
Tracking Spread of the Agulhas Leakage Into the Western
South Atlantic and Its Northward Transmission
During the Last Interglacial
João M. Ballalai1 , Thiago P. Santos1 , Douglas O. Lessa1 , Igor M. Venancio2 ,
Cristiano M. Chiessi3 , Heather J. H. Johnstone4 , Henning Kuhnert4 ,
Marcela R. Claudio1 , Felipe Toledo5 , Karen B. Costa5 , and Ana Luiza S. Albuquerque1

1Programa de Geociências (Geoquímica), Universidade Federal Fluminense, Niterói, Brazil, 2Center for Weather
Forecasting and Climate Studies (CPTEC), National Institute for Space Research (INPE), Cachoeira Paulista, Brazil,
3Escola de Artes, Ciências e Humanidades, Universidade de São Paulo, São Paulo, Brazil, 4MARUM‐Center for Marine
Environmental Sciences, University of Bremen, Bremen, Germany, 5Laboratório de Paleoceanografia do Atlântico Sul,
Instituto Oceanográfico, Universidade de São Paulo, Brazil

Abstract Intensification of the Agulhas Leakage (AL) during glacial terminations has long been
proposed as a necessary mechanism for reverting the Atlantic Meridional Overturning Circulation
(AMOC) to its interglacial mode. However, lack of records showing the downstream evolution of AL signal
and substantial temporal differences between AL intensification and resumption of deep‐water
convection have cast doubt on the importance of this mechanism to the AMOC. Here, we analyze a
combination of new and previously published data relating to Mg/Ca‐derived temperatures and ice
volume‐corrected seawater δ18O records (δ18OIVC‐SW, as a proxy for relative changes in ocean salinity),
which demonstrate propagation of AL signal via surface and thermocline waters to the western South
Atlantic (Santos Basin) during Termination II and the early Last Interglacial. The saline AL waters were
temporally stored in the upper subtropical South Atlantic until they were abruptly released in two stages into
the North Atlantic via surface and thermocline waters at ca. 129 and 123 ka BP, respectively. Accounting for
age model uncertainties, these two stages are coeval with the resumption of convection in the Labrador
and Nordic seas during the Last Interglacial. We propose a mechanism whereby both active AL and a
favorable ocean‐atmosphere configuration in the tropical Atlantic were required to allow flux of AL waters
into the North Atlantic, where they then contributed to enhancing the AMOC during the Last Interglacial
period. Our results provide a framework that connects AL strengthening to the AMOC intensifications
that followed glaciations.

Plain Language Summary During the Quaternary period, the Earth's climate fluctuated
between glacial and interglacial states. Such climate transitions, known as glacial terminations, were
characterized by rapid changes in ice‐volume, atmospheric CO2 levels, and global temperatures. Several
geochemical and modeling studies have demonstrated that the Atlantic Meridional Overturning
Circulation (AMOC) was strongly inhibited during these periods. In general, meltwater discharge due to
ice‐sheet retraction at high latitudes of the North Atlantic seems to have weakened deep‐ocean
convection and affected northward transport of heat and salt. To return the AMOC to a fully active mode,
the impact of that meltwater had to be counterbalanced. Previous investigations suggested that leakage of
salty waters from the Indian Ocean into the South Atlantic (Agulhas Leakage, AL) during glacial
terminations played a prominent role in reinstating northward heat and salt transport. However, it is not
clear how far into the South Atlantic the influence of the AL can be tracked and how, in terms of timing,
it is linked to resumption of deep‐water convection. Here, we focus on glacial Termination II to
demonstrate AL signal in the western South Atlantic and how it contributed to enhancing the AMOC
during the Last Interglacial.

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) is a crucial feature of the global climate system,
which plays a critical role in inter‐hemispheric connectivity through northward upper‐ocean transport of
warm and saline waters (Cunningham et al., 2007). In the high latitudes of the North Atlantic, these
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waters lose heat to the atmosphere, sink, and then flow southward, carrying cold saline waters into the
Southern Ocean (Kuhlbrodt et al., 2007). This exchange is a central component of the meridional circulation
and it takes place via the Agulhas Leakage (AL) (Gordon, 1985). The saline waters of the AL are a significant
contributor to the negative buoyancy of the AMOC and they are carried towards the subpolar North Atlantic
by means of the upper limb of the meridional circulation, thereby maintaining the salinity, strength, and sta-
bility of deep‐water convection (Biastoch et al., 2008; Weijer et al., 2001).

The AL principally enters the South Atlantic as thermocline waters through spreading of rings and
filaments incorporated into the South Atlantic Central Water (SACW) (de Ruijter et al., 1999; Donners &
Drijfhout, 2004). This water mass fills most of the South Atlantic between depths of 100 and 600 m
(Peterson & Stramma, 1991). Once in the South Atlantic, convection and air‐sea interactions modify AL
signal, with advection westwards strengthening its positive salt anomaly (Weijer, 2002). This process results
in the South Atlantic thermocline being saltier in areas influenced by the AL (Byrne et al., 1995). The AL
signal may propagate into the Northern Hemisphere via Kelvin waves generated along the western
boundary of the Atlantic Ocean, so regions of the Brazilian margin may accurately record the timing of
changes in overturning circulation associated with changes in the AL (van Sebille & van Leeuwen, 2007;
Weijer et al., 2002). Thus, both the Brazil Current (BC) and North Brazil Current (NBC) play essential roles
in inter‐hemispheric transmission of AL signal. Since partitioning of salt and heat between the BC and NBC
depends on the position of the South Equatorial Current (SEC) bifurcation (Marcello et al., 2018), the
latitudinal position of that bifurcation can be considered a type of ocean gateway. That gateway controls
how much subtropical water (partially comprising eastern South Atlantic AL waters) flows northward
across the equator via the NBC and how much is recirculated into the subtropical gyre via the BC
(Marcello et al., 2018).

Paleoceanographic reconstructions suggest that the AL was reduced during glacial stages because of the
northerly position of the South Atlantic's oceanic Subtropical Front and expansion of Antarctic sea ice
(Bard & Rickaby, 2009; Peeters et al., 2004). Near the end of extended glacial periods, the position of the
Subtropical Front shifted southward increasing AL volume (Caley et al., 2014; Cortese et al., 2007; Peeters
et al., 2004). Intensification of the AL preceding glacial terminations suggests that salt and heat oscillations
across the Indian‐South Atlantic exchange, combined with effective northward transmission of these waters,
could have fundamentally influenced the buoyancy of the upper North Atlantic waters after glacial maxima
and, consequently, such oscillations may have played a critical role in the AMOC reverting to its interglacial
mode (Beal et al., 2011; Caley et al., 2012). However, scarcity of marine records capturing downstream pro-
gression of AL signal, as well as the considerable time difference between AL strengthening and AMOC
resumption, have prevented broad acceptance of this mechanism. For example, during the transition from
the penultimate glacial (i.e., Marine Isotope Stage, MIS 6) to the Last Interglacial (MIS 5e), records from
the eastern South Atlantic on Mg/Ca‐derived sea surface temperature (SST) and ice‐volume‐corrected sea-
water δ18O (δ18OIVC‐SW, as a proxy for relative changes in ocean salinity) suggest the AL intensified from
as early as ca. 142 ka BP (Scussolini et al., 2015). However, some deep‐water convection in high latitudes
of the North Atlantic apparently did not strengthen until late into glacial Termination II (TII), ca. 129 ka
BP (Deaney et al., 2017). This interval of approximately 13 kyr suggests that AL waters were not directly
transported into regions of deep‐water formation, so other ocean gateways must have played fundamental
roles in connecting the AL to the North Atlantic.

