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Abstract

Marine Isotope Stage (MIS) 5e (1BD6 k3 represents an importantV LINR OS&aa |y f 2 3d:
understanding the climatic fedbacksand responses likely active under future anthropogenic
warming. Reconstructing the Southern Ocean (SO) palaeoenvironment during MIS 5e and comparing
it to the present day provides insights into tligferent responses of th&0O sectors to a warmer
climate This study presentsew records from sevemarine sediment cors for MIS 5e together with

their surfacesediment records; all cores al@catedsouth of 55°S. We investigatehanges in diatom
species assemblage and the accompanyiagations insea surface temperatures, winter séz

extent (WSIE) and glacial meltwater fluXl records show warmer conditions andeduced WSIE

during MIS5e relative to the surface sedimenté/hile the Pacific and IndigBectorrecords present

very stable condibns throughout MIS 5e, the Atlant®ectorrecords display much more changeable
conditions particularly with respect to the WSIE. These vdeiawmnditions are attributed tdigher

iceberg and glacial meltwater flux in the Weddgd#la Thisevidence forincreased iceberg anglacial
meltwater flux in the Weddell Sea during MISrBay havesignificant implications founderstanding

the stability of the West Antarctic Ice Sheet, both during MIS 5e and under future warming.

Keywords

MIS 5e PalaeoenvironmentDiatom; Southern Ocean; Marine Sediment Core
1. Introduction

The Antarctic contient and Southern Ocean (SO) pkayritical role in the global climate system
through the albederadiation feedbacks induced by the vast extent of the Antarctic ice sheetS@nd
sea ice. Seie cover also regulates heat and gas exchange between the SBesatthosphere and,
through changes in sea surface temperatures (SSTs) and salinity, #ifgatstic Bottom Water

production and thereby impacts upon global ocean circataAbernathey et al. 2016)
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Rising greenhouse gas concentrations are driving current global warming, with polar regions warming
twice as fast as the global avera®CC 2019High latitudes have a greater sensitivity to radiative
forcing andhereforetend to amplify the effects of rising temperatures through ocean and cryosphere
feedbackgVaughan et al. 20137 his greater sensitivity makes higher latitugesticularly important
regions for studying andunderstanding climate dynamics. However, the very short length of
observational recorddimits our understanding of the underlying processes. Studying past warm
periods, when the extent of land ice and sea ice were reduced, can help guide our understanding of

the impact of predicted future climate change in these key regions.

Marine Isotope Stagy (MIS) 5e (13@ 116 ka) was the last period when the Antarctic region was
substantially warmer. SSTs and global mean annual atmospheric temperpaaiesd ataround 0.8

°C warmer during MIS 5e than presdtto-Bliesner et al. 2013, Capron et al. 2014, Fischer et al.
2018) and global sea levels werngossibly5-9 m higher than now(Kopp et al. 2009)Proxy
reconstructions of mean annual $Sm middle to low latitudes (betweéesil °N and 51°S) peaked at
just0.5+£0.3°C warmer than preindugal during MIS 5¢Hoffman et al. 201 Avhereas model results
suggesthat summer SSTs in the SO peaked.8t: 0.8 °C warmer than preindustrigCapron et al.
2017) indicating strong polar amplification during MIS 5e. Unlike future anthropogenic warming, MIS
5e peak temperatures were orbitally forced rather than primarily through rising greenhouse gas
concentrations, making M{ pS 'y AYLERNIIlIYyd WYWLINRPOS&aa Iyl f23dz
mechanisms and natural feedbacks that will be active under future warmer cond{&iaee et al.
2016)

In the modern SO there is substantial spatial heterogeneity in the observedcseaaends, with sea

ice reductions intie Bellingshausen and Amundsezas concurrent with increases in the (outer)
Weddell Sea and Ross S®ectos (Stammerjohn et al. 2008a, Hobbs et al. 2016, Parkinson 2019)
Trends in modern SO surface, deep dmttom water temperatures display similar heterogeneity
(Maheshwari et al. 2013, Schmidtko et al. 201Model simulations are unable to replicate the
observations of recent sei@e change without reducing theegional warming trendéRosenblum &
Eisenman 207). These difficultiesre indicative of the complexities of the climate dynamics, which
drive SST and séee change in the SO todé@ytammerjohn et al. 2008b, King 2014, Hobbs et al. 2016,
Purich etal. 2016) Model deficiencies in the SO region suggest thatlarge signalo-noise ratioin

SO temperature and seae conditions duringMIS 5ewill be useful forimproving climate model

simulatiors of this region for warmer climates

The diatom assemblages preserved in SO marine sediments are a valuable tecbhstructing past

oceanographic conditions. Diatoms are phototrophic algae, which are prevalent in the SO euphotic
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zone, and their species distribution patterns are closely related to the environmental conditions in the
surface waters, principally theea ice cover and SS(Ielinski & Gersonde 1997, Gersonde & sl

2000, Armand et al. 2005, Crosta et al. 2005, Romero et al. 2005, Esper et alS20&al pevious
studies have used marine sediment core records to reconstruct the palaeoceanographic conditions
during MIS 5e, often alongside model simulatigBsanchi & Gersonde 2002, Turney & Jones 2010,
Otto-Bliesner et al. 2013, Capron et al. 2014, Hoffman et al. 2017, Turney et al. A02@ver, these
studies contain few, or no, marine records from south ofS&and therefore are unable wapture

the MIS 5e environmental conditions in the Antarctic Zone (south of the Polar Front). Due to the
uncertainties in the chronologies of SO pyaecordgGovin et al. 2015)previous studies have often
either averaged SSTs across MISGartese et al. 2013, Turney et 2D20)or assumed peak SSTs
occur synchronosly throughout the SO and are coincident with peak atmospheric temperatures in

