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ABSTRACT

While Pleistocene glacial-interglacial cycles are commonly associated with strong waxing and waning of
Northern Hemisphere ice sheets, the response of the Antarctic ice sheet and regional changes in
oceanographic and environmental conditions to Pleistocene climate dynamics remain poorly con-
strained. We present a reconstruction of sea-ice cover, sea surface temperature and primary productivity
off the Ross Sea margin (Adare Basin at the slope of the Drygalski Basin) during the marine isotope stages
(MIS) 9 to 5 (350—70 thousands years ago, encompassing Terminations IV to II). Our multiproxy study
relies on micropaleontology (diatoms, dinoflagellate cysts, benthic foraminifers), organic and inorganic
geochemistry proxies (carbon and nitrogen isotopes, lipid biomarkers, XRF-data), and sedimentology
(IRD) obtained from deep-sea core AS05-10. For each glacial-interglacial transition a clear succession of
events can be observed: (near-)permanent sea ice cover during glacial stages is followed by ice-shelf
break-up with episodic ice-free areas and surface water stratification. Notably, ice-shelf break-up pre-
cedes the increase in air temperature as measured in the Vostok ice core for each glacial-interglacial
transition. Generally, air temperature over Vostok starts rising once sea-ice cover at site AS05-10 has
significantly decreased, becoming seasonal, as indicated by the diatom species composition. This is also
reflected by the high diatom productivity and increased water mixing at site AS05-10, which is indicative
of its proximity to the Marginal Ice Zone. At the onset of Termination II (MIS6 to 5), high export pro-
ductivity and dysoxic bottom water conditions occurred, while water temperature increased about 5 °C.
During each interglacial spring/summer sea-ice cover is most reduced, and highest productivity occurs.
Following each interglacial, the warm and cold fluctuations match the sawtooth character of the tem-
peratures over Vostok. This record illustrates that at the Ross Sea margin, sea surface conditions and
(export) productivity were strongly influenced by the natural climate variability of the Pleistocene. In
light of this, current global warming may lead to increased ice-shelf break-up, water column stratification
and shifts in the position/size of the Marginal Ice Zone with implications for algal species composition

and diversity, and for primary productivity.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

barrier between the atmosphere and the ocean, limiting gas ex-
change (Stephens and Keeling, 2000), and between warm ocean

Antarctic sea ice plays a key role in regional polar climate and waters and the ice sheet (Rintoul, 2018). Its reflective surface, which
biology, and global ocean circulation. It forms a regional physical covers 18.2*10% km? at its maximum extent (1981—2010 monthly
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Earth's albedo. In addition, the seasonal melting of sea ice and
release of nutrients is responsible for up to 35% of the total primary
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Lizotte, 2001). The PP within the sea ice also ‘seeds’ surface waters
upon melting and the entire polar ecosystem depends on the
annual cycle of melting and formation of sea ice (Stoecker et al.,
2000; Lizotte, 2001; Garrison et al., 2005; Murphy et al., 2017).
While, over the last decades, global warming is clearly negatively
affecting the sea-ice extent in the Arctic (Comiso and Nishio, 2008;
Kay et al., 2011; Notz and Marotzke, 2012), sea-ice extent around
Antarctica is more variable and shows strong local differences
(Comiso and Nishio, 2008; Turner et al.,, 2009; Parkinson and
Cavalieri, 2012; Parkinson, 2019). The lack of a clear trend in
recent times makes future Antarctic sea-ice projections highly
uncertain (Arzel et al., 2006; Bracegirdle et al., 2008; Bintanja et al.,
2015). In recent years (2016—2017) sea ice has reached a springtime
low (Turner et al., 2017), particularly in the Ross Sea sector, that
includes the Adare Basin (Parkinson, 2019). Sea ice decline will
likely act as a positive feedback to current global warming (e.g.,
Serreze and Barry, 2011; Park et al., 2015; Abe et al., 2016; Haumann
et al, 2016; Andry et al., 2017), which increases the relevance of
understanding future sea ice conditions.

The biological response to sea ice decline is difficult to project
(Sarmiento et al., 2004). Increased sea ice meltback will promote
primary productivity (PP) by increasing available light and nutrient
release, so that CO, uptake through photosynthesis acts as a
negative feedback to global warming (Peck et al., 2010; Fernandez-
Mendez et al., 2015). However, with a retreating sea-ice margin,
global displacement of high-productivity areas to higher latitudes
will reduce their size (Sarmiento et al., 2004). Furthermore, strat-
ification (by melting) and reduced mixing could limit nutrient
availability and promote ecosystem changes, which reduces CO,
drawdown to the ocean floor (Arrigo et al., 1999; Steinacher et al.,
2010; Vancoppenolle et al., 2013).

One way to understand the response of PP and sea-ice changes
to different climate conditions is to reconstruct these parameters
for past warmer than present periods, using sediment records. The
Last Interglacial (LIG, 130-116 ka) or Marine Isotope Stage (MIS) 5e
is the most recent of these periods. During the LIG, the ocean-area-
weighted average sea surface temperature (SSTs) was about
0.7 + 0.6 °C warmer than preindustrial temperatures (McKay et al.,
2011). The LIG may not be the perfect analogue for future climate,
because global warmth was induced by Earth's orbital configura-
tion rather than higher atmospheric CO, (Petit et al., 1999; Liithi
et al., 2008; Berg et al., 2011). Still, the response of sea-ice con-
centrations to warmer air and seawater temperatures during the
LIG and in a future 2°C-warming scenario is likely very similar
because of a (near) equal geographic setting, ice sheet configuration
and oceanography. Tracking the summer sea-ice extension and the
associated Marginal Ice Zone (MIZ), defined as the region experi-
encing most recent sea-ice melting/retreat, across MIS5e is
particularly interesting because the MIZ is the region in the
Southern Ocean with the highest summer PP (Fitch and Moore,
2007; Arrigo et al., 2008). The latitudinal position of the summer
sea-ice edge is therefore important for the size of the high-
productivity area associated with the MIZ. Changes in the posi-
tion of the sea-ice edge in the late Pleistocene have affected the
total Southern Ocean PP, as is clear from paleoproductivity re-
constructions: PP was enhanced north of the Polar Front (PF) dur-
ing glacial times, and south of the PF during interglacial times
(Mortlock et al., 1991). A shift of the summer sea-ice edge (SSE)
towards higher latitudes or changes in the size of the MIZ will also
likely affect PP in the future (Sarmiento et al., 2004; Arrigo et al.,
2008; Deppeler and Davidson, 2017). However, many Southern
Ocean sea-ice reconstructions have focused on the winter sea ice
edge (WSE) during glacial times instead (Gersonde and Zielinski,
2000; Bianchi and Gersonde, 2002; Howe et al., 2002; Crosta
et al., 2004; Gersonde et al., 2005; Ferry et al., 2015), because sea
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ice expansion and related stratification have been proposed as a
mechanism for glacial CO, reduction by prohibiting the air-sea CO,
exchange during glacial periods (Stephens and Keeling, 2000;
Sigman et al., 2004, 2010, 2021,; Martinez-Garcia et al., 2009;
Ferrari et al., 2014).

In this paper we use sediment core AS05-10 collected off the
Ross Sea continental slope (Fig. 1) to reconstruct the position of the
SSE and the MIZ over the late Pleistocene glacial-interglacials and
its influence on PP in the Adare Basin. The core is studied at high
resolution (1—3 cm intervals) with paleobiological (diatoms, dino-
flagellate cysts, benthic foraminifera), geochemical and sedimen-
tological proxies. It straddles an interval between ~350 and 70 ka
(see the age model below and Supplementary Information) and
thus allows reconstructing and comparing the stepwise evolution
of each glacial and interglacial stage.

High-resolution records close to the Antarctic margin, covering
multiple glacial and interglacial stages have only become available
over the last decade (Hillenbrand et al., 2009; Xiao et al., 2016;
Wilson et al., 2018), but none are from the Ross Sea area. With only
one previously published low-resolution record from the Ross Sea
(Ceccaroni et al., 1998), the record of AS05-10 thus substantially
increases our knowledge on sea-ice variability and paleo-
productivity for this area on glacial-interglacial timescales.

1.1. Oceanographic and geological setting

Core AS05-10 was drilled at the continental slope offshore the
Drygalski Basin, which is called the Adare Basin, western Ross Sea
(173.065°E, 70.835°S), at a water depth of 2377 m (Fig. 1) during the
XX Antarctic Italian Cruise (01/15/2005-02/27/2005). In-
vestigations are within the frame of the PNRA (Antarctic Italian
National Research Program) projects 2004/4.08 “Bottom water
production in the Ross Sea during the Late Quaternary: a
geochemical and micropaleontological study” and 2009/A2.01
“Sub-milankovian paleoclimatic variations and deep circulation
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Fig. 1. Map of the study site. Details of the bathymetry and topography of the pink area
are shown. ACC front = Antarctic Circumpolar Current front; PF = Polar Front; SAF =
Subantarctic Front (Orsi et al.,, 1995). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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linkages during the Late Quaternary (MIS 5—7) in the Ross Sea slope
(Antarctica)”.

Today, the drill site of core AS05-10 is overlain by Circumpolar
Deep Water (CDW) (Orsi and Wiederwohl, 2009), and influenced
by occasional gravity currents that flow along the Drygalski Basin
slope (Gordon et al., 2009). These gravity currents form through
local mixing of relatively warm oceanic thermocline waters with
relatively cold Modified CDW (MCDW; CDW that has been mixed
with Ross Sea shelf waters) and High Salinity Shelf Water (HSSW)
(Orsi and Wiederwohl, 2009). This very dense HSSW forms in the
western sector of the Ross Sea as a result of the ongoing formation
and removal of new sea ice in the Terra Nova Bay Polynya (Jacobs
et al., 1985; Budillon et al., 1999), due to strong katabatic winter
winds blowing over the Ross Ice Shelf (Bromwich and Kurtz, 1984).
HSSW flows northward over the shelf and mixes with surface
waters and MCDW at the shelf edge to form Antarctic Bottom Water
(AABW) (Jacobs et al., 1970; Jacobs, 1991; Budillon et al., 2002,
2003; Bergamasco et al., 2004; Orsi and Wiederwohl, 2009). Sur-
face and shelf waters in the Ross Sea are characterized by relatively
high oxygen concentrations and low dissolved silica (DSi), and also
determine the oxygen and DSi concentrations of the HSSW and
AABW through bottom-water formation (Jacobs, 1989). Submarine
canyons and basins, such as the Drygalski Basin, serve as conduits
for bottom-water formation (Jacobs, 1989; Davey and Jacobs, 2007).

Spring warming and seaward winds cause northward sea ice
retreat along the western Ross Sea coast (Spreen et al., 2008; Smith
et al., 2012), while the offshore sea-ice melt-back progresses
southward. These two open water systems connect early January
(Spreen et al., 2008), so that, by definition, the Marginal Ice Zone
(MIZ) is overlying AS05-10 in January (Fitch and Moore, 2007).
Water column stratification, low wind speeds and nutrient release
after sea-ice retreat trigger large phytoplankton blooms (Fitch and
Moore, 2007; Arrigo et al., 2008; Smith et al., 2012). Together with
the MIZ, the Ross Sea shelf surface waters are among the most
productive areas of the Southern Ocean, with the shelf area alone
contributing one third of the Southern Ocean total primary pro-
duction (PP) (Arrigo et al., 2008; Smith et al., 2012). Phaeocystis
antarctica, which is able to maintain high photosynthetic rates in
the deeply-mixed Ross Sea polynya (Arrigo et al.,, 1999, 2003;
Sedwick et al., 2000; Peloquin and Smith, 2007), is responsible for
the bulk of this high PP. However, when surface waters stratify due
to the melting sea ice in summer, diatoms replace P. antarctica
(Arrigo et al., 1999, 2003), taking advantage of the iron release from
the melting sea ice (Arrigo et al., 2003; De Jong et al.,, 2013;
McGillicuddy et al., 2015). Similar to today, the surface waters of
Site ASO5—10 may have experienced shifts towards diatom-
dominated PP during past interglacials.