Here, we present new thermocline Mg/Ca‐derived temperature and δ18OIVC‐SW data from the western
South Atlantic for the transition between MIS 6 and MIS 5e based on planktic Globorotalia inflata
foraminifera. We then combine our new data with published surface δ18OIVC‐SW data from the same
core (Santos et al., 2017b). Comparison of these new (thermocline) and published (surface) data with
data from previous studies on the eastern South Atlantic suggests that AL waters accumulated in the
South Atlantic subtropical gyre and were released into the North Atlantic in two stages during the
Last Interglacial. We propose a mechanism whereby the saline waters injected by the AL were
retained in the upper subtropical South Atlantic throughout TII and then released into the
Northern Hemisphere in two pulses during the early‐ and mid‐Last Interglacial. These pulses induced
rapid reductions in salinity of the western South Atlantic that were coeval to periods of resumed deep‐
water formation. Thus, our results link the AL to sites of North Atlantic Deep Water
(NADW) formation.

10.1029/2019PA003653Paleoceanography and Paleoclimatology

BALLALAI ET AL. 1745



2. Study Area

Core GL‐1090 (24.92 °S, 42.51 °W, 2225 m water depth, 1914 cm long) was collected by the Petrobras oil
company in the western South Atlantic (Santos Basin – Figure 1). The uppermost circulation in the area
(0 – 600 m) is dominated by the BC, which is thewestern boundary current that closes the subtropical gyre of
the South Atlantic (Peterson & Stramma, 1991) (Figure 1). The southward flow of the BC transports two
water masses: (1) at the surface, where the upper layer (ca. 0 – 100 m) of the BC is composed of warm (>
20 °C) and saline (> 36) Tropical Water due to the high incoming solar radiation and excess evaporation that
characterize the tropical South Atlantic (Campos et al., 1995); and (2) below the TropicalWater (ca. 100 – 600
m), where the BC transports the colder (6 – 20 °C) and less saline (> 34.6 – 36) SACW that fills the South
Atlantic thermocline. Apart from their temperatures and salinities, these two water masses can also be dis-
tinguished by the δ13C levels of their dissolved inorganic carbon (δ13CDIC), with δ13CDIC = 1.74 ± 0.24 ‰

and δ13CDIC = 1.30 ± 0.22‰ for the Tropical Water and SACW, respectively (Venancio et al., 2014). This dif-
ference in δ13C is due to the higher nutrient content of central waters, with δ13CDIC values decreasing with
increasing nutrient concentration (Broecker & Maier‐Reimer, 1992). The SACW forms in the mid‐latitudes
of the South Atlantic via air‐sea interactions in the Brazil‐Malvinas Confluence (where the southernmost
extension of the BC meets the Malvinas Current) and in the areas adjacent to the Argentine basin and

Figure 1. ‐ Schematic representation of mean circulation of the South Atlantic subtropical gyre (based on Stramma &
England, 1999), the Agulhas Current (AC), and the mean position of the Intertropical Convergence Zone (ITCZ). The
most relevant surface and thermocline currents for this study are shown by thick red and blue lines, respectively. The
South Equatorial Current (SEC) exhibits a southward shift at thermocline levels (represented by the thick blue line), as
described in Stramma and England (1999) and Rodrigues et al. (2007). Note that bifurcation of the SEC at the thermocline
occurs at a higher latitude relative to the surface bifurcation. NBC/NBUC: North Brazil Current/Undercurrent; BC:
Brazil Current; MC: Malvinas Current; BMC: Brazil‐Malvinas Confluence; SAC: South Atlantic Current; AL: Agulhas
Leakage. The yellow dots mark the positions of core GL‐1090 (this study) and other relevant records discussed in the text:
64PE‐174P13 (Scussolini et al., 2015), ODP Site 1063 and 983 (Deaney et al., 2017), ODP Site 1058 (Bahr et al., 2013),
MD03‐2664 (Irvalı et al., 2016), NEAP‐18K (Hall et al., 1998), and IODP Site U1304 (Hodell et al., 2009).
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mid‐Atlantic ridge along the South Atlantic Current (Garzoli & Matano, 2011). The central waters of the
South Atlantic are also composed of Indian Ocean Central Water brought to the South Atlantic by the AL
in the upper 1000 m of the water column (Richardson, 2007).

The BC originates from the southern branch of the SEC where it bifurcates near the western slope of the
Brazil Basin (Peterson & Stramma, 1991). The surface latitude of that bifurcation varies between ca. 10 –

15 °S (Lothar Stramma, 1991), and it tends to shift northward during the austral spring and summer when
the Intertropical Convergence Zone (ITCZ) shifts southward and the northeasterly trade‐winds are stronger
(Rodrigues et al., 2007). These conditions lead to the highest intensity of the BC flux. The northwestward flow
of the NBC is also generated from the SEC bifurcation (Figure 1). The NBC transports warm saline waters
into the North Atlantic (Johns et al., 1998), and its transport is also marked by seasonal variability that con-
trasts with the conditions that enhance the BC (Silva et al., 2009). A particular feature of the NBC is that it
flows as an undercurrent between 5 °S and 10 °S (the North Brazil Undercurrent) and only assumes the char-
acter of a surface flow north of 5 °S (Stramma et al., 1995). It is also essential to highlight the fact that mean
circulation of the South Atlantic subtropical gyre manifests a southward shift with increasing depth, such
that the SEC bifurcation occurs as far south as 20 °S at depths of 500 m (Rodrigues et al., 2007; Stramma &
England, 1999).

3. Materials and Methods
3.1. New and Published Data From Core GL‐1090

Core GL‐1090 was first described by Santos et al., 2017b, and its 1914 cm length covers the last 185 ka BP. In
this study, we report a new reconstruction of the thermocline Mg/Ca‐derived temperature and δ18OIVC‐SW

profile for the Santos Basin for the period between 140 and 110 ka BP based on planktic G. inflata foramini-
fera (see section 3.2). This chronological interval lies between 1495 and 1332 cm of core GL‐1090. Estimation
of the thermocline δ18OIVC‐SW profile was based on δ18O values for G. inflata calcite, as published by Santos
et al. (2017a) (see section 3.2). In addition to this new data, we also include published surface δ18OIVC‐SW

values from the same core but with a novel interpretation focused on TII and interhemispheric connections.
We have also used surface δ18OIVC‐SW data fromGL‐1090 based onGlobigerinoides ruber to produce a revised
age model for the interval between 1495 and 1332 cm that preserves the original sedimentation characteris-
tics presented by Santos et al. 2017b but reduces the age uncertainty around the penultimate glacial‐
interglacial transition (see section 3.3).