Antarctica(Otto-Bliesner et al. 2013, Capron et al. 2014, Hoffman et al. 2017)

This study aims to compare the environmental conditions in the SO between MIS 5e and the modern
using diatom assemblage data preserved in marine sediments. New MIS 5e assemblage data from
seven sediment cores located south of 95 (Figure 1) areompared to thesurface sediment
assemblages to determine whether all three sectors of the SO had warmer SSTs and a reduced winter
seaice extent (WSIE) during MIS 5e, relative to the modern, and whether changes in SSTs and WSIE

during MIS 5e occurreith a uniform patternacross all SO sectors.

2. Modern oceanography

The SO comprises the southemost basins of th Atlantic, Indian and Pacificeans and acts as a
linkage between the water masses and oceanic circulation within these badhes.dominant
oceanographic feature in the modern SO is the clockwise flowing Antarctic Circumpolar Current (ACC),
which forms a continuous belt separating subtropical waters to the north from Antarctic waters to the
south (Orsi et al. 1995)The ACC is characterised by five fronts, marked by steep horizontal density
gradients associated withpecific SSTand salinitiegOrsi et al. 1995, Dong et al. 2006, Sokolov &
Rintoul 2009) The most southerly fronts are the Southern Boundary of the ACCharfsiouthern ACC
Front (Orsi et al. 1995)which do not separate distinct surface water masses and thus will not be
considered in this study. The Subtrogi Front marks the northern boundary of the ACC, separating
Subantarctic and Subtropical surface wateairsd is located too far north 40°S) to influence the core
sites used in this stly. The Subantarctic Froistthe most northerly of the remaining twfronts (white

line in Figure 1) andimarked by SSH8 °Cto the north and SSTH{ °C to the suth (Meinen et al.
2003) The final £C front is the Polar Froriilack line in Figure 1) whigk marked by the subsurface
(200m) 2°C isothern(Orsi et al. 1995 ndgererally corresponds to SSTs @f3°C(Donget al. 2006)
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The Subantarctic Froseparates the Subantarctic Zone (to the north) from the Polar Front Zone (to

the south), which is in turn separated from the more southerly Antarctic Zone byatflaeRPont (Orsi
et al. 1995)

The flow of deep and bottom water masses and ltiations of theACC fronts are strongigfluenced
by the SO bathymetry. Bathymetric higlsich as the Kerguelen Plateau and Pagifitarctic Ridge
and oceanic gatewaysuch aghe Drake Passage and Tasman Gaiel O (2 WLIAY Q

fronts and restrictheir latitudinal migration(Dong et al. 2006)
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Figure 1 Map of cordocations (black stars) with modern SSTs, locations of SO fronts and WSIE. Tht
star indicates a surfaceedimentsample (U1361A) assumed to contain a modern diatom assemb
characteristic for the Indian Sector. The white line marks the modern Subantarctic Front (positioDrsoi
et al. (1995), the solid black line marks the modern Polar Front (position floathan et al. (2000) the
dashed black line marks the extent of the Weddell Gi¢ernet et al. 2019and the grey line marks the
mean September sei&ce extent from 1982010 (data fronfetterer et al. (2017) The background shading
display the mean annual SSTs from 12810 using the COBEST2 dataset provided by the NOAA P
Boulder, Colorado, USAt{ps://psl.noaa.gov). The boundaries betweethe three SO sectors (Atlantic
Indian and Pacific) are highlighted by straight black lines.
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106 3. Materials and nethods
107 3.1. Core 8es
108 This study presents meMIS 5ediatom assemlage data from sevemarine sedinent cores (Table 1
109 & Figure } in allsectoss of the SQ; three in the AtlanticSector(70°W ¢ 20 °E), one in the Indian
110 Sector(20°E¢ 150°E) and three inhe PacificSector(150°E¢ 70 °W). These cores were selected as
111 they contain >20 cnthick intervals ofdiatom rich MIS 5e sediments amde located further south
112 than almost all cores with existing MIS 5e diatom recd@isadwick et al. 2020¥ecafloor srface
113 sediment from an additional IndiaSectorcore International Ocean Discovery Program (IODP)
114  Expedition 318 Hole&J1361Ais also included
Core Latitude, Longitude de\:/;/?r;[e(:n) Cruise, Year Ship Cor(e; rl?]r;gth
TPC290 55.55°S, 45.02W 3826 JR48,2000 RRS James Clark Ros  1179*
TPC288 59.14°S, 37.96W 2864 JR48,2000 RRS James Clark Ros  940*
TPC287 60.31°S, 36.63W 1998 JR48,2000 RRS James Clark Ros  615*
ELT1P 63.08°S, 135.12W 4935 ELT17, 1965 R/V Eltanin 2018
NBPOSOD4 64.20°S, 170.08W 2696  PA9802,1998 Y/ 'Bpgf:]r;?me' B. 740
MD032603  64.28°S, 139.38E 3320 MD130, 2003 R/V Marion DuFresne | 3033
U1361A 64.41°S, 143.89E 3459 IODFZ)(;E]_XOp' 31 JOIDES Resolution 38800
PC509 68.31°S, 86.03W 3559 JR179,2008 RRS James Clark Ros 989
Table 1Details of the location and recovery information for the eight sediment cores analysed in this ¢
Cores are ordered by latitudé&or IODP Sitd1361 only the core top surface sample from Hole U1361A v
analysed.*For the three TPC cores (TPC290, TPC288 and TPC287), a trigger core and piston core w
at the same location, and the records were spliced together to form a composite tjiigten core record.
115 3.2. Diatom @unts
116 For the diatom assemblage data, microscope slides were produced using a metyotecafrom
117  Scherer (1994)Sample®f 7-20 mgwere exposed to 10%ydrochloric ad to remove any carbonate,
118 30% lydrogen peroxide to break down organic material and a stlium hexametaphosphate
119 solution to promote disaggregatiaturing their placemenin awarm water bath folma minimumof 12
120 hours.The material was homogenised into a ~dl water column and allowed to settle randomly
121 onto coverslips over a minimum of 4 hours. The water was drained away and coverslips were mounted
122  on microscope slides with Norland Optical Adhesive (NOA 61). Slidesrwestigated with a light
123  microscope (Olympus BHMH at x1000 magnification) and a minimum of 300 diatom \&lwere
124  counted for each sample.



