooling
trend probably led to regional advances of polar ice caps (Fronval and Jansen, 1997), and
it was likely contemporaneous to a SST drop found in the western Iceland Sea (Van
Nieuwenhove et al., 2013) and off southern Greenland (Irvali et al., 2016), altogether
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pointing to a climatic link between regions strongly affected by the polar waters of the
East Greenland Current (e.g., Born et al., 2010).
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Figure 4.4: Proxy records from Site 986 for MIS 5e-ss: (a and h) 3'%0 values of N. pachyderma (N. p.)
and C. wuellerstorfi (C. w.), (b) 83C values of N. pachyderma, (¢) IRD, grains per gram of dry sediment,
(d) number of planktic foraminifera per gram of dry sediment, (e) percentage of N. pachyderma, (i) degree
of fragmentation of planktic foraminiferal tests, (j) number of C. wuellerstorfi per gram of dry sediment,
(k-m) percentage and number per gram of dry sediment of 7. quinqueloba, Globigerinita spp. and N.
pachyderma, respectively. Also shown are (f) Greenland ice core data (NorthGRIP Community Members,
2004; NEEM Community Members, 2013) and (g) mean summer insolation at 75°N (Laskar et al., 2004).
Pink bars indicate the intervals of enhanced surface oceanic heat transfer at 124 and 117 ka. Blue bars mark
the mid-5e cooling event. Also indicated is the surface cooling trend during late MIS Se (Se-Neoglaciation).
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An interesting feature which interrupted the late MIS Se sea surface cooling trend is the
intermittent increase of 7. quinqueloba proportion at ~117 ka, time-coeval with a
significant improvement in CaCOs preservation, low IRD, and decreased 330 values of
N. pachyderma (Fig. 4.4). In agreement with other studies (Risebrobakken et al., 2005,
2007), we interpret these data to reflect an intensified northward AW advection just prior
to the last glacial inception.

It seems evident that local oceanic processes (e.g., brines) could have affected our benthic
8180 record, also within the MIS 5e period of low global ice volume (128-116.1 ka;
Shackleton et al., 2002). Whatever the mechanisms, the coherent behavior of the planktic
and benthic 8'*0 records during late MIS 5e-ss is interesting (Fig. 4.4a). The positive
planktic and benthic 8!80 trends from about 120 ka (and following the onset of the Se-
Neoglaciation) reverse after 118.5 ka. The change towards lighter planktic isotopic values
may represent a climatic amelioration at a subsurface depth, linked to a strengthening of
AW advection. The aforementioned rapid increase in relative abundances of subpolar
species T. quinqueloba at 117 ka occurs simultaneously with a strong reduction of
foraminiferal shell fragmentation and clearly after the 8'%0 values in N. pachyderma had
lowered. It could therefore be speculated that, while the AW advection at the subsurface
depths intensified from 118.5 ka on, it was only at 117 ka when a rapid hydrographic
change allowed for a better preservation of 7. quinqueloba. The intensification of the
northward-directed subsurface and deep water currents during late MIS 5e may be further
supported by the increased magnetic susceptibility values noted for this time interval in
our core record (Fig. 4.2g; Risebrobakken et al., 2006).

Several studies have revealed that the strongest AW influence in the polar North occurred
towards the late phase of MIS 5e (Bauch et al., 1999; Hald et al., 2001; Risebrobakken et
al., 2005, 2007; Van Nieuwenhove et al., 2011). In addition to these earlier studies, our
new high-resolution data emphasize that in the Arctic Gateway this late intensification of
near-surface AW advection was superimposed on a longer-term cooling trend at the sea
surface (5e-Neoglaciation) that started from about 120 ka on (Fig. 4.4).

4.6.3 Expansion of Atlantic Water during MIS Se: from the Norwegian Sea to the
Fram Strait

Although interpretation of proxy records from the Fram Strait is complicated by the
complex regional hydrography and variable calcite corrosion, our new record clearly
corroborates the two-phase picture of enhanced dominance of AW during MIS Se-ss
(Fig. 4.4; see also Risebrobakken et al., 2005, 2007). Moreover, this assumption is in
agreement with the circulation pattern reconstructed from farther south, on the Vering
Plateau (e.g., Bauch and Erlenkeuser, 2008; Bauch et al., 2011), implying a rather
coherent AW heat transfer through the eastern Nordic Seas and into the high Arctic.

On the basis of different climatic proxies, it was revealed for the Norwegian Sea that the
full marine optimum (in terms of both diminished sea surface freshening and maximum
presence of AW) was reached only at the end of the Last Interglacial, between ~118.5 and
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116 ka, when insolation was already quite low (Fig. 4.5; Van Nieuwenhove et al., 2008;
Bauch and Erlenkeuser, 2008; Van Nieuwenhove and Bauch, 2008; Bauch et al., 2011).
In spite of some possible uncertainties in age models, this late MIS 5e-ss intensification
of the poleward heat flux corresponds well in time with the late AW pulse found in the
Fram Strait (Fig. 4.6).

In core M23071, the full marine optimum between ~118.5 and 116 ka coincides with the
highest shares of 7. quinqueloba, whereas the proportions of N. incompta remain
relatively low (Fig. 4.5; Van Nieuwenhove et al. 2008). A comparable antiphase behavior
of T. quinqueloba and N. incompta is also noted for the early Holocene. Considering that
the modern maximum abundance of N. incompta in sediment surface samples is along
the southern Norwegian margin (Pflaumann et al., 1996), its decreasing shares during late
MIS S5e could be attributed to a diminishing influence of the freshwater-enriched
Norwegian Coastal Current (Van Nieuwenhove et al. 2008). Further, we interpret the
increasing numbers of 7. quinqueloba in core M23071 after 118.5 ka in terms of an
eastward expansion of ArW, in agreement with previous studies (Johannessen et al.,
1994, Risebrobakken et al., 2005, 2007; Van Nieuwenhove et al. 2008).

Regarding interpretations of 7. quinqueloba occurrence, however, we refrain from strictly
interpreting this species as an indicator of the Arctic Front (cf. Johannessen et al., 1994),
since it is evident that 7. quinqueloba was widespread almost everywhere in the Nordic
Seas throughout the early to mid-Holocene (Bauch et al., 1999; Risebrobakken et al.,
2011; Van Nieuwenhove et al., 2013). The strong affinity of this species to the Arctic
Front appears particularly problematic in the narrow Fram Strait with its complex surface
hydrography. There, enhanced proportions of 7. quinqueloba (core tops) are usually
associated with AW inflows rather than with frontal systems as found to the west and to
the east of the Atlantic Domain (Fig. 4.1B; Husum and Hald, 2012; Pados and Spielhagen,
2014).

A potential cause that facilitated the presence of more warm and salty AW in the Fram
Strait during the terminal phase of MIS 5e was a spatial shrinkage of the subpolar gyre in
the North Atlantic, leading to a relative increase of subtropical inflows into the Nordic
Seas (Born et al., 2010, 2011; Mokeddem et al., 2014). A shift towards a more positive
North Atlantic Oscillation (NAO) mode was also suggested (Bauch and Kandiano, 2007;
Risebrobakken et al., 2007), and in a similar manner the same was inferred for the AW
strengthening during the early Holocene (Rimbu et al., 2003). Such an increase in heat
transport is in line with modern observations from the Norwegian Sea revealing, for times
of positive NAO, a reduced heat loss from the NwWAC as a result of a restricted current
width (Blindheim et al., 2000; Blindheim and @Osterhus, 2005).
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Figure 4.5: Comparison of climatic records for the Holocene (this study, Voelker, 1999) and MIS Se
from core M23071 (Bauch and Erlenkeuser, 2008; Van Nieuwenhove et al., 2008). Proxy data include
(from top to bottom) 8'3C and 80 values of N. pachyderma, percentage of N. pachyderma, G. glutinata,
G. bulloides, N. incompta and T. quinqueloba and IRD proxies (for Holocene - proportion of IRD grains
relative to the number of planktic foraminifera, for MIS Se - number of IRD grains per gram of dry
sediment). Also shown is mean summer insolation at 75°N (Laskar et al., 2004). Pink bars denote intervals
of inferred maximum northward Atlantic Water advection. Blue bars mark the 8.2-ka cold event during the
Holocene and the mid-MIS 5e cooling event. Also indicated are the Neoglacial cooling trends during late
Holocene (e.g. Werner et al., 2016) and late MIS Se.

4.6.4 Comparing Atlantic Water heat fluxes during the last two interglacials

Most foraminifera-based Holocene records from along the Barents Sea-Svalbard margin
prove maximum poleward advection of warm and salty AW during the early phase,
between ~11 and 9 ka (Sarnthein et al., 2003; Hald et al., 2007; Risebrobakken et al.,
2011; Werner et al., 2016). The early Holocene AW intensification was associated with
occurrences of near-surface dwelling species G. bulloides - today restricted to the Atlantic
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Domain of the southern Nordic Seas (Pflaumann et al., 1996) - as far north as the NW
Svalbard margin (Aagaard-Serensen et al., 2014; Werner et al., 2016). Although existing
foraminifera-based (transfer function) SSTs do not reconstruct a comparable early
Holocene peak near the mid-Norwegian continental margin (Risebrobakken et al., 2003;
Andersson et al., 2010), our census data from the flowpath center of the NwWAC, site
M23071 on the southern Vering Plateau (Fig. 4.1), now clearly demonstrate the same
early Holocene AW strengthening (Fig. 4.5). This finding implies a rather coherent
propagation of oceanic heat from the southern Nordic Seas through the eastern Fram
Strait and into the high Arctic.

Significantly higher-than-Holocene proportions of polar species N. pachyderma found
during MIS 5e in the northern Nordic Seas have previously been interpreted as indications
of reduced flux of AW heat into the northern Nordic Seas during the Last Interglacial
(Fig. 4.6; Bauch et al., 1999). On the contrary, it was stated that carbonate dissolution
during MIS 5e could have biased the foraminifera-based reconstructions towards colder
oceanic conditions (e.g., Knies et al., 1998; Matthiessen et al., 2001). Notwithstanding
the specific mechanism behind foraminiferal shell corrosion at our site (Fig. 4.41), we
argue that the enhanced fragmentation could generally be attributed to marginal ice zone
conditions and sea-ice related processes coupled with a reduced influence of AW at our
site during MIS 5Se. Associated with marginal ice zones, enhanced primary productivity
and increased flux of organic matter could lead to increased acidity at the sea bottom,
causing enhanced calcite dissolution (Berger et al., 1982; Huber et al., 2000). An
influence of more productive ArW-like water masses at our site may be discerned from
high 8'3C values in N. pachyderma. In contrast, good calcite preservation was reported
from nearby site MD99-2304 which may have been influenced by less productive AW-
like water masses, as evidenced by remarkably lower planktic 8'*C values
(Risebrobakken et al., 2005, 2007). On the other hand, lateral transportation of
foraminifera across the narrow domain between the two discussed cores should not be
neglected, as it would likely level out such sharp sea surface gradients during the
sedimentation process (von Gyldenfeldt et al., 2000). Considering the close vicinity to
shelf areas with potential brine formation (Rasmussen and Thompsen, 2009), the
observed strong shell fragmentation at Site 986 may also be related to the influence of
corrosive brine waters, enriched in organic carbon and respiratory CO: (Steinsund and
Hald, 1994; Giannelli et al., 2001), and therefore probably indicating enhanced sea-ice
production in the Fram Strait during MIS 5e. Finally, it has been shown for the Fram
Strait that good carbonate preservation characterized the early Holocene when AW
advection was at a maximum (Fig. 4.6; Rasmussen et al., 2007; Zamelczyk et al., 2014;
Werner et al., 2016). Analogously, the significantly improved preservation of
foraminiferal shells notable at our site during late MIS 5e (~117 ka) could perhaps reflect
the phase with the strongest AW influence in the eastern Fram Strait.

-67 -



Chapter 4: Atlantic Water heat transfer through Fram Strait

0 4 8 12 114 119 124 129
T *I T T ' T T T I* '* T T I* T l l T T *I T ' T T T T ' T *I T T ' * T
M23071 [ Vering Plateau | M23071
a) 2.2 &
B o
2.4 3
- ©
-26 ©
T (28 3
=
04 C. w. g
1 ©
i Q
=

modern % N. p.
b)

Max.
Atlantic

Max.
Atlantic b

100 - 100

— Fram Strait

N. pachyderma (%)
[6)]
o
L

water

MSMO05/5-723-2 Site 986 s 9
R ©)
r [ee]
c) . 2
.. &
c) L <3
—_ "4 -4 §
& 10 Enhanced | g
Y 1 fragment. 4.5 95— Enhanced L45 S
% j d) fragment.
S 501 ]
< 3
§ b no data
S 100
< 90
- 30k
200 T
C. VI/.T L e) C.ow L
: i 2
L a
100 15k T
-0 T T T T T T T T T T T T T 0
T T T ' T T T ' T T T ' ' '
S T 14 119 124 129
Age (ka) Age (ka)

Figure 4.6: Correlation of Holocene and MIS Se climatic events between the Vering Plateau core
M23071 (this study, Voelker, 1999; Bauch and Erlenkeuser, 2008; Van Nieuwenhove et al., 2008) and
Fram Strait cores MSM05/5-723-2 (Werner et al., 2016) and Site 986 (this study). Proxy records in
core M23071 for the Holocene and MIS Se intervals include (a) 3'30 values of N. pachyderma and (b)
percentage of N. pachyderma. Proxy records from core MSM05/5-723-2 and Site 986 include (c) 5'*0
values in N. pachyderma, (d) percentage of N. pachyderma and (e) IRD, grains per gram of dry sediment.
Modern proportion of N. pachyderma (N. p.) in the Norwegian Sea is from Pflaumann et al (1996). Pink
bands denote intervals of inferred maximum northward Atlantic water advection. Periods of enhanced
planktic foraminiferal shell fragmentation are highlighted in grey. First major occurrences of
C. wuellerstorfi (C. w.) are indicated by arrows (data after Sarnthein et al., 2003; Bauch et al., 2011; Wemner
et al., 2016). Age control points (Holocene in M23071 from Voelker (1999) and in MSM05/5-723-2 from
Werner et al. (2016); MIS 5e in M23071 and Site 986 from this study) are marked by asterisks.

The reason why less near-surface heat was carried by AW northward to the eastern Fram
Strait during MIS 5e compared to the early Holocene may be explained by a greater water
depth of the AW flow within the Nordic Seas due to the existence of a thicker, colder and
more freshened surface layer in the course of a rather long Saalian deglaciation (e.g.,
Bauch, 2013; Thibodeau et al., 2017). Such a layer could have changed not only the
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oceanic conditions, but also inhibited the environmental preferences (e.g., food and light
availability) of shallow-dwelling subpolar foraminifera in the eastern Fram Strait.
Superimposed on strong carbonate dissolution, this has made it more difficult to trace the
propagation of AW heat flux towards the polar North during entire MIS S5e, when
compared to the early Holocene.

It has been suggested for MIS 5Se that the very warm waters passed the western Svalbard
continental margin during MIS 5Se, entered the Arctic Ocean and spread across the
Yermak Plateau as well as the northern Eurasian shelves (Nowaczyk et al., 1994;
Matthiessen et al., 2001; Spielhagen et al., 2004). Our new data, however, underscore a
significantly reduced flux of oceanic heat from the Atlantic through the eastern part of
the Arctic Gateway. This should be taken in account when reconstructing the last
interglacial conditions in the Eurasian sector of the Arctic Ocean.

Although maximum AW influence in the eastern Fram Strait was attained only late in the
Last Interglacial, it should be noted that AW penetrated northward across the Greenland-
Scotland Ridge already during the early Saalian deglaciation. A presence of AW during
T2 is evident during the “pause” in the deglacial trend at about 130 ka, reflected by
elevated numbers of planktic foraminifera and increased magnetic susceptibility values
at Site 986 (Fig. 4.3; Risebrobakken et al., 2006). Further evidence of subsurface
poleward flow of AW during T2 comes from the ubiquitous finds of subtropical species
B. megastoma in the Nordic Seas (Bauch, 1996) and benthic foraminifera of the “Atlantic
group” on either side of the Iceland-Scotland Ridge (Rasmussen et al., 2003b).

High-resolution records from underneath the main flowpath of AW suggest a roughly
simultaneous post-Saalian appearance of the suspension-feeding epibenthic species C.
wuellerstorfi (Struck, 1997; Wollenburg et al., 2001) during the second major meltwater
event at about ~128-127 ka (Fig. 4.6). A solid age estimation of 11.5-11.3 ka was deduced
for the first major occurrence of this species during the Holocene (Sarnthein et al., 2003;
Werner et al., 2016). At face value, such occurrences of C. wuellerstorfi may imply a
comparable “early interglacial” timing of bottom current activation linked to first AW
intrusions during both Holocene and MIS S5e. However, the continuing Saalian
deglaciation of the northern Eurasian continental margin with its longer-than-T1 duration
of meltwater discharge likely obscured an AW-related early warming in the eastern
Nordic Seas comparable to that in the early Holocene. By contrast, coring sites in the
central Nordic Seas, i.e., away from the collapsing European and Greenland ice sheets,
were less affected by deglacial freshwater influence and do indeed reveal the AW-driven
SST increase during early MIS Se/late T2, at ~128 ka (Fig. 4.2b; Bauch et al., 2012;
Bauch, 2013; Zhuravleva et al., 2017b). This supports the view that a very thick halocline,
a result of sizeable post-Saalian meltwater input from the surrounding continents, rather
than a strongly reduced or absent AW inflow was likely responsible for the low faunal
signal along the Norway-Svalbard continental margin.
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4.7 Conclusions

A new multi-proxy record from the eastern Fram Strait allows to reconstruct the AW heat
transport at the Arctic Gateway from the late Saalian (144-130 ka) through the Last
Interglacial (130-116 ka) in unprecedented resolution. During the penultimate glacial
maximum, rather strong impact of AW facilitated high planktic foraminferal productivity
and seasonally ice—free conditions off western Svalbard. Although the influence of AW
during the Saalian deglaciation was notably decreased, the inflows of Atlantic-derived
waters into the Nordic Seas never completely stopped. For MIS 5e our study confirms
earlier conclusions on a generally reduced influence of AW in the high-northern latitudes.
When compared to the early Holocene, a less pronounced signal of the AW flow into the
Arctic region during the Last Interglacial could be explained by:

1) a thicker post-Saalian halocline and a greater water depth flow of AW;

2) a longer-lasting Saalian deglaciation which delayed the surface warming relative to
solar radiation;

3) areduced strength of AW inflows related to the oceanic-atmospheric system, i.e., wind
patterns, oceanographic fronts and gyre intensities;

4) some bias due to a variable preservation of biogenic carbonate.

Our data further reveal the mid-MIS 5e cooling off Svalbard triggered by an
iceberg/meltwater event. We conclude that the AW influence on the upper water
hydrography in the Fram Strait was strongest during the late phase of MIS Se-ss,
corresponding in time with a period of diminished sea surface stratification and peak
surface ocean heat transfer to the Norwegian Sea. We finally emphasize that the
recognition of a generally weaker-than-Holocene AW influence in the polar North during
MIS 5e needs to be taken into account for more plausible interpretations of circum-Arctic
fossil records from the last interglacial period.
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Supplementary information

The Atlantic Water heat transfer through the Arctic Gateway (Fram Strait)
during the Last Interglacial

Table S4.1: Tie points used to transfer records onto AICC2012 age scale.

