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ABSTRACT

The chain of events surrounding the initiation and intensification of the last glacial cycle remain rela-
tively poorly understood. In particular, the role of Southern Ocean paleocirculation changes is poorly
constrained, in part, owing to a paucity of sedimentary records from this region. In this study we present
multiproxy data — including neodymium isotope and sortable silt measurements — for paleocirculation
changes within the deep (3167 m water depth) Indian sector of the Southern Ocean from a new sediment
core, TT1811-34GGC (41.718°S, 80.163°E). We find a tight coupling between circulation changes, Antarctic
climate, and atmospheric CO, concentrations throughout the last 118,000 years, even during the initial
stages of glacial inception of Marine Isotope Stage (MIS) 5.4 to 5.1. We find that periods of cooling
correspond to reductions in the entrainment of North Atlantic-sourced waters within the deep Southern
Ocean, as evidenced by more radiogenic neodymium isotope values of deep water bathing our core site.
Cooling also corresponds to generally slower bottom water flow speeds, as indicated by finer sortable silt
size fractions. A reduction in entrainment of North-Atlantic sourced waters occurred during MIS 5.4-5.1,
when Atlantic circulation was strong, suggesting a Southern hemisphere control on paleocirculation
changes at that time. We hypothesise that expanded Southern Ocean sea-ice during MIS 5.4 increased
the density of the deep Southern Ocean, reducing the ability of Atlantic-sourced waters to mix into Lower
Circumpolar Deep Water. This led to an expanded contribution of Pacific Deep Water within the lower
circulation cell and increased stratification within the deep Southern Ocean. These paleocirculation
changes can help account for the reduction in atmospheric CO; across the MIS 5.5 to 5.4 transition, and in
doing so help explain the chain of events surrounding the decent into the last glacial period.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

prior to this interval, during the Last Glacial Maximum (LGM, 22—18
ka), atmospheric CO, levels were approximately 80 ppm lower (e.g

1.1. The last glacial cycle

The last period of major global climatic change, the transition
from cold glacial to warm interglacial conditions that occurred
approximately 20,000—11,000 years ago, has long been the focus of
intense investigation in the paleoclimate community (e.g. Shakun
et al,, 2012; Sigman et al., 2010; Lynch-stieglitz et al., 2007). Just
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Monnin et al., 2001), global temperatures were between 3.5 and
6.5° colder (Shakun et al., 2012; Snyder 2016; Tierney et al., 2020),
and the expansion of continental ice resulted in global sea level that
was as much as 125—134 m lower, than the late Holocene (0—14 ka;
Lambeck et al., 2014; Yokoyama et al., 2018). It is widely accepted
that the magnitude of cooling and continental ice expansion at the
LGM was amplified by the reduction in atmospheric CO, (e.g.
Shakun et al., 2012; Marcott et al., 2014), and that more CO, was
sequestered within the ocean at that time than is the case today (Yu
et al., 2020; Curry and Oppo, 2005; Gebbie et al., 2015).

Debate surrounding these climatic changes has primarily
focused on the mechanisms that explain the rapid shift from a set of
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initial boundary conditions at the LGM, i.e. large northern hemi-
sphere ice sheets, low atmospheric CO, concentrations, and
reconfigured oceanic and atmospheric circulation, through
millennial-scale variations into the Holocene. The exact triggers
that lead to abrupt warming during the last deglaciation are un-
certain. However, numerous studies have identified changes in
ocean circulation as a critical component in the transition from full
glacial to full interglacial conditions, in particular the release of
remineralised organic carbon from the ocean interior to the at-
mosphere (e.g. Curry and Oppo 2005; Sikes et al., 2017; Anderson
et al., 2009; Martinez-Boti et al., 2015).

1.2. Initiation of the last glacial cycle

The mechanisms explaining how the planet descends into an ice
age are even more uncertain than the triggers that cause de-
glaciations. Thus, an important corollary question to the drivers of
deglaciation is the longer, more gradual changes that initiated the
transition from the peak of the last interglacial period, approxi-
mately 129—123 ka, into the LGM (Kohfeld and Chase, 2017;
Koutavas, 2018; O’Neill et al., 2019). However, there remains a
paucity of high-resolution terrestrial and marine records spanning
this interval compared with the most recent deglacial and Holocene
(Oliver et al., 2010). Furthermore, modelling the long and often
nuanced shifts in Earth’s climate system leading into the LGM is
difficult and computationally expensive (O'Neill et al., 2019). As
such, the chain of events surrounding the onset of glaciation across
the last interglacial period (MIS 5.5) to MIS 4, between 129 and 71
ka, remain uncertain. The initial stages of glacial inception, during
MIS 5.4 to 5.1, are particularly poorly understood.

The first steps towards glacial conditions during the last glacial
cycle occurred across MIS 5.5 to 5.4. This period encompasses the
first major atmospheric CO, decline, with a decrease of
~25—30 ppm, most of which occurred rapidly between 115 and 108
ka (EPICA Community Members, 2004). This reduction in atmo-
spheric CO; occurred amid a backdrop of a ~2 °C cooling in global
sea surface temperatures, that fell from approximately 21.5°—19.5°
across 123—110 ka, with cooling more severe at high latitudes
(Kohfeld and Chase, 2017). Cooling recorded in Antarctic ice cores at
this time began at 118 ka, approximately 3 kyr before the first drop
in CO, which occurred around 115 ka (EPICA Community Members,
2004; EPICA Community Members, 2006). Antarctic cooling
occurred in tandem with reduced summer insolation at 65°N,
which reached its lowest value of the last glacial cycle at 114 ka.
This decline in Northern Hemisphere insolation led to cooling of
the North Atlantic region, cooling surface waters which went on to
form Northern Component Water (NCW — used here to signify the
ancient counterpart of North Atlantic Deep Water, NADW). NCW
transmitted this cooling signal through the deep Atlantic Ocean and
into the Southern Ocean, where NCW mixed with circumpolar
waters (Koutavas, 2018). Upwelling of these circumpolar waters
along the Antarctic continental margin ultimately allowed for the
propagation of the cooling signal from the North Atlantic to surface
waters in the high latitude Southern Ocean.

Global temperatures failed to recover following the northern
hemisphere insolation minimum at 114 ka, with declining atmo-
spheric CO, and expansion of continental ice across MIS 5.5 to 5.4
maintaining lower global temperatures (Kohfeld and Chase, 2017).
Therefore, mechanisms to explain the initiation of the last glacial
cycle must account for the timing and magnitude of the drop in
atmospheric CO; of approximately 25—30 ppmv across the MIS 5.5
to MIS 5.4 transition. The CO, decrease at 115—108 ka cannot be
attributed to biological productivity stimulated by increased iron
export to the ocean, as it occurred prior to the first observed in-
creases in southern hemisphere dust flux at 104 ka (Lambert et al.,
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2008). The combined oceanic effects of lower SST and increased
salinity due to expanded continental ice during MIS 5.4 is estimated
to explain a decrease in atmospheric CO; of only 13 ppmv, that
would have been largely offset by a retraction of the terrestrial
biosphere (Kohfeld and Chase, 2017; Ciais et al., 2012). To date,
there is little proxy evidence for changes in deep ocean circulation
during these initial stages of glaciation. However, recent modelling
work invokes a weakening of overturning circulation and a corre-
sponding increase in the storage of remineralised carbon within the
deep Southern, Indian and Pacific oceans to explain this atmo-
spheric CO, decline (O’'Niell et al., 2019). Importantly, this model
result suggests no change occurred in Atlantic Meridional Over-
turning Circulation (AMOC) at this time. The current lack of proxy
evidence for deep circulation changes may therefore stem from the
availability of sediment cores spanning this time period, which are
predominantly located within the Atlantic basin (Oliver et al.,
2010).