About 90% of the total carbon and 30% of total biogenic silica
production by P. antarctica and diatom blooms is seasonally recy-
cled in the upper water column (Nelson et al., 1996). Still, organic
carbon (OC) and biogenic silica (BSi) export to the seafloor is large
in the Ross Sea, but varies strongly between years (Nelson et al.,
1996; Smith. et al., 2011) and regions (Nelson et al., 1996). OC
export in the central Ross Sea occurs mainly through aggregate and
fecal pellet formation (Asper and Smith, 1999; Smith et al., 2011).
While high sinking rates of these fecal pellets imply that most
sedimentary OC originated from the surface waters overlying Site
AS05-10, part is shown to be derived from resuspended sediments
from shallow banks (Nelson et al., 1996) through gravity flows
(Gordon et al.,, 2009). Out of all the material that reaches the Ross
Sea floor, another ~95% of OC and 80% of BSi gets remineralized
(Nelson et al., 1996) under the influence of the high-oxygen low-DSi
bottom waters (Jacobs, 1989).
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2. Material

Core AS05-10 recovered 750 cm of fine-grained sediment. The
top 40 cm is an alternation of brown and yellow clays; the rest of
the core is homogeneous greyish clay with occasional clasts
(>1 cm) (Fig. 2). The core has always been kept at —20 °C. At ISMAR-
CNR Bologna laboratory the sections of the core have been subse-
quently cut frozen in slices ca. 1 cm thick (Asioli and Langone, 2010).

Construction of the age model and terminology used.

Comparison between the whole-core magnetic susceptibility
(MS) in core AS05-10 and in the nearby core ANTA91-8 (Fig. 1 for its
location) previously published at lower resolution (Ceccaroni et al.,
1998) suggests our core contains at least MIS5 and MIS7.

We studied the section between 180 and 750 cm below sea floor
(cmbsf) at high resolution and constructed an age model for this
interval. The age model is based on two diatom datums: the last
occurrence (LO) of Rouxia leventerae (0.138 Ma; the end of MIS6;
Xiao et al., 2016) at about 388 + 20 cmbsf; and the LO of Rouxia
constricta (0.28 Ma; mid-MIS8; Zielinski and Gersonde, 2002) at
about 594 + 19 cmbsf. The position of Termination I (18—11.5 ka)
was estimated from a marked decrease in the %BSi and a sharp
increase in the MS record between 115 and 147 cmbsf (see Sup-
plementary Information).

The cyclic behavior of measured parameters in core AS05-10
have been used to improve dating by correlating these cycles to
known orbital parameters and glacial-interglacial cyclicity. In the
Southern Ocean records south of the Polar Front (PF), cycles of
biogenic barium (Bapj,) and %BSi are tightly linked, representing
glacial-interglacial changes in PP with higher values during the
interglacials (Shimmield et al., 1994; Bonn et al., 1998; Pudsey and
Howe, 1998; Hillenbrand and Fiitterer, 2001; Hillenbrand et al.,
2003, 2009; Wilson et al., 2018). Other geochemical elements
have also shown a relation with glacial-interglacial variation
related to provenance or terrigenous supply (Bertram et al., 2018;
Jimenez-Espejo et al., 2020). In several other Southern Ocean re-
cords, glacial-interglacial cyclicity has been observed in MS: high
BSi production dilutes lithogenic detritus input, which results in
anti-correlation of MS with BSi (and Baypjo) (Hillenbrand et al., 2009;
Collins et al., 2012; Xiao et al.,, 2016). In addition, some siliceous
microfossils, such as the diatom Eucampia antarctica, show cyclic
glacial-interglacial variation in relative abundance (Burckle and
Cooke, 1983; Burckle and Burak, 1988; Collins et al., 2012; Xiao
et al,, 2016).

To build an age model for core AS05-10, we have tested several
proxies for orbitally-driven cyclicity, using the diatom event da-
tums and the position of Termination I for a first-order age model
(see Suppl. Inf.). Successively, the Ti/Al record was used to tune core
AS05-10 to the 19-kyr precession by using evolutive harmonic
analysis (EHA) and evolutive spectral misfit analysis (e-ASM) of the
Astrochron program in R (Meyers and Sageman, 2007; Meyers et al.,
2012). The Ti/Al record was chosen as the cyclicities obtained from
this record matched the expected astronomical cycle lengths based
on the microfossil occurrence datums best. In addition, Al and Ti are
found mainly in aluminosilicates and heavy minerals (Calvert and
Pedersen, 2007), although both elements can be concentrated in
diatom frustules, which means that at site AS05-10 the Ti/Al is
likely influenced by the diatom export productivity in addition to a
lithogenic signal. Nevertheless, Ti and Al are poorly mobilized
during diagenesis, which means this proxy is least susceptible to
changes in post-depositional remobilization and/or bottom-water
oxygenation in comparison to for example Bap;j, and BSi. A final
age model was obtained by tuning the obliquity pacing in the Ti/Al
record to that within the deuterium-based air temperature re-
constructions (ATs) of the Vostok ice core (Petit et al., 1999). The
Vostok ice core ATs age model is based on the Antarctic Ice Core
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Fig. 2. Lithology of core AS05-10, including IRD (left). Relative air temperature change recorded in the Vostok ice core (Petit et al., 1999). The dark and light shaded areas mark the
interglacials versus the interstadials, respectively, following Past Interglacials Working Group of PAGES (2016) with nomenclature following Railsback et al. (2015). Terminations (T)
are marked in blue. Red lines mark the position of the onset of each Marine Isotope Stages (MIS) within the lithology based on the age model (Suppl. Inf.). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Chronology (AICC2012), which is based on a multi-proxy syn- (70.8°S) insolation (see Suppl. Inf.).

chronization of multiple ice cores (Bazin et al., 2013; Veres et al., Names and ages for the individual marine isotope stages and
2013). In our approach, we note that the 19-kyr precession signal glacial terminations were adopted from Railsback et al. (2015).
within the Ti/Al record follows the precession signal of local Notably, this results in the designation of MIS9a to what is also
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known as MIS8.5. The relation between our stratigraphic record,
the marine isotope stages according to Railsback et al. (2015), the
AT record from the Vostok ice core, and the glacial Terminations in
the AT record is shown in Fig. 2.

Core AS05-10 continuously covers an interval between ~350 and
70 ka and thus allows reconstructing oceanographic conditions of
each glacial and interglacial stage in that interval and comparing
the late Pleistocene interglacials. The definition of an interglacial is
based on the comparative study of interglacials of the past 800 kyr
by the Past Interglacials Working Group of PAGES (2016). In-
terglacials thus include MIS 9e, 7e, 7a-c and 5e. Following Cheng
et al. (2009), the glacial Termination prior to MIS7a-c is termed
Termination Illa. We use the terms ‘(glacial) Termination’ and
‘(onset of) Marine Isotope Stage, MIS’ as the rapid shift from a
glacial to an interglacial period marked by the steep temperature
shift recorded in the Vostok ice core. The term ‘glacial-interglacial
transition’ indicates the environmental changes related to the
transition from a cold to a warm period, not necessarily synchro-
nous to the Termination. We will describe several phases of each
glacial-interglacial transition based on the proxy data.

3. Methods and proxy interpretations
3.1. Magnetic susceptibility

The gravity core AS05-10 was frozen at —20 °C immediately
after collection and scanned onboard for the magnetic suscepti-
bility by means of a Bartington ring sensor for whole-core magnetic
susceptibility with measurements at 2-cm steps.

Magnetic susceptibility is determined by the grain size and
concentration of ferromagnetic minerals, which is determined by
the source of the terrigenous material as well as the degree of
dilution by biogenic input (Pudsey and Howe, 1998; Collins et al.,
2012). Magnetic susceptibility has been used to correlate marine
sediment cores as well as ice cores on glacial-interglacial time-
scales (Pudsey and Camerlenghi, 1998; Pudsey and Howe, 1998;
Pugh et al., 2009; Xiao et al., 2016).

3.2. X-ray fluorescence analyses

Geochemical analyses of 255 bulk sediment samples have been
performed by X-ray fluorescence (XRF) located at the Department
of Geosciences of Padova University (Italy). Dried sediment samples
(1.5 g) were ground with an agate mortar and fused with lithium
tetraborate (1:10; sample:lithium tetraborate). The obtained panes
were analyzed with a Philips PW2400 spectrometer to measure the
concentrations of the chemical elements by using several interna-
tional geologic standards. Loss on ignition (LOI) was measured after
heating samples to 980 °C. The instrumental precision is within
0.6% for the major elements and within 3% for trace elements.

Subsequently, biogenic barium (Bapj,) was calculated as the
concentration of barium exceeding the detrital contribution
observed in shales (Dymond et al, 1992). Barium is generally
considered a proxy for paleoproductivity (Bonn et al., 1998;
Ceccaroni et al., 1998; Pudsey and Howe, 1998; Hillenbrand et al.,
2003, 2009; Xiao et al., 2016). However, in some cases barium re-
cords are influenced by detrital input (Klump et al., 2000) and/or
changes in redox conditions (McManus et al., 1998). To account for
this, elemental ratios considered in this paper are V/Cr, Ni/Co, and
U/Th, which are indicative of bottom water oxygenation (Jones and
Manning, 1994), and Zr/Rb, which reflects the relative grain size
(Dypvik and Harris, 2001) of the sediments and is indicative of
increased detrital input at a lower shelf setting such as AS05-10.
Because of low uranium concentrations a cut-off value of 2 ppm
for was used for uranium to construct the U/Th record.

Quaternary Science Reviews 266 (2021) 107069
3.3. Biogenic silica

Biogenic silica was measured on 162 samples at ISMAR-CNR
Bologna, following the dissolution method of DeMaster (1981)
and the colorimetric analysis of Strickland and Parsons (1972) us-
ing a 0.5 M NaOH solution as extracting agent with an uncertainty
of about 10%. °C.

Changes in paleoproductivity in the Southern Ocean have been
determined by measuring biogenic silica (BSi) (Shimmield et al.,
1994; Ceccaroni et al., 1998; Bonn et al., 1998; Pudsey and Howe,
1998; Hillenbrand and Fiitterer, 2001; Hillenbrand et al. 2003,
2009; Xiao et al., 2016), often in combination with Bap;,. Here, BSi is
also considered a proxy for paleoproductivity.

