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% Check for updates Along the northern rim of the Southern Ocean, the transformation of

upwelled deep waters into less-dense Subantarctic Mode Waters forms a
criticallink between the deep and shallow layers of the global ocean. In the
Indian sector, mode waters comprise a key component of Agulhas Leakage,
which today conveys salt to the Atlantic basin necessary for sustaining deep
water formation. The salinity of Indian-sourced mode waters may therefore
represent an upstream influence on Atlantic overturning, with implications

for global climate. Here we reconstructed the temperature and salinity of
these waters across the Last Deglaciation using the geochemistry of two
planktic foraminiferal species from a south Indian Ocean sediment core.
Approximately 20,000 years ago (-20 ka), deglaciation was marked by an
abrupt -2-2.6 practical salinity unit increase that persisted until -16 ka.
This event coincided with an increase in water mass age reconstructed
from the same core. We argue this coherence is evidence for an aged, salty
glacial bottom water mass that, once upwelled, modified the salinity of
Indian-sourced mode water. Model experiments suggest this salt had the
potential, if leaked into the Atlantic, to nudge overturning towards its
modern-day configuration, highlighting an underappreciated deep ocean
influence on the deglacial dynamics.

The production of Subantarctic Mode Water (SAMW) represents a
major pathway for deep waters to become reincorporated into the
shallow circulation of the global ocean’. Wind-driven divergence around
Antarcticabrings deep ocean waters to the surface, some of which are
advected northward and transformed into less-dense mode and inter-
mediate waters>’, The lightest of these, SAMW, is responsible for renew-
ing thermocline waters throughout the global ocean and represents a
key pathway for heat, salt, carbon and nutrients to be transported from

hightolow latitudes®*°. SAMW formation begins at the surface in local-
ized ‘hotspots’ along the northern rim of the Southern Ocean where
wintertime cooling, Ekman pumping and eddy activity drives deep
mixing"’. One of the largest of these hotspots is the southeast Indian
Ocean®° (Fig. 1). Here eddies in the wake of the Kerguelen Plateau
mix upwelled deep waters from the Southern Ocean with subtropical
surface waters delivered by the Agulhas Retroflection™ (Fig. 1a). These
waters are subducted into the subsurface at the subtropical front (STF)
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Fig.1|SAMW production and circulationin the south Indian Ocean.

a, A generalized schematic of the region’s shallow circulation and major
hydrographic features. The major SAMW formation region and its associated
circulation at depth (-200-600 m) is coloured red. Upper ocean flows
contributing to SAMW formation are coloured grey. Deep ocean sources

are coloured blue. Core TT1811-50GGC is marked by a yellow star. Records
representing Indonesian Throughflow®®*, Red Sea (RS) overflow® and
Agulhas Leakage® in Fig. 4 are represented by pale yellow symbols (Fig. 4
caption). Major currents, water masses and hydrographic features are labelled
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Micropaleontology. Credit: G bulloidesimage, Lucia de Abreu.

before flowing northward within the shallow interior (~200-600 m)
of the subtropical gyre™ (Fig. 1b). This subsurface flow is substantial,
rivalling the volume transport of the basin’s largest supply of upper
oceanwaters, theIndonesian Throughflow (ITF; ~12-14 Sv versus ~15 Sv,
respectively; 1Sv=1x10°m?s™)*1%3* SAMW then steers westward
towards the African continent where it coalesces with other source
waters into a collection of distinct southerly flows” comprising the
basin’s major western boundary current, the Agulhas Current" (Fig.1a).

As the Agulhas overshoots the southern tip of Africa, approxi-
mately half ofits volume transport above 1,000 m ‘leaks’ into the South
Atlantic as mesoscale eddies". These eddies entrain ~13-26% of newly
formed Indian SAMW*", supplying the bulk of all mode waters cross-
ing the equatorial Atlantic to deep convectionsites farther north*'¢".,
Today, Agulhas Leakage is considered animportant source of salt nec-
essary for maintaining deep water production in the North Atlantic'®.
Previous studies have suggested that onglacial-interglacial timescales,
variability in leakage volume, mediated by migrations of the STF, prob-
ably affected convection strength and, by extension, the configura-
tion of the Atlantic overturning circulation' . Additionally, changes
in the salt content of Leakage itself, linked to upstream changes in
Indian source waters, has been identified as a potential influence on
circulation®*%, These findings underscore the importance of con-
straining the salinity histories of Indian-sourced thermocline waters to
better understand their influence on overturning and global climate.