. . Modern summer SST Modern seaice
Diatom speciefenera

(°C) duration (months/yr)
Actinocyclus actinochilus -0.5¢0.52 7.5-92
Azpeitia tabularis 1¢22.5° 0¢3.5°
Chaetoceross. -1.3¢3.5° 0¢10.52
Eucampia antarctica -2¢9.5¢ C
Fragilariopsis curta -1.3¢2.5% 5¢10.5%
Fragilariopsis cylindrus -1.3¢1¢® 7.5¢ 10.52
Fragilariopsikerguelensis -1¢22¢ 0g9d
Rhizosolenia antennatiasemispina 0.5¢2¢ 1¢3.5¢

Table 2 Modern summer SSTs and sea duration ranges for diatom species and genera that are presel
in this study. The SST and gea duration ranges for the present day are based on surface samples w
the listed species/genera is >2 % of the assemblageampia antarcticdoes not show any clear associatic
with modern sedce duration2Armand et al(2005) ® Romero et al. (2005j Zielinski & Gersonde (1997)
Crosta et al. (20055 Armand & Zielinski (2001)

125 Diatom rdative alundances for each sediment coaee reported for species or groups witkell-

126 constrained presentlay ecologies/habitats (Table Zctinocyclus actinochilisa coldwater species

127 (Table 2)generallyfound inlow abundances (<3 %) 80seafloorsurfacesedimentsamples within

128 the maximum WSIEArmard et al. 2005, Esper & Gersonde 2014ihdreasing relative abundances of
129 this species in southern high latitude sediments suggest colder SSTsoaadevereseaice cover.

130 Azpeitia tabularisis a warmwater species (Table 2yeaching up to 20 % of ¢htotal diatom

131 assemblages in the Subantarctic Zone and presentilagive abundances <5 % in surface sediments
132  south of the Polar FronfRomero et al. 2005, Esper & Gersonde 201%hjs species additionalhas

133 a southerly occurrence restrictedy the maximumWSIE(Zielinski & Gersonde 1997nhcreasing
134 abundances of this group southern high latitude sediments therefore suggest warmer SSTs and ice

135 free conditions.

136 The abundance ofhaetoceross. in SO surface sedimenis dominantly influenced by meltwater
137  surface stratificatiorandnutrient availability(Armand et al. 2005with high surface stratification and
138 nutrient availability resulting itChaetoceross. dominated assemblages (>60i#ifoastal Antarctic
139 systems(Leventer & Dunbar 1988, Leventer 1991, 1992, Crosta et al. .19f)f) Chaetoceross.
140 abundances are also associated with moderately consolidated winter sea icedsdaration = 3B
141  months/yr), but this relationship is stillgorly understoodArmand et al. 2005)TheChaetoceross.
142  abundancesn this studyinclude a small numbgup to 1 %pf ChaetocerogHyalochaetgvegetative

143  cells in some sample®therthan Chaetoceross., Fragilariopsis kerguelenssthe dominant diatom



144  species/group in SO surface sediments, with the greatest abunddouaed in locations with year
145  round open ocean condition&Crosta et al. 2005, Cefarelli et al. 2010, Esper et al. 20id)as a
146 reault, changesin F. kerguelensimbundance are oftemegatively correlated withchanges in
147 Chaetoceross. bundance.Taken togetheran increasen the relative abundancef F. kerguelensjs
148 and concurrent decrease in the relative abundant€haetoceross. in our core records indicate a
149 shift from conditions with moderate seiae cover and stratified surface waters to open ocean

150 conditions with low or no winter seie cover.

