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Abstract :

In the Southern Ocean (SO), climate-driven latitudinal migrations of the Antarctic Circumpolar Current
(ACC) frontal system impact large-scale ocean circulation and primary productivity. Latitudinal migrations
may not have been identical in all SO basins due to the presence or absence of regional bathymetric
obstacles. The Antarctic Polar Front (APF), defined by the 3-5 °C surface temperature range and the 2 °C
subsurface temperature minimum at 200 m, is particularly important for nutrient redistribution and
biodiversity, influencing the soft tissue carbon pump in the modern SO. However, previous assessments
of its migrations in the past, mostly based on a single metric or indirect observations, were not always
robust. Here, we combine a new proxy for subsurface temperature (sub-ST) reconstructions based on
radiolarian assemblages (sub-STrad), with relative abundance variations of key radiolarian species, and
sea-surface temperatures (SST) reconstructions, based on diatom assemblages (SSTdiat), to refine
estimations of the past mean APF locations in the Kerguelen Plateau (KP) region. Data from three
sediment cores on a south (55°S) to north (47°S) transect are used to trace the mean APF locations for
three climate states, glacials, peak-interglacials and mild-interglacials. Our results suggest that the APF,
presently located south of Kerguelen Islands, shifted by 6—7 degrees of latitude and was located north of
the KP during all glacial periods of the last 360 kyrs. This suggests that the ACC major flow interacted
less with the bottom topography relative to its modern counterpart, probably resulting in less mixing of the
water column over and in the lee of the KP. We propose that this process participated in the isolation of
Antarctic surface waters (AASW) and in the reduction of macro-nutrient supply, thus resulting in lower
regional productivity. During the warmer-than-present early interglacial periods, the APF probably
migrated south by ~5 degrees of latitude relative to its modern position, to pass through the Fawn Trough.
Contrary to glacial periods, the APF was forced in an “S” shape while the ACC main flow was constrained
against the northern tip of the KP. In this configuration, a stronger interaction between the ACC, its
associated fronts, and topography is expected, resulting in more mixing of the water column over and
east of the KP. Congruently, siliceous productivity was probably restrained to latitudes south of the Fawn
Trough.
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1. Introduction

The Antarctic Circumpolar Current fA\.C), driven by the westerly winds, is the dominant
zonal flow in the Southern Oceai> (SU). It is divided by a set of branching hydrological fronts,
representing specific water r~as. houndaries and associated with merging and diverging jet
currents (Orsi et al., 1995 2e'«in and Gordon, 1996; Rintoul, 2001; Rintoul and Naveira
Garabato, 2013). On .. no.*h 10 south transect, the main ACC fronts are the Subantarctic Front
(SAF), the Antarctic Pol'r Front (APF) and the Southern-ACC Front (SACCF) (Figure 1).
The Polar Front Zone (PFZ), encompassed by the SAF and APF, is particularly important for
SO biogeochemistry and ecosystems as it separates colder, nutrient-richer (Si, NO3") Antarctic
Surface Waters (AASW), directly sourced from the SO upwelling, from warmer, nutrient-
poorer Subantarctic surface waters (Ragueneau et al., 2000; Palter et al., 2013). As a result,
diatoms represent the most abundant phytoplankton in the silicic acid-rich AASW, while
coccolithophores dominate the silicic acid-poor Subantartic surface waters (Rigual-Hernandez
et al., 2015). Both diatoms and coccolithophores are important exporters of carbon to the SO
depths (Tréguer and De la Rocha, 2013; Rigual-Hernandez et al., 2020), with different

impacts on atmospheric CO, drawdown. Indeed, it was shown that the dominance of diatoms



over coccolithophores in the glacial SO could have lowered atmospheric CO, by ~ 15 ppm
(Matsumoto et al., 2002). The PFZ is also where AASW sink to mid-depth and form Antarctic
Intermediate Waters (AAIW), a nutrient source to low latitude marine ecosystems (Sarmiento
et al., 2004). Higher Si:N ratio in these waters during glacial times are supposed to have
stimulated diatom production at low latitudes, which could account for an additional 10-15
ppm CO, drawdown (Matsumoto and Sarmiento, 2008; Matsumoto et al., 2014).

In the modern SO, regions where the ACC interacts with bathymetric obstacles represent a hot
spot for upwelling and AAIW subduction (Langlais et al., 2017; Llort et al., 2017; Tamsitt et
al., 2017; Klocker, 2018; Rintoul, 2018; Chapman et al., 2020). The Kerguelen Plateau (KP)
represents the largest obstacle to the ACC in the Southern Indta> Ocean (SIO) (Sokolov and
Rintoul, 2009b; Park et al., 2014), dividing the ACC net flaw )1to two main branches. As
such, ~ 70 % of the ACC transport is concentrated north «f thy KP at 45°S, while the other ~
30% is forced through the Fawn Trough at 56°S P’k et al., 2009). Additionally, the
remobilisation of iron from KP sediments by the AL” induces massive diatom blooms that
act as an important carbon sink (Blain et al., 2007, Sraham et al., 2015). Latitudinal variations
of the ACC, and of the APF in particular, ha ‘e been shown to alter such iron remobilization
(Kim et al., 2009), thus the regional prcdur.vity (Dezileau et al., 2003; Thdéle et al., 2019)
over the last glacial cycle and, potent.~lly, CU, drawdown.

Over the past few decades, multip'e -tvuies have measured and located the modern APF
through in situ sea surface tempr.ractres (SST) measurements within a range of 2.5 — 4.1°C
(Lutjeharms and Valentine, 19:4), 4.1 — 5.7 °C (Belkin, 1989; Belkin and Gordon, 1996), 2.5
— 5.5 °C, identified with ex;ana-ole bathymetry thermograph (XBT) probes and Conductivity
Temperature Depth (CT J) u>vices (Anilkumar et al., 2006; Luis and Sudhakar, 2009); SST
gradients of ~ 1.5 °C ideu.‘ified over a ~ 100 km distance in satellite data (Moore et al., 1999;
Dong et al., 2006; Freeman and Lovenduski, 2016, Freeman et al., 2016); sea-surface height
(SSH) single value contouring (Sokolov and Rintoul, 2002, 2007, 2009b; Gille, 2014; Kim
and Orsi, 2014); or SSH gradients identification in satellite data (Graham et al., 2012;
Chapman, 2014; Chapman, 2017). Although its identification is limited by the lack of high-
resolution hydrographic data (Freeman and Lovenduski, 2016), the most robust APF
definition is the northernmost extent of the 2 °C subsurface isotherm at 200 m water depth,
also known as O, 2 °C (Botnikov, 1963; Park et al., 1993; Orsi et al., 1995; Belkin and
Gordon, 1996; Park et al., 2014; Park et al., 2019).