Amongthese, SAMW s central dueto therole the deep ocean plays
inits formation (Fig.1). During the Last Glacial Maximum (LGM; ~23-19
thousand years ago (ka)), the salinity of the deep ocean increased by
~1.4-3 practical salinity units (PSU)*', alikely response to increased
brine rejection during Antarctic Bottom Water (AABW) formation
across a broader Antarctic sea ice cap*. The presence of this salt
increased the density stratification between northern-sourced deep
waters and southern-sourced bottom waters**, resulting in two largely
independent overturning cells that stand in contrast to the moreinter-
connected circulation of the ocean today***. Isolating the abyssal
glacial ocean from the atmosphere allowed remineralized carbon
from sinking organic material to accumulate and age in the ocean

interior**. The breakdown of this stratification during the Last Deglacia-
tion (-18-11 ka) allowed carbon-rich deep waters to upwell throughout
the Southern Ocean and release CO, to the atmosphere®, warming the
planet. These waters then recirculated into the ocean’s shallow interior,
as evidenced by transient depletions in the radiogenic (*C) and sta-
ble isotope composition of carbon (C) in fossil subsurface-dwelling
foraminifera from low-latitude sediment cores**°. We should expect
thesalinity that helped form this abyssal carbon reservoir would upwell
alongside deep ocean-sequestered CO,, providing an acute source of
saltto the ocean’s shallow circulation. However, evidence for upwelled
abyssal ocean salt remains elusive.

Here we reconstruct the temperature and salinity of incipient
SAMW from the southeast Indian Ocean by combining magnesium-
calcium (Mg/Ca) palaeotemperature estimates with ice volume-
corrected stable oxygen isotope values (§"0) from two planktic
foraminiferal species (Globigerina bulloides and Globorotalia trun-
catulinoides). Analyses were conducted on sediment core TT1811-
50GGC (hereafter 50GGC; 38.3°S, 77.7° E, 1,118 m) raised from the fle
Amsterdam-file St Paul Plateau within the southeast Indian Ocean’s
extensive SAMW formation region (Fig. 1a). Our location is ideally
suited to examine hydrologic changes in Indian SAMW at its point of
origin (Fig. 1a), whereas the depth and seasonal growth preferences
of G. bulloides (upper -100 m; early spring)* and G. truncatulinoides
(-50-300 m; late fall/winter)*? ensures we index upper ocean condi-
tions during active SAMW formation'® (Fig. 1b). Altogether, our new
dataillustrate SAMW as a potential pathway for the deep ocean to
influence deglacial overturning.

Deglacial changesin SAMW temperature and
salinity

The geochemical data from both species reveal typical glacial-
interglacial trends, with more enriched 80 and lower Mg/Ca ratios
characterizing the LGM relative to the Holocene (Fig. 2a,b). Deglacial
warming is marked by a 0.6 and 0.3 mmol molincrease in Mg/Ca for
G. bulloides and G. truncatulinoides, respectively, beginning at -20 ka
(Fig. 2a). This timing mirrors early warming signals found in marine
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Down-core geochemical data
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Fig.2 | Temperature and salinity reconstructions from G. bulloides, circles,
and G. truncatulinoides, squares, from core 50GGC. a,b, Raw Mg/Ca (a) and
stable oxygen isotope (b) records over the last 30 ka. Note the y axis for the
oxygenisotope valuesinbis reversed. c,d, Estimated temperatures (red; c)
and ice volume-corrected oxygen isotope values (60, blue; d) derived
from the datainaandb. A secondary y axis ind shows the conversion from
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580, to absolute salinity (Methods). The markers represent the nominal
temperature and salinity estimates derived from the geochemical data,
whereas the transparent envelopes represent Monte-Carlo-derived
uncertainties (loand 20). Grey vertical barsin c and d represent the general
timing of the high-salinity event.

records throughout the Southern Hemisphere mid-latitudes*. Mean-
while, the %0 data show a depletion from the LGM to the Holocene of
1.61%0 and 2.16%. for G. bulloides and G. truncatulinoides, respectively
(Fig.2b), reflecting the net effect of changing ocean temperature, global
ice volume and local salinity**. Given the strong temperature influence
on foraminiferal §'*0, we should expect the excursion towards more
depleted 6'°0 to coincide with the rise in Mg/Ca, all else being equal.
However, both 80 records initially grow more enriched as Mg/Ca
increases, increasing by 0.92%. and 0.52%. for G. bulloides and G. trun-
catulinoides, respectively, before transitioning to depleted values later
inthe deglaciation (Fig.2a,b). Only an expansion of global ice volume or
anincreaseinlocal salinity can explain this mismatch between expected
versus observed 80 behaviour. Because records of eustatic sealevel
donot suggest atemporary expansion inice volume at that time*, the
most likely explanation is an increase in salinity.