2. Background
2.1. The Southern Ocean and global climate

Global overturning circulation plays a central role in our climate
system through regulation of the global heat budget and by influ-
encing the size and distribution of the oceanic carbon reservoir.
Conceptually, modern overturning circulation is often likened to
two interconnected cells (Sloyan and Rintoul, 2001; Lumpkin and
Speer 2007; Ferrari et al., 2014). Within the Atlantic basin north-
ward flowing surface, thermocline and intermediate waters make
up the upper circulation cell, while NADW, made up of precursor
water masses formed in the Labrador, Greenlandic and Norwegian
seas, flows southward through the Atlantic basin into the Southern
Ocean. The majority of NADW flows into the Southern Ocean as
Lower Circumpolar Deep Water (LCDW) where it upwells, loses
buoyancy, and contributes to the formation of Antarctic Bottom
Water (AABW). Some of this AABW returns to the deep Atlantic
basin, where diapycnal mixing with NADW eventually returns it to
the Southern Ocean. The rest of this AABW flows — along with
LCDW and modified NADW — into the deep Indian and Pacific ba-
sins, making up the lower circulation cells within these basins.
Diffuse mixing between these deep circumpolar waters and less
dense Antarctic Intermediate Water (AAIW) create Indian (IDW)
and Pacific Deep Water (PDW) within the respective ocean basins,
which return to the Southern Ocean to form Upper Circumpolar
Deep Water (UCDW). An important point is that wind-drive up-
welling of UCDW within the Southern Ocean occurs north of up-
welling LCDW. Upwelled UCDW flows north across the surface of
the Southern Ocean, loses buoyancy and sinks to form AAIW and
Subantarctic Mode Water (SAMW). These intermediate and mode
waters, along with surface and thermocline waters, feed the upper
circulation cell, completing the two-cell circulation. These two
circulation cells are connected via upwelling and mixing within the
Southern Ocean, and diffuse diapycnal mixing within the Atlantic,
Indian and Pacific basins (Talley 2013). A key facet of this two-cell
model of overturning circulation is that NADW flowing into the
Southern Ocean is denser than IDW and PDW. NADW therefore
sinks below PDW and IDW within the Southern Ocean to form
LCDW, which supplies the precursor water masses to AABW. In this
way, transformed NADW ultimately feeds both LCDW and AABW,
and thus the lower circulation cell of the global oceans (Sloyan and
Rintoul, 2001; Lumpkin and Speer 2007; Talley 2013).

Changes in the distribution, mixing proportions and carbon
contents of the different water masses making up these global
circulation cells — especially the lower cell — are thought to have
been important in forcing and modulating past climatic change,
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particularly on glacial-interglacial timescales (Curry and Oppo,
2005; McCave et al. 2008; Kohfeld and Ridgwell, 2009; Sikes
et al., 2017). The Southern Ocean plays a uniquely critical role in
the creation, advection, mixing and upwelling of water masses of
both the upper and lower circulation cells. As such, the Southern
Ocean is at the heart of many hypothesis for past climatic change
(e.g. Knox and McElroy, 1984; Sarmiento and Toggweiler, 1984;
Stephens and Keeling, 2000; Martin, 1990; Toggweiler et al., 2006;
Anderson et al., 2009). Many of the mechanisms by which deep
ocean circulation can impact global climate invoke increases in the
carbon inventory of the lower circulation cell, ultimately at the
expense of atmospheric CO, concentrations. These mechanisms
include: reduced mixing between — and wind-driven upwelling of
— deep water masses, leading to a stratification of the ocean inte-
rior and reduced carbon exchange between the deep ocean and the
atmosphere (Anderson et al., 2009; Ferrari et al., 2014); expansion
of a carbon-rich, poorly ventilated AABW at the expense of carbon-
poor, better ventilated North-Atlantic sourced waters (Curry and
Oppo 2005; Skinner 2009; Sikes et al., 2000); a more sluggish
overturning circulation, leading to a build-up of remineralised
carbon within the deep oceans (Ballarotta et al., 2014); and a
reduced capacity of upwelled deep water to outgas CO; into the
atmosphere, either via increased sea-ice or a fresh-water stratifi-
cation of the surface ocean (Stephens and Keeling, 2000).

Advection and mixing between circumpolar water masses
within the Southern Ocean occurs largely within the clockwise
flowing Antarctic Circumpolar Current (ACC). The ACC is the largest
and longest oceanic current in the world, and is the only route
directly connecting the Atlantic, Indian and Pacific basins. Recon-
structing the mixing and circulation history of the circumpolar
water masses that make up the upper and lower cells of global
overturning circulation is key to understanding how ocean circu-
lation has both forced and responded to changes in Earth’s climate
in the past. In this study, we present reconstructions of physical
ocean circulation using neodymium isotopes and Sortable Silt (553)
records located within the deep Indian sector of the Southern
Ocean. We use these data to examine the role ocean circulation
played in the initiation, intensification, and eventual end of the last
glacial cycle, from MIS 5.5 to the Holocene.

2.2. Modern setting and neodymium isotope variability within the
Southern Ocean

Seawater neodymium isotope ratios (eng, representing the de-
viation in parts per 10,000 of *3Nd/"**Nd from the chondritic
uniform reservoir) are a proxy that is widely applied to reconstruct
past ocean circulation patterns. Different water masses within the
modern ocean possess unique eng signatures, allowing us to trace
flow path and mixing proportions between these waters (van de
Flierdt et al.,, 2016; Tachikawa et al., 2017). The eng of water
masses is imparted largely via seawater-sediment interactions
along continental margins and the addition of dissolved and par-
ticulate Nd via riverine and aeolian inputs in regions of deep water
formation. The end-member eng value of a given water mass is
therefore a function of the continental geology surrounding the
region of deep water formation, whereas within the ocean interior
eng is determined largely by water mass mixing (Tachikawa et al.,
2017). The old continental crust of the Canadian Shield imparts a
highly unradiogenic (i.e. negative) eng signature on NADW
(end = approximately —13.5; Lambelet et al., 2016). This contrasts
with the Pacific Ocean, where younger volcanic inputs impart a
much more radiogenic (i.e. more positive) eng Signature on PDW as
it circulates through the Pacific basin (eng = approximately —2
to —4, van de Flierdt et al., 2016). Today, the eng composition of
circumpolar water masses is controlled by mixing between
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inflowing NADW and PDW, with an additional relabeling of waters
during AABW formation. The eyg of modern AABW sourced in the
Weddell Sea is approximately —8.8 (Stichel et al., 2012), while
modern Ross Sea AABW is approximately —7.0 (Basak et al., 2015).
The well-mixed nature of the ACC imparts a fairly uniform eng
signature of c¢. —8 to —9 on modern CDW throughout much of the
Southern Ocean (Piepgras and Wasserl, 1982 Science; Stichel et al.,
2012; Basak et al., 2015). LCDW reaches values as unradiogenic
as —10 off the southern tip of South Africa where modified NADW
circulates into the Indian Ocean (Stichel et al., 2012). Within the
Pacific sector of the Southern Ocean returning PDW imparts a more
radiogenic signature of up to —6.4 on UCDW (Basak et al., 2015
station 44). However, this radiogenic Pacific signal rapidly di-
minishes as UCDW mixes with other circumpolar water masses
(Tachikawa et al., 2017), resulting in eng of deep waters circulating
through Drake Passage into the western Atlantic sector of the
Southern Ocean of between —8.0 and —8.6 (Piepgras and Wasserl,
1982; Stichel et al., 2012).