Except SST, none of the aforementioned metrics can be reconstructed in the past. Ranges of
SST, generally around 3 — 5 °C, were commonly used to approximate past APF positions
from sediment archives (Dezileau et al., 2003; Gersonde et al., 2003; Bianchi et al., 2004;
Bostock et al., 2013; Nair et al., 2019; Ghadi et al., 2020). Estimations of past APF migrations
therefore remain elusive. We here combine diatom-based SST reconstructions (SSTdiat),
radiolarian distribution and radiolarian-based sub-surface temperature reconstructions (sub-
STrad), to provide a robust assessment of APF latitudinal shifts in the KP region over the last
360 kyrs.

Radiolarian are holoplanktonic protozoa (Suzuki and Not, 201%; Boltovskoy et al., 2017). In
the Radiolaria phylum, only polycystines synthesize robust s*!i~ecis shells (SiOH,) that are
well preserved in sediments (Suzuki and Not, 2015; Boltovekq <t al., 2017). As their species
assemblages vary according to water temperatures (Hay e: 2'., 1976; Abelmann et al., 1999;
Matul and Mohan, 2017), polycystine radiolarians 've: ~ successfully used to estimate past
temperatures (Hays et al., 1976; Abelmann et al., 19¢9; Cortese and Abelmann, 2002; Luer et
al., 2009; Panitz et al., 2015; Matsuzaki and Ita<i, 2)17; Matul and Mohan, 2017; Matsuzaki
et al., 2019; Hernandez-Almeida et al., 2C?0,. In the SO, radiolarian mostly dwell in the
subsurface layer, with their absolute abun.' nce maximum occurring at ~ 100 — 400 m water
depth (Abelmann and Gowing, 199, Boltovskoy 1998, 2017). Most of their annual
production occurs during Austral curimer (Abelmann and Gersonde, 1991). As such,
subsurface temperatures (sub-S™\ at 200 m water depth are the best variable to explain
radiolarian assemblage variar.~e ct high latitudes (Hernandez-Almeida et al., 2020). Here, we
make use of the particular ec.'~gical preferences of radiolarians and quantitatively reconstruct
sub-STrad, in core M.D1. 27,53 off Kerguelen Island in the SIO (Figure 1) in order to trace
the Omin 2 °C subsurface i<otherm in the KP region over the last 360 kyrs. Additionally, a PCA
is used to group co-varying species of radiolarian fossil assemblages preserved in core MD11-
3353 and to associated them with the main ACC provinces, such as the Subantarctic Zone
(SAZ), PFZ, or Antarctic Zone (AZ). These results are compared with SSTdiat and TEX}¢-
derived SST records from the same core along with published SSTdiat and sub-STrad records
from other locations in the SIO. This allowed us to evaluate the mean APF positions during
three different climate states, specifically glacials, peak-Interglacials (plGs) and mild-
Interglacials (mIGs) over the last 360 kyrs. Glacial and plG periods document strongly
contrasted conditions and benchmarks for paleoclimate models. Additionally, pIGs may give

information on regional oceanographic conditions prevailing in the next few decades as a



response to anthropogenic warming. The mIGs are believed to provide a picture of the mean

climate baseline, without anthropogenic forcing, of the future warming.

*** Figure 1 ***

2. Regional and frontal settings

In the SIO, several Subantarctic plateaus and islands disrupt the ACC zonal flow: the largest
one is the Kerguelen Plateau, which extends from 46 to 68°S brtween 62 and 85°E and acts as
a major topographic obstacle. It causes the main ACC flow / 152 Sv) to separate into two
main branches and several lesser currents (Belkin and ~aidza, 1996; Park et al., 2009;
Sokolov and Rintoul, 2009b; Park et al., 2014). Based Jn z~veral studies (Park et al., 2008;
Park et al. 2009; Park et al., 2014; Park et al., 2019), "ne ntricate ACC branching over the KP
region can be summarized as follows: the northern branc: of the ACC, representing ~ 70% of
the net flow (~ 90 Sv), is associated with the SA = (Park et al., 2008; Park et al., 2014),
passing north of the KP at ~ 45 °S (Figurz 2 — =d line). The SAF separates the SAZ surface
waters to the north from the PFZ surface v."ters to the south and is identified by 6y, 6 — 5 °C
at 200 — 400 m in the SIO (Belkin «nd Gordon, 1996; Park et al., 2019). The SACCF
corresponds to the southern limit ¢f th2 Upper Circumpolar Deep Water (UCDW), and is
identified by 6min 0 °C at 200 m ‘n the SIO (Belkin and Gordon, 1996; Park et al., 2019). In
the KP region, it is associate wth the majority (~ 43 Sv) of the southern ACC branch and
passes through the Fawn Trou* (Figure 1 — black line), a 2600 m deep sill splitting the KP in
two at ~ 56 °S (Roqu.: et 2! | 2009; Park et al., 2009). Between the SAF and SACCF, the APF
separates the PFZ surfare waters to the north from the AASW to the south. Over the KP, the
APF represents a flow of 2 Sv (Park et al., 2014; Pauthenet et al., 2018), rounding the
Kerguelen Islands (KI) to the south at ~ 51 — 52°S. The APF then flows northward
immediately after the Kl until ~ 47 °S before turning back south-eastward downstream of the
KP (Figure 1, blue line). Despite its transport being volumetrically low, the APF represents an
important physical barrier separating two chlorophyll plumes observed east of the Kl region
(Park et al., 2014).



3. Material & Methods

3.1 MD11-3353 core description, sampling and age model

Core MD11-3353 (50°34.02°S - 68°23.13’E, 1568 m water depth), was collected with a
CALYPSO piston corer during the oceanographic expedition MD185 INDIEN-SUD-1 on
board of the R/VV Marion Dufresne 1l (Mazaud and Michel, 2011). The core site is located
west of Kl in the PFZ, near the APF (Figure 1). The core is 38.51 meters long and covers ~

360 kyrs with an average sedimentation rate of 10 cm/kyr. The sediment is composed of
homogenous diatom ooze mixed with calcareous silts in sections covering warmer periods.
Core MD11-3353 age model was built by correlating its temoe.ature records with the 6D
record of the well-dated EPICA Dome C (EDC) ice core (o217l et al., 2007; Bazin et al.,
2013), with the assumption that southern high latitude oir 7nd ocean temperatures varied
synchronously through time (Govin et al., 2015). Its % .X; " SST record was used for the first
1150 cm of the core (Figure 2), covering the last ~ 14U “vrs (Thole et al., 2019). Beyond the
TEX}® SST record, the radiolarian based subsur 3.e emperature record (this study) was tuned
to EDC 6D record (Figure 2), which .owidaed 37 additional tie-points (Figure 2 and
supplementary material 1).

**- Figure 2 ***

3.2 Radiolarian microscop:© slides and counts

Microscopic slides were piunared according to Itaki et al. (2018). Radiolarian identification
was performed on a Z~iss Imager A2 microscope at a x100 magnification and follow
taxonomic rules desciioed in previous studies using radiolarians for environmental
reconstructions in the SO (e.g., Cortese and Abelmann, 2002; Panitz et al., 2015). Radiolarian
identification was performed in 470 samples taken from the first 36 m of core MD11-3353 in
order to reconstruct past summer (JFM) sub-STrad with a mean temporal resolution of 800
years. A sample every 10 cm (~ 1000 — 1500 years) and a sample every 2 — 4 cm (~ 200 — 600
years) were taken for stadial climates and deglaciations, respectively. An average of 356 (min.
301; max. 469) radiolarian specimens per sample were identified. In core MD11-3353, the 81
radiolarian species selected for the transfer function represented an average of 94% (min.