3.2. Calculation of Thermocline Temperature and Ice‐Volume‐Corrected Seawater δ18O

Mg/Ca measurements were performed on samples comprising 9‐30 individuals of planktic G. inflata forami-
nifera from the 250‐300 μm size fraction. A previous plankton tow study at the central Walvis Ridge (eastern
South Atlantic) suggested that the base of the calcification depth of this species lies between 300 and 400m in
summer and winter, respectively (Lončarić et al., 2006). Based on a transect of surface sediment samples at
the Brazil‐Malvinas Confluence (western South Atlantic), Chiessi et al. (2007) proposed that G. inflata δ18O
data are consistent with a calcification depth between 200 and 400 m. In the North Atlantic, G. inflata pre-
ferentially live at the base of the summer thermocline, which lies approximately 100 m north of 35 °N,
whereas the species calcifies deeper (at ca. 250 m) in the warmer conditions south of 35 °N (Cléroux et al.,
2007). Thus, we assume a thermocline habitat for G. inflata that is within the SACW in the Santos Basin.
Furthermore, the distribution of G. inflata is relatively constant throughout core GL‐1090, making it better
suited to characterizing thermocline temperatures than other deep‐dwelling planktic foraminiferan species
(e.g., Globorotalia truncatulinoides or Globorotalia crassaformis).

The tests of G. inflatawere gently crushed between two clean glass plates to open the chambers, and they were
cleaned according to the protocol of Barker et al. (2003). These broken tests underwent ultrasonic cleaning
alternated between multiple washes in deionized water and ethanol to remove clay contaminants. Hydrogen
peroxide treatment in a boiling water bath was performed to eliminate organic matter, and a short treatment
of dilute acid (0.001 M nitric acid) leaching was performed to eliminate any adsorbed contaminants. Next,
the samples were dissolved in 0.075M nitric acid. The dissolved samples were centrifuged for 10 min to exclude
insoluble residues. The diluted solutions were analyzed at MARUM – Center for Marine Environmental
Sciences (University of Bremen, Germany) with an Inductively Coupled Plasma Optical Emission
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Spectrometer (ICP‐OES) (Agilent Technologies 700 Series) with a Cetac ASX‐520 autosampler and a micro‐
nebulizer. Three repeated measurements of each sample were run, and the results were averaged. Elements
were measured at the following spectral lines: Mg (279.6 nm), Ca (315.9 nm), Sr (421.6), Al (167.0 nm), Fe
(238.2 nm), and Mn (257.6 nm). The calibration standards consisted of dissolution acid (0.075 M HNO3) as a
blank and four multielement standards between 20 and 80 ppm Ca, with Mg/Ca of 4.12 mmol/mol. The cali-
brations for all elements were based on linear regressions. Instrumental precision was monitored via runs of
an in‐house external standard solution after approximately every five samples. The long‐term relative standard
deviation of the in‐house standard is <2 % for the Mg/Ca ratio. A dissolved solution of the ECRM 752‐1 com-
mercial limestone standard was also measured twice. This solution was measured at 3.73 mmol/mol (σ = 0.01,
0.24%) during the ICP‐OES run, which is very close to the published value of 3.75 for a centrifuged solution
(Greaves et al., 2005). We analyzed 64 Mg/Ca samples from the time interval between 140–110 ka BP.

Three samples had values of Ca <10 ppm, so these were rejected since the calibration is non‐linear at low Ca
concentrations. The Al/Ca, Fe/Ca, and Mn/Ca ratios of the remaining samples were analyzed to monitor
cleaning efficiency (Supplementary Table S1). These samples showed average Al/Ca, Fe/Ca, and Mn/Ca
ratios of 0.26, 0.19, and 0.29 mmol/mol, respectively. This mean Al/Ca ratio is below the commonly accepted
limits of 0.3–0.5 mmol/mol (Kuhnert et al., 2014; Lea et al., 2005). The mean Fe/Ca and Mn/Ca ratios are
slightly higher than the 0.1 mmol/mol threshold proposed by Barker et al. (2003). However, the weak corre-
lation of our Mg/Ca ratio to both the Fe/Ca (R2 = 0.09) and Mn/Ca (R2 = 0.04) ratios (Figure S1) suggests
that our analyses are not likely to have been significantly affected by Fe–Mn oxyhydroxides. Other studies
have also reported values for Fe/Ca and Mn/Ca ratios higher than those given by Barker et al. (2003) (e.g.,
Groeneveld et al., 2008; Steinke et al., 2010; Vázquez Riveros et al., 2016; Weldeab et al., 2006). These studies
consider that the input of terrigenous material rich in Fe–Mn oxyhydroxides relative to biogenic carbonates
affects Fe/Ca and Mn/Ca ratios. This scenario may also apply in the western South Atlantic, which receives
contributions of highly weathered soils enriched in Fe–Mn oxyhydroxides from continental South America
(Govin, Holzwarth, et al., 2012). Furthermore, the cleaning protocol of Barker et al. (2003) is considered to be
less efficient at removing Fe–Mn oxyhydroxides compared to those incorporating an additional reductive
step (e.g., Martin & Lea, 2002). Steinke et al. (2010) tested both of these protocols on samples with much
higher Fe/Ca andMn/Ca values than ours (up to 0.96 and 1.65mmol/mol of Fe/Ca andMn/Ca, respectively)
and found no apparent difference in terms of Mg/Ca ratios. Accordingly, we assume that our temperature
reconstruction is not affected by contaminating clays.