151 Fragilariopsis curtandF. cylindruscomposing thé-CC groufare seaice assoiated speciegKang&

152  Fryxell 1992, Beans et al. 2008)esenting their maximum abundances in modern sediments at winter
153 seaice concentrations >70 % and SSTSGArmand et al. 2005, Esper & Gersonde 201407 lag
154 FCC groups used as an indicatoof winter seaice presence(Gersonde & Zielinski 20Q0yith

155 abundances >3 % associated with locations south of the mean WSIE, abundarédsind between
156 the mean and maximum WSIE aabundances <1 %eingindicative of conditions north of the
157 maximum WSIESersonde & ZielinsR000, Gersonde et al. 200%)creasing relative abundances of

158 the FCC group in our cores therefore infer heavyiseaonditions and cold SSTs

159 The abundance dtucampia antarctican SO surface sediments does sbbw a clear pattern relative
160 to ST or sedce extent(Zielinski & Gersonde 199frobably because its twearieties havausudly

161 beencombined in abundance count§he cold variety oE. antarcticahas however, been related to
162 iceberg flux, with high iceberg flux promoting high antarcticaabundances through meltwater
163 induced buoyancy and high iron availél (Burckle 1984, Fryxell & Prasad 1990, Allen 2@&sd

164 on restricted modern studies, high relative abundancesofantarcticacold variety encountered
165 downcore have been used as an indicator of iceberg or mdemainating glaciers meltin(Barbara
166 etal. 2016)TheE. antarcticaelative abundances reported in this study only include valves from the
167 cold variety.Rhizosolenia antennath semispinareaches its maximum abundance in SO surface
168 sediments located within, and just north of, the mean WE&l®sta et al. 2008nd is also an indicator

169 of high meltwater flux and surface stratificatigallen et al. 200b

170 Surface sediment samples from four of the core sites (TPC290, TPC288, aRCP&E509) are used
171 to obtain modern diatom assemblagder those sites For core MDO2603, the surfacesediment

172 sample from the nearbgiteU1361(Table 1 & Figure 1) is used for the modern diatom assemblage.
173  There was no surface material available for the central P&gfitorcores (ELT19 and NBP98024),

174  sothe MIS 5e diatom assemblages in these cores are not compared against any modebiaagsem
175 Using surface sediment samples to represent the modemiace water conditionis consistent with

176  previous studie¢Zielinski & Gersonde 1997, Crosta et al. 1998, Armand et al. 2005, Crosta et al. 2005,



177

Romero et al. 2005, Esper & Gersonde 2014Hnua)ve note thatthe assemblage preserved in sugac

178 sediments is likely an integrated signal of up@®years(Miklasz & Denny 2010)
179 4. Age nodels
180 4.1. Publi®ied dironologies
181  Of the seven sediment coregfor which MIS 5e data amresented in this study, five utilise previously
182 published age models (Table 3). The chronology for cores TPC290 and BR§Ma&8n Pugh et al.
183 (2009) and utilises the correlation between the magnetic susceptibility (M@&cord in marine
184 sediment core$rom the Scotia Seand the dust record in the EPICA Dome C (EDC) ice conpaster
185 (glacialinterglacial cyclegPugh et al. 2009, Weber et al. 2012 both cores this chronology is
186 combined with the abundance stratigraphy of the radidarispecieycladophora davisianavith
187 the e low abundance evenindicatingMIS 5e(Brathauer et al2001) The Termmation Il tiepoint in
188 TPC290 was adjusted fratme 7.11metres below seafloomibsif) givenin Pugh et al. (2009p 7.23
Latitude, MIS 5e sampling
Core Longitude SO sector Chronology for MIS 5e interval (ka)
55 5505 Correlating MS from TPC290 to EDC ice core dust
TPC290 45 .02°V\/7 Atlantic record combined witlC. davisianabundances 0.6
' (Pugh et al. 200%)
59 14°S Correlating MS from TPC288 to EDC ice core dust
TPC288 37 .96°V\/’ Atlantic record combined witlC. davisianabundances 0.7-1.1
' (Pugh et al. 2009)
60.31°S, . Correlating MS from TPC287 to MS from TPC288
TPC287  agegoyy  Atlantic (this study; Figure 2) 0.5-1.2
63.08°S Combined abundance stratigraphiesfantarctica
ELT1® 135' 120\/\’/ Pacific andC. davisian@n SPECMAP age scale 1.2-1.3
' (Chase et al. 2003)
64.20°S Correlating MS from NBP98@2 to EDC ice core dus
NBP9802D4 170' 08°V</ Pacific record combined with Last Occurrence Datuntof 14
' karstenii(Williams 2018)
64.28°S Correlating Ba/Al and Ba/Ti ratios from MDBP2803 to
MDO03-2603 13é 38°é Indian LR04 benthic oxygen isotope stack combined with 0.4-0.9
' diatom biostratigraphyPresti et al. 2011)
68.2°S Correlating wet bulk density (=proxy mirroring
PC509 86 .03°V\I’ Pacific ~ biogenic opal content) from PC509 to the LR04 ben 0.6-1.3

oxygen isotope stack (this study; Figure 3)

Table 3:Summary of the locations and chronologies for the seven sediment cores analysed in this
Cores are ordered by latitude. *For core TPC29Cctivenology was adjusted from the age model previou
published inPugh et al. (2009)y shifting the Termination Il tiepoint to improve alignment of its MS sig
with the EDC dust record.
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mbsf to improve thealignment of the MS signal of the sediments with thEDC dust record. The
chronology for core NBP98@2l also utilises the correlation between sediment MS and EDC dust
(Pugh et al. 2009)alongside the presence/absence of the diatom spetiesnidiscus karstenii
(Williams 2018)which is a biostratigraphic marker for the MIS 6/7 bound8uyrckle et al. 1978All

three of these cores have atmologies tied to the EDC3 tinseale(Parrenin et al. 2007)

Cores MD02603 and ELT29 have published chronologies tied to the LR04 and SPECMAP age scales
respectively (Table 3). For core MBRE03, Presti et al(2011)correlatedthe downcore records of