2.3. eng reconstructions of Southern Ocean palaeocirculation

The past eng composition of LCDW flowing through Drake Pas-
sage is recorded by a series of coral samples located on the Sars
Seamount, Interim Seamount and Shackleton Fracture Zone
(Wilson et al., 2020). eng of seawater at abyssal depths within the
Atlantic sector of the Southern Ocean is recorded in the composite
record of cores RC11-83/TN057-21 (41°S, 4800 m water depth),
located within the deep Cape Bain at the modern boundary of
NADW and LCDW (Piotrowski et al., 2008, 2012). Ocean Drilling
Project (ODP) Site 1088 (41.18°S, 2082 m. water depth) is today
located just above the main inflow depth of NADW and is bathed in
a mixture of NADW and UCDW (Hu et al.,, 2016). Site SK129-CR2
(3°N, 3800 m water depth) in the deep equatorial Indian Ocean is
currently bathed in modified UCDW sourced within the Atlantic
and Indian sectors of the Southern Ocean (Wilson et al., 2015).
Where present, eng data from late Holocene sediments at each of
these core sites is relatively homogenous and in good agreement
with modern seawater values for CDW of c. —8 to —9 (Bertram and
Elderfied, 1993; Stichel et al., 2012), reflecting the well mixed na-
ture of the modern Southern Ocean. During the LGM, these enq
records all demonstrate shifts towards more radiogenic eng values,
indicative of a widespread reduction in NCW entering the Southern
Ocean compared with the Holocene. There is also evidence for a
shutdown in the export of AABW from the Weddell Sea region,
which would further shift deep water eng towards more radiogenic
values (Huang et al., 2020). This reduction in NCW is consistent
with evidence from benthic foraminiferal 3'3C (McCorkle et al.,
1998; Hodell et al,, 2003; Lund et al., 2015; Curry and Oppo,
2005; Gebbie et al,, 2015; Sikes et al., 2017), 5'80 (Sikes 2017),
and Cd/Ca (Marchitto et al., 1998; Umling et al., 2019), recon-
structed seawater carbonate ion concentrations (Yu et al., 2016,
2020) and south Atlantic and Southern Ocean sediment distribu-
tions during the LGM (Diekmann et al., 1999).

end reconstructions from the deep (<3 km) SW Pacific and Pa-
cific Southern Ocean also show shifts towards more radiogenic
values of ¢. —5 during the LGM compared with c. —7.0 in the Ho-
locene, again indicating reduced entrainment of NCW within the
Southern Ocean (Noble et al., 2013; Hu et al., 2016). However, to
date there are no reconstructions of past deep water eng from the
Indian sector of the Southern Ocean owing to a paucity of sedi-
mentary records from this region. There are also relatively few
Southern Ocean eng records spanning the last glacial cycle (MIS
5.5—1) with which to examine the circulation configuration during
glacial inception.
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3. Methods
3.1. Study location

Core TT1811-34GGC (41.718°S, 80.163°E; 3167 m water depth)
was retrieved east of the Kerguelen-Ile St Paul Island Passage,
within the main flow path of the ACC (Fig. 1). This passage is located
east of the main inflow of NADW into the Southern Ocean, which
imparts LCDW with a relatively high salinity. Core TT1811-34GGC is
today bathed in this high-salinity LCDW as it exits eastward
through the Kerguelen-Ile St Paul Island Passage (Fig. 1). The major
oceanic fronts within the Indian sector of the Southern Ocean are
today steered northward via the bathymetric barrier imposed by
the Kerguelen plateau. (Fig. 1). As the main flow path of the ACC
follows these frontal zones, the ACC is therefore forced north of the
Kerguelen Islands and through the bathymetric chokepoint of the
Kerguelen-Ile St Paul Island Passage. Estimates of the total eastward
flow through this passage are as high as 181 Sv (McCartney and
Donohue, 2007), on the same order of magnitude as flow through
Drake Passage. During the last glacial cycle, sea surface cooling and
a northward shift in westerly winds shifted the major oceanic
frontal zones of the Southern Ocean northward. As the ACC in our
study region is bathymetrically constrained by the chokepoint of
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the Kerguelen-Ile St Paul Island Passage, core TT1811-34GGC is well
placed to sample a significant volume of LCDW as it flows through
the region even during periods of cooling during the last glacial
cycle.

3.2. Sample preparation, bulk sedimentary CaCOs, and isotopic
analyses

Samples of 5 cc of sediment from core TT1811-34GGC were
taken in 1 cm thick slices at 2—4 cm intervals throughout its 306 cm
length for stable oxygen isotope, sortable silt and eng analyses. An
additional subsample of 0.25 cc was taken from the same sample
depths for measurements of bulk sedimentary CaCOs contents.
Sediment samples were sieved at 63 pm and the <63 pm fraction
was retained for sortable silt analyses. Benthic (Cibicidoides kul-
lenbergi) and planktic (Globigerina bulloides) foraminifera were
picked from the >150 pm and >250 pm fractions for stable oxygen
isotope analyses at the University of Florida Light Stable Isotope
Mass Spectrometry Laboratory in the Department of Geological
Sciences. Measurements were performed on sample sizes of be-
tween 30 and 50 pg using a Kiel III carbonate preparation device
coupled with a Finnigan-Mat 252 isotope ratio mass spectrometer.
Results are presented as %o VPDB. Typical 5'20 precision of NBS-19

355
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R
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Fig. 1. A: Map of study area showing location of core TT1811-34GGC (black star). Black arrows show a schematic depiction of the main deep-water flow paths after McCartney and
Donohue (2007) and Orsi et al.(1995), with thick arrows denoting the main body of flow within the ACC. The location of Ile St Paul (ISP) and the Kerguelen Plateau (KP) are
highlighted, along with the average position of the Southern Boundary of the ACC (SB-ACC, black dashed), Polar Front (PF, blue), Subantarctic Front (SAF, purple) and Subtropical
Front (STF, red) after Orsi et al., (1995). B: Hydrographic section showing salinity along hydrographic section MD91 (Park et al. 1991) across the Kerguelen-St Paul Island Passage. The

34.730 PSU contour is shown to highlight the high salinity core of LCDW.
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standards was <0.01%o. VPDB.

The bulk sedimentary CaCO3 content of samples was measured
at the University of Florida at the Department of Geological Sci-
ences. Total inorganic carbon was first measured coulometrically
using a UIC 5017 CO, coulometer coupled with an AutoMate
automated carbonate preparation device. Approximately 15 mg of
sample was weighed into septum top tubes and placed into the
AutoMate carousel. A double needle assembly was used to purge
the sample vial of atmospheric gas using CO,-free nitrogen carrier
gas. Acid was then injected into the sample vial and evolved CO,
was carried through a silver nitrate scrubber to the coulometer
where total C as CO, is measured.