Several calibrations are available to convert G. inflata Mg/Ca ratios into temperature (e.g., Anand et al.,
2003; Cléroux et al., 2008, 2013; Elderfield & Ganssen, 2000; Groeneveld & Chiessi, 2011; McKenna &
Prell, 2004; Regenberg et al., 2009). Species‐specific and regionally constrained equations provide more accu-
rate estimates of Mg/Ca paleotemperature (Anand et al., 2003). Thus, the studies of Groeneveld and Chiessi
(2011) and Cléroux et al. (2013) offer appropriate equations for our study since they included South Atlantic
core‐top samples in their species‐specific calibrations for G. inflata. However, some factors hamper use of
both these latter calibrations. Groeneveld and Chiessi (2011) discriminated between encrusted and non‐
encrusted specimens. Differentiation of such samples from core GL‐1090 would result in an insufficient
number of G. inflata shells to perform Mg/Ca analyses. Offsets of up to 7 °C between the different encrusta-
tion states were reported by Groeneveld and Chiessi (2011), so adopting their calibration approach could
introduce significant bias into our analysis. Cléroux et al. (2013) did not discriminate between encrusted
and non‐encrusted G. inflata shells, but nor did they apply the cleaning protocol of Barker et al. (2003).
Cléroux et al. (2013) suggested that their different cleaning procedure likely explained the lower pre‐
exponential constant obtained in their analysis compared to those of other calibrations. Consequently, the
calibration of Cléroux et al. (2013) resulted in temperatures that we judge to be unrealistically cold for the
Santos Basin thermocline. For these reasons, we chose the calibration of Cléroux et al. (2008) given by
[Mg/Ca = 0.71 exp 0.06*(T)]. This equation was developed using North Atlantic core‐tops and was calibrated
within an isotopic temperature range (10.5–17.9 °C) similar to that found in the Santos Basin thermocline.
Cléroux et al. (2008) also applied the cleaning protocol of Barker et al. (2003), which generated a pre‐
exponential constant more consistent with those obtained via other calibration studies. Moreover, some of
the elemental trace measurements were made on size fractions of 250–315 μm (Cléroux et al., 2008). That
size fraction is similar to the one we selected in this study, consequently reducing the potential error asso-
ciated with a size effect (Cléroux et al., 2008).
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We applied the temperature‐δ18O relationship given by the equation
[T = 16.9 – 4.0 (δ18OC − δ18OSW)] (Shackleton, 1974) to estimate the
seawater δ18O composition (δ18OSW) of the thermocline. We also used
the calcite δ18O of G. inflata for the transition between MIS 6 and MIS 5e
published by Santos et al. (2017a) for core GL‐1090. A conversion factor
of 0.27 ‰ was applied to convert values from the VPDB standard to
Vienna Standard Mean Ocean Water (VSMOW). The effect of changes in
global sea level was subtracted from the δ18OSW values by applying the
sea level correction of Grant et al. (2012). This operation yielded an ice‐
volume‐corrected seawater oxygen isotopic composition (δ18OIVC‐SW) that
we used as a proxy for relative changes in thermocline salinity. The
δ18OIVC‐SW error estimation combines an uncertainty of 1.4 °C for the G.
inflata Mg/Ca calibration (Cléroux et al., 2008) (which is equivalent to a
0.30 ‰ δ18O change) plus an analytical error for G. inflata δ18O of 0.06
‰ (Santos et al., 2017a). Thus, the propagated cumulative root‐mean‐
square error estimated for the δ18OIVC‐SW is 0.31‰, consistent with those of
other studies (e.g., Gebregiorgis et al., 2016).

3.3. Age Model

The Bayesian age model (Blaauw & Christen, 2013) of core GL‐1090 was
obtained through a combination of calibrated AMS 14C ages and benthic
foraminifera δ18O tie‐points aligned to two reference curves (Govin
et al., 2014; Lisiecki & Raymo, 2005). Most of the benthic δ18O tie‐points
were obtained by aligning GL‐1090 with core MD95‐2042, which has been
updated to the AICC2012 ice core chronology (Bazin et al., 2013; Govin
et al., 2014; Veres et al., 2013). This chronology is the most appropriate
age reference for displaying marine and ice core records over the Last
Interglacial because of its numerous new stratigraphic links that signifi-
cantly reduce dating uncertainty (Capron et al., 2014; Govin et al.,
2015). In the original version of the GL‐1090 age model (Santos et al.,
2017b), an abrupt 1.67 ‰ decrease in surface δ18OIVC‐SW at the end of
TII occurred immediately after 129.9 ka BP (1404 cm), with a mean esti-
mated age uncertainty of ± 3.87 ka. Assuming that the salinity mechan-

ism discussed here is correct, i.e., that the coupling between the ITCZ and SEC bifurcation controls
surface (subtropical gyre) and thermocline (subtropical cell) salinity in the western South Atlantic, we used
one of the 230Th ages from Sanbao Cave (SB11) (Wang et al., 2008) as a tie‐point for the transition at the end
of TII. Wet and dry conditions in Sanbao Cave have also been associated with the north‐south migration of
the tropical rain belt represented by the ITCZ (Wang et al., 2008). In Sanbao Cave, δ18O values indicate a
shift from arid conditions at 129.6 ka BP (ca. ‐6.9‰) to a wet climate at 128.8 ka BP (ca. ‐10‰). The nearest
230Th age is located at 129.3 ± 0.7 ka BP (ca. ‐8‰), which is approximately midway between weak and strong
monsoons. Next, we removed a previous tie‐point located at 1403 cm (Santos et al., 2017b) and aligned the
230Th age of 129.3 ± 0.7 ka at 1402 cm (midway along the surface δ18OIVC‐SW transition) as a new tie‐point
for core GL‐1090 (Figure 2). This exercise did not alter the previously estimated accumulation rate or pro-
duce significantly different ages for other parts of core GL‐1090 (Figure S2).

This minor modification slightly delayed to 129.1 ka BP the onset of the surface δ18OIVC‐SW transition at 1404
cm (Figure 2), considerably reducing mean uncertainty from ± 3.87 ka (original age model, Santos et al.,
2017b) to ± 1.51 ka (Figure S3). Our new data relating to the Santos Basin reveal that the thermocline
δ18OIVC‐SW declined later than that at the surface, i.e., at 122.9 ka BP (1375 cm – see section 4). The mean
Bacon uncertainty estimated for around this depth was ± 4.8 ka based on the prior age model (Figure S3).
Through our reevaluation, the age uncertainty around this depth has been slightly reduced to ± 4.35 ka

Figure 2. ‐ Alignment between the Santos Basin surface δ18OIVF‐SW values
with records of the Asian Monsoon from Sanbao Cave, together with their
respective radiometrically‐determined 230Th ages (Wang et al., 2008).
The revised age model of core GL‐1090 (green) generates slightly younger
ages across the transition to the Last Interglacial compared with the prior
age‐model for this section (blue, Santos et al., 2017b). The grey bar highlights
the period of weak Asian Monsoon that corresponds to Heinrich Stadial 11,
and the yellow bar highlights the transition to a strong Asian Monsoon at
the onset of the Last Interglacial.
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(Figure S3). This minor reduction in uncertainty at 1375 cm compared
with that at 1404 cm is due to the impossibility of tying this portion of
the core to a radiometric tie‐point, as we did for the end of TII.

4. Results

The G. inflata Mg/Ca ratios ranged from 2.13 to 1.39 mmol/mol between
140 and 110 ka BP (Figure 3A). Values of approximately 1.7 mmol/mol
occurred at the end of MIS 6, corresponding to a thermocline temperature
of around 16 °C. From TII to early‐MIS 5e, the G. inflata Mg/Ca ratio
increased to approximately 2.0 mmol/mol, which corresponds to high
temperature values of approximately 18 °C (Figure 3B). This high
Mg/Ca ratio and corresponding temperature lasted until 126.4 ka BP,
when they declined sharply to 1.6 mmol/mol and by 2 °C, respectively,
until 124.2 ka BP. A brief interruption in the decreasing trend during this
time period was shown by one sample, which presented a high Mg/Ca
ratio (2.09 mmol/mol) at 122.9 ka BP, briefly restoring the thermocline
to the warm values recorded during early‐MIS 5e. Subsequently, G. inflata
Mg/Ca ratios values decreased rapidly to approximately 1.6 mmol/mol.
This second rapid decrease corresponds to a cooling of more than 2 °C
in the thermocline, which remained at its coldest until the end of MIS
5e at 116 ka BP. In the transition to MIS 5d, the G. inflata Mg/Ca ratio
increased once again to values around 2.0 mmol/mol (Figure 3A), corre-
sponding to warm thermocline values of approximately 18 °C. This period
of warming interrupted the cooling trend that prevailed below the surface
waters of the Santos Basin throughout the end of the Last Interglacial
period (Figure 3B).