Ba/Al and Ba/Ti ratigsvhich are palae@roductivity proxiesto the LR04 benthic foraminifera®O
stack(Lisiecki & Raymo 20Q5he chronology for core ELTa7vas published bghase et al. (2003)

and uses abundances f@. davisiangHays J. unpublished datand E. antarctica (Burckle L.H.
unpublished data)which provide well establishembundance stratigraphie@Burdkle & Burak 1995,
Brathauer et al. 2001)o allow for consistent comparison of timings between cores, both MIB03

and ELT1B are translated across onto the EDC3 chronology using the conversion tables published by
Lisiecki & Raymo (200&hdParrenin et al. (2013puring MIS 5e, EDC3 ages are ~dlder than LR04

ages, with this offset due to the LR04 chronology beeged upora benthic record that incorporates

both sealevel and temperature componen{®arrenin et al. 2007)A chronology tuned to surface
water rather than deepwater changes was chosen besmuwe are investigating environmental

changes in the surface ocean.

4.2. TPC287hronology

The chronology for core TPC287 was constructed by aligning the downcore MS records in cores
TPC287 and TPC2&3dure 2. TPC287% located approximately 150 km southea${TPC28§Figure
1), and thus the MS variations in both cores are expected to occur synchronously across glacial and
interglacial cycles. The/o MS records wergraphicaly alignedby eyeusingthe Analyseries software

(Paillard et al1996)by choosingprominent featuresas tiepointg(Figure 2 &able 4).

4.3. PC509 leronology

The chronology for core PC509 was constructed by visually aligning the wet bulk density, a proxy
mirroring biogenic opal conter{Busch 1991, Weber et al. 1997, Hillenbrand et al. 2603he LR04
benthic foraminifera 180 stackLisiecki & Raymo 2008%ing the AnalySeries softwafeaillard et al.
1996) Tiepoints were selected in the wet bulk density record at MIS stage anstagé boundaries
(Table 5 & Figure 3). The MIS 5stdiges use the age assignments frGovin et al. (2009)and the
ages are translated across from the LRO4 chronology to the EDC3 chronology using the conversion

table published byrarrenin et al. (2013)



Depth (cmbsf)

<+—— Figure 2 Alignment between the MS

100 200 300 400 500 600 downcore records from cores TPC287 (red) &
' ' ' ‘ ' ' TPC288 (black) using the AnalySeries softw
(Paillard et al.1996) The blue squares anc
. 27 connecting lines mark tiepoints between th
”E records. The age model for core TPC288 v
x published byPugh et al. (2009)
% 10
= TPC287 epth (mbsf) | TPC288 ge (ka)
0.84 17.5
0 1.39 28.5
40 1.53 31
3.21 61
3.71 74
30 5.43 118
T 5.65 131
. 5.95 138.5
a 6.09 142
93]
>
10 Table 4:Tiepoints forthe TPC287 chronology
with depths incore TPC287 being tied to th
. EDC3 ages published Bugh et al. (2009%or
0 20 40 60 80 100 120 140 core TPC288.
Age (ka)
Age (ka)
PC509 dpth | LR0O4 ge | MIS stage/sub 0 20 40 60 80 o L L
(mbsf) (ka) stage boundary
5.00 73 4-5a 3
5.20 84 5a5b o
5.64 91 5b-5¢ B
5.78 106 5¢-5d Ly 3
5.97 116 5d-5e =
6.38 130 5e-6 - 45
6.48 136 -
-5
Table 5:Tiepoints for the PC509 chronology. Tl
wet bulk density record for PC509 was aligned w r12
the LRO4 benthic stack using the AnalySer s
software (Paillard et al.1996) The ages for MIS L 14 g:
stage/substage boundaries used as tiepoirdse ":;_
listed. £u
-16 2
Figure 3:Alignment between the downcore we TW g
bulk density record of core PC509 (red) and t O’E
LR04 benthic 1180 stack (black)using the 18 E
AnalySeries softwargPaillard et al. 1996)The ~
tiepoints are marked by blue squares ar : . : : | : -
connecting lines. > U 100 200 300 400 500 600 700
Depth (cmbsf)
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5. Resultsand discussion

5.1. MIS 5e diatom assemblages

Relativediatom abundancesn the sediments deposited durintpe time interval 132120 kaare

presented forall seven coresites (Figures-8) in order to capture the palaeoenvironme signal

both fromthe Termiration Il deglaciation ant’ LJS | | Q TheAzpeitit&bdiarisand Actinocyclus
actinochilusabundances are lown all severcores (0.3 £ 0.4 % and 0.5 + 0.6 W)h cores TPC288,

ELT17 and PC509 recording only negligible contributions (0.3 + 008 8ither species (Figuress).