Abbreviations

IE: Isotopic event
NP: Neogloboquadrina pachyderma

Core Depth Depth Age [ka BP] Sedimentation Rationale
[em] [m] Rate [cm/kyr]
M23071 610 6.1 107 1.9 IE54
628 6.28 116.7 3.9 Coherence with PS1243
NP 5'80 (glacial
inception)
662 6.62 125.5 12.5 Coherence with PS1243
NP 5'80 (end of deglacial
termination)
712 7.12 129.5 11.6 Coherence with PS1243
NP 580 (MIS 6/5¢
boundary)
776 7.76 135 11.6 1E6.2
Site 986 1458 14.58 107 7.5 1IES5.4
1531.1 15.311 116.7 6.1 Coherence with M23071
NP 5'80 (glacial
inception)
1579.7 15.797 124.7 20.8 Coherence with M23071
NP 580 (onset of MIS
Se-ss)
1679.5 16.795 129.5 19.6  Coherence with M23071
NP 580 (MIS 6/5¢
boundary)
1787.4 17.874 135 10.6 IE 6.2
1850.9 18.509 141 10.6  Coherence with PS1243

NP 5'80 (end of IE 6.3)

a) Age model for core PS1243 is from Zhuravleva et al. (2017b)
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Under review in Climate of the Past

Abstract. Shallow-water sediments of the Bahama region containing the last interglacial
(MIS 5e) are ideal to investigate the region’s sensitivity to past climatic and sea level
changes. Here we present new faunal, isotopic and XRF-sediment core data from the
northern slope of the Little Bahama Bank. The results suggest that the bank top remained
flooded across the last interglacial “plateau”, ~129-117 ka, arguing for a relative sea level
above -6 m for this time period. In addition, climatic variability, which today is closely
coupled with movements of the Intertropical Convergence Zone (ITCZ), is interpreted
based on stable isotopes and foraminiferal assemblage records. During early MIS 5Se, the
mean annual ITCZ position moved northward in line with increased solar forcing and a
recovered Atlantic Meridional Overturning Circulation (AMOC). The early MIS 5Se
warmth peak was intersected, however, by a millennial-scale cooling event, consistent
with a southward shift in the mean annual ITCZ position. This tropical shift is ascribed
to the transitional climatic regime of early MIS 5Se, characterized by persistent high-
latitude freshening and, thereby, unstable AMOC mode. Our records from the Bahama
region demonstrate that not only was there a tight relation between local sedimentation
regimes and last interglacial sea level history, via the atmospheric forcing we could
further infer an intra-interglacial connectivity between the polar and subtropical latitudes
that left its imprint also on the ocean circulation.

5.1 Introduction

The last interglacial (MIS 5e) has attracted a lot of attention as a possible analog for future
climatic development as well as a critical target for validation of climatic models. This
globally warmer-than-preindustrial interval is associated with significantly reduced ice
sheets and a sea level rise up to 6-9 meters above the present levels (Dutton et al., 2015;
Hoffman et al., 2017). However, controversy still exists regarding the initiation and
duration of the sea level highstand as well as about any sea level variability within that
time period (Hearty et al., 2007; Kopp et al., 2009; Grant et al., 2012; Masson-Delmotte
et al., 2013). Also, the spatial coverage of the existing sea surface temperature (SST)
reconstructions is insufficient to allow for a robust understanding of the climatic forcings
at play during the last interglacial.

At the western boundary of the wind-driven subtropical gyre (STG), sediments from the
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shallow-water carbonate platforms of the Bahama archipelago can serve as an important
climatic link between the tropical and subpolar North Atlantic. Given its critical location
near the origin of the Gulf Stream, sediment records from the Bahama Bank region have
been investigated in terms of climatic variability, ocean circulation, sea level change and
sediment diagenesis (Slowey and Curry, 1995; Henderson et al., 2000; Slowey et al.,
2002; Roth and Reijmer, 2004; 2005; Chabaud, 2016). For the last interglacial, earlier
studies were focused on absolute dating of corals and sediments (Neumann and Moore,
1975; Slowey et al., 1996; Henderson and Slowey, 2000) as well as on coastal
geomorphology and changes in sediment properties in relation to sea level fluctuations
(Hearty and Neumann, 2001; Lantzsch et al., 2007; Chabaud et al., 2016). However, a
thorough study of the last interglacial climate evolution underpinned by a critical
stratigraphical insight deduced from periplatform oozes is lacking so far, as previous
authors mainly worked on timescales covering several interglacials (Lantzsch et al., 2007;
Chabaud et al., 2016). Here, we attempt to close this gap, by using core MD99-2202 from
the upper northern slope of the Little Bahama Bank (LBB), which is the northernmost
shallow-water carbonate platform of the Bahamian archipelago.

5.2 Regional Setting

Core MD99-2202 (27°34.5'N, 78°57.9°W, 460 m water depth) was taken from the
northern slope of the LBB in the vicinity to the western boundary current of the North
Atlantic STG, the Gulf Stream (Fig. 5.1A). The Gulf Stream supplies both heat and salt
to the high northern latitudes and thereby constituting the upper cell of the Atlantic
Meridional Overturning Circulation (AMOC). It originates from the Florida Current after
it leaves the Gulf of Mexico through the Straits of Florida and merges with the Antilles
Current to the north of the LBB.

In the western subtropical North Atlantic two distinctly different layers can be
distinguished within the upper 500 m of the water column. The uppermost mixed layer
(upper 50-100 m) is occupied by warm and comparatively fresh waters (T>24 °C,
S<36.4 psu), predominantly coming from the equatorial Atlantic (Schmitz and
McCartney, 1993; Johns et al., 2002). Properties of this water mass vary significantly on
seasonal timescales and are closely related to the latitudinal migration of the Intertropical
Convergence Zone (ITCZ) (Fig. 5.1B-C). During boreal winter (December-April), when
the ITCZ is at its southernmost position, the Bahama region is dominated by relatively
cool, stormy weather with prevailing northern and northeastern trade winds and is
affected by cold western fronts, that increase evaporation and vertical convective mixing
(e.g., Wilson and Roberts, 1995). During May to November, as the ITCZ moves
northward, the LBB is influenced by relatively weakened trade winds from the east and
southeast, by increased precipitation and very warm waters of Atlantic Warm Pool
(T>28.5 °C), which expand into the Bahama region from the Caribbean Sea and the
equatorial Atlantic (Stramma and Schott, 1999; Wang and Lee, 2007; Levitus et al.,
2013). Today the LBB region lies at the northern edge of the influence of the Atlanitc
Warm Pool, making our site particularly sensitive to monitor past shifts of the ITCZ. The
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mixed layer is underlain by a thermocline layer, which is comprised of a homogeneous
pool of comparatively cool and salty (12<T<24 °C, S>36.4 psu) water (Schmitz and
Richardson, 1991). These “mode” waters are formed in the North Atlantic STG through
wintertime subduction of surface waters driven by wind-driven Ekman downwelling and
buoyancy flux (Slowey and Curry, 1995).
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Figure 5.1: Maps showing positions of investigated core records and atmospheric/oceanic circulation.
(A) Simplified surface water circulation in the (sub)tropical North Atlantic and positions of investigated
sediment records: MD99-2202 (27°34.5'N, 78°57.9'W, 460 m water depth; this study), Ocean Drilling
Program (ODP) Site 1002 (10°42.7'N, 65°10.2"W, 893 m water depth; Gibson and Peterson, 2014) and
ODP Site 1063 (33°41.4'N, 57°37.2'W, 4584 m water depth; Deaney et al., 2017). (B) Relative abundances
of tropical foraminifera G. sacculifer and G. ruber (pink) (Siccha and Kucera, 2017) and positions of the
Intertropical Convergence Zone (ITCZ) during boreal winter and summer. (C) Summer and winter
hydrographic sections (black line in B), showing temperature and salinity obtained from World Ocean Atlas
(Levitus et al., 2013). Vertical bars denote calcification depths of G. ruber (white) and G. truncatulinoides
(dex), respectively. Note, that today G. truncatulinoides (dex) reproduce in winter time (Jonkers and
Kucera, 2015) and due to its life cycle with changing habitats (as shown with arrows) accumulate signals
from different water depths. AC — Antilles Current, FC — Florida Current, STG — subtropical gyre. Maps
are created using Ocean Data View (Schlitzer, 2016).
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5.3 Methods

5.3.1 Foraminiferal counts and stable isotopes analyses

Planktic foraminiferal assemblages were counted on representative splits of the 150-
250 pm fraction containing at least 300 individual specimens. Counts were also
performed in the >250 um fraction. The census data from the two size fractions were
added up and recalculated into relative abundance of planktic foraminifera in the fraction
>150 pm. Faunal data were obtained at each 2 cm for the core section between 508.5 and
244.5 cm and at each 10 cm between 240.5 and 150.5 cm. According to a standard
practice, Globorotalia menardii and Globorotalia tumida as well as Globigerinoides
sacculifer and Globigerinoides trilobus were grouped together, and referred to as G.
menardii and G. sacculifer, respectively (Poore et al., 2003; Kandiano et al., 2012;
Chabaud, 2016).

New oxygen isotope data were produced at 2 cm steps using ~10-30 tests of Globorotalia
truncatulinoides (dex) and ~5-20 tests of Globorotalia inflata for depths 508.5-244.5 cm
and 508.5-420.5 cm, respectively. Analyses were performed using a Finnigan MAT 253
mass spectrometer at the GEOMAR Stable Isotope Laboratory. Calibration to the Vienna
Pee Dee Belemnite (V-PDB) isotope scale was made via the NBS-19 and an internal
laboratory standard. The analytical precision of in-house standards was better than
0.07 %o (1o) for 3'%0. Deep-dwelling foraminifera G. truncatulinoides and G. inflata are
found in greatest abundances at the base of the seasonal thermocline (100-200 m), under
environmental stress, e.g., temperatures warmer than 16 °C, however, the species can
migrate to greater depths (Cléroux et al., 2007). As calcification of their tests starting in
the mixed layer continues in the main thermocline, the abovementioned species are
thought to accumulate hydrographic signals from different water depths (Groeneveld and
Chiessi, 2011; Mulitza et al., 1997).

5.3.2 XRF scanning

X-ray fluorescence (XRF) analysis was performed in two different runs using the
Aavatech XRF Core Scanner at Christian-Albrecht University of Kiel (for technical
details see Richter et al., 2006). To obtain intensities of elements with lower atomic
weight (e.g., calcium (Ca), chlorine (Cl)), XRF scanning measurements were carried out
with the X-ray tube voltage of 10 kv, the tube current of 750 pA and the counting time of
10 seconds. To analyze heavy elements (e.g., iron (Fe), Sr), the X-ray generator setting
of 30 kv and 2000 pA and the counting time of 20 seconds were used; a palladium thick
filter was placed in the X-ray tube to reduce the high background radiation generated by
the higher source energies. XRF Core Scanner data were collected directly from the split
core sediment surface, that had been flattened and covered with a 4 pm-thick
ULTRALENE SPEXCerti Prep film to prevent contamination of the measurement unit
and desiccation of the sediment (Richter et al., 2006; Tjallingii et al., 2007). The core
section between 150 and 465 cm was scanned at 3 mm step size, whereas the coarser-
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grained interval between 465 and 600 cm was analyzed at 10 mm resolution.
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To account for potential biases related to physical properties of the sediment core, XRF
intensities of Sr were normalized to Ca (Fig. 5.2), the raw total counts of Fe and Sr were
normalized to the total counts of the 30kv-run; counts of Ca and Cl were normalized to
the total counts of 10kv-run, excluding Rh intensity, because this element intensities are
biased by the signal generation (Bahr et al., 2014).

All data will be made available in the online database PANGAEA (www.pangaea.de).
5.4 Age model

By using our foraminiferal assemblage data, we were able to refine the previously
published age model of core MD99-2202 (Lantzsch et al., 2007). To correctly frame MIS
Se, stratigraphic subdivision of the unconsolidated aragonite-rich sediment package
between 190 and 464 cm is essential (Fig. 5.3). In agreement with Lantzsch et al. (2007)
we interpret this core section to comprise MIS 5, which is supported by key
biostratigraphic markers used to identify the well-established faunal zones of late
Quaternary (Ericson and Wollin, 1968). Thus, the last occurrences of G. menardii and G.
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menardii flexuosa at the end of the aragonite-rich sediment package are in agreement
with the estimated late MIS 5 age (ca. 80-90 ka; Boli and Saunders, 1985; Slowey et al.,
2002; Bahr et al., 2011; Chabaud, 2016). The coherent variability observed between
aragonite content and relative abundances of warm surface-dwelling foraminifera of
Globigerinoides genus (G. ruber, white and pink varieties, G. conglobatus and G.
sacculifer) between ~200-300 cm, points to simultaneous climate and sea level-related
changes and likely reflects the warm/cold substages of MIS 5. The detected substages
were then correlated with the global isotope benthic stack LS16 (Lisiecki and Stern, 2016)
using AnalySeries 2.0.8 (Paillard et al., 1996). Further, boundaries between MIS 6/5¢ and
5¢/5d as well as the penultimate glaciation (MIS 6) peak, defined from §'30 record of G.
ruber (white), were aligned to the global benthic stack (Lisiecki and Stern, 2016).

Given that sedimentation rates at the glacial/interglacial transition could have changed
drastically due to increased production of Sr-rich aragonite material above the initially
flooded carbonate platform top (Roth and Reijmer, 2004; Chabaud et al., 2016), we
applied an additional age marker to better frame the onset of the MIS 5e “plateau” and to
allow for a better core-to-core comparison. Thus, we tied the increased relative
abundances of warm surface-dwelling foraminifera of Globigerinoides genus, which
coincides with the rapid decrease in foraminiferal 6'0 record at 456 cm, with the onset
of MIS 5e “plateau” at ~129 ka (Masson-Delmotte et al., 2013). This age is in good
agreement with many marine and speleothem records, dating a rapid post-stadial warming
and monsoon intensification to 129-128.7 ka (Galaasen et al., 2014; Govin et al., 2015;
Jiménez-Amat and Zahn, 2015) coincident with the sharp methane increase in the EPICA
Dome C ice core (Loulergue et al., 2008; Govin et al., 2012). Although we do not apply
a specific age marker to frame the decline of the MIS 5e “plateau”, the resulting decrease
in the percentage of warm surface-dwelling foraminifera of Globigerinoides genus as
well as the initial increase in the planktic §'%0 values dates back to ~117 ka (Fig. 5.4),
which broadly coincides with the cooling over Greenland (NGRIP community members,
2004). A similar subtropical-polar climatic coupling was proposed in earlier studies from
the western North Atlantic STG (e.g., Vautravers et al., 2004; Schmidt et al., 2006a; Bahr
et al., 2013; Deaney et al., 2017).

5.5 Results
5.5.1 XRF data in the lithological context

In Fig. 5.2 XRF-derived elemental data are plotted against lithological and physical
sediment properties. Beyond the intervals with low Ca counts corresponding to high Cl
intensities (at 300-325 cm and 395-440 cm), Ca intensities do not vary significantly,
which is in line with a stable carbonate content of about 94 % Wt (Lantzsch et al., 2007).
Our Sr record closely follows the aragonite curve and the grain size data, demonstrating
that the interglacial minerology is dominated by aragonite. Beyond the intervals
containing reduced Ca intensities, a good coherence between Sr/Ca and aragonite content
is observed. The rapid increase in Sr/Ca and aragonite is found at the end of the
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penultimate deglaciation (Termination 2, T2), coeval with the elevated absolute
abundances of G. menardii per sample (Fig. 5.4). The gradual step-like Sr/Ca and
aragonite decrease characterizes both the glacial inception and the later MIS 5 phase.
Intensities of Fe abruptly decrease at the beginning of the last interglacial, but gradually
increase during the glacial inception (Fig. 5.5D). At ~120 ka (355 cm), a minor but clear
increase in Sr intensities goes along with the change in aragonite and grain-size (Figs. 5.2
and 5.4), arguing that this feature is not a signal artefact but represents a significant
sedimentological shift. Between ~112 and 114.5 ka, the actual XRF measurements were

affected by a low sediment level in the core tube.
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Figure 5.3: Chronology of core MD99-2202. Age model is based on alignment of (D) relative abundance
record of Globigerinoides species and (B) planktic 'O values (Lantzsch et al., 2007) with (A) global
benthic isotope stack LS16 (Lisiecki and Stern, 2016). (C) Aragonite content (Lantzsch et al., 2007) and
(E) relative abundances of G. menardii and G. menardii flexuosa are shown to support the stratigraphic

subdivision of MIS 5.
5.2 Climate-related proxies

During the major deglacial transition, ~135-129 ka, low isotopic gradients between
G. ruber (white), G. truncatulinoides (dex) and G. inflata are consistent with high relative
abundances of G. truncatulinoides (dex) and G. inflata (Fig. 5.5). Across MIS 5e species
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of Globigerinoides genus dominate the total assemblage, however, significant changes in
the proportions of three main Globigerinoides species are observed: G. sacculifer and
G. ruber (pink) essentially dominate the assemblage during early MIS 5e (129-124 ka),
whereas G. ruber (white) proportions are at their maximum during late MIS Se (124-
117 ka). At the onset of MIS 5Se, G. ruber (pink) and G. sacculifer relative abundances
rise in a successive manner, with a rapid increase in G. sacculifer occurring c. 2 ka later
than the rise in G. ruber (pink) proportions. At around 127 ka, all 8'%0 records show
abrupt increase, G. falconensis and G. inflata reappear, while relative abundances of
G. ruber (pink) and G. sacculifer become reduced (Figs. 5.5-5.6). After 120 ka, §'%0
values in G. ruber (white) and G. truncatulinoides (dex) become unstable (Fig. 5.5A-B).
This instability coincides with an abrupt drop in G. sacculifer relative abundances (Fig.
5.6B).