We quantified salinity changes by correcting the foraminiferal
580 records for temperature and ice volume effects (Methods).
Mg/Caratios from each species were first converted to temperatures
using species-specific and, for G. truncatulinoides, morphotype-
specific calibrations***’. We used relationships determined from
culture to remove the thermal component of the §®0 signal*® and
subtracted the ice volume effect using a high-resolution deglacial
sea-level record®. The residual ice volume-corrected seawater §'°0
signal (6'%0,,.,.) reflects local §'0, variability as an offset from the
contemporaneous global mean, which covaries linearly with ocean
salinity**. We converted 6®0,,, .. to absolute salinities using aregional
equation developed from modern observations® and applied this
relationship consistently down core following model results suggest-
ing the 80, -salinity relationship in this region is relatively stable
through time™. Analytical and age model uncertainties were propa-
gated throughout using a bootstrapping approach®® (Methods).

Both foraminiferal species exhibit remarkably similar temperature
and salinity histories (Fig. 2c,d), suggesting both capture the same
incipient SAMW forming at 50GGC (Fig.1b and Supplementary Fig.1).
The temperature records show deglacial upper ocean warming of
3.8+ 0.6 °Cand 4.6 1.4 °C (10) for G. bulloides and G. truncatulinoides,
respectively. At the onset of warming (-20 ka), both species register
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Fig. 3| A temperature-salinity diagram of modern, glacial, and transient
deglacial conditions in the south Indian Ocean. Temperatures and
salinities reconstructed from G. bulloides (circles) and G. truncatulinoides
(squares) are low-pass filtered using a Savitsky-Golay filter to highlight
long-term trends. Data are binned and coloured by age (colour bar). Greyscale
kernel density estimate shows the distribution of modern temperature-
salinity observations from Argo floats throughout the south Indian Ocean
from January-June 2023 (retrieved using the ‘argopy’ package for Python®).
Major water masses are labelled: Subtropical Surface Water (STSW), SAMW,
Antarctic Intermediate Water (AAIW) and AABW. Light blue dots represent
temperature-salinity values for the glacial ocean simulated by the climate
model COSMOS™. Triangles represent modern (red) and glacial bottom
water salinities (blue) estimated from pore-water chlorinity profiles in Ocean
Discovery Program (ODP) sediment cores in the Indian and Pacific sectors

of the Southern Ocean®. Light grey contours represent lines of constant
density (inkg m).
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an abrupt 1.0 + 0.2%o to 1.2 + 0.3%o. increase in §®0,.,. that remains
enriched relative to glacial values until -16.2 ka, equating to a salinity
increase of 2.0 £ 0.4 PSU t0 2.6 + 0.9 PSU. Although salinity has been
shown to influence Mg/Ca-based temperature estimates™**, the lack
of asubstantial change in Mg/Caratios during this high-salinity event
suggests this potential bias is minor (Fig. 2a,b). More importantly, the
presence of high salinities in records from two foraminiferal species,
determined from two independent systems of equations, suggests this
eventis arobust feature of the region’s palaeoceanographic history.

The magnitude of the estimated salinity increase is anomalous
forupper ocean waters relative to both modern and glacial conditions
(Fig. 3). Before ~20 ka, reconstructed temperature-salinity values at
our location suggest SAMW was somewhat saltier and denser than
today, according to Argo observations from the region®. After -20 ka,
the data’s trajectory towards higher salinities exceeds that of glacial
SAMW simulated by the global climate model COSMOS™, increasing
upper ocean density by ~0.8-1kg m. These waters could not reside
in the upper mixed layer in the modern ocean without destabilizing
the water column. However, temperature-salinity values from the
glacial ocean simulation show that the underlying intermediate and
deep waters were also much denser, providing a dynamically stable
water column that, with deglacial wind shifts and intensification, could
entrain this saltinto Indian SAMW.

The question remains: where did this salt come from?