3.4. Organic carbon, total nitrogen and 6"°N

Total organic carbon (OC) and total nitrogen (TN) contents, and
their stable isotope compositions were measured at ISMAR-CNR
Bologna on 2 different aliquotes by a Finnigan DeltaPlus XP mass
spectrometer directly coupled to a FISONS NA2000 Element
Analyzer via a Conflo III interface for continuous flow measure-
ments (Tesi et al.,, 2007). Samples for OC analysis were first decar-
bonated in silver capsules after acid treatment (HCl 1.5 M). Samples
for OC and TN contents and 3'°N were weighted in tin capsules and
directly inserted in the EA autosampler. The average standard de-
viation of each measurement, determined by replicate analyses of
the same sample, was +0.07% for OC and +0.009% for TN. The iso-
topic composition of nitrogen is presented in the conventional
d notation and reported as parts per thousand (%o). The internal
standard for °N isotopic measurements was IAEA-N-1 (ammonium
sulfate, +0.4%o vs. air). Errors for replicate analyses of the standards
were +0.2%o.

The %0C and %TN in the sediments reflect the relative abun-
dance in weight percentage of organic matter in the sediments.
High %0C and %TN could either be the result of increased primary
productivity or increased preservation.

Nitrogen fractionation by phytoplankton in the surface waters
due to preferred uptake of N over PN, makes 3'°N a proxy for
surface water nutrient utilization; utilization being the ratio be-
tween phytoplankton uptake and nutrient supply (Altabet and
Francois, 1994, 2001). The higher the 3'°N value, the higher the
nutrient utilization is. Post-depositional alteration of the §!°N value
due to early diagenesis at the sediment-water interface may,
however, result in an increase of the bulk 3°N value in the sedi-
ments, particularly at oxic pelagic sites with low accumulation rates
(Robinson et al., 2012). However, empirical data across a range of
sedimentation rates and sediment compositions at different water
depths, suggest that even in slowly accumulating regions the study
site bulk sedimentary 3'°N records will primarily reflect changes in
the 8'°N of exported nitrogen in most cases. For example, in sedi-
ments with poor organic matter preservation, such as the Medi-
terranean marls (Higgins et al., 2010), or in millions-of-years-old
sediments, such as the Cretaceous black shales (Higgins et al.,
2012), the bulk 3N values are indicative of the biogeochemical
cycling of nitrogen. Nevertheless, a bias due to the presence of
inorganic nitrogen or input of terrestrial organics can be detected in
a %0C-versus-%TN plot as a nonzero y-intercept of the linear
regression line (Robinson et al., 2012).

3.5. Archaeal lipid (GDGT) processing and analyses

A total of 39 samples covering the period between 90 and 313 ka
(243—665 cmbsf) were processed for analysis of glycerol dialkyl
glycerol tetraethers (GDGTs) to derive TEXgg-based temperatures
(Schouten et al., 2002). Sample processing involved extraction of
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freeze-dried and manual powdered sediments through accelerated
solvent extraction (ASE; with dichloromethane (DCM)/methanol
(MeOH) mixture, 9:1 v/v, at 100 °C and 7.6 x 10° Pa). The polar
GDGTs were separated from non-polar molecules through Al,03
column chromatography using hexane/DCM (9:1, v/v), hexane/
DCM (1:1, v/v) and DCM/MeOH (1:1, v/v) for separating apolar,
ketone and polar fractions, respectively. The polar fractions were
dried under N, dissolved in hexane/isopropanol (99:1, v/v) and
filtered through a 0.45 um 4 mm diameter polytetrafluorethylene
filter. After that, the dissolved polar fractions were injected and
analyzed by ultra-high performance liquid chromatography/mass
spectrometry (UHPLC/MS) at Utrecht University according to the
method described by Hopmans et al. (2016). GDGT chromatogram
peaks were integrated using Chemstation software. All samples
containing low concentrations of GDGT-3 (below 3*10° mV) were
not used for TEXgg-based temperature reconstructions and
Branched and Isoprenoid Tetraether (BIT) index calculations
(Hopmans et al., 2004).

For the TEXgg-based subsurface sea water temperature recon-
struction we used the BAYSPAR calibration of Tierney and Tingley
(2014), which gives a depth-integrated temperature estimate for
the top 200 m of the surface water column based on surface sedi-
ment samples with a 90% confidence interval based on a linear
regression with a slope and intercept specific for the region (a
20 ° x 20 ° grid box) of our study. We have chosen this calibration
as Thaumarchaeota are virtually absent in the upper 0—45 m
(Kalanetra et al., 2009), and reconstructed temperatures thus likely
reflect a subsurface signal (Kim et al., 2012). Based on Tierney and
Tingley (2015), the expected slope and intercept of the TEXgg-
subT calibration curve for our study area are 0.012 and 0.37
respectively, with a standard error (15) of 7.2 °C. The standard error
depends on the number of core tops used in the calibration. The
number of available surface sediment samples used in the cali-
bration at high southern latitude is low, which gives a high stan-
dard error. Despite this, reconstructed trends are reliable, as
globally there is little variation in slope (values between 0.005 and
0.016) and intercept (values between 0.3 and 0.4) (Tierney and
Tingley, 2015).

The (expected) normal pelagic marine distribution of iso-
prenoideal GDGTs (iGDGTs) in the sediments, and therefore TEXgg
values, can be affected by the iGDGT input of methanogenic or
methanotrophic archaea (Koga et al, 1998), or other non-
temperature related biases, such as archaeal growth phase (Elling
et al., 2014), oxygen concentrations (Qin et al, 2015), and
ammonia oxidation rates (Hurley et al., 2016). To search for possible
biases, several indices have been developed, which we applied to
our samples. These include the methane index (MI) (Zhang et al.,
2011), the GDGT-0/crenarchaeol ratio (Blaga et al, 2009;
Sinninghe Damsté et al., 2009), the GDGT-2/crenarchaeol ratio
(Weijers et al., 2011) and the Ring Index (JARI|) (Zhang et al., 2016)
(Suppl. Table S1).

In addition, we explore other proxies related to in situ produc-
tion of branched GDGTs (brGDGTs). While initially considered
purely soil-derived (Hopmans et al., 2004; Dearing Crampton-Flood
et al., 2019), it was subsequently shown that brGDGTs are also
produced within marine sediments (Peterse et al., 2009) and the
water column (Zell et al., 2014). The relative abundance of brGDGTs
versus iGDGTs is known as the BIT index, which is defined as
(brGDGT-I + brGDGT-II + brGDGT-III)/(brGDGT-I + brGDGT-
I + brGDGT-III + Crenarchaeol) (Hopmans et al., 2004). Other
proxies based on brGDGTs, such as the degree of cyclization, have
been suggested as indicators of in-situ sedimentary GDGT pro-
duction versus soil-derived input of brGDGTs (Weijers et al., 2014;
Sinninghe Damsté, 2016). The degree of cyclization within tetra-
methylated brGDGTs is called #ringStetra, is defined as ([brGDGT-
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Ib]+2*[brGDGT-Ic])/([brGDGT-Ia]+|brGDGT-Ib]+[brGDGT-Ic])
(Sinninghe Damsté, 2016) and is particularly varying as a function
of in situ production.

3.6. Palynology

A total of 49 samples taken between 71 and 313 ka (195 and 665
cmbsf) were prepared for examination of palynomorphs by using
established palynological processing methods. Samples were
freeze-dried and a known amount of Lycopodium clavatum spores
was added to c.a. 10 g of material. Samples were treated with 30%
HCl to remove the carbonates and with 38% cold HF to remove
silicates. After each acid treatment, samples were washed with
water, left standing for 24 h to let the material settle, and subse-
quently decanted. The HF treatment included 2 h of shaking at
~250 rpm and adding of 30% HCI to remove fluoride gels. The res-
idue was then sieved through a 10-um mesh sieve and subse-
quently placed in an ultrasonic bath to break up clumps of organic
matter and removal of heavy minerals. The remaining material was
concentrated in ~1 ml of glycerin water used to make microscope
slides. At least 200 dinoflagellate cysts were counted for each
sample, if possible.

Dinoflagellate cysts can be used for reconstructing the presence
of sea-ice (de Vernal and Hillaire-Marcel, 2000; Esper and
Zonneveld, 2007; Bonnet et al., 2010; De Vernal et al., 2013) and
primary productivity (Radi and de Vernal, 2008; Prebble et al.,
2013). Moreover, based on the link between dinoflagellate cyst
assemblages and the Antarctic and Polar Front Zones (Marret and
De Vernal, 1997; Marret et al., 2001; Esper and Zonneveld, 2002;
Prebble et al., 2013), dinoflagellate cysts have been used as an in-
dicator of glacial-interglacial shifts of the Polar Front (Howe et al.,
2002; Esper and Zonneveld, 2007). Dinoflagellate cysts are here
grouped in gonyaulacoid and protoperidinioid. It has been shown
by infrared analysis that the cyst wall chemistry of phototrophic
usually transparent gonyaulacoid dinoflagellates is distinctly
different from that of the brown, heterotrophic protoperidinioids,
and probably determined by the different feeding strategy of the
dinoflagellates that produced the cyst (Ellegaard et al., 2013).
Abundances of gonyaulacoid dinoflagellate cysts are typically less
than 20% in surface sediments south of the PF and mostly repre-
sented by Impagidinium pallidum (Marret and De Vernal, 1997;
Esper and Zonneveld, 2007; Prebble et al., 2013; Marret et al., 2019).
High abundances of I. pallidum are associated with seasonal sea-ice
in both the Arctic and Antarctic (Marret and De Vernal, 1997; De
Vernal et al, 2001; Kunz-Pirrung et al, 2001; Esper and
Zonneveld, 2007; Bonnet et al.,, 2010; Pieritkowski et al., 2013;
Zonneveld et al., 2013; Marret et al., 2019). Around Antarctica it is
most dominant in nutrient-rich waters south of the PF and the
seasonal sea-ice zone (SSIZ) upon seasonal melting of sea ice
(Marret and De Vernal, 1997; Marret et al., 2001; Esper and
Zonneveld, 2007).

Protoperidinoid cysts are dominant in present-day Subantarctic
and Antarctic surface sediments where sea ice coverage and pro-
ductivity are high (Marret and De Vernal, 1997; Esper and
Zonneveld, 2002; Pienkowski et al.,, 2013; Prebble et al., 2013;
Zonneveld et al., 2013). Protoperidinioid cysts are more sensitive
than gonyaulacoid cysts to degradation in oxic environments
(Versteegh and Zonneveld, 2002; Zonneveld et al.,, 2010). High
abundances of protoperidinioid cysts in an assemblage could be
representative of a high primary productivity environment as well
as decreased bottom water oxygenation, which enhances their
preservation. A way to at least partially circumvent this bias is the
use of the concentration of protoperidinioid cysts (cysts/gram
sediment) and/or of total dinocysts as proxy for primary produc-
tivity (Reichart and Brinkhuis, 2003).
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Other palynomorphs considered here include the gymnodinioid
dinoflagellate cyst Gymnodinium spp., the prasinophycean alga
Cymatiosphaera spp. and the acritarch Leiosphaeridia spp. Cyma-
tiosphaera spp. is considered to be the phycoma of the chlorophyte
Pterosperma (Mudie et al., 2010; Hartman et al., 2018a). Gymnodi-
nium spp., Cymatiosphaera spp. and Leiosphaeridia spp. have all
been associated with surface water stratification due to fresh(melt)
water (Mudie, 1992; Hannah, 2006; Warny et al.,, 2006, 2016;
Ribeiro et al., 2016; Hartman et al., 2018a).

3.7. Benthic foraminifers

The 103 samples between 180 and 578 cmbsf were treated in the
laboratory for the analysis of foraminiferal assemblages and IRD.
The samples were washed with a 0.063-mm mesh sieve, and
thoroughly examined while they were wet with Leica M165C (11.7-
192 x) reflective optical stereomicroscope. The distribution of for-
aminifers is expressed in terms of absolute abundances (number of
individuals/10 cc).