5.6 Discussion
5.6.1 Platform sedimentology and sea level change

In shallow-water records from the Bahamas, downcore variations in St/Ca intensity ratio
can be applied as a good proxy for relative sea level (RSL) change (Chabaud et al., 2016).
However, given that the measured intensities of Ca account for more than 70 % of all
elements signal intensities, Sr/Ca values are strongly dependent on the quality of the Ca
signal. While our Sr record likely represents a non-affected signal because of good
coherence with the aragonite curve, some of the Ca intensity values are reduced due
increased seawater content, as evidenced by simultaneously measured elevated CI
intensities (Fig. 5.2). Because enhanced seawater content in the sediment appears to
reduce only Ca intensities, leaving measures of elements with higher atomic numbers
(e.g., Fe, Sr) less affected (Tjallingii et al., 2007; Hennekam and de Lange, 2012),
normalization of Sr counts to Ca results in very high Sr/Ca intensity ratios across the CI-
rich intervals. The general consistency of the measured Sr intensities argues against an
early marine diagenesis that would strongly reduce and homogenize the Sr/Ca intensity
ratio, altering isotopic signatures and often causing a change in sediment color (Chabaud,
2016) that is not observed in our sediment core. Consequently, the spikes in Sr/Ca within
the last interglacial could be related to a change in physical properties of the sediment,
such as elevated sediment porosity linked to increased sand size fraction, that would
facilitate enhanced pore-water content in these intervals (Henderson et al., 2000; Tucker
and Bathurst, 2009; Chabaud, 2016). Indeed, the late MIS 5e Sr/Ca spike falls within the
interval of strongly decreased sediment density and increased porosity (Labeyrie and
Reijmer, 2005). However, on the basis of these data alone it is not possible to assess
whether the observed sedimentological and geochemical shifts represent a syn- or
postdepositional change. Yet, comparing all the records it seems conceivable that the
pronounced Sr/Ca and Cl spikes may contain clues about interglacial sedimentary regime
changes on the upper slope of the LBB at these times.
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Beyond these problematic intervals described above, XRF-derived Sr/Ca values agree
well with the aragonite curve and, thus, can be interpreted in terms of RSL variability
(Fig. 5.4). Around 129 ka, Sr/Ca as well as aragonite content rapidly reach maximum
values, indicating the onset of the LBB flooding interval. Absolute abundance of
G. menardii per sample supports the inferred onset of the flooding interval (Fig. 5.4D),
since amounts of planktic foraminifera in the sample can be used to assess the relative
accumulation of platform-derived vs. pelagic sediment particles (Slowey et al., 2002).
After G. menardii repopulated the tropical waters at the end of the penultimate glaciation
(Bahr et al., 2011; Chabaud, 2016), its increased absolute abundances are found between
~131-129 ka. That feature could be attributed to a reduced input of fine-grained aragonite
at times of partly flooded platform. Consequently, as the platform top became completely
submerged, established aragonite shedding gained over pelagic input, thereby reducing
the number of G. menardii per given sample.

Despite some possible isostatic subsidence (1-2 m per hundred thousand years), the LBB
is generally regarded as tectonically stable (Carew and Mylroie, 1995; Hearty and
Neumann, 2001). Considering that the modern water depth of the platform is between 6-
10 m, a RSL above -6 m of'its present position is required to completely flood the platform
top and allow for a drastic increase in aragonite production (Carew and Mylroie, 1997,
Chabaud et al., 2016). In that context, the onset of the major flooding interval with RSL
above -6 m could be assumed from c.129 ka on (Fig. 5.4). Since the last interglacial sea
level highstand is estimated to have been 6-9 meters above the modern (Dutton et al.,
2015), an additional sea level rise of 12-15 m must have been reached some time later
within MIS 5e. A late peak is indeed in agreement with a continuing deglaciation
observed in the northern hemisphere (e.g., Bauch et al., 2012; Deaney et al., 2017); a sea—
level contribution from the Antarctic Ice Sheets have also been suggested (Hearty and
Neumann, 2001; O’Leary et al., 2013).

Our data do not allow to make assumptions about the exact timing of the last interglacial
sea level peak, which is controversially placed by different studies into either early (Grant
et al., 2012; Lisiecki and Stern, 2016), mid or late MIS 5e (Hearty and Neumann, 2001;
Hearty et al., 2007; Kopp et al., 2009; O’Leary et al., 2013; Spratt and Lisiecki, 2016).
And yet, our proxy records suggest that the aragonite production on top of the platform
was abundant until late MIS 5e (unequivocally delimited by foraminiferal §'30 and faunal
data), arguing for a longer-lasting flooding interval of the LBB across MIS 5e (~12 ka
with the RSL above -6 m), when compared to previous sea level reconstructions
(Fig. 5.4H). The drop in RSL below -6 m only during the terminal phase of MIS 5e (~117
ka on our timescale) is corroborated by a coincident changeover in the aragonite content
and the increase in absolute abundance of G. menardii, further supporting the hypothesis
that aragonite shedding was suppressed at that time, causing relative enrichment in
foraminiferal abundances (per sample).

As mentioned above, the inferred LBB flooding time period differs from the actual
minimal ice volume interval, but it appears to correspond roughly with the well-known

- 80 -



Chapter 5: MIS 5e at Little Bahama Bank

last interglacial “plateau” of low benthic 330 values between ~129 and 116-118 ka
(Adkins et al., 1997; Cortijo et al., 1999; Masson-Delmotte et al., 2013). Given that the
intra-interglacial sea level change is plausible, this observation underscores the
importance of critical consideration of deep-sea 8'®0 records, accumulating both ice
volume and ocean temperature/salinity signals.
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Figure 5.4: Sedimentological and foraminiferal data from core MD99-2202. Proxy records are
compared to (A) global benthic isotope stack LS16 (Lisiecki and Stern, 2016) and (H) relative sea level
(RSL) estimates (grey is from Grant et al. (2012); green is from Spratt and Lisiecki (2016)). (B) 5'%0 values
in G. ruber (white) (Lantzsch et al., 2007), (C) relative abundances of Globigerinoides species, (D) absolute
abundances of G. menardii per sample, (E) Sr/Ca intensity ratio, (F) aragonite content (Lantzsch et al.,
2007), (G) computed sedimentation rates. Inferred platform flooding interval (lilac bar) is consistent with
the enhanced production of Sr-rich aragonite needles and a RSL above -6 m (Chabaud et al., 2016). T2 —
refers to the position of the penultimate deglaciation (Termination 2).

5.6.2 Termination 2

Prior to the MIS 5e “plateau”, the elevated occurrences of transitional to subpolar species
G. inflata indicate generally cold-water conditions off the LBB (Fig. 5.5). Isotopic

-81-



Chapter 5: MIS 5e at Little Bahama Bank

gradients between §'30 values in surface- and thermocline-dwelling foraminifera during
T2 are strongly reduced, arguing for decreased water column stratification. At times of
suppressed overturning during T2 (Deaney et al., 2017), the inferred decreased
stratification could have resulted from sea surface cooling/salinification and/or
subsurface warming (e.g., Zhang, 2007). Nevertheless, direct surface/subsurface
temperature estimations across T2 and early MIS 5e so far reveal warm/cold conditions
for the subtropical western North Atlantic (Bahr et al., 2013). It is known, however, that
species-specific temperature signals should be considered with caution, as they could be
complicated due to adaptation strategies of foraminifera, such as seasonal shifts in the
peak foraminiferal tests flux and/or habitat changes (Schmidt et al., 2006a, b; Bahr et al.,
2013; Jonkers and Kucera, 2015). Alternatively, reduced water column stratification
could have led to a situation when calcification of the thermocline-dwelling foraminifera
could have commenced in shallower and, therefore, relatively warmer waters, causing a
lower isotopic gradient between shallow- and deep-dwelling foraminifera (Mulitza et al.,
1997).

High abundances of G. ftruncatulinoides (Fig. 5.5E) further support the hypothesis
involving reduced stratification and deep vertical mixing, given that today this species
requires reduced upper water column stratification to be able to complete its reproduction
cycle with changing habitats, from c. 400-600 m to near-surface depths (Lohmann and
Schweizer, 1990; Hilbrecht, 1996, Mulitza et al., 1997). For instance, in the modern
tropical Caribbean, reproduction of G. truncatulinoides is inhibited by strong thermocline
in well-stratified waters (Schmuker and Schiebel, 2000). This is in contrast to the
subtropical North Atlantic where winter sea surface cooling (T<23 °C) and deep mixing
occur alongside with increase of G. truncatulinoides up to 15 % (Levitus et al., 2013;
Siccha and Kucera, 2017). It could, therefore, be proposed that the overall abundance of
G. truncatulinoides in our subtropical settings was at least partly controlled by oceanic
conditions occurring nearer to the sea surface (Mulitza et al., 1997; Jonkers and Kucera,
2016).

Sea surface water properties as well as vertical convective mixing in the Bahama region
are closely related to the strength of the atmospheric circulation as defined by the position
of the ITCZ (e.g., Slowey and Curry, 1995; Wolff et al., 1999). Today, intensified trade
winds coupled with cold meteorological fronts enhance upper water column mixing in
the region through evaporative cooling during boreal winter, when the ITCZ is at the
southernmost position (e.g., Wilson and Roberts, 1995). Previous studies from the
western subtropical North Atlantic have shown that time periods with reduced AMOC
strength are consistent with southward displacements of the ITCZ and its associated
rainfall belt, causing sea surface salinification (Schmidt et al., 2006a; Carlson et al.,
2008a; Bahr et al., 2013). Acknowledging the fact that our study region lies too far north
to be influenced by changes in the winter position of the ITCZ (Ziegler et al., 2008) — this
would be of primary importance for modern-like winter-spring reproduction timing of G.
truncatulinoides (Jonkers and Kucera, 2015) - we suggest that a southward displacement
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of the mean annual position of the ITCZ during T2 (Wang et al., 2004) could have
promoted favorable conditions for G. truncatulinoides through generally strong sea
surface cooling/salinification amplified by intensified atmospheric circulation.
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In the Bahamas, siliclastic inputs by other processes than wind transport is very limited,
therefore, increased Fe content in the sediments could be attributed to enhanced trade
winds strength which is coupled with a southern shift of the ITCZ (Roth and Reijmer,
2004). Accordingly, the elevated XRF-derived Fe counts in our record during T2 (Fig.
5.5D) may support intensification of trade winds and increased transport of Saharan dust
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at times of enhanced aridity over North Africa, i.e., during colder periods (Helmke et al.,
2008; Tjallingii et al., 2008). Finally, increased velocities of the wind-driven Antilles
Current in the southwestern limb of the STG during glacial interval and T2 are thought
to enhance winnowing of fine-grained material on the northern slopes of LBB, which,
together with the limited supply of aragonite needles, promoted enhanced sediment
consolidation (Chabaud et al., 2016).

5a-d 5e T2 6
S
"o
)
€
2
3
Q
N
O]
3 :
g : Tropical
3 10
3
s 5 [15 5
=
-10 § Figure 5.6: Relative abundances of
C ;5 E main Globigerinoides species in core
e 3 i 2 MD99-2202. (A) 880 values in G.
2 5 : : 0o © ruber (white) (Lantzsch et al., 2007),
§ D . relative abundances of (B) G.
S sacculifer, (C) G. ruber (pink), (D) G.
8 AN /\«/—\ conglobatus, (E) G. ruber (white).
© o 53 Also shown in (B-E) are modern

(average value +lo) around Bahama
Bank, computed using 7 nearest

samples from Siccha and Kucera
: (2017) database. Shaded in lilac is the
. T platform flooding interval (as defined

T T T
105 110 115 120 125 130 135 140 in Fig. 5.4). T2 — Termination 2.
Age (ka)

r
(6]
G. ruber (white) (%)

ESubtropicaI |

5.6.3 Early MIS Se

Various environmental properties (temperature, salinity, nutrients) can account for the
proportional change in different Globigerinoides species (Fig. 5.6). G. sacculifer — it
makes up less than 10 % of the planktic foraminiferal assemblage around the LBB today
(Siccha and Kucera, 2017) — is abundant in the Caribbean Sea and tropical Atlantic and
commonly used as a tracer of tropical waters and geographical shifts of the ITCZ (Poore
et al., 2003; Vautravers et al., 2007). Also, G. ruber (pink) shows rather coherent
abundance maxima in the tropics (between 20°N and 20°S), while no such affinity is
observed for G. ruber (white) and G. conglobatus (Siccha and Kucera, 2017; Schiebel
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and Hemleben, 2017). Therefore, fluctuations in relative abundances of G. sacculifer and
G. ruber (pink) are referred here as to represent a warm tropical end-member (Fig. 5.1B).

As shown in Fig. 5.7B, relative abundances of the tropical species (here and further in the
text G. ruber (pink) and G. sacculifer calculated together) increased before the onset of
the last interglacial “plateau” at ~129 ka. This transition was possibly coupled with the
intensification of the Gulf Stream at MIS 6/5¢ boundary (Bahr et al., 2011). In addition,
a gradual rise in accumulation of redox-sensitive element molybdenum (Mo) in sediment
data from Cariaco Basin is observed across the penultimate deglaciation (Fig. 5.7D). At
that latter location, high Mo content is found in sediments deposited under anoxic
conditions, occurring only during warm interstadial periods associated with a northerly
shifted ITCZ (Gibson and Peterson, 2014). Accordingly, a gradual northward migration
of the mean annual position of the ITCZ at the onset of MIS 5e could be implied. In line
with increasing low latitude summer insolation (Fig. 5.7C), this ITCZ displacement
would also promote a northward expansion of the Atlantic Warm Pool (Ziegler et al.,
2008). Because core MD99-2202 is located at the northern edge of the ITCZ influence,
the rapid shift in foraminiferal proportions at ~130 ka could, in fact, represent the onset
of the Atlantic Warm Pool influence, which resulted from a gradual northward-directed
ITCZ movement. Similarly, the pronounced increase in the tropical species relative
abundances at 129-128 ka, a result of the rapid rise in G. sacculifer proportions (Figs.
5.6-5.7), may then reflect a continuing northward expansion of the Atlantic Warm Pool.
Abrupt sea surface warming at the onset of the interglacial “plateau” is likewise found in
some proxy records from the western subtropical North Atlantic (Fig. 5.7E; Cortijo et al.,
1999; Deaney et al., 2017). Within some age uncertainties such a switch to warmer
conditions could, however, correspond to the rapid rise in accumulation of Mo in
sediments from the Cariaco Basin (Fig. 5.7D).

Further, our data reveal a millennial-scale cooling/salinification event at ~127 ka,
characterized by decreased proportions of tropical foraminifera and elevated planktic
8180 values (Figs. 5.5-5.7). That the abrupt cooling across the entire upper water column
occurred at the onset of the event is indicated by the re-occurrence of cold-water species
G. falconensis and G. inflata coincident with brief positive excursions in §'30 of shallow
and deep-dwelling foraminifera. A coherent cooling event, dated by U-Th to be centered
around 127 ka, is also evident in an isotopic record from the southwestern slope of the
LBB (Slowey et al., 1996; Henderson et al., 2000), suggesting at least a regional
expression of the event. Simultaneously, the XRF record from the Cariaco sediments
reveals a stadial-like Mo-depleted (ITCZ southward) interval (Fig. 5.7D). The close
similarity between the tropical-species record from the Bahamas and the XRF data from
Cariaco Basin supports the hypothesis that the annual displacements of the ITCZ are also
documented in our faunal counts. Moreover, because the aforementioned abrupt climatic
shift at ~127 ka cannot be reconciled with the insolation changes, additional forcings at
play during early MIS 5e should be considered.
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Figure 5.7: Comparison of proxy records from (sub)tropical North Atlantic. (A) 5'%0 values in G.
ruber (white) in core MD99-2202 (Lantzsch et al., 2007), (B) relative abundances of tropical species G.
sacculifer and G. ruber (pink) in core MD99-2202, (C) boreal summer insolation (21 June, 30°N),
computed with AnalySeries 2.0.8 (Paillard et al., 1996) using Laskar et al. (2004) data, (D) molybdenum
(Mo) record from ODP Site 1002 (Gibson and Peterson, 2014), (E-F) 3'*C values measured in benthic
foraminifera and relative abundances of G. ruber (total) and G. sacculifer from ODP Site 1063 (Deaney et
al., 2017). Also shown in (B) are modern relative abundances of G. sacculifer and G. ruber (pink) (average
value +1o0) around Bahama Bank, computed using 7 nearest samples from Siccha and Kucera (2017)
database. The blue arrows and the dashed line suggest correlation of abrupt event events (so-called Younger
Dryas-like cooling) in the subtropical and tropical North Atlantic (see text). Shaded in lilac is the platform
flooding interval (as defined in Fig. 5.4). ITCZ -Intertropical Convergence Zone. T2 — Termination 2.

Although the full resumption of the AMOC from a shallow or weak mode during T2
occurred only by ~124 ka, several studies show that the AMOC abruptly recovered at the
beginning of MIS Se, apparently due to a deepened winter convection in the Labrador
Sea (Adkins et al., 1997; Galaasen et al., 2014; Deaney et al., 2017). In accordance with
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previous studies from the tropical North Atlantic suggesting a coupling between ITCZ
position and ocean overturning (Riithlemann et al., 1999; Schmidt et al., 2006a; Carlson
et al., 2008a), it could be argued that the northward ITCZ shift coeval with the rise in
tropical foraminifera proportions at our site at ~129-128 ka was consistent with the
deepening of NADW and resumption of the AMOC (Fig. 5.7E). In turn, the millennial-
scale climatic reversal between 127 and 126 ka could have been related to the known
reductions of deep water ventilation during early MIS 5Se (Galaasen et al, 2014; Deaney
et al., 2017). A corresponding cooling and freshening event — referred elsewhere as to a
Younger Dryas-like event - is captured in some high- and mid-latitude North Atlantic
records (Bauch et al., 2012; Irvali et al., 2012; Schwab et al., 2013; Govin et al., 2014;
Jiménez-Amat and Zahn, 2015; Zhuravleva et al., 2017b). Coherently with the Younger
Dryas-like cooling and the reduction/shallowing in the NADW, an increase in the
Antarctic Bottom Water formation is revealed in the Southern Ocean core data, arguing
for existence of an “interglacial” bipolar seesaw (Hayes et al., 2014). The out-of-phase
climatic relationship between high northern and high southern latitudes, typical for the
last glacial termination (Barker et al., 2009), could be attributed to a strong sensitivity of
the transitional climatic regime of early MIS 5e due to persistent high-latitude freshening
(continuing deglaciation) and suppressed overturning in the Nordic Seas. This is
important because it helps to explain such a late occurrence of the Younger Dryas-like
event during T2, when compared to the actual Younger Dryas in the last deglaciation.

5.6.4 Late MIS 5e

Relative abundances of tropical foraminifera in our core suggest an early SST maximum
(between 128 and 124 ka) in the low-latitude North Atlantic, which agrees in time with
the recent compilation of global MIS 5e SST (Hoffman et al., 2017). As the insolation
forcing decreased during late MIS 5e and the ITCZ gradually moved southward (Fig.
5.7C-D), the white variety of G. ruber started to dominate the assemblage (Fig. 5.6),
arguing for generally colder sea surface conditions. The inferred broad salinity tolerance
of this species, also to neritic conditions (Bé and Tolderlund, 1971; Schmuker and
Schiebel, 2002), was used in some studies to link high proportions of G. ruber (pink and
white varieties) with low surface salinities (Vautravers et al., 2007; Kandiano et al.,
2012). The plots of the global distribution pattern of G. ruber (white) and G. ruber (pink),
however, suggest that when relative abundances of these two species are approaching
maximum values (40 % and 10 %, respectively), the sea surface salinities would be higher
for specimens of the white variety of G. ruber (Hilbrecht, 1996). Therefore, the strongly
dominating white vs. pink G. ruber variety observed in our records during late MIS Se
could be linked not only to decreasing SST, but also to increasing sea surface salinity.

In their study from the western STG, Bahr et al. (2013) also reconstruct sea surface
salinification during late MIS 5e in response to enhanced wind stress at times of
deteriorating high-latitude climate and increasing meridional gradients. Accordingly, our
isotopic and faunal data (note the abrupt decrease in G. sacculifer proportion at 120 ka;
Fig. 5.6B) suggest a pronounced climatic shift that could be attributed to a so-called
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“neoglaciation”, consistent with the sea surface cooling in the western Nordic Seas and
the Labrador Sea (Van Nieuwenhove et al., 2013; Irvali et al., 2016) as well as with a
renewed growth of terrestrial ice (Fronval and Jansen, 1997; Zhuravleva et al., 2017b).