85.9%, max. 99.7%) of the total assemblages preserved downcore.



3.3 PCA and sub-STrad

A Principal Component Analysis (PCA) was applied to the radiolarian relative abundances of
core MD11-3353 using PAST v4.03 software (Hammer et al., 2001) in order to identify and

group species presenting similar down-core variations. Three main groups were recognized by

the PCA, and, for each group, variations in relative abundances of species with factor loadings
> (0.2 were interpreted. We assessed changes in the prevalent ACC province (e.g., PFZ, SAZ,
AZ) at the MD11-3353 core site for a given climate state from variations in relative
abundances and known ecology preferences of these spe irs. The modern radiolarian
reference database includes 209 surface sediment samples (mzuc*n analogs) distributed in the
three sectors of the SO (Lawler et al., submitted). Among t*.cc2 £u9 surface sediment samples,
two samples with less than 100 counted specimens wei. removed. An average of 396
radiolarians were counted in the 207 samples compaing the training dataset (min. 101; max.
706). Eighty-one radiolarian taxa presented relative abui.dances > 2% in at least one station
and were used for subsequent statistical analysss “tnmorie and Kipp, 1971). These taxa account
for an average of 68.3% (min. 25%, ria.. v'.8%) of the training dataset assemblages.
Summer sub-ST (JFM, 200 m) were extrac.~d from the World Ocean Atlas (WOA, Locarnini
et al., 2013) at each surface sediment looation on a 0.25 x 0.25° grid. The sub-STrad in core
MD11-3353 were calculated by apj'lving the Modern Analog Technique (MAT) to the
radiolarian relative abundances (i**ell, 1985) with the PaleoAnalogs free software (Therdn et
al., 2003). The square-chord u’sta.ice and weighting of averages settings were used to predict
past temperatures by selez:ing ine ten most similar modern analogs. This method yielded a r?
of 0.97, a RMSEP o - 1.2 “C and an average standard deviation of + 1.5, over a range of -1
to 21 °C.

3.4 Diatom microscopic slides and counts

Diatoms are present in both oceanic and freshwater environments, and in the SO they peak in
abundance around 0 — 100 m water depth (DiTullio et al., 2003). For this study, diatom census
data were produced for 131 samples from core MD11-3353, in order to reconstruct summer
sea-surface temperatures (SSTdiat). Microscopic slides were prepared at EPOC (Bordeaux,
France), according to the laboratory standard protocol for diatom slide preparation (Crosta et

al., 2020). Diatom census counts were performed on a Nikon ECLIPSE 80i microscope at a



x1000 magnification, at a sample spacing of 10 cm from 0 to 1300 cm in core MD11-3353
(resolution of ~ 1000 — 1500 years). A minimum of 300 diatom valves were counted in each
sample, following the species identification criteria detailed by Crosta et al. (2020). The 32
diatom species selected for the transfer function represented an average of 88.3% (min. 69.8%,

max. 97.8%) of the total assemblages preserved downcore.

3.5 SSTdiat

MAT was applied to the relative abundances of diatoms to reconstruct past summer SSTdiat
(JFM) in core MD11-3353, and was run via the “bioindic” R [.~kage (Guiot and de Vernal,
2011). The modern reference database includes 249 surfice sediment samples (modern
analogs), in which a minimum of 300 diatoms were countec (Crosta et al., 2020), and for
whose locations modern summer SST were interpolates on a 1° x 1° grid from the World
Ocean Atlas (WOAL13, Locarnini et al., 2013) throuch Jcean Data View (Schlitzer, 2002).
We used the relative abundances of 32 diatom sprc. ‘es and the chord distance to select the five
most similar modern analogs. The threshold cssualarity criterion is fixed at the first quartile
of random distances on the modern datas -t. Tnis method yields a r* of 0.96 and a RMSEP of +
0.96 °C for summer SST over a range from - to 22 °C. The 32 taxa account for an average of
93% (min. 47.2%, max. 100%) of th:, 2ining dataset assemblages. More details can be found
in Crosta et al. (2020).

4. Results

4.1 Species relative abundances
A PCA was applied to all samples of core MD11-3353 in order to identify groups of

radiolarian species whose relative abundance co-varied through time. Only species with factor
loadings > 0.2 are considered here. The first three PCs (PC1, PC2 and PC3) account for 90%
of the data variance. In PC1 (61% of variance), the Antarctissa group (Antarctissa spp., A.
denticulata, and A. strelkovi) displays the highest positive factor loadings, while
Cycladophora davisiana obtained the highest negative values (Table 1). PC2 (24% of
variance) is positively driven by Antarctissa gp and C. davisiana and is negatively driven by

the Lithomelissa setosa group (L. setosa, L. hystrix, Trisulcus testudus) and by Cycladophora



bicornis (Table 1). PC3 (5% variance) is positively driven by L. setosa gp and C. bicornis and
negatively by Lithomelissa sp. A, Botryostrobus auritus/australis (thereafter Botryostrobus
auritus), and Pseudodictyophimus gracilipes group (Dictyophimus bicornis, P. gracilipes, P.
platycephalus; Table 1). Factor loadings for all 81 species are provided in supplementary
material 2 and relative abundance changes of the 7 taxa highlighted above are shown in

Figure 3.
*** Table 1 ***

In core MD11-3353, the Antarctissa gp has an average abundance of 46%, which generally
increase during the coldest parts of interglacials or warmes. »arts of glacials, while they
generally decrease during full glacials or interglacials (Figu e 73). In the modern ocean, it
thrives at ~ 100 — 200 m in 2 °C waters with high dissoiv2d silica concentrations in the
Permanent Open Ocean Zone (POOZ) of the South Aticntic (Abelmann and Gowing, 1997),
which corresponds to the northern extent of AZ .~ th: APF (Figure 3G). Cycladophora
bicornis and the L. setosa gp generally show re!~tive abundances below 3% in core MD11-
3353. Their relative abundances increase duritg .~*crglacial periods (Figure 3H-I), especially
during the Holocene when C. bicornis ar.d L setosa gp account for ~ 16% and ~ 30% of the
assemblage, respectively. In the South Atlardc, they live at ~ 100 — 400 m and ~ 50 — 400 m
water depths, respectively (Abelmar~. anu Gowing, 1997; Boltovskoy, 2017). As C. bicornis
was previously associated with th2 Nu-inern PFZ — SAZ (Abelmann and Gowing, 1997), and
as both taxa are negatively driv2 FC?2 and are positively correlated to PC3, they are associated
with the SAZ (Figure 3H-1). e relative abundances of Pseudodictyophimus gracilipes gp
(average of 3%), B. avnu~ (average of 4%), and Lithomelissa sp. A (average of 8%),
generally increase dui.~g glacial periods, particularly during the MIS 8 and MIS 6.
Conversely, their relative abundances decrease across deglaciations to reach lower values
during the early interglacial periods (Figure 3D-F). Botryostrobus auritus and P. gracilipes gp
live at ~100 — 400 m water depths in the South Atlantic (Boltovskoy, 2017). They are both
anticorrelated to PC3 and P. gracilipes gp was previously associated with the AZ, in the
South Atlantic POOZ (Abelmann and Gowing, 1997). Both taxa are, thus, associated to the
AZ in the KP region (Figure 3D-E). According to Abelmann and Gowing (1997),
Lithomelissa sp. A lives in the AZ at 400 — 1000 m water depth. In core MD11-3353,
Lithomelissa sp. A co-varies with B. auritus and P. gracilipes (Figure 3D-F) and all three are
negatively correlated to PC3. Therefore, we associate it to the AZ. Cycladophora davisiana