The deep origin hypothesis

The magnitude of the SAMW salinity estimates at the peak of the
high-salinity event resemble glacial bottom water salinities recon-
structed from pore-water chlorinity profiles in the Indian and Pacific
sectors of the Southern Ocean® (Fig. 3). This resemblance raises the
possibility that SAMW salinities at our location were modified by a
deep, highly saline water mass after it was upwelled in the Southern
Oceanduringthe Last Deglaciation. The most compelling evidencein
support of thisargument comes from old water mass ages recorded by
the radiocarbon content of planktic (Globoratalia inflata) and benthic
foraminifera (Cibicidoides wuellerstorfi) inthe same core*®. The radio-
carbonrecordsshow an-~3,000-yrincrease in upper ocean water mass
age that occurs synchronously with rising salinities at ~20.2-20.3 ka,

Fig. 4| Comparison of the salinity signal at 50GGC with reconstructed
changesin deep ocean upwelling, low-latitude water mass sourcing and
Southern Ocean frontal migration. a, Reconstructed salinities from G. bulloides
(circles; light blue) and G. truncatulinoides (squares; dark blue) at 50GGC.

b, Reconstructed water mass ages from G. inflata (green) and C. wuellerstorfi
(purple) at 5S0GGC’. Dark grey records represent water mass ages from cores
SS172-4040 (triangles; 2,788 m) and SS152-3828 (inverted triangles; 3,166 m)
from the equatorial Indian Ocean*®, which today capture IDW. ¢, Subsurface
temperature records from thermocline-dwelling foraminifera from the Timor
Sea®, Lombok Strait® and Sumatran coastal upwelling system® (marked as
inverted triangle, diamond and triangle, respectively, in Fig. 1a). d, Reconstructed
salinities from the northern Red Sea®® (marked as square in Fig. 1a). e, Surface
temperatures from the Agulhas Bank derived from G. bulloides Mg/Ca ratios

in the Agulhas Bank Splice®” (marked as hexagon in Fig. 1a). f, Arecord of STF
migration derived from a compilation of stable oxygen isotope records spanning
the Indo-Pacific sector of the Southern Ocean®®. Median estimates (solid hot
pinkline) are plotted alongside a cumulative probability density (light pink
colouring) with tloand +2o0bounds (dashed hot pink line). g, Changepoint
estimates identifying the onset of deglacial changes in SAMW salinity, water
mass age, subtropical source water supply/salt content and frontal migration.
The y axis was broken because the magnitude of the STF changepoint flattens the
others, making them difficult to see. Changepoints estimated using a piecewise
regression approach®. Distributions represent 95% confidence limits from
n=5,000 Monte Carlorealizations. Each distributionis labelled with its nominal
breakpoint and 1o error. The dark vertical grey bar indicates the general timing
of the high-salinity eventin 50GGC. A comparison of each records’ respective age
model can be found in Supplementary Fig. 5.

according to achangepointanalysis® (Methods, Fig. 4b,g and Table1).
Because bothrecords are based on co-registered samples, this synchro-
neity is independent of age model considerations. The correspond-
ence between salt and radiocarbon offers forceful support that both
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Table 1| Changepoint estimates and two-tailed z-test results from pairwise changepoint comparisons

Compared to:

Record Ref. Changepoint (ka) SAMW salinity SAMW salinity SAMW age SAMW age
(G. bulloides) (G. truncatulinoides) (planktic) (benthic)

SAMW salinity This study 20.2+0.2 —

(G. bulloides)

SAMW salinity This study 20.2+0.2 z=0.25 —

(G. truncatulinoides) P=0.80

SAMW 56 20.3+0.5 z=-0.43 z=-0.58 —

water mass age P=0.66 P=0.56

(planktic)

SAMW 56 20.2+0.9 z=-0.06 z=-014 z=0.15 —

water mass age P=0.95 P=0.89 P=0.88

(benthic)

Indonesian Throughflow 61 20.0+1.2 z=0.27 z=0.21 z=0.42 z=0.26
P=0.79 P=0.84 P=0.68 P=0.80

Red Sea 65 17.3+0.4 z=18.7 z=17.6 z=12.0 z=6.26

Outflow P=113x107" P=2.81x10"%° P=312x10"% P=3.66%x107"°

Agulhas 67 28.2+0.7 z=-18.9 z=-18.8 z=-16.9 z=-131

Leakage P=1.48x107° P=3.26x107° P=191x107%* P=174%107%°

Subtropical Front Migration 68 181+0.1 z=191 z=17.0 z=9.80 z=4.70
P=3.58x10® P=774%x10"% P=111x10"2 P=2.63x10°

Results significant at the 95% confidence threshold (P<0.05) are bolded.

anomalies were delivered to our study location by the same signal
carrier: upwelled deep ocean waters.