Benthic foraminifera are indicative of export productivity from
the surface waters to the sea floor (Jorissen et al, 1995,
2007]Jorissen et al., 1995, 2007; Thomas and Gooday, 1996). Here,
two species of benthic foraminifer are considered: Martinottiella
nodulosa and Eggerella bradyi. These species have been reported at
nearby surface sediment sample sites and core sites (Asioli, 1995;
Barbieri et al., 1999). The occurrence of M. nodulosa seems to be
linked to the availability of well-sorted quartz grains that it needs
for constructing its test (Lindenberg and Auras, 1984). M. nodulosa
is likely an infaunal species as its close relative, Martinottiella
communis, has been shown to live at 1-3 cm sediment depth
(Sabbatini et al., 2004). E. bradyi appears to be epifaunal with oc-
currences of living specimens in the 0—0.5 cm depth range (Asioli,
1995; Asioli and Langone, 2010).

3.8. Ice rafted debris (IRD)

The fraction larger than 0.500 mm in the 120 samples washed
for foraminifera were dried and examined for IRD content with the
same microscope used for the foraminifer study. Three fractions
were chosen (>2 mm, 1-2 mm, and 0.5—1 mm), counting only the
lithic clasts and excluding all remains of organisms. The content of
the three fractions is expressed as a concentration (number of
clasts/10 cc).

IRD is indicative of icebergs reaching the depositional site and
thus can be expected at ice-proximal sites. In the North Atlantic,
high concentrations have been associated with glacial collapse as
well as ice sheet growth (Heinrich, 1988; Cofaigh, 2012). Around
Antarctica, however, a relation between glacial collapse and IRD is
not as evident as in the northern hemisphere (Cofaigh, 2012) and in
some records lags glacial Terminations (Grobe and Mackensen,
1992). Notably, increased IRD concentrations can simply be the
result of decreased sedimentation rates and winnowing (Cofaigh
et al,, 2001). However, in the absence of high-energy bottom cur-
rents, increased IRD concentrations deposited in hemipelagic muds
with biogenic material have been related to both periods of ice
sheet advance and periods of intense calving and ice-shelf break-up
around the Antarctic Peninsula (Pudsey and Camerlenghi, 1998;
Lucchi et al,, 2002; Minzoni et al., 2015). Furthermore, IRD layers
have been associated with rapid ice-shelf break-up of the George VI
ice shelf and associated iceberg release during the Holocene
(Bentley et al., 2005).

3.9. Diatoms

Diatoms were processed according to the standard method, as
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described by Bernardez et al. (2008) and Rigual-Herndndez et al.
(2017). A fixed amount of 0.5 g of sediment was placed in 600 ml
beakers and treated with HCl and H;0, in order to remove car-
bonate and organic matter. Bi-distilled water was added and left to
settle over a night. The excess of liquid was removed with a vacuum
pump. This process was repeated several times, until a neutral pH
was achieved. For each sample, total volume and suspension vol-
ume used to mount the slides were known. For slide preparation,
suspension was strewn evenly onto cleaned 18 x 18 mm cover slips
placed in a Petri dish, after stirring the solution for homogenization.
Slides were mounted with a toluene based synthetic resin
mounting medium (Permount™, Fisher Scientific).

A total of 193 samples was analyzed at Salamanca University
using a Leica DMLB microscope with phase contrast illumination
at x1000 magnification for counting diatoms. Samples have been
taken about every 5 cm, except for the interval between 428 and
472 cmbsf (168—197 ka), where sample spacing is about 10 cm,
followed by a gap between 472 and 518 cmbsf (197—225 ka). The
counts were performed following the method of Schrader and
Gersonde (1978). A minimum of 400 valves was counted for each
sample, where possible. For samples with a high amount of Chae-
toceros resting spores (RS) at least 100 valves of non-dominant taxa
were counted (Schrader and Gersonde, 1978). The state of preser-
vation of the fossil association was estimated by visual
examination.

Diatom relative abundances are used to reconstruct sea-ice and
temperatures in Southern Ocean sedimentary records (e.g., Bircena
et al,, 1998, 2002; Crosta et al., 2008; Denis et al., 2010; Esper and
Gersonde, 2014). To be able to reconstruct sea-ice dynamics in
this study, species with the same cryophylic and open-ocean
ecological requirements were grouped: the seasonal sea-ice
group and open-ocean group, respectively. Other species that are
considered here are Eucampia antarctica, Chaetoceros resting spores
(RS), Fragilariopsis rhombica and Fragilariopsis kerguelensis.

E. antarctica is a proxy for sea-ice cover, as it forms long chains of
diatom valves during winter or in areas with extensive sea-ice
cover (Kaczmarska et al., 1993). In the Atlantic sector of the
Southern Ocean, percentages in surface sediment samples south of
the SSE lie between 5 and 12.5% (Esper et al., 2010). Although
increased abundances of E. antarctica have been associated with
surface water temperatures up to 5.5 °C within the Polar Frontal
and Subantarctic Frontal Zones (Zielinski and Gersonde, 1997;
Esper et al., 2010), this is likely because no distinction was made
between E. antarctica var. antarctica and E. antarctica var. recta, the
former being associated with the SSIZ (Fryxell and Prasad, 1990;
Esper et al., 2010). As of yet, a sediment distribution pattern for the
two varieties for the Southern Ocean has to be documented
(Armand et al., 2005, 2008). However, based on a study of the
Amundsen and Weddell Seas the distribution of the two varieties
offer a promising potential as quantitative proxy for austral sum-
mer SSTs (Allen, 2014). This study shows that core tops with high
relative abundances of E. antarctica, as well as relatively high
amounts of symmetrical and terminal valves, typical for the short
colonies of E. antarctica var. recta, are associated with SSTs below
0.5 °C and 10—12 months sea-ice cover (Allen, 2014).

In today's surface sediments Chaetoceros valves and RS show a
bimodal distribution, because Chaetoceros species do not all have
the same environmental preferences (Esper et al., 2010). Although
certain species of Chaetoceros prefer near shore sea-ice environ-
ments (Garibotti et al., 2005), fossil Pleistocene Chaetoceros RS
cannot easily be distinguished at species level (Gersonde and
Zielinski, 2000; Esper et al., 2010), making them unsuitable as a
proxy for sea ice. Generally, however, high percentages of Chaeto-
ceros RS are associated with stratification of the surface waters,
either through glacial runoff and sea-ice melting close to the
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Antarctic margin or through iceberg melting in the open ocean
(Crosta et al., 1997). Chaetoceros subgenus Hyalochaete is known to
overwinter in sea ice and may be able to seed the water column
once the sea ice melts, leading to early-season blooms until nutri-
ents are depleted (Alley et al., 2018). The formation of Chaetoceros
RS is typically associated with nutrient depletion after phyto-
plankton blooms (Leventer et al., 1996). The highly silicified RS are
highly resistant to water column and surface sediment dissolution
(Crosta et al,, 1997) and sink rapidly down the water column,
thereby avoiding grazing (Rembauville et al., 2015). This makes
them important contributors to carbon export to the ocean floor
(Rembauville et al., 2016).

The seasonal sea-ice group is composed of Fragilariopsis curta,
F.  cylindriformis, FE cylindrus, E obliquecostata, F ritscheii,
F. sublinearis, and F. vanheurkii, which are all commonly found in the
sea ice and highest in abundance (more than 20%) in surface sed-
iments close to the summer sea-ice edge (SSE) with 9—11 months/
yr sea-ice cover (e.g., Gersonde and Zielinski, 2000; Armand et al.,
2005; Esper et al., 2010). The diatom species within the seasonal
sea-ice group, such as E curta and F. cylindrus, bloom during late
summer and dominate the surface waters south of the PF and are
particularly associated with the MIZ (Gersonde and Zielinski, 2000;
Grigorov et al., 2014; Malinverno et al., 2016). It has been suggested
that in an upper water column that is stabilized by the overlying
meltwater lens from melting sea ice, F. curta and other seasonal sea-
ice diatoms have an advantage over other diatoms due to a com-
bination of their small size and low settling rates, while other
species require mixing to stay in suspension (Leventer, 1998).
However, because these seasonal sea-ice diatoms are very sus-
ceptible to dissolution (Grigorov et al., 2014), abundances are
relatively low in the surface sediments underlying the high-
productivity surface waters. Generally, their abundances increase
towards Antarctica, which makes them good indicators of high
annual sea-ice cover (Zielinski and Gersonde, 1997; Barcena et al.,
1998, 2002; Barcena et al., 1998, 2002; Gersonde and Zielinski,
2000; Armand et al.,, 2005), also within fossil diatom records
(Leventer et al., 1996; Leventer, 1998; Gersonde and Zielinski, 2000;
Gersonde et al., 2003; Crosta et al., 2007, 2008; Riesselman and
Dunbar, 2013). In particular, relative abundances of 3% E curta
and F cylindrus have been used to trace the WSE in various
Southern Ocean sediment cores (Gersonde and Zielinski, 2000;
Bianchi and Gersonde, 2002).

F. rhombica is considered separately from the other seasonal sea-
ice diatoms. Although generally very low in abundance in modern
surface sediments, this species shows relatively highest abun-
dances within the SSIZ, preferring slightly warmer summer SSTs in
comparison to E curta (Armand et al., 2005; Esper et al., 2010). An
increased abundance of E. rhombica with respect to E curta has been
interpreted as a reduced competitiveness of E curta due to slightly
warmer temperatures and/or a reduction of sea ice during spring/
summer (Denis et al., 2006; Crosta et al., 2007, 2008).

In Southern Ocean surface sediments, F. kerguelensis can be
found in highest abundances north of the SSE (Crosta et al., 2005a).
Surface-sediment abundances of F. kerguelensis increase sharply
when summer SSTs reach values above 1 °C (Crosta et al., 2005a,
2007). Instead, surface-sediment abundances of E curta decrease
sharply when summer SSTs reach values above 1 °C (Armand et al.,
2005), which is the reason that shifts between FE curta and
F. kerguelensis have been interpreted as SST change (Crosta et al.,
2007). Furthermore, high (>20%) surface-sediment abundances of
F. kerguelensis are associated with <9 months of annual sea-ice
cover, while highest abundances of E curta (20—30% in the Ross
Sea sector of the Southern Ocean) are found between 9 and 11
months of sea ice (Armand et al., 2005; Crosta et al., 2005a). The
shift in dominance between these two species therefore seems to
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mark the position of the SSE (Esper et al., 2010; Esper and Gersonde,
2014).

The open-ocean group is composed of Thalassiosira eccentrica,
Shionodiscus gracilis (=Thalassiosira gracilis), T. lentiginosa, Shiono-
discus oestrupii, T. oliverana, and T. tumida, as the genus Thalassiosira
is typically associated with open water conditions (generally less
than 4 months sea ice per year) during the growing season
(Johansen and Fryxell, 1985; Crosta et al., 2005a; Campagne et al.,
2016). However, differences between species within this group
are important for our study. Highest relative abundances (>8%) of
S. gracilis are particularly found in surface sediments underlying the
SSIZ where it prefers much higher sea-ice conditions, while highest
relative abundances (>12%) of T. lentiginosa (and highest relative
abundances of other Thalassiosira species) are found north of the
WSE (Esper et al., 2010). Notably, Thalassiosira species in general
show increased relative abundances within the sediments when
summer SSTs lie above ~1 °C, with the exception of S. gracilis which
is associated with summer SSTs lying between —1 °C and 1 °C
(Crosta et al., 2005a; Esper et al., 2010).