Thermocline δ18OIVC‐SW values fluctuated minimally around 1.0 ‰

between ca. 140 and 135 ka BP (Figure 3C). After ca. 135 ka BP, they
increased from TII to early‐MIS 5e, when they increased by approxi-
mately 1.5 ‰, reaching a maximal value of 2.75 ‰ at 126.4 ka BP.
Similar to the decrease seen in the temperature record, we also
observed a short‐term decline in thermocline δ18OIVC‐SW values
between 126.4 and 124.2 ka BP. This reduced salinity was interrupted
by a minor increase in δ18OIVC‐SW values at 122.9 ka BP, which was
subsequently followed by the least saline interval of the studied period
that lasted until the end of MIS 5e. During this latter interval, thermo-
cline δ18OIVC‐SW values fluctuated around 0.5 ‰. Then, during MIS 5d,
thermocline δ18OIVC‐SW values increased to ~1.0 ‰ (Figure 3C), ending
the prior trend of low salinity.

5. Discussion
5.1. Salinification of the Upper Subtropical South Atlantic Associated With Strengthening of the
Agulhas Leakage

A 2Dmodel of the AMOC (Weijer et al., 2001) showed that if the AL salt flux participates in the overturning,
its salt content would leave the Atlantic by means of North Atlantic Deep Water (NADW) production.
However, if the AL does not participate in the overturning, its salt would recirculate in the South Atlantic
subtropical gyre and leave the Atlantic via the South Atlantic Current at approximately the same rate as it
entered, so, comparatively, it would have a smaller influence on the overturning circulation (Weijer et al.,
2001). To reconstruct propagation of AL signal across the South Atlantic subtropical gyre via its salt signa-
ture, we compared the surface (Santos et al., 2017b) and thermocline (this study) δ18OIVC‐SW records of core
GL‐1090 with surface and thermocline records from core 64PE‐174P13 of the Walvis Ridge (eastern South
Atlantic) (Scussolini et al., 2015) (Figure 4).

Figure 3. ‐ Santos Basin thermocline conditions, as assessed from
Globorotalia inflata shells in core GL‐1090. A: G. inflataMg/Ca ratio. B:
Thermocline Mg/Ca ratio‐derived temperatures. C: Ice‐volume‐corrected
seawater δ18O (δ18OIVC‐SW) values reconstructed from thermocline tem-
perature (B) and the G. inflata δ18O data published in Santos et al. (2017a).
Mg/Ca ratio‐derived temperature and δ18OIVC‐SW 1σ uncertainties are
indicated on the right‐ and left‐hand sides of panels B and C, respectively. In
panels B and C, the original records are depicted as dots connected by a thin
line, and a three‐point running average is presented as a thick line. The grey
vertical dotted lines indicate the boundaries between Marine Isotope Stages
(MIS) 6/5e and 5e/5d. MIS and Termination II (TII) are indicated at the
bottom of the panel.
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The rise in Walvis Ridge surface δ18OIVC‐SW initiated at ca. 142 ka BP
was mirrored by a near‐simultaneous increase in Santos Basin surface
δ18OIVC‐SW, and maximal values (i.e., saltiest conditions) at both
locations occurred close to the end of TII (at 130–129 ka BP)
(Figure 4A and B). During the period between 160–142 ka BP, when
the AL was weaker (Scussolini et al., 2015), similarity of surface
δ18OIVC‐SW records between both sites is low, suggesting that the
surface salinities of Santos Basin and Walvis Ridge evolved
independently, so they were likely controlled by independent
processes prior to 142 ka BP.

In the thermocline, our δ18OIVC‐SW estimation suggests that from the
end of MIS 6 to MIS 5e, highly saline waters were present below the sur-
face in the western South Atlantic, similar to the conditions found in the
eastern South Atlantic (Scussolini et al., 2015) (Figure 4C and D).
Unfortunately, the period covered by our thermocline δ18OIVC‐SW data
is not sufficiently extensive to investigate possible similarities in the
evolution of the salinities of the two basins prior to 142 ka BP.
However, two features of the thermocline δ18OIVC‐SW data from the
GL‐1090 and 64PE‐174P13 cores suggest that they reflect basin‐wide
conditions. First, the peaks in thermocline salinity in both cores
occurred later than those at the surface during early‐MIS 5e (ca. 129 –

126 ka) (Figure 4C and D). This finding indicates that the influence of
salty waters persisted longer in the thermocline than at the surface.
Second, Scussolini et al. (2015) noted that the increase in δ18OIVC‐SW

at Walvis Ridge was ~70 % higher in the thermocline than at the surface,
whereas we found it was ~80 % higher in Santos Basin. Together, these
two findings suggest that massive salinification of the thermocline was
a prominent feature across the subtropical South Atlantic during TII
(Figure 4C and D).

The data from cores GL‐1090 (Santos, et al., 2017b; this study) and 64PE‐
174P13 (Scussolini et al., 2015) (Figure 4) suggest a common forcing
mechanism that increased the surface and thermocline salinities of both
the eastern and western subtropical South Atlantic. These reconstruc-
tions reveal a geochemical fingerprint of the interaction between AL
eddies and the BC. A recent census of Agulhas rings based on an algo-
rithm for eddy detection evaluated the progression of several rings
within a well‐developed corridor in the South Atlantic between 23 and
35 °S (Guerra et al., 2018). That study examined the interaction between
one of these rings and the BC using in situ measurements, and revealed
that although saline anomalies may also be detected at the surface, the
most substantial ones occurred at depths of 120–280 m and 360–600 m.
This observation is consistent with the increase in surface salinity
inferred from G. ruber data and the more substantial increase in thermo-
cline salinity revealed by the G. inflata data. A high‐resolution ocean
model also supports these findings, since the contribution of the AL to
the upper limb of the AMOC within the South Atlantic occurs mainly
in central waters (Rühs et al., 2019). We propose that the increases in
surface and thermocline salinity in the Santos Basin during TII and
early‐MIS 5e were a response to a more vigorous Indian Ocean‐South

Atlantic flow that likely increased the frequency of progressive rings from the AL into the western
South Atlantic, as described by Guerra et al. (2018). The bulk of this inter‐ocean exchange was concen-
trated in the thermocline, given that the most significant increase in δ18OIVC‐SW values was attributed
to the thermocline rather than at the surface.