Notably, a small but coherent increase in the aragonite content and Sr counts is evident
at 120 ka and coincides with the change towards finer-grained sediments, altogether
arguing for a change in sedimentary regime before the end of the major flooding interval
at ~117 ka (Figs. 5.2 and 5.4). Further interpretations of the aragonite changes based on
the available data appear rather speculative, given that the aragonite precipitation on the
platform top at times of sea level highstand is controlled by level of aragonite
supersaturation, which, in turn, depends on a number of climate-related parameters, such
as CO, amounts, temperature, salinity, water depth above the bank top as well as
residence time of the water mass above the platform (Morse and MacKenzie, 1990; Morse
and He, 1993; Schlager et al., 1994; Roth and Reijmer, 2004; 2005). Nevertheless, the
coherent shift in the carbonate minerology revealed after 120 ka may support major
oceanographic and atmospheric changes during the late phase of MIS 5e possibly coupled
with a significant sea level change.

5.7 Conclusions

New isotopic, faunal and XRF evidence combined with published sedimentological data
from a sediment core obtained from the slope of the LBB were studied for changes in
water masses, sedimentary regimes, and RSL change across the last interglacial. By using
new data, we were able to better constrain the last interglacial cycle in the investigated
core section (cf. Lantzsch et al., 2007). Elemental analyses, aragonite content and
foraminiferal abundance records suggest that the LBB became rapidly flooded at ~129
ka. The carbonate platform remained submerged until late MIS 5Se, c. 117 ka, implying a
prolonged interval with a RSL above -6 m. Although our data do not allow us to
reconstruct the exact timing of the last interglacial sea level peak, our sedimentological
proxies point to changing sedimentary regimes on the slope of the LBB, possibly as a
result of intra-interglacial sea level and/or climatic fluctuations.

The overall climatic evolution of the last interglacial cycle in the Bahama region was
closely coupled with the ITCZ movements, which, in turn, were the result of insolation
and the AMOC forcing:

1. Termination 2: Strongly reduced 8'%0 gradients between mixed-layer and
thermocline-dwelling foraminifera suggest decreased water column stratification.
High proportions of G. truncatulinoides could be attributed to a deep vertical mixing
as a result of sea surface cooling/salinification and intensified trade winds strength at
times of ITCZ being shifted far to the south.

2. Early MIS 5e: Computed together, relative abundances of tropical foraminifera G.
sacculifer and G. ruber (pink) agree well with the published ITCZ-related Cariaco
record (Gibson and Peterson, 2014), suggesting climatic coupling between the regions.
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Based on these data, a northward displacement of the mean annual ITCZ position, in
line with strong insolation forcing, could be inferred for early MIS Se. However, an
abrupt climatic shift intersected the early MIS 5e warmth. This so-called Younger
Dryas-like cooling event likely involved AMOC-related forcing that influenced
(sub)tropical climate. The relatively late occurrence of Younger Dryas-like cooling
event, when compared to the actual Younger Dryas in the last deglaciation, is
attributed to the transitional climatic regime of early MIS Se, characterized by
persistent high-latitude freshening and unstable deep-water overturning in the North
Atlantic.

3. Late MIS Se: Overall sea surface cooling and possibly salinification is reconstructed
for the Bahama region, in accordance with insolation decrease and a gradual southward
displacement of the mean annual ITCZ. A coherent change is observed in faunal,
isotopic and sedimentological proxies, arguing for coupled oceanic and northern
hemisphere cryospheric reorganizations before the end of the major flooding period.
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Chapter 6: Conclusions and outlook

6.1 Conclusions

Motivated by the growing threat of global warming, this thesis focuses on the warmer-
than-present last interglacial interval (MIS 5Se, Eemian, ~129-116 ka) including the
penultimate (Saalian) deglaciation and the glacial inception after the peak interglacial
conditions. A suite of benthic and planktic stable isotope records, faunal census data, IRD
as well as XRF data were obtained and evaluated to provide new and valuable information
on ice-sheets fluctuations, sea level variability and sea surface evolution across the North
Atlantic, linking the subarctic and subtropical regions.

New reconstructions from the high northern latitudes (Chapters 3 and 4), based on stable
oxygen and carbon isotopes, foraminiferal assemblage and IRD data suggest a strong
post-Saalian meltwater influence that persisted in the Nordic Seas during early MIS 5Se
(~129-125 ka). This “transitional” phase of the last interglacial is interpreted to be part of
the main deglaciation and has implications for the climate development beyond the
subpolar North Atlantic (see further below). New lines of evidence including stable
isotope records and IRD content reveal major freshwater additions from the disintegrating
Svalbard-Barents Sea Ice Sheet (SBIS) and the northeastern GIS until ~125 ka. The data
also indicate that a thick deglacial meltwater lid — SBIS and GIS should only be
considered as two out of several possible sources — hindered a northward propagation of
warm and saline AW at the sea surface during early MIS 5Se. As a result, full resumption
of the AMOC with modern-like deep-water overflows from the Nordic Seas established
only in mid-MIS 5e when the freshwater influence in the region lowered. Although the
influence of the AW at the sea surface during the Saalian deglaciation, including early
MIS 5e, was notably decreased, its inflow into the Nordic Seas never completely ceased.
Indeed, a thorough inspection of the data (e.g., occurrences of B. megastoma, magnetic
susceptibility) suggests that the AW penetrated polewards during the Saalian
deglaciation, likely underneath the low-density halocline layer, which obscured AW-
related signals in widely used foraminiferal data. This revised view is crucial for
understanding variations in the vertical water mass structure in the Nordic Seas, which
influences deep-water formation and overflow into the North Atlantic.

Comparison of published data from the Labrador Sea with the new multiproxy records
from the Nordic Seas (Chapter 3) suggests a tight freshwater-related coupling between
these two basins with apparent feedbacks for regional sea surface evolution and deep-
water convection. In particular, sea surface warming and resumption of vertical
convection (~128.5-126.5 ka) documented in the central Nordic Seas and in the southern
Labrador Seas coincided with a temporary but pronounced reduction of freshwater
addition from the northeastern GIS. Subsequently, following a new meltwater event
documented off East Greenland margin at ~126.5 ka, an abrupt sea surface cooling and
reduction in vertical water convection occurred in the Nordic and Labrador seas.
Following few earlier studies, this millennial-scale climatic reversal could be referred to
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as a Younger Dryas-like event. Indications for links between the vertical water mass
structure in the Nordic Seas (meltwater versus the AW) and melting of the ice sheets
during the deglacial termination were found but need to be further investigated by
dedicated future studies.

In the Nordic Seas, the thick post-Saalian halocline and deeper flow of the AW during
the early phase of MIS 5e accounted for a delayed regional sea surface warming, which
developed only during late MIS 5e and out of phase with the maximum summer
insolation. A critical Holocene-Eemian comparison (Chapter 4) provides an unequivocal
evidence, based on foraminiferal assemblage and carbonate dissolution data, for an
enhanced influence of the AW circulating in the Fram Srait during late MIS Se. The latter
observation is in strong contrast to an early and much stronger interglacial optimum in
the Holocene. Intensified near-surface advection of the AW occurred just prior to the last
glacial inception and compares well in time with the published upstream records from the
Norwegian Sea, altogether implying a coherent development of south-to-north ocean heat
transfer through the eastern Nordic Seas and into the high Arctic.

Elemental analyses and foraminiferal abundance records from shallow-water sediments
of the Bahama region (Chapter 5), underpinned by oxygen isotope chronology, suggest
a rather late sea level highstand after ~129 ka, that is in agreement with a continuing
deglaciation reconstructed for the high northern latitudes. In addition, a comparable
millennial-scale Younger Dryas-like cooling event, as revealed in the subpolar North
Atlantic, is also found in the planktic foraminiferal assemblage data from the Bahama
region during early MIS 5e. Given that today the investigated area lies at the northern
edge of the influence of the Atlantic Warm Pool, expansion of which is closely related to
the seasonal shifts of the ITCZ, the aforementioned cooling could be linked to a sudden
southward shift of the ITCZ. Because this abrupt climate change cannot be reconciled
with the insolation curve, the Younger Dryas-like event apparently involved a short-term
reduction in the AMOC strength that left an imprint on the ITCZ position via ocean-
atmospheric teleconnections. As such, the coupling between the ITCZ and AMOC, as
revealed for the last deglaciation, is considered as an additional forcing mechanism for
the low-latitude climate during early MIS Se. These results help to disentangle the roles
of different mechanisms controlling subtropical climate across MIS 5Se (insolation versus
oceanic, atmospheric and freshwater forcings). Chapter 5, in particular, denotes the strong
sensitivity of the low-latitude climate to the subarctic forcing during early MIS 5Se. This
leads to the conclusion that the persistent high-latitude freshening and unstable deep-
water overturning during early MIS Se accounted for a “transitional” and, therefore,
particularly vulnerable climatic regime during this time period, causing the cold-warm
switches akin to those observed during the last glacial termination.

Overall, this thesis refines the current understanding of the last interglacial cycle in the
subarctic North Atlantic, with special attention given to the influence of the AW. The
sensitivity of the subtropical Bahama region to past climatic and sea level changes is also
investigated. Finally, a comparable sequence of millennial-scale climatic events is found
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across various oceanic basins, arguing for a potential of these specific events to be used
as important markers allowing for a better chronostratigraphic constraint of the MIS 5Se
interval.

6.2 Outlook

6.2.1 SST reconstructions - towards improved proxy interpretation and better
spatial coverage

It is well-established that SST reconstructions could be complicated by undesirable
environmental signals incorporated within proxy data. In particular, seasonal shifts in the
peak flux of foraminifera appear important for species-dependent reconstructions, such
as Mg/Ca-derived SST. In their study from the Blake Outer Ridge (31°41'N, 75°25'W;
western rim of the STG), Bahr et al. (2013) reveal peak in the Mg/Ca-derived SSTs as
early as the late deglaciation of MIS 6 (Fig. 6.1). This temperature peak leads by several
millennia the warmest surface conditions inferred from the faunal proxy data presented
in this thesis (core MD99-2202, 27°35'N, 78°58°W), but closely follows the low-latitude
summer insolation curve. Discrepancies between the faunal and geochemical proxy data
were also observed in the record from the Blake Outer Ridge during Greenland Stadials
of MIS 3, with Mg/Ca SSTs to be as much as 5 °C warmer than faunal-based SSTs
(Vautravers et al., 2004; Schmidt et al., 2006a). Although G. ruber (white) shows a rather
even test flux during the year, it was revealed that under stressful conditions (SST<26 °C)
the species flux shifts towards warmer summer-autumn months (Jonkers and Kucera,
2015). Thus, the inconsistency between Mg/Ca- and assemblage-based SST proxy
records could be attributed to a warm-season bias incorporated into Mg/Ca ratios of G.
ruber (white), while faunal census data would rather record annual mean conditions
(Schmidt et al., 2006a, b; Bahr et al., 2013). In this context, it is important to note that
due to particularly strong seasonality, past distortions of the ITCZ coherent with
reductions in the ocean overturning strength could have been restricted to winter months
only, and, therefore, would not be captured in summer proxy records (Ziegler et al., 2008).
It is further worth to mention that seasonality may also leave an imprint on interglacial
proxy records (Leduc et al., 2010), owing to orbitally-forced changes in seasonal
insolation, that were particularly strong during MIS 5e (Bakker et al., 2014; Brocas et al.,
2016).

Considering the above, future studies should deepen the present understanding of the SST
signals recorded in proxy records with regard to adaptation strategies of planktic
organisms used to obtain paleodata. A critical issue is paleo-seasonality and its impact on
seasonal temperature trends that appear difficult to constrain by using only common
proxy records. Multiproxy SST reconstructions, based on Mg/Ca, alkenone and faunal
data, would help to distinguish between different influencing mechanisms, ultimately
improving understanding of SST proxies. In the absence of the well-established
independent proxy for sea surface salinity, this would, in turn, increase reconstruction
accuracy for this crucial parameter.
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5d 5e Terminat. 6 Figure 6.1: Comparison of the proxy
records from the Little Bahama Bank
and the Blake Outer Ridge covering
the last interglacial cycle. (A-B) 5'*0
values in G. ruber (white) in core MD99-
2202 (red) (Lantzsch et al., 2007) and at
Site 1058 (grey) (Bahr et al., 2013), (C)
relative abundances of tropical species
G. sacculifer and G. ruber (pink) in core
MD99-2202 (Zhuravleva and Bauch,
manuscript under review for CP), (D)
| 540 SSTs at Site 1058, based on Mg/Ca
ratios in G. ruber (white) (Bahr et al.,
2013), (E) boreal summer insolation (21
June, 30°N), computed with AnalySeries
2.0.8 (Paillard et al., 1996) using Laskar
et al. (2004) data. Shaded in lilac is MIS
116 - ‘115‘ - 120 - 125 - 130 - 135 i ‘140 Se. Terminat. — Deglacial termination.
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Particularly for the last interglacial cycle, there is a lack of information on upper water
characteristics in the mid-latitude North Atlantic. However, given a pronounced climatic
variability revealed in this thesis for the SPG region, there must have been changes in the
STG properties (temperature, salinity, gyre strength) through time. The latter assumption
is based on earlier studies, revealing expansion and warming of the STG (i.e., low-latitude
buildup of heat) in response to high-latitude freshening, reduction in ocean overturning
and SPG weakening (Carlson et al., 2008a; Naafs et al., 2013). In turn, changes in the
STG heat storage have important implications for intermediate and deep-water formation
as well as for stabilization of the high-latitude climate (Repschléger et al., 2017), a linkage
that has never been investigated for the last interglacial cycle. Thus, accurate
representation of surface and subsurface temperatures in the STG region would be
required to understand the mechanisms regulating the cross-latitudinal heat transport and
its role for the deep-water formation in the Nordic and Labrador seas. Finally, robust
understanding of the last interglacial meridional SST gradients across the Atlantic Ocean
would help to draw conclusions on the interhemispheric seesaw patterns during this time
interval.

6.2.2 Intermediate and deep ocean paleoceanography in the North Atlantic during
the last interglacial cycle

Recent proxy reconstructions from the Bermuda Rise based on dissolved radiogenic Nd
isotope (expressed in eng; a proxy for water mass provenance) and stable carbon isotope
(8'3C) compositions in benthic foraminifera (a proxy for bottom water chemistry) suggest
that the ocean overturning abruptly recovered at the onset of MIS 5Se, due to drastic
deepening of convection in the Northwestern Atlantic (Deaney et al., 2017). On contrary,
deep-water overflows from the Nordic Seas remained weak or shallow until mid-MIS 5Se
(Hodell et al., 2011; Barker et al., 2015). This is intriguing with regard to the models and
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historical observations, suggesting that deep-water convection in the Labrador Sea is
more sensitive to sea surface dilution than convection in the Nordic Seas (Dickson et al.,
1988; Wood et al., 1999). Accordingly, Holocene proxy data infer an earlier strengthening
of the Nordic Seas overflows when compared to the onset of intermediate water formation
in the Labrador Sea (Hillaire-Marcel et al., 2001; Thornalley et al., 2013). If this was the
case, a principally different density structure of the water column in the North Atlantic
during the last interglacial could be hypothesized, resulting in an altered propagation
depth of the overflow waters, when compared to the Holocene situation.

In contrast to the Holocene, only limited data based on 8'3C and sediment grain size (a
proxy for intermediate/deep water flow speed) are available to draw conclusions on deep
water circulation changes across the last interglacial. Further investigations based on
combined use of 8!°C, sediment grain size, eng and Pa/Th data (a proxy for overturning
strength) extracted from high-resolution sediment cores obtained from intermediate and
deep water sites in the North Atlantic would be necessary to reconcile the large-scale
overturning variability during the last interglacial cycle, including the penultimate
deglaciation and Heinrich Event 11. Notably, the apparent lack of detrital carbonate in
sediments dated to Heinrich Event 11 implies absence of a major deglacial Laurentide Ice
Sheet surging during this time (Obrochta et al., 2014), which points to a more important
freshening role of the European and/or Greenland Ice Sheets. In addition, the apparent
lack of a Younger Dryas-like reduction in deep-water overturning during MIS 5e in ena
and Pa/Th data (Bohm et al., 2015; Deaney et al., 2017) should be reconciled with the
contrasting evidence for a shoaling/reinvigoration of deep waters of northern/southern
origin as revealed by benthic 8'3C records (Galaasen et al., 2014; Hayes et al., 2014).

Finally, further research is required to improve the current understanding of glacial-
interglacial intermediate and deep-water paleoceanography of the Nordic Seas. The new
studies should, in particular, focus on regional vertical water column structure and
propagation depth of the AW, but also on brine formation, possible deep water warming,
bottom water ventilation and implications for the overflow waters (Bauch, 2013;
Thornalley et al., 2015).
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Data tables

Data are also available in the PANGAEA database (https://doi.org/10.1594/PANGAEA.877368).