Between 150 and 200 mg of mixed species of planktic forami-
nifera were picked from the 150—250 pm fraction for analysis of
neodymium isotopes, following the protocol outlined in Roberts
et al. (2010). This protocol has been shown to faithfully extract
seawater isotopic signatures (Tachikawa et al., 2014). Foraminifera
tests were gently cracked open and clays removed before dissolu-
tion in 1 M acetic acid. REEs were isolated using Eichron™ TRUspec
resin and Nd was then extracted using Eichrom™ LNspec resin. All
samples were measured for neodymium isotopes on the Nu Plasma
ICP-Mass Spectrometer at the Department of Geological Sciences,
University of Florida. Mass dependant fractionation during analyses
was corrected for using an exponential correction to #6Nd/'**Nd of
0.7219. Samples were bracketed by analysis of JNdi-1 standards
corrected to 0.512115 (Tanaka et al., 2000). Quoted eng errors in this
work are 2¢ external error measured on the JNdi-1 standards,
unless the internal error was greater, in which case reported errors
are 20 internal errors.

3.3. Sortable silt analyses

Sortable silt (55) samples were pre-treated following established
methods (McCave et al., 1995) to remove biogenic carbonate and
opal and then disaggregated in 0.2% sodium hexametaphosphate
for at least 24 h on an end-over-end shaker. Measurements of silt
size were made at Cardiff University on a Beckman Coulter Multi-
sizer 4 with a 140 pm aperture, equipped with a Multisizer 4 Beaker
with stirrer setting 35 to fully suspend the sediment. Between 2
and 4 aliquots of each sample were measured with each mea-
surement making 70,000 counts in 256 size bins. Analytical pre-
cision was approximately + -0.3 um and the average standard
deviation between repeat measurements was 0.15 pm. The 55 value
reported is the average geometric mean grain size in the 10-63 pm
range for at least 2 runs per sample.

3.4. Radiocarbon analyses

Radiocarbon measurements were made on planktic (Globor-
otalia inflata) samples from 8 depth intervals from core TT1811-
34GGC (Fig. 3) at the University of California Irvine Keck-Carbon
Cycle AMS facility (Table 1). These planktic C ages were con-
verted to calendar years B.P. using version 8.2 of the Calib software,
utilizing the Marine20 calibration curve (Stuiver et al., 2020;
Heaton et al., 2020). A regional reservoir offset (AR) of 442+ 39
years was assigned, based on 14C analyses of pre-bomb mollusk
shells from Kerguelen Islands (Paterne et al., 2019). Marine reser-
voir age estimates within the Southern Ocean can be difficult to
constrain owing to variable air-sea gas exchange within sea-ice and
upwelling of water masses introducing ‘old’ radiocarbon into sur-
face waters. Reservoir ages are therefore likely to have changed in
the past, especially during periods of increased sea ice coverage and
changes in water mass circulation, such as the last glacial period
and deglaciation. To assess the potential impact these effects may
have had on our age model, we compared the age model using a
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Table 1

Radiocarbon ages of foraminifera shells (monospecific samples of Globorotalia
inflata) from core TT1811-34GGC. Ages calibrated using Calib 8.1.0 using the Ma-
rine20 calibration curve (Heaton et al., 2020) assuming a local reservoir effect (AR) of
442 + 39 years, from Paterne et al. (2019).

UCIAMS Core Depth 14Cage 1cerror Age Range 20 Median Age
(yr BP)

Code (yr) (yr) Lower Upper (yr BP)
233843 0—1cm 2535 20 2393 2739 2585
233844 20—21cm 6930 20 7504 7809 7651
233845 24-25cm 7155 25 7706 8015 7872
233846 32-33cm 10485 25 11,986 12,468 12,243
233847 48—49 cm 14,510 30 17,008 17,527 17,257
233848 50-51cm 14640 35 17,157 17,744 17,435
233849 72-73cm 21,330 60 24,883 25475 25,157
233850 98—-99cm 30300 140 34,064 34,664 34,366

constant AR, to one utilizing the time-varying offset in planktic-
atmospheric radiocarbon ages observed by Gottschalk et al.
(2020) in the independently dated sediments of nearby core
MD12-3396CQ (—47.7°S, 86.7°E). The planktic-atmospheric 14C
offsets of Gottschalk et al. (2020) were used to estimate the surface
ocean radiocarbon offset from atmosphere at our core site,
assuming that it was the same as at site MD12-339CQ. Planktic
radiocarbon measurements at our core site were then corrected to
atmospheric values using this offset, and calibrated using the
IntCal20 calibration curve (Reimer et al., 2020). A comparison be-
tween the two age models shows good agreement between the
two, with an average difference between the two of ~200 years over
the last 26 ka. The maximum difference between the two age
models, of ~600 calendar years, occurs during the mid-Holocene
and Heinrich Stadial 1 (see SOM Fig. 1). This difference is on the
same order as the estimated error in planktic-atmospheric offsets
of Gottschalk et al. (2020), of ~500 years within the mid Holocene
and ~700 years during Heinrich Stadial 1. However, the uncertainty
associated with the planktic-atmospheric offsets of Gottschalk et al.
(2020) increase to over 1000 years during the LGM. Due to this
increase in uncertainty in planktic-atmospheric offset during the
last glacial period, and the generally good agreement between the
two age models, in this study we utilize the age model using the
constant regional AR of Paterne et al. (2019).

3.5. Stable oxygen isotope and CaCOs stratigraphies and age model

In addition to 'C, benthic (Cibicidoides kullenbergi) and planktic
(Globigerina bulloides) 3'30 values were used to tune the age model
of core TT1811-34GGC and provide the stratigraphy deeper in the
core. The down-core variability in both 8'80 records are interpreted
as primarily reflecting changes in global ice volume across the last
glacial cycle, and agree well with global 3'80 stack of Lisiecki and
Raymo (2005). The pattern of change in the CaCOs; contents of
TT1811-34GGC sediments is consistent with glacial-interglacial
cycles in other sedimentary CaCOs records from the Southern
Ocean and reflects decreases in biological productivity and CaCOs3
preservation during glacial intervals (Connell and Sikes, 1997). The
benthic 3'80 and carbonate stratigraphy of core TT1811-34GGC are
used to identify chronostratigraphic tie points with the LR04
benthic stack of Lisiecki and Raymo (2005). These tie-points form
the basis of the age model of core TT1811-34GGC for MIS stages MIS
5 to 3, and as a supplement to radiocarbon analyses during the
Holocene and late glacial period. A lack of C. kullenbergi between
230 and 242 cm necessitates the use of a planktic 3'80 tie point at
234 cm (82 ka, Fig. 2 and SOM Fig. 2). The 330 stratigraphy of core
TT1811-34GGC indicates the base of the core dates to 118 ka (Fig. 3).
Although sediments dating to the peak interglacial conditions of
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Fig. 2. Benthic C. kullenbergi (blue) and planktic G. bulloides (green) 3'0 alongside sedimentary CaCO3 contents (orange) of core TT1811-34GGC.

MIS 5.5 were not recovered in core TT1811-34GGC, eng values
of —8.0 to —8.8 during the later stages of MIS 5.5 (118—115 ka) are
similar to those of the late Holocene (—8.6 at 2.55 ka).