Figure 4. ‐ Evolution of the surfaces and thermoclines of eastern (Walvis
Ridge) and western (Santos Basin) South Atlantic ice‐volume‐corrected
seawater δ18O (δ18OIVC‐SW) values during the Marine Isotope Stage (MIS)
6/5e transition. A and B: Surface δ18OIVC‐SW values from cores GL‐1090 (A,
Santos Basin) (Santos et al., 2017b) and 64PE‐174P13 (B, Walvis Ridge)
(Scussolini et al., 2015) estimated from Mg/Ca ratio‐derived sea surface
temperature and Globigerinoides ruber δ18O values. C and D: Thermocline
δ18OIVC‐SW values from cores GL‐1090 (C, Santos Basin) (this study) and
64PE‐174P13 (D, Walvis Ridge) (Scussolini et al., 2015) estimated from
thermocline Mg/Ca ratio‐derived temperatures andGloborotalia inflata and
Globorotalia truncatulinoides δ18O values, respectively. Dots and thin lines
represent the original data and a three‐point running average is shown as a
thick line. The grey vertical dashed lines indicate the boundaries between
MIS 6/5e and 5e/5d. The grey bars highlight the intervals of surface and
thermocline salinification in the eastern and western South Atlantic. MIS
and Termination II (TII) are indicated at the bottom of the panel.
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Santos et al. (2017a) discussed patterns of the Santos Basin thermocline
during the penultimate glacial‐interglacial transition. They noted the
presence of “glacial” δ18O values in this region for a period of ca. 7 kyr
after the onset of the Last Interglacial and formulated two possible
reasons to explain that finding: (1) strong cooling of the thermocline
due to the dynamics of the AMOC during this interval; or (2) discharge
of salty waters sourced from the AL. Here, we confirm that it is this
second explanation that accounts for the delayed glacial‐
interglacial transition.

5.2. Abrupt Bi‐Phase Freshening of the Western South Atlantic
and the AMOC During the Last Interglacial

Salt buildup in the western South Atlantic abruptly broke down during
MIS 5e. Rapid reductions in δ18OIVC‐SW at the surface at 129.1 ka BP
and later in the thermocline after 122.9 ka BP illustrate robust freshening
of the upper‐waters of the Santos Basin (Figure 4A and C). Considering
that the Last Interglacial was likely characterized by weaker monsoon
precipitation over South America due to lower regional summer insola-
tion (Cruz et al., 2005) and that the Santos Basin does not receive dis-
charge from large rivers, it is unlikely that the surface water freshening
was due to direct precipitation or continental freshwater input.
Furthermore, ocean freshening due to either enhanced continental runoff
or on‐site precipitation cannot explain the subsequent decrease in
δ18OIVC‐SW values apparent in the thermocline. Thus, reorganization of
the subtropical South Atlantic circulation is the most plausible explana-
tion for the rapid decrease in upper ocean salinity of the western South
Atlantic. That reorganization likely involved the re‐circulatory route at
the SEC bifurcation, which determines the volume of AL waters that flow
south or north via the BC and NBC, respectively (Rühs et al., 2019).
Flowing southwards with the BC, these salty waters could reach regions
of the Subtropical Front, eventually being transferred into the Southern
Ocean. However, an increase in upper ocean salinity in this region contra-
dicts evidence indicating lower density water in the Southern Ocean dur-
ing intervals of CO2 release from the deep ocean around Antarctica
(Adkins, 2013; Hayes et al., 2014). Themost likely explanation for freshen-
ing of the upper ocean is increased export of salty waters into the Northern
Atlantic. A regional recirculation cell within the subtropical gyre that
drives northward transport in the upper 2000 m (Schmid, 2014) could
have carried these salty waters, which accumulated over more than 10
kyr in the tropical Atlantic, until they reached the NBC before eventually
leaving the South Atlantic.

Export of salty waters from the South Atlantic at the beginning of MIS 5e
may have played a central role in oceanographic processes in high
latitudes of the North Atlantic. Recent results from the Bermuda Rise
(ODP Site 1063, subtropical North Atlantic) indicate the presence of very
unradiogenic neodymium isotopic values at the beginning of MIS 5e, a
significant decrease in benthic δ18O, and the occurrence of high benthic
δ13C in the deep ocean (4,584 m) (Böhm et al., 2015; Deaney et al.,
2017) (Figure 5D‐F). These data suggest that the return of deep‐water con-
vection (overshoot) in the Labrador Sea following interruption of melt-
water discharge and ice‐rafted debris of Heinrich Stadial (HS) 11
(Figure 5A) began ca. 128.7 ka BP and lasted less than 400 years. An
Earth System model has indicated that under glacial boundary

Figure 5. ‐Conditions associated with resumption of deep‐water convection
in the Labrador Sea during early‐Marine Isotope Stage (MIS) 5e. A: Ice‐
rafted debris (IRD) fromODP Site 1063 (Deaney et al., 2017). B: Mg/Ca ratio‐
derived sea surface temperatures based on Neogloboquadrina pachyderma
(sinistral) from core MD03‐2664 (Irvalı et al., 2016). C: June 21 insolation at
65 °N (Berger, 1978). D: Neodymium isotopic composition (εNd) from ODP
Site 1063 [pink (Deaney et al., 2017) and purple (Böhm et al., 2015)]. E:
Cibicides wuellerstorfi δ18O data from ODP Site 1063 (Deaney et al., 2017).
F: C. wuellerstorfi δ13C data from ODP Site 1063 (Deaney et al., 2017). G:
Surface δ18OIVC‐SW values from core GL‐1090 estimated from Mg/Ca ratio‐
derived sea surface temperatures and Globigerinoides ruber δ18O values
(Santos et al., 2017b). MIS and Termination II (TII) are indicated at the
bottom of the panel. Dots and thin lines depict the original data and a three‐
point running average is shown by thick lines. The grey and yellow vertical
bars highlight the periods of salt accumulation and salt release into the
western South Atlantic, respectively.

10.1029/2019PA003653Paleoceanography and Paleoclimatology

BALLALAI ET AL. 1752



conditions, this overshoot required transfer of salty waters from the tropical Atlantic (Gong et al., 2013),
which potentially accumulated during the end of MIS 6 as a result of weakened overturning. These salty
waters entered the southern Labrador Sea and induced hydrostatic instabilities that counterbalanced the
influence of low‐density meltwater (Govin, Braconnot, et al., 2012; Deaney et al., 2017). Features of the
surface δ18OIVC‐SW values from GL‐1090 (Santos et al., 2017b) suggest that salty waters from the western
South Atlantic may have contributed to propelling deep‐ocean convection in the Labrador Sea upon
development of favorable conditions (e.g., retraction of winter sea‐ice cover). The similar timing of
changes for cores GL‐1090 and ODP Site 1063 supports this suggestion (Figure 5D‐G). Santos Basin exhib-
ited an abrupt decrease in surface salinity that developed over a short timeframe (129.1‐128.5 ka BP) and
occurred immediately after the end of the meltwater influx produced by HS 11 (Figure 5A and G). By
updating the GL‐1090 age model (Figure 2 and S3), we have generated an associated uncertainty of the
same magnitude (± 1.51 ka) as that determined for ODP Site 1063 (± 1.72 ka) during the MIS 6/5e transi-
tion (Deaney et al., 2017). Caesar et al. (2018) showed that under current conditions, deep‐ocean convec-
tion related to the AMOC is the main factor controlling evolution of surface temperatures in the subpolar
North Atlantic. If this mechanism is robust through time and under different boundary conditions, then
the peak values of surface temperatures in the Eirik Drift (core MD03‐2664, southern Labrador Sea) (Irvalı
et al., 2016) could also be interpreted as a signal of strong overturning (Figure 5B). An increase in surface
δ18OIVC‐SW values and peak warmth characterize the transition to the Last Interglacial, as indicated in
many records from subpolar and subtropical North Atlantic waters (Oppo et al., 2006; Govin,
Braconnot, et al., 2012; Mokeddem et al., 2014; Jiménez‐Amat & Zahn, 2015). Despite these lines of evi-
dence, it must also be recognized that there is no consensus on the existence of deep‐ocean convection
in the Labrador Sea, a topic that has been debated in other studies (Hillaire‐Marcel et al., 2001;
Rasmussen, 2003).