4. Results
4.1. Magnetic susceptibility

Pronounced magnetic susceptibility (MS) minima correspond to
pronounced biogenic silica (BSi) maxima, which precede each
interglacial stage (Suppl. Fig. S1). This anti-correlation between MS
and BSi records is in line with expectations, as increased biogenic
input dilutes the terrigenous magnetic component of the sediment
(Pudsey and Howe, 1998; Collins et al., 2012; Xiao et al., 2016). High
maximum values of MS are recorded at 722 cmbsf, 455 cmbsf and
291 cmbsf (Suppl. Fig. S1). The MS record is mainly used for age
model reconstruction (see Suppl. Inf.) and will not be further dis-
cussed here.

4.2. Ice-rafted debris

Ice-Rafted Debris (IRD) is present throughout the core (Fig. 2).
High abundances of IRD (up to 135 clasts/10 cc) occur at 225, 383,
404, 499, 519, 584 and 743 cmbsf (~83, 140, 152, 213, 226, 265, and
360 ka, respectively). Peaks in the largest relative grain size (more
than 5% of the IRD is larger than 2 mm) are located at 193, 233, 278,
395, 546 and 654 cmbsf (~70, 86, 103, 147, 242, and 307 Kka,
respectively). In general, the amount of IRD per 10 cc of sediment is
higher during the glacial periods.

4.3. XRF: biogenic barium (Bap;,) and elemental ratios

Bayp, concentrations were never below 230 ppm. Bap;, shows no
significant correlation with elemental ratios most sensitive to
detrital input (Zr/Rb) or redox conditions (V/Cr, Ni/Co, U/Th)
(Suppl. Fig. S13). Therefore, this proxy is a reliable indicator of
biogenic production. The elemental ratios for bottom water
oxygenation V/Cr, Ni/Co and U/Th are generally within the oxic field
defined by Jones and Manning (1994) (respectively below 2.0, 5.0
and 0.75, Suppl. Fig S13)). However, the V/Cr and U/Th values oc-
casionally cross the oxic-dysoxic threshold, suggesting dysoxic
bottom-water conditions around 96, 112, 138, 244 and 337 ka
(Fig. 3). Ni/Co never shows values above the oxic-dysoxic threshold
as defined by ones and Manning (1994) (Suppl. Fig. S13). Within
these intervals where V/Cr and U/Th ratios suggest dysoxic bottom-
waters, Bapj, might be reduced due to post-depositional remobili-
zation (McManus et al., 1998).

The reliability of Bapj, as a proxy for paleoproductivity is
confirmed by the resemblance of the Bap;, record to the BSi record,
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especially in the lower part of the core (Fig. 3). The tight link be-
tween Bapj, and BSi has been used for reconstructing paleo-
productivity at other Southern Ocean sites, with increased Bapj, and
BSi values during interglacials south of the PF (Bonn et al., 1998;
Pudsey and Howe, 1998; Hillenbrand and Fiitterer, 2001;
Hillenbrand et al., 2003, 2009). Interestingly, our record shows that
the timing of each Bapj, peak lags that of the BSi around the onset of
each interglacial (MIS 9e, 7e, 7a-c and 5e, Fig. 3). The largest lag can
be observed around the onset of MIS5e.

4.4. Biogenic silica

Biogenic silica (BSi) weight percentages vary between 4% and
23%. Maxima are recorded during Terminations (Fig. 3). Highest
values are recorded during T-III (~248 ka) and T-II (~137 ka), but
also during MIS5c (~90—100 ka) and MiS5a (~81 ka).

4.5. Organic carbon and nitrogen content and isotopes

Trends in weight percent organic carbon (%0C) and total nitro-
gen (%TN) are very comparable and show highest percentages at
the onset of each interglacial stage. Peak values in both %0C and %
TN coincide with maxima in BSi and/or Bap;, (Fig. 3).

3N values range between 3.4 and 6.8%.. Minima in 8N
generally coincide with the onset of each major interglacial stage
(MIS9e, MIS7e, MIS7a-c, MIS5e). Apart from those, three additional
minima can be recognized at the onsets of MIS9c (~310 ka), MIS5c

(~110 ka), and MIS5a (~90 ka), respectively.

The intercept with the y-axis of the linear regression line of the
%0C versus %TN plot lies at 0.013 %TN (Suppl. Fig. S14), indicating
no significant influence on the 3 >N value due to the presence of
inorganic nitrogen or due to terrestrial input.

Branched versus isoprenoid GDGTs and TEXgg-based subsurface
temperatures.

Maximum iGDGT concentrations around 140 ka (between 375
and 380 cmbsf) co-occur with maximum %OC values (Fig. 3;
Fig. 4B). As abundances of branched GDGTs (brGDGTs) are relatively
constant throughout the record, iGDGT concentrations determine
the BIT index. The BIT shows a strong minimum of around 140 Kka,
otherwise being generally above 0.3 (Fig. 4B). The ternary diagram
(Fig. 4A) shows that brGDGT compositions are very similar to those
found on the Svalbard shelf (De Jonge et al., 2014; Sinninghe
Damsté, 2016; Naafs et al., 2017; Dearing Crampton-Flood et al.,
2019). In addition, the relative abundance of 6-methyl hexame-
thylated brGDGTs is high (between 56% and 94% of the total hex-
amethylated brGDGTs), which has been suggested to represent an
adaptation to environments with a higher pH (i.e. sea water) (De
Jonge et al., 2014), although such high relative abundances of 6-
methyl brGDGTs are not commonly observed in a marine setting
(values generally below 70%) (Sinninghe Damsté, 2016).

The composition of brGDGTs suggests that all brGDGTs are
produced either in situ or have been transported from the Ross Sea
shelf and are not derived from Antarctic soils. This was not unex-
pected, as soil production in glacial settings is low (Peterse et al.,
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2009). Nevertheless, our record shows #ringstetra values increasing
and decreasing during interglacial and glacial periods, respectively
(Fig. 4).

Only 12 of 38 samples selected contained sufficient iGDGTs to
calculate a reliable TEXgg value. Most of these samples lie between
170 and 130 ka. The iGDGT data shows no indications of input from
methanogenic or methanotrophic archaea (GDGT-0/Cren < 2
following Blaga et al. (2009), GDGT-2/Cren < 0.4 following Weijers
et al. (2011), and MI < 0.5 following Zhang et al. (2011)) or other
non-temperature related biases (|ARI| < 0.6 following (Zhang et al.,
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2016)) (see Suppl. Table S1). Because all brGDGTs are produced in
situ, no samples have been discarded, because of high BIT values.
TEXge values range between 0.34 and 0.44. When converted to
subsurface temperatures using the BAYSPAR calibration, tempera-
tures vary between —2.4 °C and 2.7 °C with a 90%-confidence in-
terval of +5.8 °C (Fig. 4). Notably, our temperature reconstruction
shows a minimum prior to Termination II and an increase towards
the onset of MIS5e. Considering the much higher concentrations of
iGDGTs in this interval compared to the rest of the record, these
reconstructed temperatures are most reliable and most likely
reflect subsurface warming at the onset of MIS5e.

4.6. Palynology

Only trace amounts of palynomorphs have been found: 34 out of
49 samples contain less than a 1000 palynomorphs per gram
sediment. Four samples were completely barren. The in situ pro-
toperidinioid dinoflagellate cysts in our samples include Cry-
odinium meridianum, Nucicla umbiliphora (Hartman et al., 2018b),
Selenopemphix antarctica and Selenopemphix sp. 1 sensu Esper and
Zonneveld (2007). In situ gonyaulacoids include Impagidinium
aculeatum, I pallidum and I variaseptum. Generally, increased
amounts of in situ palynomorphs co-occur with increased %0C (see
Fig. 5). Notably, there is one prominent peak of dinoflagellate cyst
(dinocyst) abundance between 143 and 134 ka (preceding the onset
of MIS5e), coinciding with maximum %OC. Between 141 and 137 ka
this peak is dominated by protoperidinioid (heterotrophic) dino-
cyst species: mainly Selenopemphix antarctica and Cryodinium
meridianum. Apart from these protoperidinioids, also increased
gonyaulacoid (mainly Impagidinium pallidum) and gymnodinioid
(Gymnodinium spp.) dinoflagellate cysts are found in this interval,
however in much lower absolute abundances (Figs. 5 and 7). Peak
abundances of I. pallidum are also present downcore, in particular
around 255 ka. Abundances of protoperidinioid dinocysts remain
below 100 specimens/gram outside the 143—134 ka interval. In-
tervals with high abundances of the autotrophic species I. pallidum
also show increased absolute abundances of Leiosphaeridia spp. and
the prasinophyte Cymatiosphaera spp. (Fig. 5). Furthermore, several
intervals with increased abundances of reworked Paleogene dino-
flagellate cysts occur (Vozzhenikova apertura and Spinidinium mac-
murdoense (Bijl et al.,, 2013)), as well as Paleogene pollen and
spores. Generally, these high abundances of reworked material
precede the peaks of I pallidum, Cymatiosphaera spp. and Leios-
phaeridia spp.

4.7. Benthic foraminifers

Low numbers of agglutinated foraminifer species have been
found in parts of the record associated with interglacial deposition.
Most dominant species are E. bradyi and M. nodulosa. E. bradyi
shows highest values during MIS5e. M. nodulosa is most abundant
in the interval before MIS5e (Termination II). In comparison to
E. bradyi, M. nodulosa is also more abundant during MIS7 (Fig. 5).

4.8. Diatoms

Absolute diatom valve counts show peak values at 137 and 245
ka, coeval with highest percentages of biogenic silica during
Termination Il and II (Fig. 6). Just prior to Termination Illa diatom
counts also peak, but there is no diatom data available for the
period that encompasses Termination Illa and interglacial 7a-c.
Instead, diatom counts during Termination IV are relatively low,
while BSi percentages are relatively high. Diatom valve counts only
reach higher abundances during MIS9c and MIS9a. Diatom as-
semblages are dominated by alternating Eucampia antarctica and
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Chaetoceros resting spores (RS) (Fig. 6).

In core AS05-10 the highest abundances of E. antarctica are
typically associated with the glacials, when also diatom abundance
is low. Of the two varieties of E. antarctica only E. antarctica var.
recta were found and no specimens of E. antarctica var. antarctica.

E. antarctica in our paper thus refers to var. recta. %E. antarctica
during MIS8 are lower than during MIS6, and the onset and
termination of glacial MIS8 are also less pronounced in comparison
to MIS6. Following the high %E. antarctica during the glacials, each
glacial-interglacial transition is characterized by a clear sequence of
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increased relative abundances of individual diatom species (Fig. 6):
reduction of %E. antarctica, an increase in %Chaetoceros RS, increase
of %seasonal sea-ice diatom group, and finally increased %Fragi-
lariopsis kerguelensis and %Thalassiosira lentiginosa. In general, this
sequence of diatom species abundances is reversed when tran-
sitioning from an interglacial to a glacial state.