have average relative abundances of 9%, reaching higher values during glacial periods,
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similar to B. auritus, Lithomelissa sp. A and P. gracilipes gp. Its maximum abundance (52 %)
occurs during the MIS 2 — 4 (Figure 3C). This species thrives at 200 — 600 m depths in
intermediate water masses with overlying seasonal sea ice (Morley and Hays, 1983; Hays and
Morley, 2003; Abelmann and Nimmergut, 2005; Abelmann et al., 2006; Itaki et al., 2009). In
the SO, this description fits the intermediate layer in the glacial AZ (Hays and Morley, 2003;
Abelmann et al., 2006). To complement these results, the downcore scores of three PCs are
presented in supplementary material 3.

*** Figure 3 ***

4.2 SSTdiat and sub-STrad
In Civel-Mazens et al. (2021), we used the Imbrie and Kipp reuaa (IKM) (Imbrie and Kipp,

1971) for sub-STrad calculation to enable a direct compa’iscn of our results to previous SO
studies (Abelmann et al., 1999; Cortese and Abelmanr, 20uc; Cortese et al., 2007; Panitz et
al., 2015). However, MAT is the most commonly (:ed . tatistical approach to quantitatively
reconstruct SST from diatom assemblages (Crosta ¢ al., 2004; Gersonde et al., 2005; Esper
and Gersonde, 2014; Nair et al., 2019; Ghadi et 0" . .020; Orme et al., 2020) and was recently
used for radiolarian-based reconstructiors ( der:andez-Almeida et al., 2020). We therefore
applied the same approach to radiolarian ascemblages to ensure a more robust comparison of
SSTdiat and sub-STrad in core MD11-3533.

Based on EDC ice core oD record (vouzel et al., 2007; Bazin et al., 2013) the last four
interglacials MIS 1, MIS 5.5, MIs 7.5 and MIS 9.3, unfolded in two phases. After each
deglaciation, a short peak n te aperatures (plGs) occurred (red bars on Figure 3), and was
followed by a plateau of milder temperatures (mIGs) (green bars on Figure 3). This
delineation was used for aur interpretations to document potential future climate conditions
that will prevail in the KI region, based on the last four warmer-than-modern plGs. Mild-
interglacials are believed to provide a picture of the mean climate baseline, with no

anthropogenic influence.

In core MD11-3353, sub-STrad display a mean of 2.1 °C, a minimum of 0.49 °C and a
maximum of 4.2 °C over the past 360 kyrs (Figure 3A). Glacial periods (grey bars in Figure
3) showed generally cold temperatures of about ~ 1.5 °C: mean of 1.6 °C (0.49 — 2.8 °C)
during the MIS 2 — 4 (18 — 70 kyrs); mean of 1.5 °C (0.49 — 2.3 °C) during the MIS 6 (138 —
198 kyrs); mean of 1.5 °C (0.7 — 2.8 °C) during the MIS 8 (250 — 310 kyrs); mean of 1.4 °C
(0.6 — 1.9 °C) during the late MIS 10 (340 — 360 kyrs).

10



Mean temperatures over ~ 3 °C were recorded during plGs: mean of 3.3 °C (3 — 3.95 °C)
during the Holocene Climatic Optimum (HCO) (9 — 11.4 kyrs); mean of 3.7 °C (3.1 — 4.2 °C)
during the pIG-5 (126 — 133 kyrs); mean of 3.1 °C (2.9 — 3.4 °C) during the pIG-7 (243 — 247
kyrs); mean of 3.5 °C (2.5 — 3.7 °C) during the pIG-9 (333 — 337 kyrs).

During mIGs, sub-STrad display temperatures of ~ 2.7 or 3.3 °C: mean of 2.8 °C (2.4 —
3.3 °C) during the Holocene (0 — 9 kyrs); mean of 3.3 °C (2.4 — 3.8 °C) during the mIG-5
(116 — 126 kyrs); mean of 2.7 °C (2.3 — 3 °C) during the mIG-7 (237 — 243 kyrs); mean of
3.4 °C (3.1 - 3.6 °C) during the mIG-9 (326 — 333 kyrs).

Diatoms in core MD11-3353 reconstruct a mean temperature ¢ 3.4 °C oscillating between a
minimum of 0.7 °C and a maximum of 8.8 °C over the las’ 15 kyrs (Figure 3B). SSTdiat
display mean values of 5.5 °C (3.7 — 8.3 °C) during the Hcioc. ne; mean of 8 °C (7.4 — 8.5 °C)
during the HCO; mean of 2.4 °C (0.8 — 6.1 °C) during *he MIS 2 — 4; mean of 5 °C (3.4 —
7.3 °C) during the mIG-5; mean of 7.9 °C (6.6 — 8.8 ") d.uring the plG-5; mean of 1.2 °C (0.8
— 2.2 °C) during the late MIS 6. Box and whisker= wiots, 10r both for radiolarian- and diatom-
derived temperatures during each period, are pi.~cated as visual support to summarize this

information (Figure 4).

*** Figure 4 ***

5. Discussion

As previously observed in a 40 kyrs long record recovered east of KI (Civel-Mazens et al.,
2021), the sub-STrad pattern in core MD11-3353 on a depth scale is exceptionally similar to
the EDC ice core 6D record (Thole et al., 2019). Our new record extends this finding by three
climate cycles (Figure 2). The close resemblance of our new sub-STrad record to EDC 6D
record therefore suggests that ocean subsurface temperature variations over the past 360 kyrs
were controlled by climate and were robustly recorded by radiolarian assemblages.
Radiolarian counts were performed at high resolution, improving confidence that mean

temperatures accurately represent the prevailing mean climate states during the selected
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periods. In the following sections, we use new SSTdiat and sub-STrad along with published