4. Results
4.1. Neodymium isotopes

The eng record of TT1811-34GGC demonstrates pronounced
glacial-interglacial variability, with generally more radiogenic (i.e.
more positive) values throughout the last glacial period (MIS 4—2),
and less radiogenic values (i.e. more negative) during MIS 5 and MIS
1 (Fig. 3). Although there are no measurements of modern seawater
end from LCDW close to our core site, our reconstructed late Ho-
locene (2.55 ka) seawater eng of —8.6 + 0.3 is in excellent agreement
with modern CDW values of approximately —9.5 to —8.5 in the
Atlantic and western Indian Southern Ocean and c. —8.5 in the
western Pacific Southern Ocean (Bertram and Elderfield, 1993;
Stichel et al., 2012; Basak et al., 2015). The peak interglacial of MIS
5.5 (approximately 123—129 ka) is not recorded in the sediments of
TT1811-34GGC, however eng values of —8.8 to —8.0 at 115—118 ka
are similar to late Holocene values. Radiogenic maxima of —6.9
(104.7 ka) and —7.5 (89 ka) during cool substages MIS 5.4 and MIS
5.2 are punctuated by less radiogenic values of —8.5 during warmer
substages MIS 5.3 (96 ka) and MIS 5.1 (86.7 ka). At the MIS 5/4
transition (75—68 ka), there is a sharp shift of more than 2 epsilon
units towards more radiogenic values followed by a gradual shift
towards less radiogenic values during MIS 3. From MIS 3 into the
LGM, there is a gradual increase — punctuated by more rapid
millennial scale variability —, culminating in an LGM radiogenic
peak of —6.0 at 22.6 ka. Across the glacial termination a shift to-
wards less radiogenic values occurs, from —6.2 at 16.2 ka to —9.1 at
10.9 ka. Notably, the sharpest decrease in eng during the deglacial
period occurs during the second half of deglaciation between 14.9
ka-10.9 ka (from -6.8 to —9.1), spanning and immediately
following Antarctic Isotope Maximum 1 and the Antarctic Cold

Reversal.

4.2. Sortable silt

Empirical relationships between flow speed and size sorting in
marine sediment have been determined both by field calibration
studies (McCave et al., 2017; Wu et al,, 2019) and by laboratory
flume tank experiments (Culp et al., 2020). Whilst the slope and
intercept of such relationships evidentially varies between regions
and sediment regimes, the general agreement between studies
implies that in a given depositional environment, a linear scaling
between 5s and near-bottom flow speed occurs. However, the
interpretation of paleoceanographic records is more complex if, for
example, the size distribution and distance from the source of the
terrigenous sediment varies over time. In the SE Indian Ocean,
changes in sea level during glacial and cold intervals may indeed
have modified the source regions of terrigenous sediment depos-
ited in the deep-sea, by exposing shelf material and altering
erosional patterns. At TT1811-34GGC, this may have manifested in
increased sediment supply from the nearby volcanic islands Ile St
Paul and Ile Amsterdam (labelled ISP in Fig. 1). In the absence of a
dominant current-sorted signal, such a shift to a more proximal
sediment source during glacial intervals would likely be reflected in
coarser silt grain sizes, due to down-current fining (McCave and
Hall 2006), and the coarser nature of these volcanic inputs.
Instead, we see the inverse relationship, with cold intervals (and
hence low sea level) associated with lower ss values, likely
reflecting selective deposition by slower near-bottom flow. We
therefore reason that the ss record presented here can be inter-
preted as reflecting variations in near-bottom flow speed (McCave
et al., 2017).

The ss record of 34GGC is similar in structure to eng data, with
higher values during interglacials and generally lower values dur-
ing the last glacial (Fig. 3). This coupling between the 55 and eng
data suggest a similar circulation control on both proxies (r? = 0.46,
Fig. 4). Following generally higher values during MIS 5.5, 55 values
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Fig. 4. A cross plot of Sortable Silt (ss) and eng values in core TT1811-34GGC demon-
strates the coupling between changes in water mass sourcing and bottom water flow
speeds during the last glacial cycle. Periods of reduced NCW mixing into the deep
Southern Ocean (more radiogenic eng) coincide with reduced bottom water flow
speeds (smaller ss).

decrease into MIS 5.4 and remain low throughout the first half MIS
5.3. There is a gradual decline in 55 values from a maximum at 92.3

ka across the MIS 5/4 transition, with a minimum during the latter
stages of MIS 4 at 58.7 ka. ss values during MIS 3 recover to similar
levels as the early stages of MIS 5 and the Holocene, followed by a
rapid two-step decline across 48.4—40.6 ka. This is followed by a
more gradual decline towards the LGM — punctuated by millennial-
scale variability similar to that of the eng record — culminating in a
minimum at 22.6—23.8 ka. A slight increase in ss during the LGM
peaks at 20.3 ka, followed by a decrease to a minimum at 16.2 ka. A
rise in 55 through the early stages of deglaciation between 16.2 and
14.8 ka occurs in tandem with changes in eng, while the bulk of the
deglacial rise in ss (12.9—10.0 ka) overlaps with but appears to
slightly lag the decrease in eng.

5. Discussion

The LGM in core TT1811-34GGC is notable for having the most
radiogenic eng values and smallest ss grainsizes of the entire core.
Together, shifts towards more radiogenic eng values and smaller 55
grainsize argue for reduced current speeds accompanied by
reduced entrainment of NCW into LCDW in the Indian sector of the
Southern Ocean. This reduced NCW influence is observed
throughout the last glacial cycle, particularly during MIS 2 and MIS
4, but also during the cool substages of the last interglacial, MIS 5.2
and 5.4. Reductions in bottom water flow speeds were most pro-
nounced during MIS 2 and 4, and MIS 5.3 and MIS 5.4. Bottom water
flow speeds during MIS 3 were generally higher than during MIS 2
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and 4, and at times during the early stages of MIS 3 were similar to
the Holocene despite the reduced influence of NCW in the deep
Indian Ocean sector of the Southern Ocean (Fig. 3).

5.1. Deep Southern Ocean circulation across the last glacial period
and Holocene

The spatial and temporal pattern of circulation changes within
the Atlantic and Indian sectors of the Southern Ocean across the last
glacial to late Holocene (MIS 4—1, 71-2 ka) is elucidated by
comparing the new eng data of core TT1811-34GGC to the published
records from the region (section 2.2) (Fig. 5). All records exhibit a
similar magnitude of deglacial eng change (Fig. 5), reflecting a
common circulation control on Southern Ocean seawater eng
through the last glacial period and into the Holocene. Although
sharing a similar structure to the other records, eng at the mid-
depth ODP Site 1088 (2088 m. water depth), well positioned to
monitor inflow from the Atlantic into the Southern Ocean, was
bathed in waters with a higher proportion NCW (i.e. less radio-
genic) than sites bathed in LCDW and modified CDW throughout
the last glacial period (Fig. 5). This distinction in eng between sites
suggests a more heterogenous Southern Ocean during the last

EQ

60S
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glacial period, when density-driven stratification is believed to
have limited mixing between water masses (McCave et al., 2008;
Williams et al., 2019) and NCW entrainment within the Southern
Ocean was supressed due to a shoaling of NCW (Sikes et al., 2017).