%Chaetoceros RS are always higher than 10%, but generally
highest during and preceding maxima of diatom valve counts
(Fig. 6). These peak values precede each glacial-interglacial transi-
tion, where declining %E. antarctica are replaced by a dominance of
Chaetoceros RS, rising above 40%. After or coincident with the in-
crease in %Chaetoceros RS preceding each interglacial, the seasonal
sea-ice diatom group reaches values of 20% or higher (Fig. 6). Still
Chaetoceros RS make up the largest part of the diatom assemblage.
Notably, maxima in the seasonal sea-ice diatom group are coeval
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with maxima in the absolute diatom abundance and its overall
trend is dominated by the changes in %Fragilariopsis curta, espe-
cially during T-II and T-IIL

Following peak %F. curta, the %Fragilariopsis kerguelensis (>10%)
rises to a maximum together with or followed by the open-ocean
group (>15%) during each interglacial. Although the open-ocean
diatom group follows the distribution pattern of E kerguelensis
during MIS5e, they peak after E kerguelensis during MIS9e and
MiS7e. This group mainly consists of Thalassiosira lentiginosa.
Notably, there are also increased % Shionodiscus gracilis during
MIS5e, while it is generally very low in abundance in the rest of the
record.

The glacial inception following each interglacial is characterized
by increased %Fragilariopsis rhombica. Particularly high abundances
occur during MIS5d and MIS5c. Minor peak abundances occur
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during the glacial stages.

5. Discussion

5.1. Glacial-interglacial sea-ice variability and primary productivity

5.1.1. Glacial phases

The low diatom valve abundances in combination with high
relative abundance of Eucampia antarctica during glacial periods at
site AS05-10 (Figs. 6 and 7), especially MIS6, is consistent with
other Southern Ocean records (Kaczmarska et al., 1993; Xiao et al.,
2016). E. antarctica percentages in our record exceed those found in
surface sediment samples south of the winter sea ice edge (WSE)
within the seasonal sea-ice zone (SSIZ) (2%) (Zielinski and
Gersonde, 1997; Esper et al., 2010), and even those found in sur-
face sediment samples at or south of the summer sea-ice edge (SSE)
(5%) (Esper et al., 2010). The high abundances of E. antarctica
characterize what we define as the glacial phase in core AS05-10
(see Fig. 7) and suggest that the site was nearly permanently
covered by sea ice during this phase. In support of this are the
relatively high and/or increasing 3'°N values during the glacial
phases of MIS6 and MIS8 (and the onset of MIS4) that coincide with
relatively low Baypj, values and BSi percentages (Fig. 7). This sug-
gests high nutrient utilization during periods of low export pro-
ductivity, indicating the 8°N record reflects decreased nutrient
supply, during glacial periods. A similar relation between 3"°N and
glacial-interglacials was recorded in other locations south of the PF
and is interpreted as reduced vertical deep-water nutrient supply
resulting from (surface-water) stratification (Francois et al., 1997;
Studer et al., 2015). A reduced nutrient availability is also supported
by the low amounts of diatom valves/gr deposited during the glacial
stages.

The presence of Chaetoceros RS during glacial phases (Fig. 7)
suggests that despite the presence of sea ice, diatoms occasionally
bloomed in — likely stratified — rare open water conditions. Because
Chaetoceros RS is characterized by high growth rates and high
preservation potential (Crosta et al., 1997; Rembauville et al., 2015),
occasional intense blooms would still allow the preservation of RS
within the sediments resulting in Chaetoceros being the most
abundant species after E. antarctica during the glacials. The rela-
tively low Bayj, values and BSi percentages are in accordance with
rare open-water conditions that allow for primary productivity.
Considering that Antarctic ice sheet reconstructions during the Last
Glacial Maximum (LGM) suggest that the ice shelf edge was close to
site AS05-10 (Denton and Hughes, 2002), such rare open-water
conditions could be early-spring, ice-free areas that formed
through spring warming and advection of sea ice from the ice shelf
edge by katabatic winds or possibly polynya formation, which
would allow for occasional diatom blooms of especially E. antarctica
and Chaetoceros. Support for polynya formation near AS05-10
comes from a nearby sedimentary record of the LGM where the
presence of the planktonic foraminifer Neogloboquadrina pachy-
derma has been interpreted as related to a polynya-driven envi-
ronment (Bonaccorsi et al., 2007; Smith et al., 2010). Polynyas at the
shelf edge may in general have been more frequent during glacial
phases than today, due to the proximity of upwelling intermediate
waters at the Antarctic slope and strong katabatic winds that are
funneled along depressions in the nearby paleo-ice sheet surface
(Smith et al., 2010). However, the data do not indicate a permanent
and/or efficient polynya present over AS05-10, because the relative
abundance of Chaetoceros RS and high §'°N values do not support
upwelling of deeper waters at AS05-10 during the glacials (Denis
et al, 2009). Moreover, a diatom assemblage of an efficient
latent-heat polynya would contain higher abundances of E curta
(Mezgec et al., 2017). We therefore interpret the E. antarctica/
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Chaetoceros RS dominated diatom assemblages as evidence for
occasional wind-driven open-water conditions at the shelf edge in
early spring (Fig. 8). The presence of generally high concentrations
of IRD during the glacial phases (Fig. 7) supports a nearby ice shelf,
although such high concentration could also be the result of the
lower sediment accumulation rates during the glacials (Cofaigh
et al,, 2001).

The reconstructed low productivity during the glacial phases
(MIS6 and MIS8 in Fig. 3) seems to disagree with the relatively high
%0C and %TN found during the periods of glacial inception (MIS7a-
b and MIS9a-d in Fig. 3). This could be the result of a closed sum

GLACIAL

katabatic willd\sS)
9

SSE
Ssiz

PHASE 1

SSE
ssiz

{

PHASE 2

PHASE 3

SSE WSE

ssiz

INTERGLACIAL

),
\w—@ SSE WSE

Ssiz

ice-free in summer

sparse ice-free area

permanent sea ice ice-free in spring and summer

O export productivity of highly silicified diatoms export productivity of other phytoplankton @ IRD & reworked sp.

iceberg fresh-brackish surface layer D late-summer mixing

Fig. 8. An illustration the environmental conditions over site AS05-10 for the different
phases of the glacial-interglacial transition described in the text based on the com-
bined proxy records (see Fig. 7).
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effect resulting from the decreased influx of biogenic and terrige-
nous siliciclastics during glacials. Alternatively, the transport of OC
and TN to the seafloor might be enhanced during the glacial phase
with respect to the period of glacial inception due to the short
intense blooms and the effective transport of the heavy silicified
diatom species E. antarctica and Chaetoceros RS, that dominate the
glacial assemblages. Chaetoceros and E. antarctica RS have been
shown to contribute substantially to the organic matter flux to the
sea floor at other Southern Ocean sites (Salter et al., 2012;
Rembauville et al., 2015, 2016). The relatively high OC and TN could
also be originating from an increase of organic matter derived from
reworked (non-marine) sediments from times when Antarctica was
vegetated. Indeed, part of the reworked palynomorph assemblage
consists of reworked pollen and spores, which represent up to 40%
of the total palynomorph assemblage during glacials. However, as
the intercept with the y-axis in the %0C versus %TN plot equals
nearly O (Suppl. Fig. S14), a substantial influence of (non-marine)
reworked organic matter can be excluded.

During the glacial, quite surprisingly, sufficient iGDGTs were
found in the samples, which allowed to reconstruct water tem-
perature based on TEXgg (Fig. 4). It is possible that during the gla-
cials at site AS05-10, some of the occasional diatom blooms allowed
for sufficient transportation of iGDGTs and their preservation
within the sediments. Diatom blooms in general have been shown
to contribute to the transportation and preservation of iGDGTSs
within surface sediments (Yamamoto et al., 2012; Schouten et al.,
2013; Mollenhauer et al, 2015). Subsurface temperatures
between —2 °C and 1 °C (with a 90%-confidence interval of +5.8 °C)
have been reconstructed for the glacial periods (Figs. 4 and 7).
However, the highest temperatures are derived from sediments
with low iGDGTs concentrations and may therefore be less reliable.
The E. antarctica assemblage only consists of the symmetrical valves
of the variety recta. As high relative amounts of symmetrical and
terminal valves of E. antarctica var. recta versus asymmetrical and
intercalary valves have been associated with SSTvalues below 0.5 °C
(Allen, 2014), diatom findings support the TEXgg-based tempera-
ture reconstructions.

A comparison between the glacial phases of MIS8 and MIS6
shows that MIS8 has higher Bayp;, and %BSi and is characterized by
relatively lower abundances of E. antarctica and higher abundances
of E kerguelensis, in agreement with other Southern Ocean diatom
records (Kaczmarska et al., 1993; Xiao et al., 2016). This suggests
that MIS8 may have been characterized by milder conditions in
comparison to MIS6, allowing for more frequent open water, either
through the retreat of the SSE to the glacial Ross Sea ice edge or
through more efficient polynya activity (Mezgec et al., 2017). As a
final remark, values for Bapj,, %BSi and %E. antarctica during the
glacial phase of MIS8 are very similar to those of MIS7d, also
considered a glacial phase.

5.2. The glacial-interglacial transitions

We recognize three recurrent phases during each glacial-
interglacial transition, representing a shift from dense sea-ice
cover to seasonal sea ice: (1) ice-shelf break-up, (2) freshwater
discharge and (3) the establishment of the MIZ over site AS05-10
(Figs. 7 and 8). The timing of these transitions coincides with air
temperatures warming in the Vostok record of ~4 °C warming
(Fig. 7).

Phase 1: the diatoms show a shift from an E. antarctica-domi-
nated assemblage to an assemblage dominated by Chaetoceros RS,
indicative of nutrient depleted waters (Leventer et al., 1996). Peaks
in ice-rafted debris (IRD) and in the concentration of reworked
dinoflagellate cysts during (but also just prior and after) this phase
(Fig. 7), suggest ice shelf break-up and transport of sediments from
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the Antarctic shelf towards the coring site, possibly aided by iceberg
rafting. In support, the reworked palynomorphs recovered from
AS05-10 are of Eocene-Oligocene age. Sediments of this age are
known to be exposed at the seafloor in the Ross Sea (Wilson et al.,
1998; Hannah and Fielding, 2001). Furthermore, high concentra-
tions of IRD and low diatom concentrations have been associated
with ice-shelf break-up and associated iceberg release (Bentley
et al., 2005; Minzoni et al., 2015). Peak 8!°N values during phase
1 (and phase 2 prior to MIS5e) also suggest higher nutrient utili-
zation. Icebergs can supply iron and are known to fertilize the
Southern Ocean (Duprat et al., 2016). As the growth of Chaetoceros
RS is iron limited (Salter et al., 2012; Rembauville et al., 2015, 2016),
stratified waters and iron fertilization through the break-up of the
Ross Sea ice shelf would provide an ideal environment for Chae-
toceros blooms, in line with our results (Fig. 8). Likely, increased
stratification resulting from the increased input of freshwater due
to the retreat of local glaciers and the associated break-off of large
icebergs from ice shelves prohibits nutrient replenishment through
vertical mixing. Enhanced nutrient utilization due to increased
productivity is instead induced by a higher light penetration due to
a decrease in sea ice cover. We interpret the combination of the
proxy trends as an early warming signal. Although a direct relation
with local insolation cannot be proven, phase 1 remarkably co-
incides with a period of increasing local insolation. Interestingly,
this initial warming in our record precedes the atmospheric
warming as recorded in the Vostok ice core, which could mean that
ice shelf break-up was initiated by warming of the ocean waters.
Although the Earth's climate is currently in a different state, the
process of ice-shelf thinning and iceberg break-off due to basal
warming occurs also today (Liu et al., 2015; Paolo et al., 2015) and
results in an increased freshwater release, which seems to be
promoting expansion of the sea-ice covered area around Antarctica
(Bintanja et al., 2013).