sub-STrad, TEXS SST and SSTdiat regional records to reconstruct the mean location of the
hydrological fronts, mainly the APF, in the KI region during glacial and interglacial periods.
We based our inferences on two hypotheses. First, we assumed that the O, 2 °C at 200 m
defined the APF in the past like it does in the modern ocean, despite reorganization of water
masses in the SO due to climate variations. Second, we assumed that gradients in sub-surface
isotherms did not drastically change in the past. Given these assumptions, past mean locations
of the fronts were estimated in respect to regional modern conditions. Although the WOA of
2018 (WOA18) (Locarnini et al., 2019), a gridded atlas, is commonly used to infer large-scale
modern conditions, it may not be adapted to account for "e dynamic oceanographic
conditions off KI. Indeed, the WOA18 suggests modern sumr.er sub-ST at 200 m of ~ 7 °C at
the MD12-3396CQ core site (87°E) whereas the nearby (S1°E) high resolution eWOCE leg 18
survey (Schlitzer, 2000; Orsi and Whitworth, 2005) <'*agosts summer sub-ST of ~5 — 6 °C.
The difference between these two atlases downstrea, of the KP probably originate from
mesoscale structures in this area, well resolveys 1 the WOCE, but smoothed down in the
WOAU18. The sub-STrad reconstructed in the MD12-3396CQ core-top sample, dated at 592
years BP (Gottschalk et al. 2020), at -. 4 "C is in better agreement with WOCE 18 than
WOAI18, indicating that radiolarians *ere probably impacted by these recurrent sub-surface
mesoscale structures and recorded hzi... Moreover, TEX}® SST, SSTdiat and sub-STrad of
5.4 °C, 5.5 °C and 2.7 °C, resper:ive.'/, reconstructed in the MD11-3353 core-top sample are,
again, in better agreement with \he eWOCE (station 74DI1207; Schlitzer, 2000; WOCE, 2002),
which displays warmer sui,me" temperatures (5.3 °C at 10 m and 2.5 °C at 200 m) than
WOA18 (~ 4 °C and -- 2 °C) Jver the core site. Therefore, to avoid discrepancies with gridded
atlases, we here chose to use the core-top temperatures as references for the modern ocean
and we interpreted past conditions for the three selected climate states relative to these core-
top temperature values. Accordingly, modern SST and sub-ST references at MD11-3353 core
site are 5.5 °C and 2.7 °C, respectively. Based on sub-STrad, the modern sub-ST reference at
the MD12-3396CQ core site is 4.4 °C.

*** Eigure 5 ***

5.1 Glacial
In core MD11-3353, a mean sub-STrad of ~ 1.5 °C is reconstructed for each glacial over the

last 360 kyrs (Figure 4; Figure 5D). This suggests that oceanographic subsurface conditions

were rather similar during each glacial of the last 360 kyrs and were colder than modern
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conditions by ~ 1 °C. In the modern ocean, the subsurface isotherm of 1.5 °C at 200 m is
located 2° south of the Omin 2 °C (APF) in the study area (Orsi and Whitworth, 2005;
Locarnini et al., 2019). Therefore, we propose that the 6n,in 2 °C, and thus the APF, were
located at least 2° north of MD11-3353 core site during the last four glacials. The PCA results
on radiolarian assemblages in core MD11-3353 allowed for the identification of three distinct
groups of co-varying radiolarian taxa which live preferentially in AZ cold waters (Figure 3C-
F), APF waters (Figure 3G) or SAZ warmer waters (Figure 3H-1). During glacials, the relative
abundances of the four radiolarian taxa related to AZ realm increased, while abundances of
the two taxa associated to the SAZ decreased below 2%. In the AZ group: Cycladophora
davisiana reached its maximum abundance during the MIS 2 - .* the P. gracilipes gp did so
during the MIS 6 while Lithomelissa sp. A and B. auritus rec ~het their maximum abundance
during MIS 8. These results suggest a northward expansio of ‘he AZ realm over the northern
KP during all glacials, as already observed in the SO (Creille et al., 1998; Dezileau et al.,
2003; Becquey and Gersonde, 2003; Gersonde et al., 20C3; Bianchi et al., 2004; Gersonde et
al., 2005; Katsuki et al., 2012; Bostock et al., zuvi3; Shetye et al., 2014; Nair et al., 2015;
Benz et al., 2016). In core MD11-3353, mea: SSidiat were ~ 2.4 °C during the MIS 2 — 4
and ~ 1.2 °C during the late MIS 6 (Figu.= 4, Figure 5C), were similar to mean TEX;® SST of
~ 2 °C and ~ 1.6 °C, respectively (Thole et al., 2019; Figure 5B). However, TEX}® and
SSTdiat records do not encompass the full length of the MIS 6 and lack the warmer early
glacial. Even so, glacial SST val.ies rere lower than modern conditions at the core site by ~
3 °C and below the surface ten.erature range generally used to infer the position of the APF
(~ 3 -5 °C; Lutjeharms ai.1 Valentine, 1984; Anilkumar et al., 2006; Luis and Suhdakar,
2009). These concurrent ~esu ts suggest that the APF was located north of the core site during
the last four glacials. As he KP is a major obstacle to the ACC flow, we propose that such
migration was amplified by the regional bathymetry, forcing the APF to round the KP to the
north at ~ 45 — 46 °S. Hence, the mean APF was located ~ 6 — 7° north of its modern position
(Figure 6A).

Downstream of the KP, the surface waters at the MD12-3396CQ core site (47°43’S and
86°41’E, east of KI) were influenced by lower latitudes warmth redistributed via the Agulhas
Return Current (RC) to the SIO during the MIS 2 — 3 (Civel-Mazens et al., 2021). Contrary to
the SSTdiat, sub-STrad in this core did not record the injection of low latitude warmth, which
was limited to the surface layer of the ocean, and sub-STrad can, therefore, reliably trace the
Omin 2 °C. Mean sub-STrad were ~ 1.6 °C in core MD12-3396CQ during the MIS 2 — 3 period
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(Figure 5A), indicating the subsurface to be ~ 3 °C cooler than modern conditions at the core
site. It should be noted that the sub-STrad record in this core does not encompass the full
length of the MIS 2 — 4 and, thus, does not cover the warmer early glacial. Even so, they
support a northward shift of the APF. In the modern ocean and downstream of the KP, nearby
the MD12-3396CQ core site, the 1.6 °C subsurface isotherm at 200 m is located ~ 1 — 2°
south of 6yin 2 °C. This suggests that the Omin 2 °C, and the APF, shifted a couple of degrees to
the north of the core site during the MIS 2 — 4 and, thus, ~ 4 — 5° north of its current position
downstream of the KP (Figure 6A). These results suggest a more zonal APF and ACC main
flow. As a result, the ACC northern branch was probably not as tightly constrained against the
northern KP as it is today. This indicates weaker interactions Lotween the main ACC fronts

and the regional bathymetry during last four glacials as comp. red .0 modern conditions.