Abbreviations:

C.w. - Cibicidoides wuellerstorfi, N.p. - Neogloboquadrina pachyderma, O. u. - Oridorsalis umbonatus

Depth[m] |Age[ka BP] |N. p. d180 |N. p. d13C |C. w. d180 |C. w. d13C [O. u. d180 [IRD[#/g] [N pach[%] T quin[%] |Foram[#/g] [Beella[#/g
4.615 94.2 4.4 1.182 4229.8 99.82 0.18 17877
4.625 95.0 4.401 1.135 4762.7 99.88 0.12 15790
4.635 95.7 3.912 0.841 4.233 1.051 4154.7 100 0 8588
4.645 96.5 3.577 0.458 4.059 0.992 3450.9 99.9 0 10978
4.655 97.3 3.846 0.801 4.399 1.151 4526.2 100 0 9888
4.665 98.1 4.004 0.624 4.55 1.1 3302.2 100 0 6595
4.675 98.9 3.748 0.631 4.412 1.169 2738.7 100 0 7077
4.685 99.6. 3.863 0.624 4.312 1.008 5479.9 100 0 6354
4.695 100.4 4.105 0.758 4.237 1.093 2900.1 100 0 13420
4.705 101.2 3.803 0.714 3.962 1.039 2874.6 99.95 0.05 19294
4.715 102.0 4.211 0.745 4.106 1.138 1855.7 99.92 0.08 22232
4.725 102.7 4.113 0.704 4.205 1.107 1812.6 99.8 0.2 19688
4.735 103.5 4.134 0.690 4.412 1.206 1720.7 100 0 22487
4.745 104.3 3.787 0.645 4.177 1.109 2047.5 99.78 0.15 26694
4.755 105.1 3.817 0.719 4.077 1.135 2941.4 99.35 0.65 33859
4.765 105.8 4.123 0.751 4.294 1.264 3952.6 99.19 0.81 32488
4.775 106.6 4.104 0.619 4.194 1.269 4160 99.92 0.08 64703
4.785 107.4 4.148 0.726 4.14 1.099 3801 99.7 0.3 47025
4.795 108.2 4.136 0.808 4.069 1.205 3095 99.65 0.35 63033
4.805 108.9 4.146 0.680 4.202 1.282 5572.1 99.58 0.42 79523
4.815 109.7 4.057 0.709 3.918 1.202 2884.8 99.45 0.55 65486
4.825 110.5 4.083 0.726 3.891 1.221 4879.5 99.54 0.46 60482
4.835 111.3 3.946 0.680 3.981 1.19 3067.5 99.67 0.33 73028
4.845 112.0 4.024 0.707 4.037 1.193 5390.7 100 0 70716
4.855 112.8 3.922 0.766 4.075 1.258 4.331 6880.2 99.63 0.37 84563
4.865 113.6 3.690 0.794 4.218 1.363 4.261 6893.7 99.82 0.18 41844
4.875 114.4 3.746 0.620 3.96 1.309 4.193 6677.1 99.4, 0.6 36947
4.885 115.1 3.726 0.520 3.798 1.184 3.927 10030.4 99.24 0.76 62020
4.895 115.9 3.664 0.672 3.974 1.175 4.106 9537.5 96.99 3.01 62926
4.905 116.7 3.618 0.527 3.905 0.934 4.13 6197.8 99.39 0.61 51016
4.915 117.4 3.572 0.496 3.845 1.105 3.974 3309.7 87.57 12.2 55351
4.925 118.1 3.157 0.369 3.566 1.107 3.892 3475.4 96.15 3.59 66641
4.935 118.9 3.535 0.496 3.84 0.986 4.143 4755.5 92.61 7.31 52445
4.945 119.6 3.580 0.485 3.793 0.898 4.06 5619 95.27 4.63 68038
4.955 120.3 3.566 0.447 3.783 1.068 4.098 2575.2 88.68 11.11 41247
4.965 121.0 3.525 0.478 3.783 1.018 4.112 3791.9 96.17 3.73 62453
4.975 121.8 3.592 0.249 3.894 1.048 4.167 6410 95.99 4.01 49953
4.985 122.5 3.600 0.359 3.952 1.046 4.029 8447.9 96.63 3.22 48575
4.995 123.2 3.444 0.253 3.831 1.07 3.84 4645.4 96.2 3.8 38950 0
5.005 123.9 3.280 0.349 3.889 0.946 4.017 7044.7 99.56 0.44 43226 0.6
5.015 124.6 3.518 0.439 3.684 0.924 4.111 8676.6 99.76 0.23 32665 0.4
5.025 125.0 3.371 0.256 3.763 0.74 4.061 8933.2 99.72 0.26 19276 4.31
5.035 125.1 3.583 0.339 3.571 0.753 4.139 9292.5 99.99 0 21327 1.09
5.045 125.2 3.190 0.315 3.814 0.838 4.149] 11276.9 99.91 0 17907 3.05
5.055 125.3 3.508 0.363 3.687 0.803 3.871 10759.8 100 0 16527 0.66
5.065 125.4 2.476 0.179 3.99 0.793 4.26)| 13184.7 99.98 0 13857 2.26
5.075 125.5 2.310 -0.052 3.495 0.588 3.919| 11066.1 99.98 0 6420 1.2
5.085 125.6 2.644 0.245 3.908 0.798 4.197 12145.2 99.81 0 9265 1.27
5.095 125.7 1.865 -0.176 3.32 0.376 3.919| 13947.3 99.99 0 9704 1.33
5.105 125.8 1.571 -0.148 3.262 0.305 3.853 12280.7 99.99 0 10664 1.29
5.115 125.9 2.712 0.003 4.462 5959.7 99.99 0 5402 0.58
5.125 126.0 2.078 -0.372 3.335 0.354 3.13 6609.3 99.98 0 2369 0.41
5.135 126.1 3.388 0.156 4.434 6385.6 99.98 0 1606 0.29
5.145 126.2 1.866 -0.630 3.066 5029.1 100 0 829 0
5.155 126.3 2.438 -0.231 4232.6 100 0 394 0
5.165 126.4 3.389 0.217 6050.9 207
5.175 126.5 5.141 -0.134 4.538 0.848 8479.1 130
5.185 126.5 4.068 0.229 5.065 8905.4 62
5.195 126.6 2.687 -0.816 2.613 14752.9 59
5.205 126.7 3.021 -0.898 3.869 13164.5 51
5.215 126.8 3.695 0.215 3.36] 10242.9 42
5.225 126.9 2.771 -0.260 8516.1 0
5.235 127.0 3.937 -0.428 13271.8 0
5.245 127.1 4.030 0.115 13233.1 0
5.255 127.2 2.536 0.014 3.53 11484.1 95
5.265 127.3 4.321 -0.034 8550.4 0
5.275 127.4 2.938 -0.123 4519.4 0
5.285 127.5 3.962 0.090 7251.7 21
5.295 127.6 3.653 0.247 6018.7 16
5.305 127.7 3.895 0.493 3362.7 22
5.315 127.8 3.982 0.527 2121.8 6
5.325 127.9 3488.2 0
5.335 127.9 4138.4 0
5.345 128.0 5523.3 1
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Depth [m] [Age [ka BP] [N. p. d180 |N. p. d13C_|C. w. d180 |C. w. d13C |O. u. d180 [IRD[#/g] |N pach[%] |T quin[%] |Foram[#/g] |Beella[#/g]
5.355 128.1 3.288 0.257 4321.6 20
5.365 128.2 3.622 -0.160 4299.7 2
5.375 128.3 3.652 0.401 5076.1 11
5.385 128.4 2.426 -0.123 4856.8 5
5.395 128.5 2.383 -0.122 2814.4 7
5.405 128.6 2.110 -0.165 5457.6 33
5.415 128.7 2545.7 1
5.425 128.8 1.826 -1.078 12492.3 5
5.435 128.9 3.903 0.255 17712.8 84
5.445 129.0 3.185 -0.574 15754 22
5.455 129.1 2.260 -0.775 12556 10
5.465 129.2 3.357 -0.695 3.086] 13469.1 52
5.475 129.3 2.696 -0.826 3.37] _ 8116.8 0
5.485 129.4 4.174 -0.440 4.639] _ 5328.4 148
5.495 129.6 3.999 -0.307 4.079] _ 4248.3 106
5.505 129.9 3.354 -0.641 3.63] _ 3173.1 41
5.515 130.2 4.170 -0.373 3.614]  3527.4 78
5.525 130.5 2.853 -0.909 3.768] _ 2693.9 6
5.535 130.8 3.436 0.112 33| 23144 6
5.545 131.1 3.678 -0.362 3.905] _ 3236.3 19
5.555 131.4 3.076 -0.767 4.433] __1921.6 25
5.565 131.7 4.059 0.166 3.575] _ 3004.8 26
5.575 132.0 2.653 -0.946 2.557] _ 2421.9 13
5.585 132.4 3.602 -0.498 2199.9 0
5.595 132.7 3.948 -0.385 1544 7
5.605 133.0 3.305 -0.398 1447.6 8
5.615 133.3 4.187 0.012 1128.2 20
5.625 133.6 3.279 -0.419 1027.8 18
5.635 133.9 4.571 0.002 1630.7 197
5.645 134.2 4.576 0.064 3.792| _ 1600.1 100 0 625
5.655 134.5 4.290 -0.152 4.884] _ 2029.5 100 0 614
5.665 134.8 4.488 -0.050 4.654] _ 2627.5 100 0 925
5.675 135.2 4.596 0.031 4.691] _ 2640.5 100 0 641
5.685 135.5 4.168 -0.153 4.879] _ 3836.8 619
5.695 135.8 4.507 -0.040 4.741| _ 6778.3 938
5.705 136.1 4.286 -0.059 433 9990.1 876
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Data are also available in the PANGAEA database (https://doi.org/10.1594/PANGAEA.883805).

Abbreviations:

C.w. - Cibicidoides wuellerstorfi, N.p. - Neogloboquadrina pachyderma

Data tables

Depth[m] |Age[ka BP] |N. p. d180|N. p. d13C |C. w. d180 |C. w. d13C [Depth[m] [Age[ka BP] |Foram[#/g]|IRD[#/g] |Clastic IRD[%]
13.465 92.20 3.988 0.585 13.465 92.20 4213 12109 12
13.495 92.60 3.878 0.712 13.49 92.54 3178 13829 16
13.525 93.00 4.344 0.516 13.495 92.60 3974 39178 69
13.555 93.40 4.571 0.312 13.525 93.00 35 2987 39
13.585 93.80 4.689 0.381 13.555 93.40 84 16340
13.645 94.59 4.403 0.291 13.57 93.60 47 15918
13.695 95.26 4.830 0.307 13.585 93.80 67 15787 30
13.745 95.92 4.581 0.187 13.62 94.26 23 12150
13.795 96.58 4.292 0.189 13.645 94.59 115 21763 21
13.845 97.25 4.926 0.311 13.67 94.92 75 6797
13.895 97.91 4.109 0.026 13.695 95.26 256 41500 4
13.945 98.57 4.216 0.225 13.72 95.59 216 11762
13.995 99.24 4.275 0.200 13.745 95.92 195 32288 7
14.035 99.77 4.280 0.368 13.77 96.25 33 4351
14.065 100.17 4.378 0.353 13.795 96.58 43 11253 31
14.095 100.56 4.390 0.426 13.82 96.92 0 6874 33
14.125 100.96 4.237 0.349 13.845 97.25 20 43600 14
14.155 101.36 4.059 0.354 13.87 97.58 27 9988
14.185 101.76 4.224 0.286 13.895 97.91 78 18575 13
14.215 102.16 3.936 0.539 13.92 98.24 0 9073 22
14.245 102.55 4.005 0.526 13.945 98.57 79 15536 13
14.275 102.95 4.234 0.485 13.97 98.91 74 9412
14.305 103.35 3.941 0.502 13.995 99.24 220 20689 17
14.335 103.75 4.434 0.581 14.02 99.57 68 12279
14.365 104.15 4.213 0.559 14.035 99.77 252 20534 13
14.395 104.55 3.660 0.482 14.065 100.17 182 10808 17
14.425 104.94 3.817 0.385 14.095 100.56 67 11316 15
14.455 105.34 3.843 0.441 14.125 100.96 178 24656 16
14.485 105.74 4.081 0.412 14.155 101.36 1159 23822 18
14.515 106.14 4.160 0.437 14.185 101.76 486 23883 14
14.545 106.54 4.020 0.478 14.215 102.16 1123 35971 11
14.575 106.93 4.692 0.601 14.245 102.55 278 13913 33
14.605 107.33 4.535 0.426 14.275 102.95 221 5123 31
14.635 107.73 4.251 0.564 14.305 103.35 1275 11696 35
14.665 108.13 4.364 0.189 14.335 103.75 209 11527 36
14.685 108.39 4.309 0.268 14.365 104.15 349 11489 24
14.715 108.79 4.225 0.284 14.395 104.55 5333 14804 20
14.745 109.19 3.834 0.284 14.425 104.94 4753 7589 22
14.775 109.59 4.097 0.435 14.455 105.34 6631 7432 32
14.835 110.38 4.397 0.627 14.485 105.74 530 4916 46
14.865 110.78 4.345 0.507 14.515 106.14 549 12404 32
14.895 111.18 4.249 0.424 14.545 106.54 170 5772 28
14.925 111.58 4.459 0.313 14.575 106.93 174 11615 34
14.985 112.37 4.435 0.210 14.605 107.33 302 21550 18
15.015 112.77 4.040 0.234 14.635 107.73 29 16588 15
15.045 113.17 4.381 0.647 14.665 108.13 26 13818 10
15.075 113.57 4.168 0.378 14.685 108.39 33 20146 11
15.135 114.36 4.163 0.149 14.715 108.79 427 13586 22
15.165 114.76 4.207 0.203 14.745 109.19 8185 17922 26
15.195 115.16 4.337 0.189 14.76 109.39 11461 11583
15.225 115.56 4.489 0.009 14.775 109.59 12990 12431 24
15.285 116.35 4.108 0.381 4.339 0.400 14.81 110.05 9321 11766
15.315 116.77 3.465 0.279 4.125 0.470 14.835 110.38 12265 14292 8
15.325 116.93 3.605 0.487 4.103 0.583 14.86 110.72 1446 10221 13
15.335 117.10 3.583 0.588 4.579 0.823 14.865 110.78 2337 13388
15.345 117.26 3.480 0.308 14.895 111.18 498 13579 18
15.355 117.42 3.464 0.417 14.91 111.38 73 14018
15.365 117.59 3.787 0.520 14.925 111.58 187 14659 22
15.375 117.75 3.828 0.520 14.96 112.04 42 9103
15.385 117.92 3.731 0.480 4.524 0.742 14.985 112.37 440 11807 24
15.395 118.08 3.436 0.546 15.01 112.71 54 9590 29
15.405 118.25 3.663 0.614 15.015 112.77 262 7456
15.415 118.41 3.658 0.433 15.045 113.17 3263 13913 10
15.425 118.58 3.918 0.480 5.023 1.144 15.06 113.37 1137 11425
15.435 118.74 3.703 0.389 15.075 113.57 739 19428 13
15.445 118.91 3.619 0.444 15.11 114.03 37 9860
15.455 119.07 3.475 0.559 15.135 114.36 305 15487 20
15.465 119.23 3.462 0.543 15.16 114.70 18 9066
15.475 119.40 3.362 0.478 15.165 114.76 416 9925 17
15.485 119.56 3.379 0.456 4.489 1.240 15.195 115.16 397 14702 9
15.495 119.73 3.448 0.417 15.21 115.36 4 7919
15.505 119.89 3.199 0.300 15.225 115.56 624 20750 7
15.515 120.06 3.329 0.425 15.26 116.02 1 663
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Data tables

Depth[m] |Age[ka BP] |N. p. d180|N. p. d13C |C. w. d180 |C. w. d13C |Depth[m] |Age[ka BP] [Foram[#/g]|IRD[#/g] |Clastic IRD[%]
15.525 120.22 3.201 0.365 3.938 0.707 15.285 116.35 7193 7098 23
15.535 120.39 3.469 0.471 15.31 116.69 3167 2201
15.545 120.55 3.230 0.346 15.315 116.77 18277 10361 17
15.555 120.72 3.436 0.331 15.325 116.93 8140 5769 17
15.565 120.88 3.405 0.449 15.335 117.10 9208 10473 20
15.575 121.05 3.283 0.544 3.766 0.530 15.345 117.26 5057 9374 18
15.585 121.21 2.334 0.027 15.355 117.42 1966 8437 20
15.595 121.37 3.204 0.341 15.36 117.51 2149 6430 26
15.605 121.54 2.185 -0.144 15.365 117.59 6884 16351
15.615 121.70 3.550 0.540 15.375 117.75 3922 11535 14
15.625 121.87 3.545 0.477 4.399 0.703 15.385 117.92 4408 13617 18
15.635 122.03 3.236 0.098 4.251 0.559 15.395 118.08 3471 10687 21
15.645 122.20 3.202 0.019 15.405 118.25 2519 5851 29
15.655 122.36 4.086 0.494 15.41 118.33 7362 9012 13
15.665 122.53 2.504 -0.015 15.415 118.41 3495 13876
15.675 122.69 3.236 0.451 4.452 0.218 15.425 118.58 4433 14314 26
15.685 122.86 -0.025 0.070 15.435 118.74 8474 11940 15
15.695 123.02 3.247 0.281 15.445 118.91 1631 3039 14
15.705 123.19 3.224 0.400 15.455 119.07 11467 12181 19
15.715 123.35 3.337 0.380 15.46 119.15 5442 6331 12
15.725 123.51 3.032 0.201 3.906 0.252 15.465 119.23 19058 15936
15.735 123.68 3.169 0.357 15.475 119.40 18061 11616 17
15.745 123.84 3.206 0.434 15.485 119.56 17737 5901 18
15.755 124.01 3.079 0.278 15.495 119.73 26425 14491 11
15.765 124.17 3.109 0.404 15.505 119.89 19646 12870 11
15.775 124.34 3.108 0.224 3.586 -0.160 15.51 119.98 35542 8377
15.785 124.50 3.205 0.359 15.515 120.06 42091 16946 12
15.795 124.67 3.167 0.326 3.924 0.602 15.525 120.22 43206 13066 12
15.805 124.74 3.331 0.278 15.535 120.39 42286 9803 11
15.815 124.79 3.580 0.431 15.545 120.55 42579 9917 13
15.825 124.83 3.841 -0.151 3.840 0.426 15.555 120.72 38546 6533 13
15.835 124.88 4.050 0.289 15.56 120.80 32837 7598
15.845 124.93 3.303 -0.196 15.565 120.88 42331 7970 8
15.855 124.98 4.283 0.244 15.575 121.05 50084 9522 18
15.865 125.03 3.983 0.121 15.585 121.21 41069 10592 11
15.875 125.08 3.215 -0.366 3.569 -0.524 15.595 121.37 32485 14615 8
15.885 125.12 4.186 0.412 15.605 121.54 19635 16955 11
15.915 125.27 4.357 0.302 4.643 -0.162 15.61 121.62 10628 7462
15.945 125.41 3.817 -0.169 15.615 121.70 15885 21884 7
15.975 125.56 4.675 0.313 5.160 0.126 15.625 121.87 10759 37473 6
16.035 125.84 2.776 -0.572 15.635 122.03 3757 19109 13
16.065 125.99 4.406 0.284 4.667 -0.021 15.645 122.20 1872 15546 11
16.095 126.13 4.561 0.277 15.655 122.36 2637 17475 13
16.125 126.28 5.018 0.542 5.280 0.362 15.66 122.44 7221 11064
16.185 126.57 4.062 0.365 15.665 122.53 9748 20463 13
16.225 126.76 4.232 -0.168 15.675 122.69 21421 16597 10
16.255 126.90 3.522 -0.430 15.685 122.86 24615 19200 16
16.285 127.05 3.600 -0.637 15.695 123.02 15660 6801 17
16.315 127.19 3.822 -0.452 15.705 123.19 35829 8898 17
16.345 127.34 3.018 -0.358 3.817 -0.364 15.71 123.27 24646 12363
16.375 127.48 3.023 -0.409 15.715 123.35 40509 11321 11
16.405 127.62 2.929 -0.280 15.725 123.51 30470 10365 15
16.435 127.77 2.937 -0.621 15.735 123.68 38652 9729 16
16.465 127.91 3.134 -0.372 15.745 123.84 43316 4352 19
16.495 128.06 3.216 -0.566 15.755 124.01 44603 6976 3
16.525 128.20 3.211 -0.350 15.76 124.09 28852 4012
16.555 128.35 3.048 -0.581 15.765 124.17 46825 4902 19
16.585 128.49 2.673 -0.295 15.775 124.34 57798 7109 17
16.615 128.63 2.468 -0.229 3.678 -0.189 15.785 124.50 45476 6363 20
16.645 128.78 2.856 -0.183 15.795 124.67 49121 10221 13
16.675 128.92 2.857 -0.337 15.805 124.74 18207 18759 15
16.705 129.07 2.926 -0.299 15.81 124.76 1050 11995
16.735 129.21 2.841 -0.498 15.815 124.79 9318 29731 11
16.765 129.36 3.352 -0.157 15.825 124.83 3157 21552 12
16.795 129.50 4.237 -0.115 15.835 124.88 1860 16951 17
16.825 129.65 4.202 -0.056 15.845 124.93 2436 22153 18
16.855 129.81 3.902 -0.094 15.855 124.98 2167 14043 16
16.885 129.96 4.308 -0.065 15.86 125.00 1223 10468
16.915 130.11 3.798 -0.048 15.865 125.03 2613 17713 16
16.945 130.26 3.735 -0.242 15.875 125.08 1422 18818 10
16.975 130.42 4.072 -0.029 15.885 125.12 1613 18905 11
17.025 130.67 3.886 -0.131 15.91 125.24 881 13665
17.065 130.88 4.615 -0.068 15.915 125.27 1726 23747 19
17.095 131.03 4.590 -0.089 15.945 125.41 1765 21688 17
17.145 131.28 4.594 0.098 15.96 125.48 1579 13965
17.195 131.54 4.531 0.045 15.975 125.56 2162 17004 12
17.245 131.79 4.899 0.152 16.01 125.72 568 11637
17.295 132.05 4.787 0.105 16.035 125.84 559 17437 36
17.345 132.30 4.720 -0.069 16.06 125.96 51 16014
17.395 132.56 4.793 0.003 16.065 125.99 192 11188 48
17.445 132.81 4.857 -0.124 16.095 126.13 332 15469 35
17.495 133.07 4.385 -0.004 16.11 126.21 0 9651
17.545 133.32 4.955 -0.013 16.125 126.28 187 14661 30
17.565 133.42 4.697 -0.113 16.14 126.35 0 5766
17.595 133.58 4.544 0.048 16.185 126.57 0 5565 54
17.675 133.99 4.780 -0.216 16.195 126.61 0 16935 39
17.695 134.09 4.743 -0.341 16.225 126.76 313 17696 17
17.725 134.24 4.655 -0.273 16.255 126.90 67 13063 13
17.755 134.39 4.819 -0.239 16.285 127.05 0 14692 15
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Data tables