Phase 2 is characterized by increasing fresh-, brackish water
palynomorphs (Cymatiosphaera spp. and Leiosphaeridia spp.), while
Chaetoceros RS reach peak abundances (Figs. 5 and 7). Although the
taxonomic affinities of leiospheres are unknown, they have been
associated with extensive presence of sea ice in paleoclimatic re-
constructions (Wrenn et al., 1998; Troedson and Riding, 2002;
Hartman et al., 2018a). High abundances are associated with a
freshwater surface layer: the summer sea-ice margin and dis-
integrating pack ice during spring (Mudie, 1992; Mudie and
Harland, 1996). Similarly, Cymatiosphaera spp. are typically associ-
ated with normal-to-low salinity and nutrient-rich surface waters
and stratified waters (Mudie, 1992; Mudie et al.,, 2011) and have
been interpreted as freshwater indicators in Antarctic paleo-
reconstructions (Wrenn et al., 1998; Hannah, 2006). During this
second phase, the gonyaulacoid autotrophic dinoflagellate cyst
Impagidinium pallidum increased its abundances (Fig. 7). I pallidum
has been found in surface sediments underlying recently collapsed
ice shelves (Pienkowski et al., 2013) and is known to withstand low-
salinity waters (Zonneveld et al., 2013). This ecological niche may
explain its absence during the interglacial phase, when longer open
water conditions may favor other autotrophic dinoflagellates.
Compared to phase 1, palynology and the relatively high amounts
of Chaetoceros RS suggest the spring/summer melt and likely the
retreat of the Ross Sea ice shelf results in a more frequent estab-
lishment of highly stratified fresh-brackish water lenses, promoting
blooms of Chaetoceros and I. pallidum (Fig. 8). However, similar to
phase 1, the relatively low abundance of seasonal sea-ice diatoms
and the presence of IRD and reworked palynomorphs suggest that
surface waters were still influenced by the presence of sea-ice and
icebergs throughout most of the year. Such sea-ice coverage would
have limited productivity, which is confirmed by low total diatom
abundances (valves/g, Fig. 7). Periodical freshening of the surface
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waters and stratification during phase 2 may have favored the
formation of sea ice in the Ross Sea (Zhang, 2007). Notably,
modern-day sea-ice concentrations in the Ross Sea show a non-
linear, but on average increasing trend prior to 2014 (Comiso and
Nishio, 2008; Parkinson, 2019), while the different water masses
of the Ross Sea have also been freshening prior to 2014 (Castagno
et al,, 2019).

Phase 3: total diatom abundances (valves/g) and %BSi increase
to a maximum during this phase (Fig. 7). Chaetoceros RS is still the
dominant diatom species. Chaetoceros RS are heavily silicified and
account for most of the high total diatoms in the sediment, being
likely responsible for the peak in %BSi. During this phase, Chaeto-
ceros RS is accompanied by peak abundances of the seasonal sea-ice
diatom group, in particular E curta. At present, this group appears
during early spring when the sea ice is still present and dominates
the surface waters during summer, particularly in the Marginal Ice
Zone (MIZ) (Gersonde and Zielinski, 2000; Armand et al., 2005;
Grigorov et al., 2014; Malinverno et al., 2016), the most productive
ecological province of the Southern Ocean today (Fitch and Moore,
2007; Arrigo et al., 2008). E curta and other seasonal sea-ice di-
atoms are small and they can easily float in stratified waters
(Leventer, 1998). However, because of their small size, these sea-
sonal sea-ice diatoms are very prone to dissolution (Grigorov et al.,
2014), and only a high-productivity environment, like that of the
MIZ, will favor their high occurrence in the sediment. The proximity
of our site to the MIZ and therefore to the SSE during phase 3 is
supported by the high total diatom abundance, %BSi and increasing
Bapjo. Today, the seasonal spring diatom blooms of the MIZ are
suppressed by seasonal mixing of the surface waters during late
summer due to increased winds (Arrigo et al., 1998; Fitch and
Moore, 2007). Disruption of the pycnocline allows for the settling
and preservation of these dissolution-susceptible diatom species
(Denis et al., 2006). Increased mixing of deeper waters with the
surface waters during this phase is reflected in the decrease in 3'°N
values, which is particularly clear during the MIS6/MIS5 glacial-
interglacial transition. The drop in 8'°N values suggests decreased
nutrient utilization during this phase, and probably an increased
nitrogen supply from mixing with deeper waters. In contrast to
phase 2, the relatively low amounts of IRD during phase 3, suggest
surface water stratification during phase 3 are much less the result
of the retreat of the Ross Sea ice shelf. Instead, the presence of
F. curta in combination with high total diatom abundances and low
3N values suggests ~ three months ice-free surface waters
(Armand et al., 2005) and stratification due to the seasonal melt-
back of sea ice in spring/summer, then disrupted by (late) summer
mixing (Fig. 8).

For the glacial-interglacial transition related to Termination Illa
(the onset of MIS7c), we lack the diatom data to fully recognize all
three phases of the transition. Phase 1 and 2 could be recognized
based on high amounts of reworked palynomorphs together with
IRD and high increased abundances of I pallidum, respectively.
Notably, Termination Illa has been associated with ice-shelf break-
up in the northern hemisphere as well, due to unusually high
summer insolation following unusually low summer insolation at
65°N (Cheng et al., 2009).

Assuming we have recovered the full extent of the MIS10/MIS9
transition starting with the sharp drop in E. antarctica abundances
around 355 ka, this glacial-interglacial transition differs in some
respects from the MIS8/MIS7 and MIS6/MIS5 transitions. Surface
water stratification appears to have been less intense/permanent
prior to Termination IV (relatively low amounts of Chaetoceros RS
and 3'N values). Possibly, surface waters were already seasonally
ice-free during MIS10 and/or meltwater release from the retreat of
the ice shelf was less during this glacial-interglacial transition. Still
increased IRD around 355 ka indicates ice-shelf break-up at that
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time, although the amounts are relatively low in comparison to the
other glacial-interglacial transitions (Fig. 7).

During the MIS10/MIS9 transition, sea ice-free waters seem to
have been reached very rapidly in spring, as E. antarctica is replaced
by very high relative abundances of T. lentiginosa, which is a spring
bloomer preferring low sea-ice concentrations (Crosta et al., 2005b;
Esper et al., 2010). However, as T. lentiginosa produces large highly
silicified valves (Shemesh et al., 1989), the record may be affected
by preservation bias if silica dissolution or high bottom-water
strength have removed the smaller (e.g., Chaetoceros RS,
E. antarctica) and more dissolution-susceptible (e.g., F. kerguelensis,
F. curta) diatom valves.

Both glacial-interglacial transitions related to Termination II
(MIS6/MIS5) and III (MIS8/MIS7) show signs of oxygen-depleted
bottom-water conditions (high V/Cr ratios, high %0C and high %
TN; Fig. 3) in association with increased surface-water PP. But
several differences between the MIS6/MIS5 and MIS8/MIS7 tran-
sitions suggest that bottom-water conditions at the onset of
Termination Il were more oxygen-depleted (Fig. 7):

1) %BSi starts increasing during phase 1 comparably, reaching a
maximum during phase 3, while Bapj, shows a different trend,
with a plateau during phase 3 of the MIS6/MIS5 transition, while
rising sharply during phase 3 of the MIS8/MIS7 transition. Low
oxygen conditions can result in post-depositional remobiliza-
tion of barium (McManus et al., 1998).

2) Only phase 3 of the MIS6/MIS5 transition shows a peak in the
concentration of heterotrophic protoperidinioid cysts. Proto-
peridinioid cysts are sensitive to oxic degradation (Versteegh
and Zonneveld, 2002; Reichart and Brinkhuis, 2003), which
also explains their absence in most of the record, while they
typically dominate Southern Ocean surface sediments south of
the PF (Esper and Zonneveld, 2002; Zonneveld et al., 2013).

3) BIT values show a decrease, reaching minimum values, during
the transition phases preceding Termination II and not during
the transition phases preceding Termination III. iGDGTs degrade
more easily than brGDGTs (which, in our record, are exclusively
marine-produced) in oxygen-rich environments (Huguet et al.,
2008, 2009). Increasing iGDGT concentrations preceding
Termination II, while concentrations of brGDGTs show little
change (Fig. 4), therefore suggest increased organic matter
preservation.

The abundant presence of iGDGTs during the second and third
phase of the MIS6/MIS5 transition allows for the reconstruction of
subsurface (0—200 m) temperatures (subT) based on TEXgs. Tem-
perature increases from —2.4 to 2.3 (with a 90%-confidence interval
of +5.8 °C) (Figs. 4 and 7). GDGTs are here interpreted to represent a
spring/summer temperature signal, because archaeal communities
bloom in spring after the sea-ice retreat (Murray et al., 1998;
Church et al., 2003). Furthermore, GDGTs acquire pelleting to sink
effectively to the sea floor (Schouten et al., 2013), and highest
sedimentary GDGT fluxes are closely linked to highest organic
matter, opal (diatom frustules) and lithogenic particle fluxes during
the spring/summer season (Yamamoto et al., 2012; Mollenhauer
et al., 2015). Today the difference between the summer SST and
the 0—200 m depth-integrated temperature is 2 °C. Assuming this
difference has remained constant, reconstructed summer SSTs rose
from —0.4 to 4.3 °C during Termination II. The high abundances of
E curta and Chaetoceros RS in this interval would suggest sea sur-
face temperatures between —1.5 and 1 °C (Armand et al., 2005), in
agreement with reconstructed TEXgg-based temperatures. The
reconstructed (sub-)surface temperatures preceding peak warmth
of MIS5e are 2.5 °C warmer than (sub-)surface temperatures today
(Locarnini et al., 2010). The few temperature estimates around the
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time of the MIS8/MIS7 transition show similar subsurface tem-
perature estimates as those reconstructed for the MIS6/MIS5
transition (between 0 and 2 °C with a 90%-confidence interval of
+5.8 °C), although these subTs are based on much lower iGDGT
concentrations and could therefore be less reliable.

5.3. Interglacial phase

Maximum atmospheric temperatures over Vostok during peak
interglacials coincide with decreasing seasonal sea-ice diatom
abundances and a sharp rise in FE kerguelensis (although
never > 25%), and subsequently an increase in open-ocean diatoms
(mainly T. lentiginosa) (glacial phase in Fig. 7). The transition from
relatively more E curta to relatively more F. kerguelensis within the
diatom assemblage marks the transition to a surface-water envi-
ronment that more frequently experiences a longer sea ice-free
season and summer SSTs above 1 °C (Armand et al., 2005; Crosta
et al, 2005a, 2007). Considering that F kerguelensis and
T. lentiginosa are early bloomers with respect to E curta and other
seasonal sea-ice diatoms (Grigorov et al., 2014), their increased
abundances seem to reflect an advancement of the spring/summer
melt and a prolongation of the blooming season. Increased annual
PP is further supported by peak Baypi, values, indicating increased
export productivity. The longer blooming season and therefore
increased export productivity of biogenic silica to the seafloor has
attributed to the increased sedimentation rates during the inter-
glacial phases with respect to the glacial phases, particularly for
MIS5e (see Supplementary Information). For comparison, the depth
interval containing 50 kyr of MIS6 is 60 cm, while the depth interval
containing 10 kyr of MIS5e is 75 cm. However, this is not reflected
in the height of %BSi or the diatom counts per gram, probably
because of the simultaneous increase in detrital flux. Alternatively,
other non-siliceous plankton species than diatoms have contrib-
uted to the maximum export productivity during the interglacial
phase.