Recently, Ghadi et al. (2020) used their SSTdiat record frc™ a core located south of Conrad
Rise (45°E), and the SACCF SST range of 1 — 2 °C (%on™lov and Rintoul, 2009a), to infer a ~
3° of latitude northward migration of this front to sefle ot ~ 55°S during the last two glacials.
Using the same criterion, we propose that mean S5T Jiat of ~ 1 °C in core MD84-551 (55°S —
75°E; Figure 1), during the MIS 2 — 4 and ."1S < (Pichon et al., 1992; Figure 5E; updated age
model in supplementary material 4) indi.> e that the SACCF shifted close to this core site,
probably to sit in the Fawn Trough at 52°S. The SACCF was therefore located ~ 2 — 3° to the

north of its modern position (Figure 5 A) consistent with Ghadi et al. (2020) interpretations.

5.2 Interglacials

Peak-interglacials (plGs'
Mean sub-STrad over s °C in core MD11-3353 for all pIGs of the past 360 kyrs (Figure 4;

Figure 5D) indicate the occurrence of warmer-than-modern conditions in the modern KP

region by ~ 0.5 — 1 °C during the climate optima. In the modern ocean, the subsurface
isotherm of 3 °C at 200 m is located north of the KP at ~ 45 °S, around 5 — 6° of latitude north
of the Omin 2 °C (Orsi and Whitworth, 2005; Locarnini et al., 2019). This suggests the APF
migrated by ~ 5° of latitude to the south during the last four plGs. Moreover, during all pIGs,
the AZ-related radiolarian species in core MD11-3353 decreased in relative abundances
(Figure 3C-F) whereas the relative abundances of the two radiolarian taxa (C. bicornis and L.
setosa gp) affiliated with SAZ warmer-water environments increased (Figure 3H-I). These
results point to a southward expansion of the SAZ and PFZ, supporting that the APF shifted

south of its modern position. In this same core, mean SSTdiat of ~ 8 °C reconstructed for the
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HCO and plG-5 (Figure 4; Figure 5C) were similar to TEXt® SST of 7.6 °C during the HCO

but ~1.5 °C lower than the mean TEX{°SST during pIG-5 (Figure 5B). Nevertheless, all pIGs
SST values in core MD11-3353 were ~ 2 — 4 °C above the core—top SST reference and the
modern APF SST range. This further hints at a large latitudinal shift of the APF over the last
two plGs, in good agreement with sub-STrad in the same core. So where was sitting the APF
during the plGs, considering the large obstacle that is the KP to the ACC flow? Mean
SSTdiat of ~ 5.6 °C were reconstructed for the HCO and plG-5 in core MD84-551 (Figure
5E), slightly above the modern APF SST range, suggesting the close proximity of the APF.
Results in cores MD11-3353 and MD84-551 together, suggest that the APF was forced by the
KP’s topography to its southernmost position during the last roo* plGs, reaching the Fawn
Trough at around 55 — 56 °S (Figure 6B).

The mean sub-STrad of ~ 6.2 °C in core MD12-3535CQ indicates that subsurface
temperatures were ~ 2 °C higher during the HCO tha\ tod'ay (Figure 5A). Although this value
is too high to realistically track 6min 2°C, it suage.ts u.at the mean APF, east of KI, was
located south of its modern position during the ! CC. In the modern ocean, the 6 °C isotherm
lies ~ 3-4 degrees of latitude north of the ~ - isctherm (Orsi and Whitworth, 2005; Locarnini
et al., 2019), which may indicate a similar .ruthward migration of the APF east of Kl during
the plGs. If true, the APF turned to ti.> north downstream of the Fawn Trough, probably
following the plateau’s eastern flank as bottom-pressure torque forces the flow equatorward
when topography rapidly deepens ‘Rintoul, 2018), before turning again to the east forcing the
flow into a pronounced “S” si.ne 2ast of KI (Figure 6B). Additional cores downstream of the

Fawn Trough are requirer! -~ confirm the position and shape of the APF during pIGs.

Mean sub-STrad < 4 °C Auring all plGs in core MD11-3353 (Figure 4, Figure 5D) indicate
that the SAF (modern 6min 6 — 5 °C at 200 — 400 m), and its associated transport, were still
passing north of the KP over the last four plGs. Downstream of the KP, the aforementioned
mean sub-STrad of ~ 6.2 °C in core MD12-3396CQ during the HCO (Figure 5A), were 2 °C
warmer-than-modern subsurface temperatures at the core site. In the modern ocean, the 4 to
8 °C sub-ST contours east of Kl are, however, tightly constrained in a 2 degrees latitudinal
range, indicating that the SAF was probably located slightly to the south of its modern
position. In that configuration, greater front/bathymetry interactions, compared to glacials, are

expected.
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Mild-interglacials (mIGs)
The sub-STrad record in core MD11-3353 depicts two different situations during the mIGs,

following plGs’ climate optima, over the past 360 kyrs. During mIG-5 and mIG-9, subsequent
to the stronger plGs, pIG-5 and plG-9, respectively, mean sub-STrad were over 3 °C (Figure
4, Figure 5D). Conversely, during the Holocene and mIG-7 subsequent to the weaker pIGs,

HCO and pIG-7, respectively, mean sub-STrad were of ~ 2.7 °C (Figure 4, Figure 5D).

In core MD11-3353, mean sub-STrad of ~ 3.3 °C were reconstructed for mIG-5 and mIG-9.
These values are comparable to the ones observed during each plG (mean sub-STrad of 3.1 —
3.7 °C during plGs, Figure 4), which suggests that the APF was still located at the Fawn
Trough after the two corresponding climate optima (plG-5 a>d plG-9). Supporting this
hypothesis, the SAZ-related radiolarian taxa showed similar relztive abundances during the
mIG-5 and mIG-9 and during plG-5 and plG-9 (Figure 3H-1). In core MD11-3353, mean
SSTdiat of ~ 5 °C and mean TEX}® SST of ~ 6 °C Zoru.3 mIG-5 (Figure 4, Figure 5B-C),
above the APF SST range (3 — 5 °C), tend to anic- with the radiolarian-based results,
indicating that the APF was indeed south of the cr.re site. Moreover, mean SSTdiat of ~ 5 °C
during the mIG-5 in core MD84-551 (Figure 5.), above the APF SST range, indicates that the
APF passed through the Fawn Trough du.iry the mIG-5. As such, we propose that the mIG-5
and mIG-9 oceanographic configurau~"n was similar to the one described for pIGs in the
previous section and that the APF w7s locked in the Fawn Trough for over 10 kyrs during

stronger interglacials.

In core MD11-3353, mean su-S7rad of ~ 2.7 °C were reconstructed for the Holocene and
mIG-7 (Figure 4, Fig:.c SD), indicating similar-to-modern conditions. The relative
abundances of the Anwreunssa gp, a group ecologically associated with the APF, increased
over each mIG (Figure 35). Both sub-STrad and radiolarian assemblages suggest a northward
migration of the front towards the MD11-3353 core site immediately after weaker plGs. Mean

SSTdiat of 5.5 °C and mean TEX'® SST of 6 °C in core MD11-3353 during the Holocene
(Figure 4, Figure 5B-C) are above the APF SST range. In this case, TEX® SST indicate

slightly warmer-than-modern conditions, whereas SSTdiat agrees with sub-STrad, both
recording similar-to-modern conditions. Thus, based on SSTdiat, sub-STrad and Antarctissa
gp abundances in core MD11-3353, we propose that the APF may have shifted from the Fawn
Trough to its modern position upstream of the KP very early in the Holocene and MIS 7.5.
Additional SST and/or sub-ST data covering the late Holocene and/or the MIS 7.5 in cores

from the Fawn Trough would be necessary to confirm that last statement. But if true, during
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these two interglacials, the APF may have been sitting in the Fawn Trough for only a few

thousands of years.