Depth[m] |Age[ka BP] [N. p. d180|N. p. d13C |C. w. d180 |C. w. d13C [Depth[m] |Age[ka BP] |Foram[#/g]|IRD[#/g] |Clastic IRD[%]
17.785 134.55 4.724 -0.309 16.315 127.19 0 19041 9
17.845 134.85 4.732 -0.321 16.345 127.34 5 17291 10
17.875 135.01 4.967 -0.150 16.375 127.48 8 15154 12
17.905 135.29 4.746 -0.223 16.405 127.62 5 19590 7
17.935 135.58 4.789 -0.132 16.435 127.77 15 12643 6
17.995 136.14 4.701 -0.125 16.465 127.91 17 15063 6
18.025 136.43 4.671 -0.265 16.495 128.06 92 16474 8
18.055 136.71 4.822 -0.325 16.525 128.20 14 4175 11
18.085 136.99 4.672 -0.281 16.555 128.35 58 13224 16
18.115 137.28 4.583 -0.345 16.585 128.49 1260 13816 25
18.145 137.56 4.685 -0.156 16.615 128.63 4308 12767 32
18.175 137.84 4.815 -0.166 16.645 128.78 6206 22061 17
18.205 138.13 4.995 -0.173 16.675 128.92 178 16678 14
18.235 138.41 4.673 -0.258 16.705 129.07 90 13033 63
18.265 138.69 4.620 -0.279 16.735 129.21 0 3775 45
18.295 138.98 4.482 -0.444 16.765 129.36 13959 10662 15
18.325 139.26 4.519 -0.343 16.795 129.50 15154 15479 20
18.355 139.54 4.509 -0.170 16.825 129.65 6010 20766 28
18.385 139.83 4.638 -0.353 16.855 129.81 8783 13174 9
18.415 140.11 4.579 -0.328 16.885 129.96 1274 10280 4
18.445 140.40 4.331 -0.428 16.915 130.11 0 27114 0
18.475 140.68 4.459 -0.701 16.945 130.26 0 18505 1
18.505 140.96 4.156 -0.424 16.975 130.42 0 21266 1
18.535 141.25 4.186 -0.361 17.005 130.57 0 22878 1
18.565 141.53 4.188 -0.498 17.035 130.72 0 17420 1
18.595 141.81 3.827 -0.376 17.065 130.88 0 18641 1
18.625 142.10 4.194 -0.225 17.095 131.03 20868 15177 7
18.655 142.38 4.643 -0.060 17.12 131.16 17795 5428
18.685 142.66 4.696 -0.485 17.145 131.28 15866 11533 9
18.715 142.95 4.978 -0.182 17.17 131.41 2069 12607
18.745 143.23 4.651 -0.316 17.195 131.54 19730 15568 6
18.775 143.51 3.777 -0.298 17.22 131.67 4392 11001
18.805 143.80 4.406 -0.381 17.245 131.79 16039 15909 13
18.835 144.08 4.037 -0.540 17.27 131.92 2651 10624
18.865 144.36 4.212 -0.393 17.295 132.05 12483 16506 10
18.955 145.21 4.514 -0.336 17.32 132.18 789 9879
18.985 145.50 4.417 -0.453 17.345 132.30 1327 16245 8
19.015 145.78 4.815 -0.157 17.37 132.43 3274 11625
19.045 146.06 4.801 -0.193 17.395 132.56 7237 15097 4
19.075 146.35 4.436 -0.535 17.42 132.69 3024 9393
19.105 146.63 4.444 -0.246 17.445 132.81 17853 13616 2
19.135 146.91 4.293 -0.478 17.47 132.94 11219 12100

17.495 133.07 23300 6617 31
17.52 133.20 13491 9204
17.545 133.32 2469 12162 47
17.57 133.45 6132 14545
17.595 133.58 3499 19796 44
17.62 133.71 2844 8593
17.65 133.86 4356 20455
17.675 133.99 8180 15925 2
17.695 134.09 5116 11037 4
17.72 134.22 2050 22733 1
17.725 134.24 5245 9872
17.755 134.39 9447 17787 5
17.77 134.47 2419 7907
17.785 134.55 427 14468 2
17.82 134.72 6551 7832
17.845 134.85 4337 15726 12
17.87 134.98 291 13945
17.875 135.01 18 13197 48
17.905 135.29 3490 13640 28
17.92 135.43 17037 7964
17.935 135.58 16323 10681 6
17.97 135.91 6792 8183
17.995 136.14 6573 15249 1
18.02 136.38 8289 6623
18.025 136.43 25209 11941 1
18.055 136.71 17285 10574 1
18.085 136.99 20181 8580 3
18.115 137.28 25905 8674 3
18.145 137.56 40519 9634 1
18.17 137.80 16909 8754
18.175 137.84 19297 14255 5
18.205 138.13 10635 14614 5
18.235 138.41 12088 11668 8
18.265 138.69 9747 6975 4
18.295 138.98 5816 8377 15
18.325 139.26 4166 9037 16
18.355 139.54 4353 11382 59
18.385 139.83 5140 11921 53
18.415 140.11 13893 8308 36
18.445 140.40 30411 6419 11
18.475 140.68 20576 6343 13
18.505 140.96 14862 7252 19
18.535 141.25 22007 8671 1
18.565 141.53 12089 19962 4
18.595 141.81 9940 9120 14
18.625 142.10 9351 18074 16
18.655 142.38 5199 14657 26
18.685 142.66 101 25645 3
18.715 142.95 69 13872 8
18.745 143.23 5315 22154 14
18.775 143.51 9464 17301 6
18.805 143.80 5641 11795 30
18.835 144.08 3007 15594 9
18.865 144.36 3212 32117 13
18.955 145.21 114 25434 3
18.985 145.50 30 13996 3
19.015 145.78 46 8604 37
19.045 146.06 724 6051 23
19.075 146.35 1578 20884 25
19.105 146.63 2400 27429 25
19.135 146.91 94 23255 20
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Data tables

Depth[m] |Age[ka BP] [Wt%>63 um|Depth[m] |Age[ka BP] |Coal[%] Depth[m] |Age[ka BP] [Wt%>63 unmDepth[m] [Age[ka BP] |Coal[%]
15.755 124.01 2.9 15.875 125.08 0.00 17.095 131.03 4.8 17.695 134.09 0.00
15.765 124.17 3.2 15.885 125.12 0.46 17.145 131.28 2.2 17.725 134.24 0.00
15.775 124.34 2.6 15.915 125.27 0.63 17.195 131.54 1.3 17.755 134.39 0.00
15.785 124.50 2.6 15.945 125.41 0.00 17.245 131.79 0.5 17.785 134.55 0.00
15.795 124.67 3.7 15.975 125.56 0.94 17.295 132.05 1.8 17.845 134.85 0.36
15.805 124.74 1.4 16.035 125.84 0.00 17.345 132.30 24.6 17.875 135.01 0.39
15.815 124.79 1.0 16.065 125.99 0.93 17.395 132.56 7.2 17.905 135.29 1.10
15.825 124.83 0.7 16.095 126.13 1.86 17.445 132.81 1.6 17.935 135.58 0.00
15.835 124.88 1.0 16.125 126.28 0.70 17.495 133.07 2.0 17.995 136.14 1.10
15.845 124.93 0.9 16.185 126.57 0.00 17.545 133.32 1.8 18.025 136.43 0.36
15.855 124.98 1.4 16.195 126.61 0.56 17.595 133.58 1.3 18.055 136.71 1.14
15.865 125.03 0.9 16.225 126.76 3.63 17.675 133.99 0.5 18.085 136.99 0.75
15.875 125.08 1.5 16.255 126.90 0.50 17.695 134.09 1.1 18.115 137.28 1.02
15.885 125.12 0.9 16.285 127.05 0.29 17.725 134.24 0.5 18.145 137.56 0.00
15.915 125.27 0.8 16.315 127.19 0.33 17.755 134.39 0.2 18.175 137.84 0.00
15.945 125.41 1.0 16.345 127.34 0.26 17.785 134.55 3.3 18.205 138.13 0.00
15.975 125.56 0.8 16.375 127.48 0.68 17.845 134.85 5.7 18.235 138.41 0.24
16.035 125.84 2.3 16.405 127.62 0.70 17.875 135.01 14.2 18.265 138.69 0.00
16.065 125.99 7.9 16.435 127.77 0.86 17.905 135.29 15.8 18.295 138.98 0.00
16.095 126.13 3.8 16.465 127.91 0.49 17.935 135.58 4.7 18.325 139.26 0.00
16.125 126.28 6.0 16.495 128.06 0.41 17.995 136.14 3.2
16.185 126.57 5.8 16.525 128.20 0.33 18.025 136.43 2.2
16.195 126.61 2.3 16.555 128.35 0.49 18.055 136.71 3.9
16.225 126.76 9.0 16.585 128.49 0.00 18.085 136.99 2.8
16.255 126.90 8.5 16.615 128.63 1.00 18.115 137.28 2.3
16.285 127.05 7.6 16.645 128.78 0.55 18.145 137.56 1.3
16.315 127.19 5.8 16.675 128.92 0.72 18.175 137.84 2.7
16.345 127.34 6.6 16.705 129.07 0.00 18.205 138.13 0.5
16.375 127.48 8.2 16.735 129.21 0.00 18.235 138.41 3.1
16.405 127.62 7.4 16.765 129.36 0.70 18.265 138.69 4.9
16.435 127.77 7.9 16.795 129.50 0.00 18.295 138.98 4.8
16.465 127.91 7.3 16.825 129.65 0.47 18.325 139.26 7.9
16.495 128.06 5.4 16.855 129.81 0.34 18.355 139.54 7.5
16.525 128.20 13.4 16.885 129.96 0.00 18.385 139.83 11.0;

16.555 128.35 7.2 16.915 130.11 2.72 18.415 140.11 7.6
16.585 128.49 6.2 16.945 130.26 2.69 18.445 140.40 2.3
16.615 128.63 9.4 16.975 130.42 5.37 18.475 140.68 4.9
16.645 128.78 1.3 17.005 130.57 5.76 18.505 140.96 6.1
16.675 128.92 0.8 17.035 130.72 3.54 18.535 141.25 3.8
16.705 129.07 0.3 17.065 130.88 6.13 18.565 141.53 5.7
16.735 129.21 0.2 17.095 131.03 1.50 18.595 141.81 9.2
16.765 129.36 6.4 17.145 131.28 0.40 18.625 142.10 6.3
16.795 129.50 4.8 17.195 131.54 0.00 18.805 143.80 0.0
16.825 129.65 6.1 17.245 131.79 1.70 18.835 144.08 0.2
16.855 129.81 9.5 17.295 132.05 0.53 18.865 144.36 0.1
16.885 129.96 21.0 17.345 132.30 0.49 18.955 145.21 26.6
16.915 130.11 20.2 17.395 132.56 0.86 18.985 145.50 4.1
16.945 130.26 20.6 17.445 132.81 1.11 19.015 145.78 13.4
16.975 130.42 32.9 17.495 133.07 0.31 19.045 146.06 4.0
17.005 130.57 34.3 17.545 133.32 0.28 19.075 146.35 5.1
17.035 130.72 32.8 17.595 133.58 0.00 19.105 146.63 1.3
17.065 130.88 27.3 17.675 133.99 0.62 19.135 146.91 20.4
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Data tables

Depth[m] |Age[ka BP] |C. w.[#/g] [Depth[m] |Age[ka BP] (Fragment[%]|[Depth[m] |Age[ka BP] |N. pach.[%]|T. quing[%]|Globig.[%]
1528.5 116.35 94.5 15.045 113.17 239 14.665 108.13 99.0 1.0 0.0
1531.5 116.77 136.3 15.075 113.57 261 14.715 108.79 99.3 0.7 0.0
1532.5 116.93 59.5 15.135 114.36 81 14.745 109.19 99.9 0.1 0.0
1533.5 117.10 28.1 15.165 114.76 93 14.775 109.59 99.8 0.2 0.0
1534.5 117.26 6.1 15.195 115.16 130 14.835 110.38 100.0 0.0 0.0
1535.5 117.42 12.8 15.225 115.56 121 14.865 110.78 100.0 0.0 0.0
1537.5 117.75 3.2 15.285 116.35 66 14.895 111.18 100.0 0.0 0.0
1539.5 118.08 10.2 15.315 116.77 29 14.985 112.37 99.7 0.3 0.0
1541.5 118.41 10.5 15.325 116.93 50 15.015 112.77 100.0 0.0 0.0
1543.5 118.74 31.6 15.335 117.10 114 15.045 113.17 100.0 0.0 0.0
1545.5 119.07 35.7 15.345 117.26 172 15.075 113.57 100.0 0.0 0.0
1546.5 119.23 24.1 15.355 117.42 160 15.135 114.36 100.0 0.0 0.0
1547.5 119.40 25.0 15.365 117.59 137 15.165 114.76 100.0 0.0 0.0
1549.5 119.73 5.3 15.375 117.75 142 15.195 115.16 100.0 0.0 0.0
1551.5 120.06 82.0 15.385 117.92 150 15.225 115.56 100.0 0.0 0.0
1553.5 120.39 61.7 15.395 118.08 139 15.285 116.35 98.8 1.2 0.0
1555.5 120.72 16.3 15.405 118.25 153 15.315 116.77 94.4 5.1 0.5
1557.5 121.05 32.8 15.415 118.41 143 15.325 116.93 96.1 3.8 0.1
1559.5 121.37 0.0 15.425 118.58 153 15.335 117.1 99.2 0.7 0.1
1561.5 121.70 0.0 15.435 118.74 113 15.345 117.26 99.8 0.0 0.2
1563.5 122.03 24.3 15.445 118.91 152 15.355 117.42 99.8 0.2 0.0
1565.6 122.38 22.3 15.455 119.07 112 15.365 117.59 99.5 0.4 0.1
1567.5 122.69 7.2 15.465 119.23 113 15.375 117.75 99.9 0.1 0.0
1569.5 123.02 14.0 15.475 119.40 103 15.385 117.92 100.0 0.0 0.0
1571.5 123.35 11.1 15.485 119.56 115 15.395 118.08 99.9 0.1 0.0
1573.5 123.68 86.3 15.495 119.73 111 15.405 118.25 99.9 0.1 0.0
1575.5 124.01 67.9 15.505 119.89 102 15.415 118.41 99.9 0.0 0.1
1577.5 124.34 141.7 15.515 120.06 75 15.425 118.58 99.7 0.3 0.1
1579.5 124.67 31.0 15.525 120.22 76 15.435 118.74 99.4 0.3 0.2
1581.5 124.79 18.0 15.535 120.39 92 15.445 118.91 99.5 0.4 0.1
1583.5 124.88 9.6 15.545 120.55 112 15.455 119.07 99.9 0.1 0.1
1585.5 124.98 31.7 15.555 120.72 113 15.465 119.23 99.9 0.1 0.0
1587.5 125.08 17.1 15.565 120.88 138 15.475 119.4 100.0 0.0 0.0
1588.5 125.12 30.4 15.575 121.05 159 15.485 119.56 99.9 0.0 0.1
1591.5 125.27 21.1 15.585 121.21 194 15.495 119.73 99.9 0.1 0.0
1597.5 125.56 21.1 15.595 121.37 181 15.505 119.89 99.9 0.0 0.1
1603.5 125.84 32.7 15.605 121.54 216 15.515 120.06 99.6 0.4 0.0
1606.5 125.99 8.2 15.615 121.70 205 15.525 120.22 99.5 0.3 0.2
1609.5 126.13 0.0 15.625 121.87 246 15.535 120.39 99.7 0.2 0.1
1612.5 126.28 5.3 15.635 122.03 249 15.545 120.55 99.3 0.4 0.4
1661.5 128.63 13.1 15.645 122.20 255 15.555 120.72 99.8 0.2 0.1

15.655 122.36 252 15.565 120.88 99.8 0.2 0.0
15.665 122.53 253 15.575 121.05 99.9 0.0 0.1
15.675 122.69 215 15.585 121.21 99.9 0.1 0.0
15.685 122.86 251 15.595 121.37 100.0 0.0 0.0
15.695 123.02 218 15.605 121.54 100.0 0.0 0.0
15.705 123.19 200 15.615 121.7 100.0 0.0 0.0
15.715 123.35 212 15.625 121.87 100.0 0.0 0.0
15.725 123.51 213 15.635 122.03 100.0 0.0 0.0
15.735 123.68 216 15.645 122.2 100.0 0.0 0.0
15.745 123.84 169 15.655 122.36 100.0 0.0 0.0
15.755 124.01 197 15.665 122.53 100.0 0.0 0.0
15.765 124.17 194 15.675 122.69 100.0 0.0 0.0
15.775 124.34 208 15.685 122.86 100.0 0.0 0.0
15.785 124.50 214 15.695 123.02 100.0 0.0 0.0
15.795 124.67 190 15.705 123.19 100.0 0.0 0.0
15.805 124.74 234 15.715 123.35 99.4 0.4 0.3
15.815 124.79 228 15.725 123.51 97.7 1.5 0.8
15.835 124.88 140 15.735 123.68 98.3 1.3 0.4
15.855 124.98 115 15.745 123.84 96.0 2.5 1.4
15.755 124.01 97.4 1.8 0.8
15.765 124.17 99.4 0.3 0.4
15.775 124.34 99.6 0.3 0.1
15.785 124.5 100.0 0.0 0.0
15.795 124.67 99.8 0.2 0.0
15.805 124.74 100.0 0.0 0.0
15.815 124.79 100.0 0.0 0.0
15.835 124.88 100.0 0.0 0.0
15.855 124.98 100.0 0.0 0.0
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Chapter 5

All data will also be made available in the online database PANGAEA (www.pangaea.de).