Our core, TT1811-34GGC, is located immediately east of the
Kerguelen-Ile St. Paul Passage, through which a significant portion
of deep-water flow within the ACC is routed via the bathymetric
barriers imposed by the Kerguelen Plateau and Ile Amsterdam/Ile
St. Paul (Fig. 1). Today TT1811-34GGC sits at the depth of the core of
LCDW and records the eng composition of LCDW within the Indian
sector of the Southern Ocean, that is down-stream NCW mixing
into the deep Southern Ocean. During the last glacial period the eng
records in the deepest cores (TN057-21/RC11-83 and SK129-CR2)
exhibit millennial scale variability, shifting towards more radio-
genic values suggesting reduced NCW advection into the deep
Southern Ocean during Heinrich Stadials (Piotrowski et al, 2004,
2009), that are known to be periods of greatly reduced NCW pro-
duction and diminished AMOC (Heinrich, 1988; Bohm et al., 2015).
Heinrich Stadials in these cores are interspersed with periods of
increased NCW influence at the two core sites, evidenced by these
records shifting towards the less radiogenic values at shallower
ODP Site 1088. Shifts towards less radiogenic eng values at site
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Fig. 5. A comparison of eng recorded at site TT1811-34GGC (this study), ODP Site 1088 (Hu et al., 2016), the composite records of RC11-83 and TN057-21 (Piotrowski et al., 2008,
2012), SK129-CR2 (Wilson et al., 2015), and coral samples located on the Sars seamount (Sars), Interim seamount (Int) and Shackleton Fracture Zone (SFZ) in Drake Passage (Wilson
et al., 2020). From north to south black solid lines in the upper panel show the approximate locations of the Subtropical Front, Subantarctic Front and Antarctic Polar Front after Orsi
et al. (1995). Dashed line is the southern boundary of the Antarctic Circumpolar Current (Orsi et al., 1995).
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SK129-CR2 within the deep equatorial Indian Ocean suggest that
during these periods of increased AMOC, some modified NCW was
able to circulate around the southern tip of Africa and into the In-
dian basin, as occurs in the modern Southern Ocean. The enq record
of TT1811-34GGC exhibits more muted variability throughout MIS
1—4, appearing less sensitive to millennial-scale variability in
AMOC. eng at TT1811-34GGC maintains a more radiogenic eng
signature than that of ODP Site 1088 throughout the last glacial
period, with the exception of one data point during the LGM (Fig. 5).

The radiogenic eng data of core TT1811-34GGC indicate that the
lower circulation cell was made up of a greater proportion of
recirculated PDW throughout the last glacial period, not just during
the LGM (Wilson et al., 2020; Yu et al., 2020). The offset in eng
between our core T1811-34GGC and ODP Site 1088 suggests the
inability of NCW from the South Atlantic to mix into the main body
of LCDW across the entire last glacial period, even at times when
AMOC may have been relatively strong (Bohm et al., 2015). This
contrasts with the modern circulation regime, whereby NADW
mixes into the deep Southern Ocean mainly within LCDW (Talley
2013). Today, LCDW serves as the precursor water mass for
AABW, with NADW ultimately the main source of deep waters
within the lower circulation cell (Talley 2013; Sloyan and Rintoul,
2001). During the LGM, shoaling of NCW waters to above 2500 m
(Curry and Oppo 2005; Sikes et al., 2017) would have restricted
their entry into the Southern Ocean (Sikes et al. 2017), leading to
NCW being ‘disconnected’ from directly contributing to much of
the deep ocean interior, with PDW effectively replacing NCW in the
lower circulation cell (Wilson et al., 2020; Yu et al., 2020). Despite a
greatly diminished contribution of NCW to the lower circulation
cell, as evidenced by the more radiogenic eng, circumpolar waters
within the Atlantic and Indian sectors of the Southern Ocean never
reach the more radiogenic values of —2 to —4 that would represent
a pure PDW source during the last glacial cycle. We therefore
hypothesise that during the last glacial cycle deep waters sourced
within the Atlantic basin still contributed to the lower circulation
cell, albeit at a much smaller degree, i.e. likely via diffusive mixing
within the ocean interior (e.g. de Lavirgne et al., 2017).

5.2. Coupled changes in Southern Ocean circulation and Antarctic
climate

To assess the relationship between Southern Ocean circulation
and Antarctic climate, we compare our eng and 35 records with the
3180 of ice (5'80jce) within the EPICA Dronning Maud Land (EDML)
ice core, a proxy for Antarctic temperature (Fig. 6A—B; EPICA
Community Members, 2006). eng in TT1811-34GGC closely tracks
3'80;ce throughout the last 118 kyr. Cooler Antarctic temperatures
coincide with reduced NCW within LCDW. To quantitatively assess
the relationship between our Southern Ocean circulation record
and Antarctic climate, we interpolated at 1.5 kyr and smoothed
using a 3kyr low pass filter the 8'80;¢ record of EDML, the engq re-
cord of TT1811-34GGC, and the atmospheric CO, record from
Antarctic ice cores (Fig. 6C). The filtered and smoothed eng record is
strongly correlated with both the EDML 8'®0jce (r = 0.88) and at-
mospheric CO, (r = 0.87). The relationship is weaker for 55 and
3'80;ce (r = 0.67) and atmospheric CO; (r = 0.63; neither shown in
Fig. 6), indicating a moderate relationship between Antarctic
climate and bottom water flow speeds. We note that smoothing of
the records has little effect on the relationships: the un-smoothed
1.5 kyr interpolated eng record of TT1811-34 GC is still strongly
correlated with climatic indices (61801ce r=0.86; CO, r = 0.85).

The tight coupling between deep circulation at site TT1811-
34GGC and Antarctic temperature throughout the last 118 kyr is
evident and particularly notable throughout the early stages of
glacial inception, during MIS 5.4—5.1 (Fig. 6A—C). We interpret the
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MIS 5.5 eng values of core TT1811-34GGC as reflecting a similar-to-
modern circulation regime whereby unradiogenic NCW flowed into
the Southern Ocean and mixed into LCDW at depth. Following this,
during MIS 5.4 between 110.5 and 101.2 ka, NCW entrainment in
LCDW was greatly reduced, with eng values of —6.9- to —8.1
recorded (average eng = —7.6). These MIS 5.4 eng values are only
moderately higher than eng values during MIS 4, within the last
glacial period (average eng = —6.9), with one data point at 104 ka
(end = —6.9) comparable to values during MIS 4. This apparent
reduction in the proportion of NCW was accompanied by a
reduction in bottom water flow speeds as indicated by smaller 55
(Fig. 6A). These early circulation changes occurred while less
radiogenic eng records at both the shallower ODP Site 1088 and the
deeper equatorial SK129-CR2 suggested continued advection of
NCW out of the Atlantic at intermediate depths into the Southern
Ocean and to abyssal depths in the equatorial Indian Ocean, sug-
gestive of a Holocene-like, stable AMOC (Fig. 5). The eng record of
RC11-83/TN057-21 from the deep Atlantic sector of the Southern
Ocean has radiogenic values similar to TT1811-34GGC during late
MIS 5, suggesting a similar circulation control on engq at both sites.
These deeper Southern Ocean records suggest that the mechanism
linking changes in climate and circulation in LCDW waters (the
depth of our core) during the early stages of glacial inception was
rooted in the Southern Ocean, rather than changes in AMOC.