Although this episode of peak warmth and increased surface δ18OIVC‐SW values may represent the return of
deep‐water formation in the Labrador Sea or only a transient event, it is essential to highlight that the high
δ18OIVC‐SW in surface waters flushed into the North Atlantic from the western South Atlantic probably ori-
ginated from strenghtening of the AL. However, instead of being rapidly transported from the AL into the
North Atlantic, these waters were stored temporarily (from ca. 142 ka BP) in the subtropical South
Atlantic. Their subsequent release from the western South Atlantic eliminated the significant time differ-
ence between strengthening of the AL and the occurrence of deep‐water formation (Deaney et al., 2017;
Scussolini et al., 2015), with an immediacy such that marine records for the Indian Ocean‐South Atlantic
exchange and glacial‐interglacial transitions are reconciled, at least for TII (Figure 5).

Despite the evidence for warm surface temperatures and an apparent AMOC overshoot in the Labrador Sea
ca. 129 ka BP (Deaney et al., 2017; Irvalı et al., 2016), deep Atlantic circulation and peak interglacial condi-
tions were later apparent in regions of the Nordic seas. Proxy and modeling studies have predicted a broad
timeframe (ranging from 127 to 119 ka BP, i.e., mid‐ to late‐MIS 5e) during which the Northeast Atlantic may
have attained maximum interglacial conditions (Rasmussen et al., 2003; Bauch & Kandiano, 2007; Born
et al., 2011; Govin, Braconnot, et al., 2012; Capron et al., 2014). As described above for the Labrador Sea,
the Nordic seas also required salty Atlantic waters to resume and stabilize the formation of the highest den-
sity component of the NADW when the sea‐ice retracted sufficiently to reduce freshwater inputs into high
latitudes of the North Atlantic, thereby contributing to the establishment of favorable conditions for
NADW production.

Bauch et al. (2000) proposed that transport of salty waters via the thermocline towards the Nordic seas was
necessary, since the melting imposed by the Saalian ice‐sheet during early‐MIS 5e caused the surface ocean
to become cold and stratified in this region, which forced subsurface water exchange between the subpolar
Atlantic and Nordic seas. Our thermocline δ18OIVC‐SW data frommid‐ to late‐MIS 5e suggest the existence of
another pulse of saline waters into the North Atlantic (but derived from the AL), which fits that scenario pro-
posed by Bauch et al. (2000) (Figure 6D). This subsequent salt release started at 126.4 ka BP, but it was inter-
rupted at 124.2 ka BP when the thermocline δ18OIVC‐SW values returned to > 2.5 ‰. After 122.9 ka BP, salt
release via the thermocline reached its maximum, resulting in a decrease of δ18OIVC‐SW values by 2 ‰ to
below 0.75‰ until ca. 115 ka BP (Figure 6F). This rapid decrease in salinity resulted in inputs of even denser
waters into the North Atlantic compared to the earlier surface water freshening and may have helped to
induce interglacial deep‐water convection in the NE Atlantic.
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The freshening that occurred from ca. 123 ka BP was coeval to changes in
deep‐ocean circulation that are apparent in data on the speed of currents
based on sortable silt records from ODP Site 983 and NEAP‐18K and
benthic δ13C values from IODP Site U1304 (Deaney et al., 2017;Hall
et al., 1998 ; Hodell et al., 2009) (all three of those datasets are from
Gardar Drift in the Iceland Basin) (Figure 6A and B). The transition to a
vigorous northern deep flux evidenced at NEAP‐18K and IODP Site
U1304 began ca. 125 ka BP (Hall et al., 1998; Hodell et al., 2009), with both
these records showing a short millennial‐scale interruption in this process
ca. 124‐123 ka BP (Figure 6A and B). This event was coeval to the high
thermocline δ18OIVC‐SW value in our data for Santos Basin between
124.2 and 122.9 ka BP (Figure 6A, B and F). Although the event is only evi-
denced by a single sample, the short interval might represent a brief slow-
down in emptying of the western South Atlantic salt content in response
to a rapid interruption in convection around the Nordic seas in mid‐MIS
5e. Recent evidence from the East Greenland margin indicates persistent
freshwater influx throughout MIS 5e (Zhuravleva et al., 2017). Higher‐
resolution reconstructions of the Last Interglacial in the western South
Atlantic will be necessary to more thoroughly investigate this event.
However, weakening of the AMOC mid‐MIS 5e has not been detected in
sortable silt of the ODP Site 983 record, instead shifting directly to its high
values from ca. 124 ka BP (Deaney et al., 2017).

The absence or weakness of deep convection in the Nordic seas at the
onset of MIS 5e would have also allowed stronger penetration of
southern‐sourced water into the deep Atlantic during the interval when
our thermocline δ18OIVC‐SW values were high. This observation
corroborates benthic δ13C data from GL‐1090 (Santos et al., 2017b) and
IODP Site U1304 (Hodell et al., 2009), which indicate that the deep
Atlantic was still dominated by southern‐sourced water below depths of
ca. 2 km during early‐MIS 5e (Figure 6B and F). Thus, the high δ13C
values of ODP Site 1063 (Deaney et al., 2017) (Figure 5F) demonstrate that
the apparent overshoot of deep‐water into the Labrador Sea at the begin-
ning of MIS 5e neither filled eastern sites in the North Atlantic Basin nor
had the necessary impetus to fill the mid‐South Atlantic. Replacement of
this 13C‐depleted signature in the deep Atlantic required a strong
overturning, which may have been maintained after outflows from the
western South Atlantic salt reservoir formed during TII and early‐MIS
5e (Figure 6).