Again, downstream of the KP, the mean sub-STrad of 5.2 °C in core MD12-3396CQ during
the Holocene is too high to track Omin 2°C. However, it indicates slightly warmer-than-modern
conditions and we therefore propose that the mean APF and SAF were located slightly south

relative to their modern position (Figure 6C).

*** Eigure 6 ***

5.3 Implications

The ~ 6 — 7° northward shifts in the mean APF position Jui.~y the last four glacials in the KP
region suggested by our results are consistent with the preyviously suggested 5 — 10° latitudinal
migration of the ACC (Gersonde et al., 2003; Gersrade =t al., 2005; Abelmann et al., 2015;
Benz et al., 2016). During these cold periods, v.e propose that the APF migrations in the KP
region were initiated by variations in SO vi'mat2 and enhanced by the regional bathymetry,
the latter causing the shifts to occur rap. 'ly in a “single” large amplitude movement, as
demonstrated in climate simulations (Gicham et al., 2012).

In the modern SO, eddy kinetic e'iw. qy (EKE) hotspots are generated by interactions between
ACC fronts and large bathym-~tric features, such as the KP. The resulting mesoscale eddies
sustain strong vertical mixing, v us allowing for the injection of nutrients from deeper waters
into the surface layer of the ocean (Tamsitt et al., 2017; Rintoul et al., 2018; Uchida et al.,
2020) where they sustan. high phytoplankton productivity (Blain et al., 2007; Pollard et al.,
2009). Here we showed that the APF was located north of the KP at around 45 °S during the
last four glacial periods. Congruent northward migrations of the SAF (Gersonde et al., 2003;
Crosta et al., 2005; Benz et al., 2016) and of the STF (Howard and Prell, 1992; Becquey and
Gersonde, 2003; Gersonde et al., 2003; Bard and Rickaby, 2009) indicate that that the main
ACC flow was less concentrated against the northern tip of the KP, more zonal and probably
wider compared to today. Conversely, the less intense ACC branch, associated to the SACCF,
was probably flowing over the KP (Figure 6A). Such an oceanographic configuration would
imply a reduced eddy activity downstream of Kl and a lesser interaction between the ACC

and the regional bottom topography, with potential impact on the water column structure.
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The 90 ppm drop in atmospheric CO, concentration during glacial periods is mainly attributed
to SO processes, including the surface isolation of the AZ (Sigman et al., 2021; and references
therein). Strong stratification of the water column in the AZ during the last glacial has been
attributed to high volumes of seasonal meltwater from the large Winter Sea Ice (WSI)
(Francois et al., 1997; Shin et al., 2003; Abelmann et al., 2015) and decreased wind-driven
upwelling (Wyrwoll et al., 2000; Toggweiler et al., 2006; Kohfeld et al., 2013). Here, we
propose that the reduced eddy activity over and downstream of KP as an additional process
further increasing surface isolation during the last four glacials though several processes. First,
the less intense eddy activity may have decreased diapycnal mixing between the UCDW and
the upper layers. Second, the lesser interaction with bottom topcaraphy may have decreased
the sea-floor induced mixing (Rintoul, 2018). Both process>s would have reduced upward
mixing of deep, CO,-rich waters and therefore the de assing of CO, to the atmosphere
(Gottschalk et al., 2020). Additionally, the reduced eddy >ctivity generated by the northward
migration of the ACC probably contributed to the lov.=r phytoplankton productivity south of
50°S downstream of KP during the last glacial pe iod (Bareille et al., 1998; Dézileau et al.,

2003) by lowering macro-nutrient input to the AAoW.

Conversely, the ~ 5° southward shifts in v~ + mean APF position during plGs forced the APF
to pass through the Fawn Trough anu to form an “S” shape downstream. The SAF was
congruently forced against the noitrert tip of the KP, turning south downstream of the
obstacle. As such, we proposc tha. the SAF and APF had stronger interactions with
bathymetry than during glacic!s, ~hich caused instabilities in the main flow and enhanced the
eddy field downstream of u.~ KP. Higher EKE downstream of the KP coupled with less
buoyant AASW, due .~ 1cver volumes of seasonal sea-ice meltwater as suggested by a more
southern WSI limit (Esr.r and Gersonde, 2014; Abelmann et al., 2015; Nair et al., 2019;
Chadwick et al., 2020; Ghadi et al., 2020), point to a better regional mixing of the water
column during plGs. Additionally, the reduction of the AZ due to the unusual spread of the
PFZ over a large band covering as much as 10 — 11 ° of latitude probably decreased the
residence time of water in AZ surface while reducing the region where diatom productivity
dominates, both processes reducing CO, biological uptake (Sigman et al., 2021; and
references therein). The steady increase in the opal flux and steady decrease in diatom-bound
8"N in core MD11-3353 over the Holocene (Studer et al., 2018), further support a northward
migration of the high productivity and high nutrient supply regimes from the Fawn Trough
during the HCO to the core site during the Late Holocene. The overall impact of EKE
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variations and ACC-bottom topography between glacials and interglacials on atmospheric
CO, concentrations is however difficult to estimate, as the fronts’ variability effect on the SO

carbon sink is poorly represented in climate models (Chapman et al., 2020).

Over the last decades, a strong reduction in K1 ice sheet has been observed and attributed to a
~ 1 °C increase of atmospheric and oceanic temperatures along with a southward migration of
the wind circulation due to a positive Southern Annular Mode (SAM) that relocated the
regional moisture supply south (Favier et al., 2016). Our results show that the APF, and
probably westerly winds, were located south of their modern position during all pIGs of the
last 360 kyrs, when the SO climate was warmer than presant (Capron et al., 2014). As
temperatures are projected to increase over the next decrde. (IPCC, 2013), regional
atmospheric and oceanic conditions may progressively rerer. 2om mlG to plG conditions.
We propose that this may result in a permanent relocatioi. »7 the APF at the Fawn Trough,
constraining regional moisture to the south, which wia couse further shrinking of Kl glaciers.
The eddy field intensity and, thus, mixing of the wat~r c2lumn should increase east of KI due
to the main ACC branch being gradually more (0isi -ained against the northern tip of the KP.
Siliceous productivity may become restre’..~d .~ latitudes south of the Fawn Trough. If this
comes true, we expect a decrease in effic.> 1cy of the soft tissue pump east of the KI where,
today, abrupt events of surface water 'ibduction sink large amounts of particulate organic

carbon to the ocean interior (Llortet a'., 2017).