The reduction in bottom water flow speeds and proportion of
NCW bathing core TT1811-34GGC during the transition from MIS
5.5—5.4 coincided with a critical period of global cooling marking
the initiation of the last glacial cycle. This cooling was most pro-
nounced at high latitudes (Kohfeld and Chase, 2017) and coincided
with the first major expansion in continental ice of the last glacial
cycle (Lisiecki and Raymo, 2005). During MIS 5.4, approximately
75% of the total decrease in the EDML 3'80j. between the last
interglacial period and the LGM occurred, indicating a substantial
cooling of the Antarctic continent (Fig. 6B). Notably this Antarctic
cooling at approximately 118 ka, leads the initial drop in atmo-
spheric CO, at this time by approximately 3ka (Fig. 6, EPICA
Community Members, 2004). Antarctic cooling going into MIS 5.4
was also accompanied by an expansion in Southern Ocean sea-ice
(Fig. 6D, WOolff et al., 2006). Increased sea-ice is consistent with
the increased abundance of the diatom F. curta, (a proxy for winter
sea-ice) within the Atlantic Polar Frontal Zone, which peaked
during MIS 5.4 (Fig. 6E, Gersonde and Zielinski, 2000; Kohfeld and
Chase, 2017). Early expansion in Antarctic sea-ice has been impli-
cated as a driver in the first drop in atmospheric CO, across
115—100 ka by reducing the ability of upwelled deep water to
outgas in the high latitude Southern Ocean (Kohfeld and Chase,
2017). This ‘capping’ of the surface ocean could have been ach-
ieved by a combination of ice acting as a physical barrier alongside
seasonal melting of ice creating a freshwater stratification of the
surface ocean (Stephens and Keeling, 2000). A shallow stratification
of the surface ocean is consistent with an observed reduction in
diatom-bound 3'°N at 113—108 ka (Studer et al., 2015), which
provides evidence of more complete utilisation of available nutri-
ents, and thus, a reduction in the supply of nutrients upwelled to
the high latitude surface Southern Ocean (Fig. 6E, Studer et al.,
2015). Although the reduction in NCW bathing core TT1811-
34GGC across the MIS 5.5 to 5.4 transition coincides with cooling
recorded in the EDML §'80;e. record, the radiogenic peak in eng
during MIS 5.4 does not coincide with the local minima in 3'®0jce at
approximately 109 ka, which occurs during the northern hemi-
sphere insolation minimum. Rather, the eng minimum in TT1811-
34GGC occurs at 104 ka, instead coinciding with the southern
hemisphere insolation minimum. The timing of this eng minimum
further suggests a close link between circulation changes and the
wider southern hemisphere — rather than northern hemisphere —
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climate, although we acknowledge that this offset may in part
reflect uncertainty within the age model of TT1811-34GGC during
MIS 5 (Fig. 6F).

5.3. Southern Ocean circulation changes during the early periods of
glaciation

The eng record of core TT1811-34GGC demonstrates that there
was substantial reduction of NCW at ~3200 m within the Indian
sector of the Southern Ocean associated with the cooling of the
Antarctic continental margin and expanded sea-ice during the
transition from MIS 5.5 to MIS 5.4. We suggest that this reorgan-
isation of deep circulation was a direct consequence of the cooling
and capping of the Southern Ocean by sea ice, which led to changes
in bottom water formation mechanisms along the continental
margin.

Within the modern Southern Ocean, NADW is able to mix into
LCDW by virtue of its elevated density compared to that of PDW and
IDW, which both mix into UCDW (Speer et al., 2000; Talley 2013).
We hypothesise that this density gradient was reversed across the
MIS 5.5—5.4 transition, such that PDW became denser than NCW,
hampering the ability of NCW to mix into the deep Southern Ocean
at depths below PDW (Fig. 7). Today, the precursor waters of AABW
are produced via a mixture of supercooling of LCDW beneath
floating ice shelves and brine rejection during sea-ice formation
(Orsi et al., 1999). We suggest that the expansion of sea-ice around
Antarctica during the early stages of glacial inception increased the
proportion of AABW produced via brine-rejection, increasing the
salinity of AABW. It is also possible that cooling led to an expansion
of grounded ice around Antarctica, reducing the production of
AABW formed via cooling beneath ice shelves, also increasing the
proportion of open water deep water formation beneath sea ice.
AABW, along with LCDW, is the main source of PDW within the
Pacific basin. We hypothesise that this saltier AABW exiting the
Southern Ocean into the Pacific basin led to an increase in the
salinity — and therefore density — of the deep Pacific Ocean, and
therefore ultimately of PDW. In this scenario, NCW was still able to
mix into the Southern Ocean during MIS 5.4, but at shallower
depths than during MIS 5.5. NCW thereby replaced PDW as the key
component in UCDW. PDW took the place of NCW in feeding LCDW
and thus the lower global circulation cell (Fig. 7). The resulting
increased density contrast between LCDW and UCDW would have
reduced mixing between the two water masses and therefore ex-
plains the increased heterogeneity of eng records during MIS
5.4-5.1 (Fig. 5). This hypothesis is consistent with recent modelling
work proposing past intervals of increased density-driven stratifi-
cation within the deep ocean interior were directly tied to lower
atmospheric temperatures in the high latitude Southern Ocean
(Jansen 2017). Specifically, Jansen (2017) found that lower atmo-
spheric temperatures led to increased buoyancy loss in surface
waters around Antarctica primarily through increased brine rejec-
tion during sea-ice production, driving an increased density
gradient between NCW-sourced and AABW-sourced water masses
within the global ocean interior. It has also been proposed that
during periods of Southern Ocean cooling and expanded sea ice,
icebergs calved from the Weddell Sea region of Antarctica were able
to propagate further north towards the Atlantic basin, where they
melted and contributed to a freshening of the upper circulation cell
within the Atlantic (Starr et al., 2021). Starr et al. (2021) suggest this
would lead to a freshening of NCW during periods of Antarctic
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cooling, which would act to further amplify the density contrast
between NCW and PDW. Via both a salinification of PDW and a
freshening of NCW, Southern Ocean cooling and increased sea-ice
during MIS 5.4 would thus have led to a larger density contrast
between the upper and lower circulation cell, increased stratifica-
tion of the ocean interior, and thus a disconnect between the upper
and lower circulation cells.

eng data from core TT1811-34GGC indicate that the proportion
of NCW mixing into LCDW scaled with Antarctic temperature
throughout MIS 5.5 to MIS 5.1, consistent with the model results of
Jansen (2017) (Fig. 6B). While eng values at core sites ODP 1088 in
the mid-depth Atlantic Southern Ocean and SK129-CR2 in the deep
equatorial Indian Ocean did shift slightly towards more radiogenic
values during MIS 5.4, neither core show evidence for a shift to-
wards the much more radiogenic values observed in core TT1811-
34GGC at this time (Fig. 5). These less radiogenic values indicate
that NCW was still entrained within the mid-depth Southern Ocean
at this time and may also have been able to circulate around the
southern tip of Africa into the deep low latitude Indian Ocean, as
modified NADW does today. The proportion of NCW bathing those
core sites decreased substantially across the MIS 5—4 transition
approximately 71 ka, reflecting a reduction in NCW entering the
Southern Ocean at all depths, possibly in response to a more
northerly position of Southern Ocean fronts (Hu et al., 2016).