/I 2NB ¢t/ wnyT KFa G§KS f I NBASattinochi@sedk Bf 2 % &t ABKa (Figure o ¢ I 6 f S
4), and core TPC290 e NB | (1 Sa G Wg I NMwitihigBA/thbtil@disabuddarcds $f 1.8 0

+ 0.7 % and 2.0 £ 0.4 % from 1PB4 ka and 21-120 ka respectively (Figure)4Core NBP98024

Ffaz2 KFa | ad NRAtabulavisbeimgdresdnhathgst tHraDghduiMIB Ke (Figure)é

The highest MIS 5€haetoceross. abundances occur in core PC509£78%). This is likely due to
high input of meltwater and nutrients, like in the vicinity thfe Antarctic Peninsulawvhere high
meltwater stratification and nutrienavailability promoteextensiveChaetoceroblooms(Crosta et al.
1997) The three AtlanticSector cores (TPC290, TPC288 and TPC287) are dominated by both
Chaetoceross. (38+ 10 %, 438 % and 2& 11 %, respectively) arfel kerguelensi@4+8 %, 246

% and 33 12 %, respectivelyhroughout MIS 5e with peaks in one group coincidinghwibughs in
the other (Figure % This alternation is particularly evident in core TPC®28i€re Chaetoceross.
abundance declined by ~40 % after 131dancurrent with an equialent increase iifr. kerguelensis
abundance (Figure)4Both TPC288 and TPC287 have simil&erguelensigbundance profiles with
higher values of 34 4 % and 53 6 %, respectively, between 1327 ka and 12424 ka (Figure}4
This contrasts with cerTPC290wnhere theF. kerguelensiabundance is lowest (274 %) from 128
122 ka (Figure )4 Consistent with tie modern distribution pattern published yrosta et al. (1997)
the Indian and central PacifiSector cores (ELT19, NBP980®4 and MDO2603) have low
Chaetocerogrs. abundances (18 2 %, 5+t 2 % and 1A 5 %, respectively) during MIS 5e and are

dominated instead by. kerguelensi®3+4 %, 74t 4 % and 52 8 %, respectivelyFigures 5 & 6

The FCC abundances in cores TPC288 and TPC287 aienitarywith minima (0.3 % and 1 %) early

in the 132120 ka intervalfollowed by an increase to maxima of ~9 % and ~15 %, respectively, at ~127
126 ka beforedecreasingo largely steadybundances of ~3 % and ~6 %, respectively, between 125
and 120 ka (gure4). In contrast, the FC&bundances in core TPC290 remain largely consistent at 2.3

+ 0.7 %rom 130 to124 ka before gradually declining to a minim of ~0.6 % at 120 ka (Figure 4
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abundance and the black shading shows fheurtaabundance.
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120 ka period. For the F@®up, the grey shading shows tke cylindrusbundance and the black shadin
shows theF. curtaabundance

Inthe PacificSectorcores(ELT17, NBP980204 and PC509), the®C abundances are largely uniform
throughout MIS 5e, at ~2 %3.5 %@and ~6 %espectively(Figure §. Cores ELT1F and NBP980G24
reach a FCC abundance minimum of ~0.9 9424 ka, whereas the minimum.b %) in P&D9 occurs
earlier at ~129 ka, consistent with threore southerly AtlanticSectorcores (TPC288 and TPC287)
(Figures 4& 6). CoreMD03-2603also has a largely constaR€CC abundance of ~3.5 % tingbout MIS
5e, although itreaches minima of 1.7 %at ~130.5 kaand 2.2 % at ~127.5 ka, both of which are

concurrent withA. tabularisabundance peaks of >1 % (Figuje 5

TheEucampia antarcticécold variety)andRhizosolenia antennafasemispinabundances ifPC288
and TPC28&how coincidentincrease after 126 ka (Figure) 4Thispattern is not seen infTPC290
where theR antennataf. semispinaabundance remains low (0430.4%) throughout MIS 5e and the
highestE. antarcticambundances (>10 %Jjeobserved before 31 ka (Figure)4in the fourdndian and
PacificSectorcores both R. antennataf. semispinaand E. antarcticahave low abundance&5 %)

throughout the 132120 ka interval (Figures 5 &.6

5.2. Comparison betweehermination HMIS 5eand recent diatom assemblages

The diatom abundancas the sirface sedimergare comparedvith the average abundances in three
Termination HMIS 5etime slices; early (132130 ka), mid (1325 ka) and late (12520 ka) (Table
6). These MIS 5e time windows are chosemeoonstructaverage paeoenvironmental conditions

for the end of the deglaciation, the peak of MIS 5e and the latagesof MIS 5e, respectively, thereby
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Figure 6 Downcorerelative diatom abundances for the three Pacific Sector cores (E3,TNBP980:04 and

PC509) covering the 1320 ka period.For the FCC group, the grey shading shows Rheylindrus
abundance and the black shading shows Fhecurtaabundance. Note that the scales for species/grou
with abundances >50 % of the assemblage throughout MIS 5e start at 50 %.

following the divisions suggested yapron et al. (2014)lo ensure there aréata from at least 3
sampledor eachtime slice 1 sample older than 132 ka had to be included in the-13@ ka window
for five cores (TPC288, TPC287, EIF, INBP980®4 and PC5Q9Figures/ & 8show the differences
in spatial and temporal relative abundances for four of the key groGpaétoceross.,E. antarctica

FCC andr. kerguelensjsin the three Termination HMIS 5eintervals and thesurface sediments.

Diatom assemblagein the surface sediments are consistent with the modern environmental setting.

A. actinochilusand A. tabularis have similar, but opposingffsets (<1%) between the surface
sedimentsand thethree time slicesn all the coregTable 6) The highemburdances ofA. tabularis

and lower abundances @&. actinochilusin the MIS 5esediments when compared tthe surface
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sediments supports the warmer than present conditions expected during MiS&geon et al. 2014)
Cae should be taken when interpreting such small changes in species abundboweverpecause
both A. actinochilusnd A. tabularisoccur invery low relative abundances (<58 %)throughoutthe

Antarctic Zone of the S(Armand et al. 2005, Romero et al. 2005, Esper et al. 2@4@n small
variations in their relative abundancesspecially across myite consecutivadowncore sediment

samplescan indicate substantial environmental shifts.