Depth [cm] |Age[ka] G.trun d180|G.inf. d180 [Depth [cm] |Age[ka] G.trun d180|G.inf. d180

244.5 100.9 0.984 378.5 121.9 0.315

246.5 101.7 0.873 380.5 122.1 0.182

248.5 102.4 0.94 382.5 122.3 0.222

250.5 103.1 0.983 384.5 122.5 0.24

252.5 103.6 1.067 386.5 122.7 0.796

254.5 104.0 0.954 388.5 122.8 0.203

256.5 104.5 0.779 390.5 123.0 0.338

258.5 105.0 0.949 392.5 123.2 0.176

260.5 105.4 0.854 394.5 1234 0.587

262.5 105.9 0.996 396.5 123.6 0.377

264.5 106.3 0.813 398.5 123.7 0.065

266.5 106.8 0.81 400.5 123.9 0.62

268.5 107.3 0.842 402.5 124.1 0.134

270.5 107.7 0.517 404.5 124.3 0.336

272.5 108.2 0.955 406.5 124.5 0.251

274.5 108.7 0.947 408.5 124.7 0.241

276.5 109.1 0.759 410.5 124.8 0.259

278.5 109.6 1.137 412.5 125.0 0.362

280.5 110.0 0.907 414.5 125.2 0.187

282.5 110.5 0.843 416.5 125.4 0.263

284.5 111.0 0.606 418.5 125.6 0.503 1.699
286.5 111.4 0.786 420.5 125.7 0.145 0.341
288.5 111.9 0.675 422.5 125.9 0.167 0.707
290.5 112.3 0.455 424.5 126.1 0.157 0.164
292.5 112.8 0.74 426.5 126.3 0.022 -0.038
294.5 1133 0.672 428.5 126.5 -0.012 0.136
296.5 113.7 0.778 430.5 126.6 -0.022 0.359
298.5 114.2 0.651 432.5 126.8 -0.061 0.304
300.5 114.7 0.729 434.5 127.0 0.874 1.069
302.5 115.0 0.956 436.5 127.2 -0.109 1.344
304.5 115.2 0.667 438.5 127.4 -0.115 0.334
306.5 115.4 0.535 440.5 127.6 0.156 0.824
308.5 115.6 0.612 442.5 127.7 0.171 0.718
310.5 115.8 0.51 444.5 127.9 -0.121 0.319
312.5 116.0 0.819 446.5 128.1 0.135 0.719
314.5 116.1 0.747 448.5 128.3 0.287 1.027
316.5 116.3 0.628 450.5 128.5 0.307 0.256
318.5 116.5 0.501 452.5 128.6 0.612 1.523
320.5 116.7 0.712 454.5 128.8 0.545 0.77
322.5 116.9 0.614 456.5 129.0 0.991 0.805
324.5 117.0 0.538 458.5 129.3 0.258 1.211
326.5 117.2 0.405 460.5 129.7 0.676 0.848
328.5 117.4 0.488 462.5 130.0 1.292 0.827
330.5 117.6 0.468 464.5 130.4 0.621 0.979
332.5 117.8 0.692 466.5 130.7 0.869 0.775
334.5 117.9 0.671 468.5 131.2 1.196 1.201
336.5 118.1 1.138 470.5 131.8 0.618 0.993
338.5 118.3 0.217 472.5 132.4 0.692 1.462
340.5 118.5 0.002 474.5 133.0 1.282 1.3
342.5 118.7 0.441 476.5 133.6 0.968 1.511
344.5 118.9 0.289 478.5 134.2 1.165 1.712
346.5 119.0 0.234 480.5 134.8 2.048 1.362
348.5 119.2 0.243 482.5 135.4 1.093 1.811
350.5 119.4 0.353 484.5 136.0 1.725 1.675
352.5 119.6 0.518 486.5 136.6 1.793 1.741
354.5 119.8 -0.047 488.5 137.2 1.984 1.532
356.5 119.9 0.184 490.5 137.8 1.83 1.697
358.5 120.1 0.208 492.5 138.4 1.803 1.615
360.5 120.3 0.303 494.5 139.0 1.9 1.841
362.5 120.5 0.307 496.5 139.6 1.14 1.41
364.5 120.7 0.444 498.5 140.2 1.499 1.688
366.5 120.8 0.268 500.5 140.8 1.947 1.567
368.5 121.0 0.704 502.5 141.4 1.455 1.737
370.5 121.2 0.181 504.5 142.0 1.627 1.503
372.5 1214 0.32 506.5 142.6 1.64 1.472
374.5 121.6 0.355 508.5 143.2 1.48 1.374
376.5 121.8 0.217
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Data tables

Depth [cm] |Age[ka] |G. truncatuli|G. truncatuli|G. conglobat|G. ruber p |G. ruber w |G. trilobus |G. sacculifer|G. inflata G. falconensi
150.5 33.7 2.8 1.1 0.3 1.9 29.3 7.3 0.7 1.9 0.5
160.5 42.2 3.9 1.6 0.4 3.1 29.6 6.9 15 1 1.2
170.5 50.7 2.7 0 0.1 1.9 29.9 5.9 1.3 3.1 1.7
180.5 59.2 1.1 15 0.9 1.6 33.6 4.5 0.8 2.5 0.2
190.5 67.7 1.6 0.9 0.5 1.5 32.4 5.4 0.4 1.7 0.3
200.5 76.2 1.7 1.1 0.4 1.9 34.8 4.4 0 2.5 1.1
210.5 84.7 0.2 0.7 3.9 4.2 30.5 6 0.7 1.8 1.6
220.5 90.5 1.6 13 1.1 13 22.4 3.2 0.7 0.9 0.3
230.5 95.6 1.8 0.6 1 14 27.7 5.3 0.6 0 0.8
240.5 99.4 1.7 0.6 0.8 1.8 36.7 8.4 0.1 0.2 3.5
244.5| 100.9 1.3 1.6 0.5 2.1 29.2 5.8 1.7 0 3.9
246.5 101.7 1.8 0.8 0.5 2.2 31.5 10.9 0.6 0 1.8
248.5| 1024 2.1 0.7 1 3.4 30.2 7.1 0.3 0 1.8
250.5| 103.1 2.4 0 1.1 2.1 27.8 6.5 0.1 0.3 4.4
252.5 103.6 0.8 0.5 0.3 2.6 23.6 4.6 0 0 3.8
254.5| 104.0 13 0.8 0.6 13 27.7 2 1 0 4.4
256.5| 104.5 0.3 0.8 0 2.1 23.9 5.8 0.8 0 3.5
258.5| 105.0 1.5 0.6 0.3 1.7 18.3 5.7 0.6 0 3.4
260.5 105.4 1.3 0 0.3 2.5 15.1 3.8 0 0 3.3
262.5 105.9 1.5 0.9 0.6 14 17.4 8.3 0.4 0 3.7
264.5| 106.3 15 0.3 0.8 2.9 13.2 6 0 0 4.6
266.5 106.8 14 0.5 0.3 2.3 16.3 7.3 0.7 0 4.8
268.5| 1073 0.7 1.2 1.1 3.6 14.8 4.8 1.5 0.3 3.9
270.5 107.7 1.6 0.6 1.4 3.5 15.2 5.1 0.4 0 5.4
272.5 108.2 0.9 0.2 0.7 4.1 14.8 8.1 0.5 0.2 7
274.5 108.7 0.4 0.4 1 4 18.1 7.2 0.4 0 4.4
276.5 109.1 0.6 0.2 14 4.1 18 5.5 0.4 0.2 3.6
278.5| 109.6 14 0 0.8 3 17.4 8.6 0.9 0 3.9
280.5 110.0 0.1 0 0.3 3.5 15.4 8.6 0.5 0 2.6
282.5| 1105 0.3 0.2 0.4 3.4 17 9 14 0 3.2
284.5 111.0 0.5 0.7 0.3 2.4 15.1 4.1 1.1 0 1.3
286.5| 1114 0.4 0.2 1.6 2.3 23.6 8.7 1.9 0 1.2
288.5 111.9 1 0.1 0.9 3.9 17.8 10 0.8 0 2.2
290.5| 1123 0.1 1 1.1 4.7 18 9.4 2.1 0 0.9
292.5 112.8 1.4 1.3 1.7 3 15.5 8.7 0.4 0 0.8
294.5 1133 0.5 0.3 0.7 4.5 13.6 4.7 1.4 0 0.4
296.5| 113.7 1.2 0 13 1.8 19.8 8.3 1.2 0 1.2
298.5 114.2 0.6 0.3 1.8 3.7 21.8 6.2 1.5 0.8 0
300.5| 114.7 0 0.9 14 1.9 19.7 11.4 1.6 0 0.8
302.5 115.0 0.4 1.1 1.1 2.4 24 9.4 1.3 0.9 0.9
304.5 115.2 0 0.3 2.4 2.1 19.6 5.6 1.9 0.2 0.9
306.5| 1154 0 1.8 13 13 20.6 12.5 0.6 0 0.8
308.5 115.6 0.8 0.5 1.1 2.2 21.7 14 1.3 0.2 0.4
310.5| 115.8 0.3 1 0.7 1.9 27.1 8.9 0 0 1.2
312.5 116.0 1.3 0.8 1.2 3.3 26.5 7.3 0.8 0.4 1.5
314.5| 116.1 0 0.6 0.4 1.6 23.4 8.7 3.6 0.6 0.6
316.5| 1163 0 1 0.6 2.2 21.2 123 2.9 0 0.9
318.5| 116.5 0.6 1.7 0.7 5.6 22 7.2 2.3 0 0.6
320.5| 116.7 0.9 14 1.8 3.7 25.3 7 2.1 0.9 0
322.5 116.9 0 0.6 0.5 4.3 27.9 5.6 1.4 0.3 0.5
3245 117.0 0.2 0.6 0.2 5.3 20.7 9.6 1.7 1 1.8
326.5 117.2 0.2 0.4 0.5 5.1 21.9 6.4 1.2 0 1.8
3285 1174 0.2 0.4 0.2 6.2 24.3 9 0.8 0.4 1.8
330.5| 117.6 0.2 0.4 0.2 43 24.9 7.6 2.9 0.4 0.4
3325 117.8 0 0.3 0.3 7.5 27.1 9.2 2.1 0 1.2
334.5| 117.9 0.2 0.4 1.1 5 31.1 9.9 3.4 0 0
336.5 118.1 0 0.3 0.7 4.9 27.2 9.5 1.8 0.3 0.3
338.5| 1183 0.4 0.4 0.6 4.5 27.3 9 2 0 0.4
340.5 118.5 0.2 0.2 0.4 2.6 30 10.2 3.2 0.2 0
3425 1187 0.3 0.3 1 4.4 28.5 9.9 2.8 0.2 0.2
344.5] 118.9 0 0.2 0.5 6.7 27.1 9.5 2.1 0.2 0
346.5| 119.0 0 0.7 0.1 7.3 29.7 6.7 2.3 0 0.2
348.5 119.2 0.3 0.3 15 5.3 26.1 5.3 2.1 0.3 0
350.5 119.4 0.3 1.2 0.8 5.1 29.7 8.9 2.2 0.5 0.7
352.5| 119.6 0.2 0.2 0.6 3.3 37.4 5.1 3 0 0.8
354.5 119.8 0 0.5 0.6 3.3 28.3 6.9 2.1 0 0.3
356.5| 119.9 0 0.2 0.4 5.4 32.8 11.2 1.1 0 0.6
358.5| 120.1 0 0.2 0 4.9 32.6 5.6 2.5 0 0.7
360.5| 1203 0.3 0.6 0.6 3.5 31.2 12.1 4.7 0 1.5
362.5| 1205 0 0 0.3 3.8 33.8 13.1 5 0 1.1
364.5 120.6 0 0 0.6 4.2 27.5 11.4 4.4 0 0.8
366.5| 120.7 0 0.5 0 5.1 27 14.7 2.6 0 0.7
368.5 120.8 0.3 0.3 1.9 5 30 13.2 3 0 0
370.5| 121.0 0 0.2 0.2 5.2 25.2 15.6 3.9 0.2 0.2
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Data tables

Depth [cm] |Age[ka] |G. truncatuli|G. truncatuli| G. conglobat|G. ruber p |G. ruber w |G. trilobus |G. sacculifer|G. inflata G. falconensi:
372.5( 121.2 0.3 0.3 0.8 5.8 28.6 10 3.1 0 1
3745 1214 0.3 0 1 5.8 30.8 10.5 2.9 0.3 0.3
376.5 121.6 0.2 0.2 0.8 7.6 30.2 9.8 3 0.2 0
3785 121.8 0 0 0.8 6.4 27.7 13 2.5 0.2 0.6
380.5( 121.9 0 0 1.2 6.3 32.8 8.8 2.9 0 0.3
382.5( 1221 0.2 0.2 1.2 8.6 26.4 10.9 2.2 0 0.7
384.5( 1223 0 0 1.3 9.6 31.8 9.4 2.1 0 0.9
386.5( 122.5 0.3 0.3 0.9 7.1 30.4 10.1 2.6 0.3 1.1
363.5( 122.7 0.8 0.3 1.9 10.8 26.2 12.4 2.2 0 0.5
390.5( 123.0 0.5 0.3 0.5 6.8 30.1 7.8 0.6 0 0.5
392.5( 123.2 0 0.3 1.6 10.7 24.3 13 1.6 0.2 0.2
394.5( 123.4 0.3 0.3 1.3 9.3 27.8 11.8 2.4 0 0
396.5 123.6 0.4 0.5 0.3 6.3 29.8 7.8 1.9 0 0.2
398.5( 123.7 0.2 1 1.5 9.7 32.4 8.8 2.5 0.2 0.2
400.5| 123.9 0 0.9 1.2 11.1 29.6 16.2 2.4 0.6 0.3
402.5| 124.1 0 1.7 3.1 13.4 23 11.5 2.4 0.7 0.5
404.5| 1243 0.3 1 0.8 10 24.1 13.8 1.5 0 0.3
406.5| 124.5 0.2 0.9 1.9 12.3 20.7 12.9 4.8 0 0.5
408.5| 124.7 0.3 0.3 0.7 9.4 25.6 13.7 2 0.3 0.6
410.5| 124.8 0.2 0.6 2 9.5 25.7 12.3 2.1 0 0.3
412.5 125.0 0.6 0.6 1.5 12.6 19.7 15.4 2.2 0 1.1
414.5| 125.2 0.7 0.5 1.1 8.9 22.1 11.5 5 0 0.2
416.5| 1254 0.7 1 3.3 16.1 19 12.6 2.1 0.3 1.3
418.5| 125.6 1.3 0.3 2.3 17.5 15.4 14.5 2.3 0 0.3
420.5| 125.7 0.4 0.4 1.2 11.3 23 9.7 5.1 0.2 0.8
422.5| 1259 0.8 0.4 1.9 11.1 18.9 13.2 2.3 0 1.1
424.5] 126.1 1.8 0.6 1.1 12.7 22.9 9.7 1.8 0 0.8
426.5| 126.3 0 0.5 2.1 15.3 17 9.6 0.9 0 0.4
428.5| 126.5 2.3 0.2 2.2 10.7 24.1 7.9 2.1 0 1.3
430.5| 126.6 1.8 0.4 1.2 9.9 24.1 9.2 2 0.3 1
432.5| 126.8 1.6 0.3 1.3 13 20.2 7.7 3.7 0 0.8
434.5| 127.0 2.1 0 0.5 7 24.5 8.4 3.8 0.9 2.1
436.5| 127.2 2 0.2 0.9 12.8 23 11.7 4.2 0.4 1.1
438.5| 1274 2.4 0 1.6 11.2 26.5 12.2 4.6 0 0.8
440.5| 127.6 0.9 0.2 2.7 14 19.8 13.8 4.5 0.2 0.8
442.5| 127.7 1.2 0 1.1 15.2 20 10.3 3.2 0.2 0.2
444.5] 1279 1.8 0.2 1.1 15.1 20.8 10.7 2.1 0.2 0.2
446.5| 128.1 0.9 0 0.8 11.2 24.4 7.5 1.1 0 2.4
448.5| 128.3 1.4 0 2 13.5 21.7 12.2 1.9 0.4 0.9
450.5| 128.5 2.5 0 2.1 13.3 22 8.2 1 1.3 1.3
452.5| 128.6 3 0 0.4 7.7 25.9 6.5 2.1 0.9 1.2
454.5| 128.8 0.2 0 1.1 10.6 29 3.2 1.9 0.2 0.9
456.5 129.0 1.7 0 1 12 19.6 8.3 1.1 1.7 2
458.5| 129.3 1.3 0.2 0.5 7.5 25.8 7.3 0.7 1.7 1.5
460.5| 129.7 1.3 0.2 0.3 9.2 22.1 7.3 2.3 2.4 1.2
462.5| 130.0 1.1 0.3 0.3 3.8 26.1 3.3 0.5 6.1 1.5
464.5| 130.4 2.8 0 0.9 2 20.9 7.2 0.8 2.8 2
466.5| 130.7 3.5 0.5 0.5 2 22.8 5.2 1.6 5.9 0.2
468.5| 131.2 2.7 0.6 0.4 3 23.4 5.8 0.9 5.2 0.4
470.5] 131.8 2.3 0.6 0.8 3.9 25.4 8.5 2.8 3 1
472.5| 1324 2 0.5 0.4 3 26.9 8.1 1.3 3 1.1
474.5| 133.0 3.8 0.6 0.3 0.3 31 7.6 1.6 6 0.3
476.5| 133.6 2 0.4 0.5 1.8 26 6.9 1 5.6 0.9
478.5| 134.2 3.2 0.2 0.2 3.7 27.8 5.3 1.2 6.9 0.8
480.5| 134.8 2.3 0.3 0.4 1.7 22.5 9.2 2.7 7.8 1.2
482.5| 1354 2.5 0.3 0.6 1.3 23.2 10.1 0.8 6.1 0.3
484.5| 136.0 1.7 0 0.3 0.3 24.8 7.2 1.1 11.3 1.1
486.5| 136.6 1.4 0.2 0.3 0 20.8 8.2 1.4 7.1 0.7
488.5| 137.2 2.8 0.2 0.2 1.4 21.5 9.2 1.3 6.1 0.7
490.5] 137.8 1.7 0.2 1.2 1.1 20.1 8.4 1.2 6.5 0.2
492.5| 1384 1.9 0 1.2 1.9 23.2 7.6 0.4 4.5 0.3
494.5| 139.0 2.7 0.6 0.4 0.3 21.3 6.1 1.3 6.4 0
496.5| 139.6 0.9 0.3 0.1 1.3 19.5 8.7 1.1 6.3 0.5
498.5| 140.2 2.4 0.7 0.1 2.7 22 8.4 2.4 4.5 0.2
500.5( 140.8 0.9 0.2 0.3 3.8 21.1 8.7 2 4.7 1.3
502.5( 1414 1.1 0.3 0.6 0.8 20.4 7.6 2.7 4.7 0.3
504.5( 142.0 1.4 1.2 0.1 3.3 21.1 9.8 2.3 6.3 1.6
506.5( 142.6 1.4 1.4 0.1 1.8 25 7.1 1.7 5.1 0.2
508.5( 143.2 0 1.1 0.4 4.7 22.6 7.2 1.7 4.2 1.1
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Data tables