5.4. A circulation control on atmospheric CO, decline during glacial
inception

Owing to the previous lack of proxy evidence for deep circula-
tion changes (e.g. Oliver et al.,2010; Wilson et al., 2015), the initial
drop in atmospheric CO; during MIS 5.4 has been attributed to the
increased presence of sea-ice around Antarctica, reducing outgas-
sing of CO, in the high latitude Southern Ocean (Kohfeld and Chase,
2017; Stephens and Keeling, 2000). However, the effects of
increased sea ice and associated seasonal meltwater input to the
surface ocean on carbon storage within the deep ocean interior
remain poorly constrained, with models providing conflicting re-
sults (Kohler et al., 2010; Toggweiler et al., 2006). The new eng and
55 data from core TT1811-34GGC provide evidence for a previously
unrecognised role in deep ocean circulation changes in this initial
CO; decline, in agreement with recent box model findings (O’'Neill
et al., 2019). This box model study utilised extensive paleo-proxy
data to suggest that the initial decrease in atmospheric CO,
across 115—108 ka resulted from a reduction in global overturning
circulation, from ~28 Sv during MIS 5.5—~19 Sv during MIS 5.4
(O’'Neill et al., 2019). Importantly, this reduction in overturning
circulation occurring outside of the Atlantic basin and absent a
change in AMOC (O’Neill et al., 2019). These model findings suggest
the reason that evidence for major deep-water circulation changes
during MIS 5.4 have remained so far undetected is the bias towards
the Atlantic in currently available paleocirculation proxies spanning
this interval (e.g. Oliver et al., 2010). The lack of change in circula-
tion within the Atlantic at this time also explains the continued
inflow of NCW into the Southern Ocean evident in eng records from
the mid-depth Atlantic (ODP Site 1088) and deep equatorial Indian
Ocean (SK129-CR2) (Fig. 5). Our new eng data demonstrate that this
inflow of NCW occurred at the depth of UCDW, rather than LCDW.

The strong correlation of TT1811-34GGC eng with atmospheric
CO; (r = 0.87) throughout the last 118 ka (Fig. 6C) suggests that

paleocirculation proxy. D: A composite record of Antarctic ice core atmospheric CO, records (red, EPICA Community Members, 2004) alongside a record of sea salt-derived sodium
ion (ssNa™") flux to the EPICA Dome C ice core, a proxy for sea ice extent (black, Wolff et al., 2006). E: Abundance of the winter sea ice diatom F. curta in the sediments of core PS1768-
8 located in the region of the Polar Front of the Atlantic Southern Ocean (green, Gersonde and Zielinski, 2000) and total diatom-bound d15 N in sediments from core PS75/072-4
located south of the Polar Front (Orange, Studer et al., 2015). F: Insolation during July at 65°N and January at 65°S.
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Fig. 7. A schematic global overturning circulation depicting idealized carbon content of water masses A: during interglacial periods and B: During the glacial inception of MIS 5.4. In
the modern ocean NADW is denser than PDW, causing it to mix to depths below PDW within the Southern Ocean and form LCDW, which in turn upwells to form AABW. The lower
circulation cell is thus sourced in NADW. During MIS 5.4, increased salinity of AABW due to expanded Southern Ocean sea-ice leads to an increase in PDW density such that it
becomes denser than NCW. PDW thereby sinks below NCW within the Southern Ocean, becoming the main water mass sourcing LCDW, and thus AABW. Recirculating PDW thereby
feeds the lower circulation cell, which becomes more isolated from AMOC. Together with reduced outgassing and a greater stratification of the ocean interior, this reorganisation of
palaeocirculation leads to a greater storage of remineralised carbon within the deep circulation cell compared to interglacial periods. Circulation schematic after Talley (2013).

circulation changes within the deep Southern Ocean played a
critical role in the lowering of atmospheric CO; during MIS 5.4. We
propose that the reduced ability of NCW to mix into the deep
Southern Ocean during MIS 5.4 was due to a reversal of the modern
density gradient between Atlantic- and Pacific-sourced waters
within the Southern Ocean. This density reversal between the two
water masses led to a shoaling of NCW within the Southern Ocean,
areduction in the NCW component of LCDW, and PDW became the
primary water mass feeding the lower circulation cell during MIS
5.4—5.1. (Fig. 7). This reorganisation of circulation would act to in-
crease oceanic carbon storage via a “standing volume effect”,
whereby a smaller portion of the global ocean is ventilated by
carbon-poor NCW at the expense of PDW, which is richer in
remineralised carbon (Skinner, 2009) (Fig. 7). The more sluggish
deep ocean circulation indicated by the 5s record of TT1811-34GGC
would also enable the build-up of a larger remineralised carbon
pool within the deep ocean. The increased heterogeneity in
Southern and Indian Ocean enq records suggests a reduced mixing
within the Southern Ocean interior and thus a more stratified deep
ocean, possibly owing to increased density contrasts between deep
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water masses sourced in the Atlantic and Pacific/Southern Oceans.
This would slow overturning circulation and further reduce venti-
lation of this deep carbon pool (O’Neill et al., 2019). A role for ocean
circulation changes in the atmospheric CO, decline during MIS 5.4
also helps explain the approximately 3 ka lag between the onset of
Antarctic cooling (Fig. 6B) and increased sea-ice (Fig. 6D) compared
to the fall in atmospheric CO, (Fig. 6D). The timescale of this lag is
appropriate for a shift driven by global deep-water circulation.
However, these mechanisms do not rule out a contribution to
reduced atmospheric CO, during MIS 5.4 from reduced carbon
outgassing within the high latitude Southern Ocean as suggested
by Kohfeld and Chase(2017), which is also likely to have played a
role.

6. Conclusions

This study presents combined enq and SS reconstructions of
palaeocirculation from a sediment core retrieved from within the
deep Indian sector of the Southern Ocean, TT1811-34GGCC. The
sediments of this core span the last glacial cycle, from MIS 5.5 to
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MIS 1. Areduction in the inflow of NCW to the deep Southern Ocean
at the expense of PDW compared with the Holocene is inferred to
have occurred throughout the last glacial period (MIS 2—4), based
on shifts towards more radiogenic eng values during this interval. A
concurrent reduction in bottom water flow speeds is inferred from
smaller s during MIS 2 and 4, although bottom water flow speeds
were more similar to those of the Holocene during MIS 3. A strong
correlation is observed between changes in the proportion of NCW
mixing into LCOW and Antarctic climate — inferred from 8'80 of
Antarctic ice — and atmospheric CO, concentrations. This tight
coupling between palaeocirculation and palaeoclimate is observed
throughout the last 118 ka, from MIS 5.5 through to the Holocene.
Reductions in NCW mixing into the deep Southern Ocean are
reconstructed for the first time to have occurred even during cool
substages MIS 5.4 and 5.2. These changes during the early stages of
the last glacial cycle occurred absent a change in AMOC, which was
apparently as strong and stable as during the Holocene and the last
interglacial period.

We attribute the reduction in NCW mixing into the deep
Southern Ocean during the early stages of the last glacial cycle to a
concurrent atmospheric cooling and expansion of sea-ice around
Antarctic. We hypothesise that this expansion of sea-ice led to an
increase in the formation of AABW via brine-reduction, increasing
the salinity and therefore the density of AABW forming along the
Antarctic continental margin. As AABW — along with LCDW, AAIW
and SAMW — ultimately determine the properties of deep water
within the Pacific basin, any increase in the density of AABW would
inevitably have led to an increase in the density of PDW. We suggest
that an increase in PDW density occurred in such a fashion during
the transition from MIS 5.5 to 5.4, in doing so reversing the density
gradient between NCW and PDW within the Southern Ocean. This
reversal in density gradient prevented NCW from mixing into
depths below PDW within the Southern Ocean. In this way PDW
became the primary source of LCDW within the Southern Ocean
during MIS 5.4—5.1, and thus recirculating PDW became the pri-
mary source of waters filling the deep ocean circulation ‘cell’,
replacing NCW. Along with increased density stratification within
the ocean interior and reduced outgassing of carbon from the high
latitude Southern Ocean owing to increased sea-ice, this reorgan-
isation of global ocean circulation acted to lower atmospheric CO,
concentrations across the MIS 5.5 to 5.4 transition. This lowering of
atmospheric CO, was a prerequisite for a sustained glaciation and
thereby helped usher in the last glacial period.
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