Most of the cores have largeimilar Chaetoceross. abundances across all three time dieadin
the surface sedimentCoreTPC28Ts a clear exception, with a decreade>@0 % between the early
(42.5 %) and the mid and latane slices(17.2 % and 23.4 % respective(lf)gure 8) The modern
Chaetoceross. abundance for TPC2833.3 %) is most similar to the eatigne slice(42.5%) but is
~10 % different from any of the time sliggsgure 8)The combined abundance Bf kerguelensiand
Chaetoceross. in TPC287 is very similar betwdba early and midime slices(65.8 % and 66.7 %
respectively) indicating that the decreaseGhaetoceross. is almost exactly matched by an increase
in F. kerguelensigFigure 4) This transiion from a Chaetoceross. dominated assemblagguring
Termination Iko aF. kerguelensidominated oneduringthe mid and latetime sliceds likely related
to a change in the major oceanographic influence at this 3ite stratified surface wate of the
Weddell Gyre overlgore site TPC287{Vernet et al. 2019)and, thus, clockwise lateral transport of
robust Chaetoceross. from the Antarctic Peninsula and WetllSeaEmbaymen{Crosta et A 1997)
may havecauseal the high Chaetoceros rs. abundanceshis core A polewardshift ofthe northern
boundary of the Weddell Gyiduring MIS 5geas indicated by mitiple CMIP3 and CMIP5 modeatsder

a warmer than presentclimate (Meijers et al. 2012, Wang 28), and the accompanying southerly
displacement in surface water massegould result inthe replacement of highChaetocerogs.
abundances with higk. kerguelensiabundances, indicative of open ocean conditigHsasle 1969,
Cefarelli et al. 2010)A reduction in the longitudinal extent of the Weddell Gyre during MIS 5e is
suwpported byother core records fronthe SW IndiarSector(Ghadi et al. 2020¥he Indian and Pacific
Sectorcoresshow similar-. kerguelensigbundance patterns with increasing abundangeghe mid
and latetime slices(Figure 8. All cores for which a surface sample is available have gré&ater
kerguelensisabundancesn the mid and latetime slicesthan in the surfacesediments (Figure §,

indicating increased open ocean conditions during MIS 5e.

Consistent with the evidence of increased open ocean conditions during MIS 5e, the FCC abundances
in all cores indicate a reduced WSHiuring MIS 5eelative to thesurface sedimentgFigure §. All

three Atlantic cores share similar patterns in FCC abundances, with the lwestances occurring

during Termination ll(average 2.1 %) followed by an increase dutirgmid time slicgaverage 4.5

%) and subsequent decrease durihg late time slice(average 3.6 %) (Figurg.8he amplitude of
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these abundance changes exhibits-& frend with the highest amplitude shitisthe most southerly
site (TPC287and the least variatin at the northernmost site (TPC280'he FCC abundances in core
PC509 areonsistently>3 %from 132 ka to 120 kavhich indicates thathe sitewas located to the
south of the mean WSIEroughout this entireperiod (Figure 6)The twocentral PacificSectorcores
(ELT190 and NBP980R24)do nothavesurface sedimenassenblagedo compare with However,the
FCC abundancéBigure 6suggest that duringermination Il andIS 5¢ site ELT1® (FCC ~2 %)
was located on the edge of the maximum WSIE and\#B980204 (FCC ~3 %) was located near the
mean WSIE until 126 kahen the winter seaice limitretreated. Compared to the modern September
seaice extent (Figures 1, 7 & 8), the FCC abundances (Figure 8) indicate a southward shiftedn sea
cover for the central Pacifeectorduring Termination HMIS 5e FCC abundances inre MD03-2603
show strongsimilarity between the mid and latéme slicesand thesurface sedimenté~igure §. The
greater WSIE reduction in the Atlan8ectorcompared to the Pacific and Indi&ectos supports the

pattern of the simulated MIS 5e WSIEmum inHolloway et al. (2017)

TheE. antarcticacold variety)aburdances are highest in cores TPC290 and TPG2B86 & 5.8 %
respectively), whilst the Indian and Pac8iectorcores have low abundagas throughoutTermination

Il and MIS 5e (average 2.%0) and themodern (average 1.5 %) (Figur® Higher E. antarctica
abundances in the AtlantiBectorcoreswhen compared tdahe Pacific and IndiaBectorcores(Figure

5) are likdy linked to greater influence of icebeflyx from the Weddell Se&ectorthan the other
Antarctic embayment¢Death et al. 2014)The highE. antarcticaabundances for thdermination |l
interval in ores TPC290 and TPC28&ncomparedo surface sedimentéTable 6 & Figuré) suggest

a higher iceberg supplguring the deglaciationwhich is supported by high accumulation rates of
icebergrafted debris during this time recorded in Weddell Sea céras the East Antarét margin
(Diekmann et al. 2003DPuring tte latetime slicethe highE. antarcticaabundanes (6.2 %and5.1 %
respectively in cores TPC288 and TPC2&dicate a later period of substantial icebergxflwhich
could reflect a poleward migraticand or expansiorof the iceberg tracks over the cae of MIS 5e.