The high abundances of FE kerguelensis, which dominates the
region north of the SSE today (Esper et al., 2010), reflect a more
southward position of the SSE during MIS9e, MIS7e and MIS5e (no
data for MIS7a-c available). The increase of T. lentiginosa during
MIS9e, MIS7e and MIS5e (often coincident with a decrease in
F. kerguelensis) could represent an even further reduction of annual
sea-ice cover and proximity of the WSE (Crosta et al., 2005a; Esper
et al., 2010). Still, Chaetoceros RS and the seasonal sea-ice diatoms
account for at least 40% of the total diatom assemblage, suggesting
that the surface waters overlying Site AS05-10 are still affected by
the seasonal melt and lie within the SSIZ (Fig. 8).

Comparing the various interglacial phases, highest abundances
of E kerguelensis are found during MIS5e, suggesting this intergla-
cial phase experienced furthest-reduced sea-ice cover, most-
frequently reduced sea-ice cover, or both. However, a notable dif-
ference of MIS5e with the other interglacials is that a larger fraction
of the open-ocean diatom group is composed of S. gracilis (Fig. 6).
Although S. gracilis is an early bloomer like E kerguelensis and
T. lentiginosa (Grigorov et al., 2014), it is associated with cooler
summer SSTs (Crosta et al., 2005a; Esper et al., 2010). This would
suggest that SSTs during MIS5e might have been cooler than during
MIS9e and MIS7e, which is in contrast to deuterium-based air
temperature reconstructions from the Vostok ice core (Petit et al.,
1999). However, in contrast to T. lentiginosa, both S. gracilis and
F. kerguelensis also bloom later during summer (Grigorov et al.,
2014). Therefore, a more likely scenario would be that MIS5e
experienced a longer blooming season due to more open waters in
late summer, which allowed for the production and preservation of
relatively more S. gracilis and E kerguelensis versus T. lentiginosa.

Alternatively, shifts in relative abundances between the
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seasonal sea-ice diatoms, E kerguelensis and the open-ocean di-
atoms T. lentiginosa and S. gracilis can be caused by differences in
the susceptibility of these diatoms to dissolution. In general,
however, the constant presence of dissolution-susceptible diatoms
like E curta and other seasonal sea-ice diatoms suggests that large
changes in silica dissolution have not significant influenced the
record of site AS05-10.

The relatively high abundances of E kerguelensis, S. gracilis and
T. lentiginosa during MIS5e would suggest summer SSTs of at least
1 °C (Crosta et al., 2005a; Esper et al., 2010). Although we have no
TEXgg-based temperature reconstruction during the peak inter-
glacial period, surface temperatures were possibly at or higher than
the ~4 °C reconstructed for Termination II. A recent compilation of
several (summer) sea surface temperatures of the Southern Ocean
for MIS5e, based on various proxies, shows estimates for the
modern-day Antarctic Zone (50—60°S) between 3.1 and 6.1 °C
(Chadwick et al., 2020). One diatom-based temperature estimate
from the SSIZ in the Weddell Sea (58.72°S) lies around 1.3 °C
(Bianchi and Gersonde, 2002; Chadwick et al., 2020). Considering
the latitudinal position of site AS05-10 (70.835°S), our TEXgg-based
temperature estimate for MIS5e appears therefore relatively high.
However, our TEXgg-based temperature difference of 2.5 °C warmer
than today is supported by other polar estimates (McKay et al.,
2011), which are higher than the 0.7 °C global average difference
(McKay et al., 2011), in part due to the effect of polar amplification.
Together with other estimates, our results would contradict the
conclusions by Serreze and Barry (2011) who suggested no Ant-
arctic polar amplification in the near future, because surface waters
around Antarctica probably remain cold enough to support sea ice,
due to the presence of the Antarctic ice sheet and the cold katabatic
outflow of surface winds over the coastal waters. In the Ross Sea,
katabatic winds are particularly strong during winter (Nylen et al.,
2004), where they control the ongoing formation of sea ice in Terra
Nova Bay (Bromwich and Kurtz, 1984; Jacobs et al., 1985; Budillon
et al., 1999). Although our diatom data also support sea ice during
the winter, the summer temperatures are higher than at present.
Seasonality seems to have increased during the last interglacial,
and may therefore also increase due to future warming.

5.4. The glacial inception

In line with the study of the Past Interglacials Working Group of
PAGES (2016), we have termed the period following an interglacial
“the glacial inception”. Focusing on MIS5, the glacial inception
following MIS5e is characterized by relatively lower PP and
increased sea-ice concentrations, as indicated by the increased
abundances of Chaetoceros RS, lower abundances of F. kerguelensis,
and generally lower BSi and Bap, values (Figs. 6 and 7). During
MIS5a-d, warm and cold periods can be inferred by the changes in
abundance of the various diatom species, Bapj, and %BSi. Peak Bap;o
and BSi values, high relative abundances of E kerguelensis and
open-ocean diatoms, and relative abundances of E. antarctica
reaching a minimum, characterize the warmest phases, while the
coldest phases are characterized by the opposite (red and blue
dotted vertical lines in Fig. 7). The cold and warm phases corre-
spond to stadials (MIS5b and d) and interstadials (MIS5a and c) in
the Vostok ice core record. However, low relative abundances of
E. antarctica and relatively high abundance of seasonal sea-ice di-
atoms suggest an additional warm/sea ice reduced phase during
the late part of MIS5c, which coincides with peak solar insolation.
Notably, peak local insolation at site AS05-10 during MIS5c also
coincides with the highest abundances of F. rhombica (Figs. 6 and 7),
a species that has been associated with relatively warm surface
waters and/or low sea-ice concentrations compared to other sea-
ice diatoms (Denis et al., 2006; Crosta et al, 2007, 2008).
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Although the data resolution is lower, a similar pattern of cold and
warm oscillations can be observed for MIS9a-d.

5.5. Productivity at the sediment surface

Productivity at the sediment surface seems to be tightly linked
to productivity in the surface waters. Increased abundances of the
benthic foraminifer species Martinottiella nodulosa and Eggerella
bradyi occur during the period of highest PP, MIS5e (Figs. 5 and 7).
Peak abundances of benthic foraminifers, particularly M. nodulosa,
just prior to MIS5e show strong correlation with the IRD record and
the abundance of reworked palynomorphs (prior to Termination III,
Illa and II), thus suggesting these peak abundances are caused by
local reworking.

A dominant association of Eggerella and Martinottiella, but in
low amounts, is generally associated with a depositional environ-
ment below the calcite compensation depth (CCD) as they have
high preservation potential (Mackensen et al., 1990; Harloff and
Mackensen, 1997). Currently, a very diverse agglutinated benthic
foraminifer assemblage dominates the calcareous benthic fora-
minifer assemblage in the western Ross Sea (Asioli, 1995).
Furthermore, calcareous planktonic foraminifera are common in
the western Ross Sea in the surface waters (Asioli and Langone,
1997; Bergami et al., 2009 and references therin). The absence in
the AS05-10 record of both planktic and benthic calcareous fora-
minifer species, as well as the lack of a diverse agglutinated benthic
foraminifer assemblage, of which most use some form of calcite to
glue their tests, seems to suggest carbonate dissolution by corrosive
bottom-waters.

In response to increased surface water productivity, sedimen-
tary archaeal productivity was likely also promoted. Indeed, highest
brGDGT concentrations are recorded during peak diatom export
productivity during Termination II (Fig. 4). Increased archaeal
productivity is, however, mostly reflected in the #ringstetra (Figs. 4
and 7). Because input of soil-derived brGDGTs can be expected to be
very low in glacial settings (Peterse et al., 2009) and dust-blown
soil-derived brGDGTs have been shown to be of minor contribu-
tion to distal marine settings (Weijers et al., 2014), the input on
acyclic brGDGTs must be very low. Therefore, the recorded trends of
increased #ringstetra during the interglacials and decreased #ring-
Stetra during the glacials must simply reflect increased input of
marine brGDGTs at Site AS05-10. Alternatively, these marine
brGDGTs were transported from the Ross Sea shelf to Site AS05-10.

6. Conclusions and implications for future warming

Core AS05-10 retrieved from the slope between the Drygalski
basin and the Adare Basin records the response of the surface water
environment to glacial-interglacial variability in the late Pleisto-
cene. Our multiproxy study identified three phases in each glacial-
interglacial transition, which reflect the retreat of the seasonal sea-
ice margin and warming of the surface waters.

Phase 1 is characterized by ice-shelf break-up and occasional
ice-free areas. Phase 2 is characterized by meltwater runoff
resulting in highly stratified waters. The progressive warming
caused a retreat of the summer sea-ice edge, and brought the
marginal sea-ice zone over site AS05-10 during Phase 3. During this
phase the surface waters were seasonally stratified, instead of
permanently stratified like during glacials, allowing for the
replenishment of nutrients from the deep water through vertical
mixing. Following the glacial-interglacial transition, an increased
duration of ice-free conditions during the interglacials allowed
open-water diatoms to proliferate. Increased (export) productivity
during the interglacials is also reflected in the increased abun-
dances of benthic agglutinated foraminifers and branched GDGTs.
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The highest productivity was reached during MIS5e due to an
increased length of the blooming season and an increased supply of
nutrients. TEXgg-based temperature values suggest summer tem-
peratures of 2.5 °C warmer than today during MIS5e.

Our record clearly reflects the migration of the highly produc-
tive marginal ice zone to higher latitudes during interglacials. It is
therefore clear evidence that the position of the summer sea ice
edge and therefore the size of the marginal ice zone (MIZ) are
influenced by past global warming phases. Future warming might
shift the northern boundary of MIZ of the Ross Sea to even higher
latitudes and could thereby reduce the size of this high-
productivity zone (Sarmiento et al., 2004; Arrigo et al., 2008;
Deppeler and Davidson, 2017).

Our record shows that warming is accompanied by an increased
meltwater influx to the surface waters. Notably, the initial phases of
ice-shelf break-up and surface water stratification precede the in-
crease in air temperatures over Vostok and point to the funda-
mental role of the ocean on the cryosphere melting. It has been
suggested that increased stratification could result in a shift from a
Phaeocystis-dominated environment (like today) to a diatom-
dominated environment, which could reduce the drawdown of
CO; to the ocean floor (Arrigo et al., 1999; Steinacher et al., 2010;
Vancoppenolle et al., 2013). We did reconstruct increased abun-
dances of fresh-brackish water indicators Leiosphaeridia spp. and
the prasinophyte Cymatiosphaera spp. in association with these
highly stratified waters. Although initial conditions during current
global warming are different from a glacial period, sea-ice cover in
the Southern Ocean today is increasing due to increased meltwater
runoff from the continent (Comiso and Nishio, 2008; Turner et al.,
2009; Bintanja et al., 2013). If the melt phase at the onset of each
glacial Termination in our record is equivalent to the increased
freshwater release into the Southern Ocean today, we can expect
sea-ice cover to decrease eventually in the Southern Ocean, like is
happening in the Arctic already (Kay et al., 2011; Notz and
Marotzke, 2012).
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