Importantly, the deglacial radiocarbon data from 50GGC align
with benthic reservoir ages from two mid-depth sediment cores in
the equatorial Indian Ocean®® (Fig. 4b). This agreement suggests
that the route aged, salty bottom waters took to escape the abyss
involved Indian Deep Water (IDW) formation. In the modern ocean,
IDWis formed at mid-depths through diapycnal mixing of AABW with
warmer overlying waters”, whichincreases its buoyancy and provides a
low-latitude closure between the upper and lower cells of the overturn-
ing circulation. IDW returns to the Southern Ocean as UCDW, where it
isupwelled by the winds and advected northward at the surface to feed
SAMW production’ (Fig. 1). During the LGM, when stronger stratifica-
tionisolated the upper and lower cells, this pathway was cut off. Instead,
IDW recirculated within the ocean interior and accumulated respired
carbon, like what has been observed in the Pacific’*®°. We suggest that
early mid-latitude warming would have provided the increased wind
stress and surface buoyancy forcing necessary to enhance interior
oceanmixing, eroding deep-sea stratification and re-establishing the
connection between AABW, IDW/UCDW and SAMW that exists today'.
This switchtothe modern ocean’s more interconnected configuration
opened an escape hatch for these saline deep waters to upwell and
modify SAMW salinity.

Deglacial SAMW salinity change was not driven by
upper ocean sources

Alongside upwelled deep waters, subtropical surface waters fromthe
Indonesian and Red seas (among other marginal inputs) advected by the
AgulhasRetroflection areimportantingredients for SAMW formation"
(Fig.1a). Upstream changes in the supply/composition of these waters
may, in theory, offer an alternative explanation for the high-salinity
event. We compiled representative records for each of these source
waters and, using changepoint analyses and z-score significance test-
ing (Methods), find that they cannot fully explain the salinity signal at
50GGC (Fig. 4 and Table1).

Deglacial subsurface temperature records from the outlet of the
ITF—a source of relatively fresh water to the Indian Ocean"—show no
abrupt reduction in volume during the Last Deglaciation that could
have increased salinity at S0GGC®* (Fig. 4c). Instead, at the same

time as the high-salinity event (20.0 ka; z= 0.27 and 0.21; P= 0.84 and
0.79), subsurface temperatures in the Lombok Strait began to shift
away from conditions typical of the nearby Sumatran upwelling system
and towards those resembling the Timor Sea, an indicator of increas-
ing ITF flow®' (Fig. 4c,g). If Indian SAMW was substantially influenced
by changes in the ITF during the Last Deglaciation, we would expect
this intensification to freshen waters at our core site. We observe the
opposite, arguing against an ITF influence.

Inthe glacial Red Sea, waters were especially saline owing to high
evaporation and limited open ocean exchange due to lower sealevels®*.
Rising seas during the Last Deglaciation could have released this salt
into the Agulhas Current, impacting our core site downstream. How-
ever, alocal salinity reconstruction suggests these waters did not begin
flushing into the Indian Ocean until 17.3 ka (ref. 65; Fig. 4d,g), too late
to be aviable explanation for the salinity increase at 50GGC (z=18.7
and17.6; P<0.001).

Restrictions of Agulhas Leakage across the Last Deglaciation could
also have increased SAMW salinity by strengthening the Agulhas Ret-
roflection and diverting more subtropical waters towards our site®.
However, surface temperatures from the Agulhas Bank suggest Agul-
has Leakage steadily strengthened throughout the Last Deglaciation
beginning as early as 28.2 ka (ref. 67; Fig. 4e,g), significantly earlier
than the high-salinity event at 50GGC (z=-18.9 and -18.8; P< 0.001).
This would have freshened waters at 50GGC. Whereas the timing on
leakage intensification varies between available records'?°, none show
anabrupt closure across the Last Deglaciation that would be required
toincrease the salinity of local SAMW.

Additionally, our core location’s proximity to the STF raises the
possibility that a deglacial poleward migration of the front could
have exposed our study site to saltier subtropical surface waters,
increasinglocal salinity. Nevertheless, acompilation of planktic 50
records spanning the Indo-Pacific sector of the Southern Oceanindi-
cates the STF did not begin migrating poleward until -18.1 ka (ref. 68;
Fig. 4f,g), several millennia after the high-salinity event (z=19.1 and
17.0; P< 0.001). The nearly identical planktic and benthic radiocarbon
agesinthedeglacial section of 50GGC (Fig. 4b) are also characteristic
of subantarctic waters and stand in contrast to the strong vertical
gradientsinreservoir age observedin subtropical waters®. We would
also expect a corresponding temperature response that mirrors the
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structure and timing of the high-salinity event. Both species show no
such feature (Fig. 2c).