Conclusion

We generated two new_ *.igh-resolution temperature records of oceanic sub-ST and SST for
the western part of the Kerguelen Plateau, covering the last 360 and 150 kyrs, respectively.
These results, along with variations in relative abundances of radiolarian assemblages,
allowed us to interpret hydrological fronts’ mean position off KP during periods such as
glacials, peak (pIGs) and mild-interglacials (mIGs), with modern oceanographic conditions as
a reference. During the last four glacials, our results suggest that the APF shifted north of the
KP. Under pIG conditions and warmer mIGs (MIS 5.5 and MIS 9.3), our results suggest that
the APF shifted by ~ 5° to the south to sit in the Fawn Trough. During cooler mIGs (MIS 7.5
and Holocene), the oceanography was rather similar to the modern situation. The hydrological
front migrations and the associated changes in the interaction of the ACC flow with the
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bathymetric high possibly had important implications for water column structure over and
east of the KP, leading to an increased stratification (mixing) during glacials (peak-
interglacials). The northerly zonal ACC flow during glacial periods reduced such interaction
and, consequently, eddy formation. We propose that the causal reduced vertical mixing
participated to the observed Antarctic surface water stratification. Conversely during plGs, the
greater interaction of the ACC flow with the KP along with the “S” shaped flow over the KP
increased eddy-forced mixing, thus homogenising the water column more efficiently.
However, high-resolution models are necessary to better assess these oceanographic changes
and their potential impacts on ocean stratification and regional productivity in a complex

sector that is important for anthropogenic CO; uptake.
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Figure 1: Maps of the Southerr Ocu2an and of the Kerguelen Plateau region made with GMT
v6 (Wessel et al., 2019) using *he Ztopo 1 min arc database (Amante and Eakins, 2008). The
black square represents the 1c~ation of MD11-3353 core site. White dots represent locations
of core sites with publist ed r..cords used in this study. The main ACC fronts are drawn after
Park et al. (2019). SAF. Suwvantarctic Front (red line); APF: Antarctic Polar Front (blue line);
SACCF: Southern Antarr.ic Circumpolar Current Front (black line). Thin black lines
represent contour lines between -8 and 8 km with a 0.5 km interval.

Figure 2: Age model of core MD11-3353. Tuning of the sub-STrad record (blue) with the 6D
EDC record (brown; Jouzel et al., 2007; Bazin et al., 2013). Yellow squares represent the tie
points derived from the comparison of the TEXS® SST record (Théle et al., 2019;
supplementary table 1) and the 6D EDC record (Jouzel et al., 2007) while sub-STrad derived
tie points are represented by blue dots (supplementary material 1).

Figure 3: Ocean temperatures and key radiolarian species in core MD11-3353. (A) sub-STrad
(black line) and (B) SSTdiat (green line). Represented in light blue are the relative
abundances of radiolarian species associated to the AZ: (C) Cycladophora davisiana; (D)
Pseudodictyophimus gracilipes gp; (E) Botryostrobus auritus; (F) Lithomelissa sp. A.
Represented in dark blue (G) are the variations in relative abundances of the Antarctissa
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group, associated with the APF. Represented in red are the variations in relative abundance of
species associated to the north PFZ-SAZ: (H) Cycladophora bicornis and (1) Lithomelissa
setosa gp. The range of depth in the water column where species live is represented above
their relative abundance variations. Grey horizontal bars represent glacials, red bars represent
peak-interglacials (pIG) and green bars represent mild-interglacials (mlG), all discussed in
section 5. AZ: Antarctic Zone; APF: Antarctic Polar Front; SAZ: Subantarctic Zone; Holo:
Holocene; HCO: Holocene Climate Optimum.

Figure 4: Box and Whiskers plots showing variations of SSTdiat (green boxes) and sub-
STrad (blue boxes) during glacials (MIS 2-4; MIS 6; MIS 8; MIS 10), peak-interglacials
(HCO; plG-5; plIG-7; plG-9) and mild-interglacials (Holocene; mIG-5; mIG-7; mIG-9). Black
squares represent the mean temperatures for each period. The SSTdiat and sub-STrad values
in the MD11-3353 core-top sample (5.5 °C and 2.7 °C, respectively), used as modern
references in the discussion, are represented by red dashed lines.

Figure 5: Comparison of temperature records from the Kergu.len Plateau region over the past
360 kyrs. (A) sub-STrad record from core MD12-3396CQ (reu line; Civel-Mazens et al.,
2021); (B) TEX}® SST record from core MD11-3353 (gi'v hnie; Théle et al., 2019); (C)
SSTdiat record from core MD11-3353 (green line; this s.'ay); (D) sub-STrad record from
core MD11-3353 (dark blue line; this study); (E) SSTu.~t record from core MD84-551 (light
blue line; Pichon et al., 1992); (F) D record from =DC (brown line; Jouzel et al., 2007; Bazin
etal., 2013).

Figure 6: Maps of the Kerguelen plateau .eg on \vith interpreted front locations for (A)
Glacials, (B) peak-Interglacials (pIGs) anu ‘C) mild-Interglacials (mIGs). In the three maps,
dashed lines represent the modern pos:tions or the SAF (red), the APF (dark blue) and the
SACCF (black) after Park et al. (201¢; In {A), mean glacial positions of the APF and SACCF
are represented by light blue and blacl plain lines, respectively. In (B), mean peak-interglacial
positions of the APF and SAF ar« rep.2sented by light blue and red plain lines, respectively.
In (C) mean positions of the A™-F and the SAF during the weaker mIGs (Holocene and mIG-
7) are represented by light blue and red plain lines, respectively. SAF: Subantarctic Front;
APF: Antarctic Polar Front: A72CF: Southern Antarctic Circumpolar Current Front.

Table 1: PCA results fc. species with factor loadings higher than |0.2] in one of the first 3
factors.

PC1 PC 2

Species (61%) (24%) PC 3 (5%)
Antarctissa gp 0.75565 0.51408 0.19807
Botryostrobus auritus/australis ~ -0.031163  0.056051 -0.28376
Cycladophora bicornis -0.012451 -0.20832 0.26294
Cycladophora davisiana -0.64144 0.65725 0.16712
Lithomelissa sp. A 0.045073 -0.11373 -0.69023
Lithomelissa setosa gp -0.077533 -0.47567 0.41163
Pseudodictyophimus gracilipes

gp -0.021504  0.025118  -0.30348
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Supplementary table 1: Tie points resulting from correlation between the TEX°-derived
SST record (yellow) or sub-STrad record (blue) in core MD11-3353 with the 6D record in
EDC ice core (Jouzel et al., 2007; Bazin et al., 2013).

Supplementary table 2: Factor loadings for the 81 taxa in the first three factors of the PCA.

Highlights

e New approach to estimate Southern Ocean fronts migrations in the past

e Comparison of sea-surface and subsurface temperature records over the last 360 kyrs
e APF positioned north of the Kerguelen Plateau during glacials

e APF located in the Fawn Trough during early warm inte. ‘lacials

e Potential impact of ACC and associated fronts shifts ¢:n wter column mixing
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