A polewarddisplacementof the iceberg tracks would supdoa contraction of the Weddell y@e
(Tournadre et al. 20163nd suggest a southerly shift in the position of the ACC and wind fields
(Gladstone et al. 2001Present day iceberg trajectories support the gredemlantarcticaabundance

in the surface sediment assemblageaaire TPC29@hencompared with theE. antarcticambundance

in surface sedimetsof cores TPC288 and TPCZ8ilva et al. 2006)

5.3. Environmentaheterogeneity during MIS 5e

Peaks irA. tabularisabundance (~2 %) at ~127.5 ka in cores MP&33 and NBP98024 (Figures 5
& 6) and the increased\. tabularisabundance between 12624 ka and 12120 ka in core TPC290
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(Figure 4¥ould be related to higher SSTs and a more southerly Polar Front tharottexm Poleward

migration of the Polar Front in the Atlant®8ectorduring MIS 5énas been concluded from previously

published proxy reconstruction@dNurnberg et al. 1997, Bianchi@ersonde 2002, Howe et al. 2002,

Kemp et al. 2010, Chadwick et al. 2020)like NBP98024 and MD02603, the ELT19 and PC509

records have very low.tabularisabundances throughouiTermination Il and/IS 5e (Fgure § which

suggests thatif there was a southerly migratian the Polar Frontit did not occuruniformly across

the Pacific and Indiatsectos. Heterogeneous frontal migration during MIS 5e is supported by
Chadwick et al. (2020and is also evident fahe modern S@Freeman et al. 2016)t could becaused

byl KS WLIAYYAY3IQ 2F FTNRyYy(Ga o8 whchwilkidpéds ihtldmirations | ( dzNB
(Nghiem et al. 2016)

The hgher R. antennatd. semispinaabundancesn the most sutherly Atlantic cores (TPC288 and
TPC287, Figure duringthe interval126-120 kaindicatethat the edge of the mean WSIE sveloser
to both core sitegluringthis intervalthan during the rest of MIS 5gf. Crosta et al. 2005nd also
indicate increased surface meltwater stratificatief. Allen et al. 2005)This increased meltwater
stratification couldhave resultedeither from the annual melting at the mean WSl&rmand &
Leventer 2003pr melting associated with higieeberg flux indicated by thelevatedE. antarctica
abundances (Figures 4 &, Tith high global sea level a&ft 126 ka(Kopp et al. 20133upporting a
large reduction in globaice volumeat this time The abundances oE. antarctica,FCC andR.
antennataf. semispinaduring Termination Il and MIS 5e documetiearenvironmentaldifferences
between the largely stableonditionsin the Pacifiand IndianSectos (Figures 5 & 6and the more
variable conditions in thesoutherly AtlanticSector (cores TPC288 and TPC2&igure 3 FCC
abundancedikely indicatean early (~136129 ka) WSIE minimuat sitesTPC288 and TPC28hisis
consistent with the FCC records for cores M2683 and PC50@igures 5 & 6put the substantial
re-expansion of WSIE at ~%226 ka is only seen the AtlanticSectorrecords(Figure 4. In the Indian
Sector the simiarity in FCC abundancéetweenthe Termination HMIS 5e and surface samplm
core MD032603 (Figure 8)could be due to the influencef the AustralianAntarctic Basin gyre
regulatingthe position of the WSIElong theAdélie Land narginin East AntarcticgMcCartney &
Donohue 2007, Carter et al. 2008)
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A.actinochilus| 0.7 04 01 00|03 04 03 06|02 05 07 10|01 00 05|01 01 00|03 05 02 07|00 01 00 00
A tabularis | 00 05 12 00|02 05 01 00|01 02 01 03|06 00 04|04 08 07|06 06 04 07|00 01 03 00
Chaetoceross. | 38.6 425 381 468|452 409 394 390|425 17.2 234 333|120 97 88| 62 46 49 |191 161 126 125|829 786 760 735
E. antarctical 101 50 55 66|55 30 62 34|13 12 51 26|28 21 33|14 11 06|24 20 11 10| 22 30 15 20
FCCl 16 25 20 76|26 39 30 53|22 72 58 140| 24 16 08| 27 34 16|22 35 32 48|70 54 61 78
F. kerguelensid 33.4 31.9 30.7 20.8|23.8 302 247 239|233 495 37.0 16.6|57.9 641 649|718 735 753|551 584 663 561| 15 55 91 5.1
R.antennataf. | oo o, 5 07|09 08 24 78|06 09 36 62|02 03 03|01 00 00|02 02 01 03|03 02 03 00

semispina

Table 6:Mean abundances for théhree Termination HMIS 5e time slices (early = 13230 ka; mid = 30-125 ka; late = 12820 ka) at each core site amdodern
abundancesn surface sediments. The 13230 katime slice includes samples older than 132 ka in five of the cores (TPC288, TPC289, NBPBB0OD®4 and PC509).

amodern abundances for MDE3603 are from the surface sediments at IODP Sit861.
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Figure 7:Maps ofChaetoceross. (LHS) anBucampia antarcticédRHS) abundanc&s seven marine sediment cores. Modern diatom abundances are marked by
bars and mean abundances during threeriimation IEMIS 5e time slices (early = 13230 ka; mid = 13025 ka; late = 12820 ka) are indicated by bars with differer
shades of blue. Thin black bars on the ME2883 graphs indicate diatom abundances in the surface sediment samples from they h@&™P Site U1361. The black d«
mark the core locations antthe grey dashed line is the mediamodern (19812010) September sei@e extent fromFetterer et al. (2017): the 132130 ka time slice
includes samples older than 132 kadiesure that at least three samples are irméd in the average.
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