Inshort, changes inupper ocean source waters and frontal position
cannot explain the salinity signal at 50GGC. Instead, salinity’s coeval
behaviour withradiocarbon content, a distinctive geochemical tracer
of abyssal waters, strongly implicates a deep ocean origin.

Implications for global ocean circulation

After formation, most Indian SAMW remains within the basin, becom-
ing one of several important source water components to Agulhas
Leakage" (Fig. 1a). It follows that any modification of SAMW by saline
deep waters during the Last Deglaciation would have increased the
amount of salt delivered to the Atlantic, animportant ingredient for
the recovery of a weakened glacial overturning circulation®*?.

Could the salinity increase at 50GGC, if fully incorporated into
SAMW and leaked to the Atlantic, be sufficient to influence overturn-
ing strength? We compare our results with two novel ‘saltwater hosing’
experiments performed with the global climate model COSMOS where
freshwaterisremoved from Agulhas Leakage toincrease the saltload to
the Atlantic Oceanand, ultimately, force aresponse in overturning’°.
Inthese experiments, removing 0.05and 0.1 Sv of freshwater from the
surface ocean south of Africa sufficiently increased Agulhas Leakage
salinity toreinvigorate deep water production within a few centuries.
For comparison, we estimated the equivalent negative freshwater
forcing required to achieve the salinity increase observed at 50GGC
using asimplereverse dilution equation (Methods; errorsrepresent 1o
uncertainty). For G. bulloides, the salinity increase from36.1 + 0.5 PSU
during the glacial (20-30 ka) to 37.1 + 0.3 PSU during the high-salinity
event (16-18 ka) isequivalent to removing -0.36 + 0.18 Sv of freshwa-
ter from SAMW, assuming constant production (here we assume a
production rate of 11.7 Sv (ref. 71); we explore other rates in the Sup-
porting Information). The same calculation with G. truncatulinoides
salinities gives a comparable result (0.41 + 0.26 Sv). Consequently,
modified deglacial SAMW would have to comprise 14 + 7% (-12 £ 7%
for G. truncatulinoides) of Agulhas Leakage waters to provide a salt
load capable of re-invigorating Atlantic overturning, according to
the 0.05 Sv removal experiment”. This estimate closely aligns with
the proportion of new SAMW that contributes to the Agulhas Leakage
today (-13-26%)*.

These calculations suggest that the injection of saline deep waters
into the upper ocean—in addition to a decrease in deep ocean den-
sity associated with the breakdown of deep-sea stratification—could
have decreased the density difference between the surface and deep
enough to promote convectionin the North Atlantic. Upwelled glacial
deep waters may therefore have provided an overlooked yet poten-
tiallyimportant control on the strength of Atlantic overturningin the
Last Deglaciation. With the pace and timing of deglacial deep water
upwelling governed by changes in the position and intensity of the
Southern Hemisphere southwesterly winds®®, our results add to the
growing consensus that the Southern Ocean plays an active, rather
than passive, role in the dynamics of the Last Deglaciation®.

Conclusions

Our new temperature and salinity records from a sediment core in
the southeast Indian Ocean clarifies the influence of upwelled deep
ocean waters on SAMW salinity during the Last Deglaciation. Our
datareveal an -2-2.6-PSU increase in upper ocean salinity between
~20-16 ka. Radiocarbon analyses from the same core*® show a sub-
stantial coeval increase in water mass age. We argue this coherence
reflects the upwelling of an aged and highly saline deep water mass that
accumulated both salt and remineralized carbon while it wasisolated
fromthe atmosphere throughout the last Ice Age*****. Thiswater was a
substantial salt source to the subtropical Indian Ocean with the density
potential to reinvigorate deep water productionin the North Atlantic
via the Agulhas Leakage”. Our results emphasize the importance of

Southern Ocean dynamics in facilitating the last major example of
global-scale climate change.
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Methods

Age model

The age model for 50GGC is constrained by aligning the §'°0 record
of surface-dwelling G. bulloides to Antarctic temperature and 80
events in the EPICA Dome C and Dome Fuji ice cores*®. Both ice cores’
chronologies are synchronized to the layer-counted West Antarctic
Ice Sheet Divide ice core age model™. Inthe Holocene, where there are
fewer Antarctic temperature and 6®0 features to align, radiocarbon
dates from planktic foraminifera Globorotalia inflata were used for
additional age control. Radiocarbon analyses were performed at the
Keck Carbon Cycle AMS facility at the University of California, Irvine,
and converted to calendar ages using the Bayesian age-depth model-
ling software BACON version 2.5.7 (ref. 77) using a mean reservoir age
of 442 + 101 years estimated from the Kerguelen Islands’.