Depth, cm |Age(ka) |G. menardii(%)|Globiger.(%)|G. men. flex |G. menardii(#) [Depth, cm |Age(ka) G. menardii({Globiger.(%)|G. men. flex |G. menardii(¢
150.5 33.7 0.1 39.6 0.1 12 368.5 120.8 2.6 53 0.1 321
160.5 42.2 0 41.5 0 16 370.5 121.0 0.9 50.1 0.2 137
170.5 50.7 0 39 0 0 372.5 121.2 1.3 48.3 0.2 85
180.5 59.2 0.2 41.5 0 36 374.5 121.4 1.5 51 0.1 186
190.5 67.7 0 40.2 0 8 376.5 121.6 1.2 51.4 0 314
200.5 76.2 0.1 41.5 0 40 378.5 121.8 2.2 50.4 0.1 218
210.5 84.7 1.2 45.3 0.1 704 380.5 121.9 0.9 52.1 0.1 100
220.5 90.5 3.5 28.7 0.1 1400 382.5 122.1 2.3 49.3 0.1 312
230.5 95.6 4.6 35.9 0.5 1504 384.5 122.3 2.7 54.2 0 394
240.5 99.4 4.5 47.8 0.3 1580 386.5 122.5 3 51.1 0.1 351
244.5 100.9 4.5 39.1 0.6 1413 363.5 122.7 1.5 53.6 0 181
246.5 101.7 2.6 45.6 0.4 918 390.5 123.0 0.7 45.8 0 101
248.5 102.4 4.2 42 0.3 1182 392.5 123.2 1.6 51.3 0.1 165
250.5 103.1 3.5 374 0.7 1536 394.5 123.4 1.8 52.6 0 225
252.5 103.6 5.4 31.1 0.7 2684 396.5 123.6 1.2 46.1 0 170
254.5 104.0 5.5 32.6 1.1 2750 398.5 123.7 1.6 54.9 0 217
256.5 104.5 3.4 32.8 0.4 1636 400.5 123.9 1 60.4 0 107
258.5 105.0 4.8 26.7 0.9 2126 402.5 124.1 3.8 53.4 0.3 504
260.5 105.4 4.9 21.7 0.4 2512 404.5 1243 1.7 50.3 0 219
262.5 105.9 4.9 28 0.8 1772 406.5 124.5 2.1 52.6 0.1 199
264.5 106.3 3.3 22.9 0.6 1764 408.5 124.7 2 51.5 0 206
266.5 106.8 6.2 26.9 0.4 3492 410.5 124.8 2.7 51.6 0 256
268.5 107.3 6.9 25.9 0.8 2908 412.5 125.0 3 51.5 0 269
270.5 107.7 4.8 25.6 0.5 1928 414.5 125.2 1.9 48.5 0 259
272.5 108.2 5.3 28.1 0.9 2316 416.5 125.4 3.7 53.1 0 371
274.5 108.7 6.4 30.7 1.4 2328 418.5 125.6 2.8 52 0 297
276.5 109.1 4.5 29.4 0.6 1606 420.5 125.7 2.1 50.2 0.1 166
278.5 109.6 4.9 30.6 0.9 1460 422.5 125.9 4.4 47.4 0 432
280.5 110.0 4.9 28.2 1.4 1416 424.5 126.1 2.8 48.2 0.2 239
282.5 110.5 5.5 31.2 1.2 914 426.5 126.3 4.5 44.9 0 342
284.5 111.0 3.6 22.9 0.3 1076 428.5 126.5 6.1 47 0 436
286.5 111.4 4.9 38.2 0.8 932 430.5 126.6 4.3 46.4 0 391
288.5 111.9 4.2 333 1.3 1100 432.5 126.8 4.2 45.9 0 260
290.5 112.3 4.9 353 1.8 1068 434.5 127.0 3.8 44.2 0.3 526
292.5 112.8 6.2 29.3 0.7 1048 436.5 127.2 5.1 52.6 0 451
294.5 113.3 3.5 24.9 0.6 502 438.5 127.4 4.4 56.1 0 418
296.5 113.7 4.1 32.4 0.4 876 440.5 127.6 5 54.8 0 378
298.5 114.2 4 34.9 1 450 442.5 127.7 5.4 49.8 0 724
300.5 114.7 2.8 36 0.4 336 444.5 127.9 5.3 49.8 0 440
302.5 115.0 2.8 38.2 0.9 423 446.5 128.1 4.3 45 0 488
304.5 115.2 4.2 31.6 0.4 572 448.5 128.3 53 513 0 454
306.5 115.4 5.7 36.3 1.3 722 450.5 128.5 4.6 46.7 0 554
308.5 115.6 5.2 40.3 1.1 413 452.5 128.6 4.8 42.5 0 525
310.5 115.8 6.6 38.7 1.6 435 454.5 128.8 4.1 45.8 0 574
312.5 116.0 4.9 39.1 1.3 864 456.5 129.0 5.1 42.1 0 1050
314.5 116.1 3.7 37.8 1.7 370 458.5 129.3 3.8 41.9 0 1130
316.5 116.3 3.5 39.3 0.3 354 460.5 129.7 4.8 41.3 0 1272
318.5 116.5 2.4 37.9 13 248 462.5 130.0 2.4 34.1 0 614
320.5 116.7 6 39.8 1.1 682 464.5 130.4 1.8 31.9 0 424
322.5 116.9 4.1 39.7 0.3 495 466.5 130.7 0.7 32.1 0 98
324.5 117.0 3.6 37.6 1 289 468.5 131.2 0.1 33.5 0 17
326.5 117.2 3.4 35 0.7 344 470.5 131.8 1.6 41.4 0 262
328.5 117.4 2.4 40.5 0.7 211 472.5 132.4 14 39.7 0 253
330.5 117.6 3 39.9 0.6 244 474.5 133.0 0.7 40.8 0 138
332.5 117.8 2.4 46.3 0.3 261 476.5 133.6 0.4 36.1 0 73
334.5 117.9 2.2 50.4 0.4 160 478.5 134.2 0 38.4 0 2
336.5 118.1 1.9 44.2 0.2 214 480.5 134.8 0.2 36.5 0 32
338.5 118.3 4.6 43.5 1.6 404 482.5 135.4 0.5 35.9 0 66
340.5 118.5 2.6 46.2 0.6 241 484.5 136.0 0.3 33.7 0 64
342.5 118.7 3.9 46.6 0.6 261 486.5 136.6 0.2 30.6 0 65
344.5 118.9 2.8 46 0.6 191 488.5 137.2 0.3 33.6 0 64
346.5 119.0 4.6 46 0.6 346 490.5 137.8 0.2 32.1 0 32
348.5 119.2 4.3 40.3 0.3 232 492.5 138.4 1.2 34.2 0 286
350.5 119.4 2.9 46.6 0.4 198 494.5 139.0 1.2 29.4 0 264
352.5 119.6 3.3 49.5 0.5 267 496.5 139.6 0.3 30.6 0 80
354.5 119.8 3.2 41.1 0.4 185 498.5 140.2 0 35.7 0 10
356.5 119.9 1.1 50.9 0.1 84 500.5 140.8 0 35.8 0 4
358.5 120.1 1.3 45.5 0.3 169 502.5 141.4 0 32.1 0 0
360.5 120.3 1.6 52.1 0.3 178 504.5 142.0 0.3 36.6 0 38
362.5 120.5 15 56 0.2 182 506.5 142.6 0 35.8 0 4
364.5 120.6 2.5 48 0.3 291 508.5 143.2 0 36.7 0 2
366.5 120.7 2.7 49.4 0.4 258
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Data tables

Depth [cm] [Agelka] InSr (norm) [Ca (norm) |CI (norm) |Sr/Ca [Fe(norm) |Depth [cm] |Age[ka] InSr (norm) [Ca (norm) [Cl (norm) [Sr/Ca Fe(norm)
150 333 0.0545 0.9241 0.0469| 0.0993 0.0514 178.7 57.7 0.1827 0.9478 0.0360 0.0696 0.0480
150.3 33.6 0.3826 0.9495 0.0339| 0.0798| 0.0627 179 58.0 0.2333 0.9450 0.0364 0.0705 0.0505
150.6 33.8 0.3661 0.9514 0.0337] 0.0673| 0.0584 179.3 58.2 0.2944 0.9439 0.0384 0.0746 0.0543
150.9 34.1 0.2988 0.9528 0.0317) 0.0665 0.0538 179.6 58.5 0.2556 0.9421 0.0398 0.0712 0.0506
151.2 343 0.3238 0.9547 0.0296| 0.0736( 0.0580 179.9 58.7 0.2384 0.9471 0.0377 0.0667 0.0466
151.5 34.6 0.4512 0.9572 0.0287| 0.0701 0.0583 180.2 59.0 0.2059 0.9425 0.0393 0.0642 0.0474
151.8 34.8 0.5028 0.9576 0.0292] 0.0776[ 0.0580 180.5 59.2 0.1781 0.9487 0.0358 0.0625 0.0466
152.1 35.1 0.4742 0.9564 0.0293] 0.0751 0.0620 180.8 59.5 0.2205 0.9497 0.0342 0.0661 0.0503
152.4 353 0.4357 0.9561 0.0295| 0.0713 0.0632 181.1 59.7 0.1926 0.9476 0.0331 0.0711 0.0508
152.7 35.6 0.4411 0.9561 0.0316) 0.0708 0.0617 181.4 60.0 0.1662 0.9506 0.0329 0.0609 0.0601
153 35.9 0.4148 0.9540 0.0323) 0.0641| 0.0584 181.7 60.2 0.2226 0.9454/ 0.0350 0.0615 0.0616
153.3 36.1 0.3822 0.9537 0.0328) 0.0622 0.0598 182 60.5 0.2485 0.9410 0.0389 0.0631 0.0718
153.6 36.4 0.4258 0.9549 0.0316| 0.0680( 0.0599 182.3 60.8 0.1846 0.9463 0.0329 0.0614 0.0645
153.9 36.6 0.4588 0.9565 0.0298] 0.0724( 0.0552 182.6 61.0 0.1752 0.9502 0.0301 0.0649 0.0727
154.2 36.9 0.4786 0.9551 0.0313] 0.0666( 0.0566 182.9 61.3 0.2935 0.9438 0.0363 0.0755 0.0632
154.5 371 0.4430 0.9592 0.0277] 0.0686( 0.0523 183.2 61.5 0.3119 0.9477 0.0341 0.0823 0.0526
154.8 37.4 0.4128 0.9584 0.0287] 0.0660( 0.0560 183.5 61.8 0.2457 0.9441 0.0361 0.0839 0.0496
155.1 37.6 0.3471 0.9557 0.0305| 0.0716{ 0.0510 183.8 62.0 0.3257 0.9473 0.0357 0.0838 0.0534
155.4 37.9 0.3650 0.9523 0.0322] 0.0709( 0.0520 184.1 62.3 0.3537 0.9447 0.0361 0.0773 0.0537
155.7 38.1 0.3360 0.9530 0.0310| 0.0751 0.0541 184.4 62.5 0.2302 0.9426 0.0348 0.0751 0.0612
156 38.4 0.3198 0.9564 0.0292] 0.0789 0.0559 184.7 62.8 0.2141 0.9443 0.0356 0.0779 0.0624
156.3 38.7 0.3857 0.9478 0.0351) 0.0755[ 0.0501 185 63.1 0.2911 0.9490 0.0316. 0.0804 0.0586
156.6 38.9 0.4087 0.9555 0.0311) 0.0691 0.0557 185.3 63.3 0.3628 0.9498 0.0308 0.0790 0.0653
156.9 39.2 0.4295 0.9573 0.0299| 0.0665[ 0.0548 193 69.9 0.7744 0.9447 0.0375 0.1294 0.0409
157.2 39.4 0.4734 0.9582 0.0289| 0.0694( 0.0499 193.2 70.1 0.7710 0.9472 0.0368 0.1259 0.0409
157.5 39.7 0.4793 0.9595 0.0292] 0.0653 0.0547 193.5 70.4 0.7058 0.9506 0.0353 0.1033 0.0449
157.8 39.9 0.5020 0.9576 0.0294| 0.0643| 0.0566 193.8 70.6 0.6373 0.9520 0.0333 0.0892 0.0503
158.1 40.2 0.4991 0.9548 0.0322] 0.0670{ 0.0516 194.1 70.9 0.5350 0.9474 0.0352 0.0752 0.0597
158.4 40.4 0.5337 0.9555 0.0313] 0.0646( 0.0543 194.4 71.1 0.4834 0.9430 0.0395 0.0731 0.0643
158.7 40.7 0.5435 0.9574 0.0314) 0.0658| 0.0542 194.7 71.4 0.5274 0.9411 0.0411 0.0770 0.0698
159 41.0 0.4877 0.9592 0.0292| 0.0657 0.0530 195 71.6 0.6594 0.9379 0.0445 0.0727 0.0289
159.3 41.2 0.4925 0.9571 0.0295| 0.0654| 0.0546 195.3 71.8 0.5963 0.9472 0.0380 0.0692 0.0331
159.6 41.5 0.5154 0.9560 0.0299| 0.0694( 0.0564 195.6 72.1 0.5499 0.9492 0.0357 0.0715 0.0288
159.9 41.7 0.4804 0.9572 0.0295| 0.0663| 0.0526 195.9 723 0.6125 0.9507 0.0362 0.0712 0.0303
160.2 42.0 0.4686 0.9582 0.0285| 0.0639 0.0491 196.2 72.6 0.4166 0.9476 0.0406 0.0513 0.0317
160.5 42.2 0.4834 0.9561 0.0305| 0.0625 0.0532 196.5 72.8 0.2603 0.9489 0.0381 0.0437 0.0320
160.8 42.5 0.4980 0.9556 0.0302| 0.0608 0.0597 196.8 73.1 0.0242 0.9434 0.0415 0.0339 0.0327
161.1 42.7 0.4810 0.9528 0.0331) 0.0623 0.0579 197.1 733 -0.0549 0.9468 0.0392 0.0349 0.0276
161.4 43.0 0.4661 0.9543 0.0325| 0.0643 0.0518 197.4 73.6 -0.0104 0.9403 0.0452 0.0379 0.0287
161.7 43.2 0.4498 0.9507 0.0356| 0.0646 0.0539 197.7 73.8 0.3271 0.9427 0.0432 0.0491 0.0290
162 43.5 0.4714 0.9517 0.0358| 0.0644| 0.0565 198 74.1 0.6374 0.9396 0.0474 0.0718 0.0267
162.3 43.8 0.4545 0.9563 0.0306| 0.0649( 0.0550 198.3 74.4 0.6910 0.9411 0.0467 0.0777 0.0307
162.6 44.0 0.4480 0.9531 0.0325| 0.0637 0.0542 198.6 74.6 0.8015 0.9438 0.0415 0.0895 0.0308
162.9 443 0.4146 0.9550 0.0327] 0.0620{ 0.0456 198.9 74.9 0.8401 0.9450 0.0429 0.0965 0.0279
163.2 44.5 0.4426 0.9525 0.0342) 0.0632 0.0499 199.2 75.1 0.9003 0.9385 0.0479 0.1154 0.0264
163.5 44.8 0.4485 0.9534 0.0339| 0.0648| 0.0467 199.5 75.4 0.9415 0.9388 0.0490 0.1350 0.0280
163.8 45.0 0.4717 0.9511 0.0370| 0.0634 0.0510 199.8 75.6 0.9896 0.9393 0.0483 0.1372 0.0271
164.1 45.3 0.4808 0.9508 0.0345| 0.0648| 0.0462 200.1 75.9 0.9733 0.9412 0.0469 0.1375 0.0279
164.4 45.5 0.4378 0.9498 0.0360| 0.0633( 0.0500 200.4 76.1 0.9376 0.9347 0.0513 0.1388 0.0295
164.7 45.8 0.4557 0.9502 0.0374| 0.0624( 0.0507 200.7 76.4 0.8864 0.9336 0.0518 0.1374 0.0325
165 46.1 0.4602 0.9506 0.0364| 0.0635[ 0.0467 201 76.7 0.9501 0.9369 0.0494 0.1395 0.0303
165.3 46.3 0.4962 0.9467 0.0396| 0.0662 0.0475 201.3 76.9 0.8920 0.9362 0.0499 0.1336 0.0358
165.6 46.6 0.5088 0.9466 0.0399| 0.0678| 0.0445 201.6 77.2 0.8562 0.9330 0.0515 0.1312 0.0338
165.9 46.8 0.4372 0.9504 0.0369| 0.0638( 0.0422 201.9 77.4 0.8784 0.9374, 0.0494 0.1386 0.0336
166.2 47.1 0.3842 0.9513 0.0353] 0.0610{ 0.0441 202.2 77.7 0.8875 0.9341 0.0511 0.1371 0.0341
166.5 47.3 0.3770 0.9522 0.0346| 0.0632 0.0420 202.5 77.9 0.8652 0.9347 0.0511 0.1327 0.0333
166.8 47.6 0.2944 0.9529 0.0321) 0.0662| 0.0392 202.8 78.2 0.8694 0.9350 0.0526 0.1368 0.0333
167.1 47.8 0.3086 0.9510 0.0346| 0.0650( 0.0408 203.1 78.4 0.8067 0.9260 0.0594 0.1378 0.0295
167.4 48.1 0.3029 0.9547 0.0312) 0.0612 0.0443 203.4 78.7 0.7381 0.9242 0.0597 0.1369 0.0327
167.7 48.3 0.3142 0.9536 0.0327] 0.0574( 0.0447 203.7 78.9 0.7185 0.9265 0.0580 0.1329 0.0347
168 48.6 0.3269 0.9473 0.0389| 0.0591| 0.0470 204 79.2 0.6542 0.9234/ 0.0611 0.1260 0.0302
176 55.4 -0.5915 0.9140 0.0526| 0.0709 0.0389 204.3 79.5 0.6684 0.9272 0.0573 0.1300 0.0346
176.3 55.7 -0.3667 0.9272 0.0416| 0.0671 0.0453 204.6 79.7 0.6818 0.9298 0.0538 0.1355 0.0342
176.6 55.9 -0.0909 0.9429 0.0378] 0.0654| 0.0431 204.9 80.0 0.6930 0.9249 0.0593 0.1439 0.0300
176.9 56.2 0.0222 0.9484 0.0343] 0.0727( 0.0448 205.2 80.2 0.7164 0.9375 0.0490 0.1324 0.0325
177.2 56.4 0.0614 0.9455 0.0353) 0.0714| 0.0425 205.5 80.5 0.7129 0.9347 0.0496 0.1279 0.0303
177.5 56.7 0.1178 0.9479 0.0345| 0.0744( 0.0458 205.8 80.7 0.7230 0.9410 0.0438 0.1249 0.0352
177.8 56.9 0.0984 0.9489 0.0334| 0.0720{ 0.0407 206.1 81.0 0.6158 0.9349 0.0490 0.1148 0.0336
178.1 57.2 0.1003 0.9495 0.0331) 0.0683 0.0430 206.4 81.2 0.5690 0.9394 0.0448 0.1089 0.0337
178.4 57.4 0.0961 0.9419 0.0369| 0.0668| 0.0464 206.7 81.5 0.6055 0.9336 0.0515 0.1220 0.0327
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