Sample analysis

Globigerina bulloides (250-355 um) and Globorotalia truncatulinoides
(355-500 pum; sinistral) were sampled from 50GGC every 1-2 cm
throughout the Holocene and deglaciation and every 2-4 cm in the
glacial. For stableisotope analyses, 5-10 shells from each species were
sonicated, crushed and analysed on a Finnigan MAT-253 Plus isotope
ratio mass spectrometer with aKiel IV device at the City University of
New York Advanced Science Research Center’s Laboratory for Chemical
andIsotopic Signatures. Allmeasurements are reported as a per-mille
deviation from the Vienna PeeDee Belemnite standard. Long-term
analytical precision, based on the repeated measurement of the NBS-19
standard, was 0.05%o (10; n =13).

The remaining sample material was reserved for trace element
analyses. Foraminifera were weighed, crushed and cleaned of authi-
genic and organic contaminants according to previously established
protocols’. G. bulloides and G. truncatulinoides were run on an Element
XR high-resolutioninductively coupled plasma mass spectrometer at
Cardiff University and Old Dominion University, respectively. At Cardiff
University, the repeatability of aninternal consistency standard witha
Mg/Caratio of 2.45 mmol mol™ was 0.6% (10; n =12). At Old Dominion
University, the repeatability of three internal standards with Mg/Ca
ratios of 1.44, 3.53 and 5.77 mmol mol™ was 2.86%, 0.65% and 1.25%,
respectively (10; n = 6). All G. truncatulinoides were also runin duplicate
to assess inter-sample reproducibility, yielding an average replicate
error of +0.11 mmol mol™. Repeated analyses of the National Institute
of Standards and Technology (NIST) RM8301 foraminiferal carbon-
ate standard at Old Dominion University yielded an average Mg/Ca
ratio of 2.52 mmol mol™ (n = 4) with a precision of 0.15%, in agreement
with expected values at 2.62 + 0.14 mmol mol™ (ref. 79). Analysis of
the Cardiff internal standard at Old Dominion University revealed an
~0.13 mmol mol™ offset between the two instruments. We applied a
static correctionto the G. bulloides Mg/Caratios from Cardiffto bring
theminline with the externally standardized data from Old Dominion.

Estimating temperature and salinity

Pastoceantemperatures (7) were estimated from each species’Mg/Ca
ratio using the following species- and morphotype-specific calibration
equations*®*:

G. bulloides: Mg/Ca = 0.955¢%-0687

G. truncatulinoides: Mg/Ca = 0.88e%-047

We selected these equations because they yielded core-top tempera-
ture estimates that best resembled modern temperatures at each
species’ living depth during their preferred growth season (Supporting
Information).

Past oceansalinities (S) were estimated by correcting each species’
80 record for the influence of temperature and global ice volume.
For G. bulloides, the temperature correction was performed using a

species-specific equation developed in culture*®, For G. truncatuli-
noides, we applied an equation developed for Orbulina universa (low
light)** that has been successfully applied to G. truncatulinoidesin the
past (for example, refs. 80-82):

G. bulloides: (8§80, — 8180y, + 0.27) = (T — 13.2) /—4.89

G. truncatulinoides: (680, — 680y, + 0.27) = (T —16.5) /—4.80

A manual correction of +0.27%o. is included to convert from the
Vienna PeeDee Belemnite standard to Standard Mean Ocean Water®,
To account for the ice volume effect, isotopically light §'®0 is added
backinreference to a high-resolution record of eustatic sea level (SL)
spanning the deglaciation*’ assuming a constant linear relationship®*:

81804,_ive = 6150 + 0.008 x SL

Finally, 8%0,,.,. can be converted to S using a regional §%0,, -
salinity regression from the subtropical south Indian Ocean®®:

8180, =0.503 xS —17.21

All uncertainties were propagated throughout these systems of
equations using the Paleo Seawater Uncertainty Solver algorithm (PSU
Solver) for MATLAB®?. The programme estimates overall uncertainty
by iteratively solving all equations while allowing inputted data and
sample age to vary within their 1o uncertainties at each iteration. In
thisway, errors associated with analytical precision, sample reproduc-
ibility (available only for G. truncatulinoides), the 50GGC age model
andthesea-level curve used forice volume corrections are constrained
probabilistically at each time step. For our applications, the number of
Monte Carloiterations was set ton = 5,000. The temperature, 880, ...
and salinity values presented in the paper represent median estimates
across allMonte Carlo realizations bounded by the 32nd-68th (10) and
5th-95th (20) percentiles. These uncertainties are slightly skewed from
astandard normal distribution, so for simplicity we report uncertainty
in the text as the mean 1o error across the full length of the records
using the equation below:

=L (55)

n

o=

whereo"and 0" represent the positive and negative errors, respectively,
and nisthe number of datapointsin the record.

Changepoint analyses and pairwise comparisons

To quantify the onset of deglacial change in 50GGC and other previ-
ously published records, we use a piecewise regression approached
developed in Python”. The method starts with an initial guess on the
location of a changepoint before iteratively solving a series of mul-
tivariate Taylor expansions, eventually converging on changepoint
estimates. This technique is not guaranteed to identify a globally
optimum estimate, and so the algorithm adopts aMonte Carlo frame-
work to generate multiple realizations of its changepoint estimates.
For our purposes, the number of Monte Carlo realizations was set to
n=>5,000.The changepoints we report are the mean and +1o of these
realizations. Estimates are also sensitive to the number of expected
changepoints defined before analysis. Given that there are several
features in our records that could be considered changepoints (for
example, the beginning, peak and termination of the high-salinity
event), we assigned the number of expected changepointsto bethree.
Some longer records were trimmed to the period under investigation
(0-30 ka) to focus analysis on the Last Deglaciation. Under these
conditions, the onset of deglacial change was consistently identified
inallrecords withno other changepoints falling with +2 ka. Significant
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differences between changepoints across records were determined
using a simple two sample two-tailed z-test with a 95% confidence
threshold (a=0.05).

Estimating negative freshwater forcing
To estimate the amount of freshwater that would need to be removed
from glacial SAMW to explain the deglacial salinity increase observed
at 50GGC, we use a basic dilution equation:

StemViem = Shse Vise

where S and Vrepresent the salinities and mode water volume trans-
port, respectively, for the Last Glacial Maximum (LGM) and the
High-Salinity Event (HSE). For simplicity, we treat the problem asif we
were diluting HSE waters with freshwater to match the lower salinities
of the LGM. Thisis effectively the same amount of freshwater that would
need to be removed to increase glacial salinities to those of the HSE,
justwith the opposite sign.

We rearrange the equation above to solve for the total volume
transport during the LGM (V gy):

l/LGM = (SHSE VHSE)/SLGM

Average salinities (with 1o error) were determined by computing
the mean and standard deviation from the HSE (16-18 ka) and last
glacial period (20-30 ka). For the V|, term, we use a modern SAMW
production of 11.7 Sv (ref. 4) due to the lack of deglacial production
estimates. The sensitivity of our calculations to SAMW production
rateisshowninSupplementary Fig.2 and discussed in Supplementary
Information. Assuming SAMW production was consistent through
time, the difference between the calculated volume transport during
the LGM (V) and the SAMW production rate used for the HSE (V)
represents the total freshwater fluxin Sv (Vyy,):

|/FW = |/LGM_VHSE

Error propagation for these equations was handled using the
‘uncertainties’ package for Python, version 3.1.7 (ref. 85).

Data availability

The geochemical data from TT1811-50GGC, and the temperature
and salinity records derived from them, are archived and accessible
through the National Oceanic and Atmospheric Administration (NOAA)
National Centers for Environmental Information (https://doi.org/
10.25921/j8fc-gh57)%. Sediments from TT1811-50GGC are archived at
the Oregon State University Marine Geology Repository.

Code availability

Code for visualizing 50GGC data and reproducing our changepoint
analyses is available on Zenodo at https://doi.org/10.5281/zenodo.
15283459 (ref. 87). The programme used to convert our geochemical
data into reconstructed temperatures and salinities can be found
on the MATLAB Central File Exchange at https://ch.mathworks.com/
matlabcentral/fileexchange/59565-paleo-seawater-uncertainty-solver.
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