Discharge of salt toward the North Atlantic via thermocline waters,
powered by the AL, is supported by the thermocline δ18OIVC‐SW record
from Blake Outer Ridge (ODP Site 1058, subtropical North Atlantic) that,
unlike our data, indicates saltier conditions from mid‐ to late‐MIS 5e
(Bahr et al., 2013) (Figure 6D and F). The freshening estimated for the
western South Atlantic thermocline from ca. 123 ka BP was also accom-
panied by a 4 °C cooling observed in the G. inflata Mg/Ca ratio‐derived
temperature, whereas thermocline temperatures increased at Blake
Outer Ridge (Figure 6C and E). This 4 °C cooling is somewhat consistent
with the millennial‐scale South Atlantic response demonstrated in a tran-
sient model that simulated an abrupt resumption of the AMOC (Pedro
et al., 2018), but it persisted for another couple of thousand years.
Despite being accompanied by a consistent response in surface δ18OIVC‐

SW values, resumption of convection in the Labrador Sea was not accom-
panied by changes in surface temperature of the Santos Basin during

Figure 6. Thermocline ice‐volume‐corrected seawater δ18O (δ18OIVC‐SW)
values from the South Atlantic and resumption of the Atlantic Meridional
Overturning Circulation (AMOC) during mid‐Marine Isotope Stage (MIS)
5e. A: Sortable silt from core NEAP‐18K (blue) (Hall et al., 1998) and ODP
Site 983 (pink) (Deaney et al., 2017). B: Cibicides wuellerstorfi δ13C values
from GL‐1090 (black) (Santos et al., 2017b) and ODP Site U1304 (orange)
(Hodell et al., 2009). C: Thermocline Mg/Ca ratio‐derived temperatures
based on Globorotalia truncatulinoides data from ODP Site 1058 (Bahr et al.,
2013). D: Thermocline ice‐volume‐corrected seawater δ18O (δ18OIVC‐SW)
values from ODP Site 1058 (Bahr et al., 2013). E: Thermocline Mg/Ca ratio‐
derived temperatures based on Globorotalia inflata data from core GL‐1090
(this study). F: Thermocline ice‐volume‐corrected seawater δ18O (δ18OIVC‐

SW) values reconstructed from thermocline temperatures (E), taking into
account the calcite G. inflata δ18O data published in Santos et al. ( 2017a).
MIS and Termination II (TII) are indicated at the bottom of the panel. Dots
and thin lines depict the original data and three‐point running averages are
represented by thick lines. The grey and yellow vertical bars highlight the
period of salt accumulation and salt release, respectively. The green bar
highlights themillennial‐scale event during which cooling and freshening of
the western South Atlantic thermocline was briefly interrupted.
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early‐MIS 5e (Santos et al., 2017b). Instead, resumption of convection in Nordic seas occurred parallel to
consistent changes of δ18OIVC‐SW and temperature values of the western South Atlantic thermocline
(Figure 6). This observation indicates that convection around the NE Atlantic more robustly modulates
Atlantic salinity and temperature gradients. Direct measurements of the AMOC that were recently per-
formed in the subpolar North Atlantic support this suggestion, revealing that the overturning across the
subpolar NE Atlantic is approximately seven times greater than that across the subpolar NW Atlantic
(Lozier et al., 2019). According to Crowley (1992), intensified production of the NADW during MIS 5e from
124 ka BP would have been accompanied by influx of warm waters from the Southern Hemisphere, with a
polar amplification of the response in the South Atlantic. Hence, the interval between ca. 123 and 116 ka
BP, i.e., when fresh and cold conditions dominated the western South Atlantic thermocline, coincided with
a period of full deep‐water convection in the North Atlantic (Figure 6). During that period, thermocline
heat was likely transported northwards and released into the surface waters in regions of intense vertical
mixing. Some of this heat may have contributed to sustaining a warm climate during the end of MIS 5e
under decreasing Northern Hemisphere summer insolation (Born et al., 2011).

Assuming age uncertainties in core GL‐1090 of ± 1.51 and ± 4.32 ka at 129.1 and 122.9 ka BP (Figure S2),
respectively, and that all of the other records discussed here are susceptible to the same levels of uncertainty,
it is difficult to confidently establish a causal relationship between upper‐ocean freshening in the western
South Atlantic and the return of deep‐water formation in the North Atlantic. In terms of glacial‐interglacial
transitions, triggers from the Southern Hemisphere have been proposed as causing significant climate shifts
(e.g., Knorr & Lohmann, 2003). In this context, the mass transport of the AL would have been important for
transmitting low‐latitude forcing toward an interglacial climate (Beck et al., 2018) into the North Atlantic,
and the western boundary of the South Atlantic would have been the channel allowing such interhemi-
spheric connectivity. Even if it occurred later than the resumption of deep‐water convection, the salt transfer
from the Indian Ocean over the period spanning TII and early MIS 5e could represent the primary difference
between a strong AMOC during a traditional interstadial and those during full interglacial conditions.
Therefore, the combination of new and published data presented here offers a solid framework for consider-
ing how the injection of salty AL waters into the Atlantic may represent a mechanism by which an intergla-
cial mode for the AMOC could be sustained after a glacial termination (Figures 5 and 6).

5.3. The Role of Tropical Ocean‐Atmosphere Coupling in Atlantic Inter‐Hemispheric Salt and
Heat Exchange

Considering the intensification of the AL since ca. 142 ka BP evidenced by our data, why was this salt anom-
aly recirculated in the BC instead of being immediately transmitted into the North Atlantic? To answer that
question, we shift our attention to the system responsible for inter‐hemispheric water exchange in the
Atlantic, namely the bifurcation of the SEC on the eastern South American margin. The SEC bifurcation
determines whether waters of the upper South Atlantic become part of the return flow of meridional over-
turning or if they recirculate within the South Atlantic subtropical gyre by favoring either the NBC or the BC,
respectively (Marcello et al., 2018). A numerical simulation demonstrated that the latitude of the SEC bifur-
cation controls partitioning of SEC waters into the NBC or the BC and that shifting latitude primarily relates
to variations in local wind stress curl associated with seasonal movements of the Intertropical Convergence
Zone (ITCZ) (Rodrigues et al., 2007). During austral spring/summer, locally positive wind stress curl due to a
more southerly ITCZ position generates an anomalous anticyclonic circulation pattern whose southward
component near the western South Atlantic causes the SEC bifurcation to shift to lower latitudes
(Rodrigues et al., 2007). This configuration reduces NBC transport in favor of the BC. A modeling compar-
ison supports this possibility, predicting a stronger BC when the bifurcation is at its northernmost position of
ca. 8 °S during the austral summer (Silva et al., 2009).

A pronounced southward displacement of the Atlantic ITCZ during HS, associated with a steep Atlantic
meridional SST gradient and a dramatic reduction in NBC transport, are robust climatic responses to slow-
down of the AMOC, as revealed by both modeling and paleoclimate reconstructions of HS 1 (Deplazes et al.,
2013; Mulitza et al., 2017; Venancio et al., 2018; Zhang et al., 2011). A similar situation likely occurred during
HS 11 when cold sea surface temperatures dominated high latitudes of the North Atlantic, shifting the ITCZ
to a more southerly position. The East Asian monsoon was markedly reduced during HS 11 (Wang et al.,
2008), whereas very wet conditions prevailed in NE Brazil (Wang et al., 2004). Therefore, we suggest that
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a southerly position of the ITCZ at the end of the penultimate glacial period produced austral
spring/summer‐like wind stress curl over the surface of the tropical South Atlantic, which shifted the SEC
bifurcation to a more northerly position. This ocean‐atmosphere coupling functioned as a “barrier” that
enhanced flow of the BC and limited cross‐equatorial transmission of the salty AL waters that recirculated
within the South Atlantic subtropical gyre (Figure 7A). Redirection of salt anomalies into the BC also
explains the similar evolution of surface and thermocline δ18OIVC‐SW values between the western South
Atlantic and the Walvis Ridge throughout TII (Figure 7A). Increased annual insolation at 65 °N from the
end of MIS 6 to early‐MIS 5e (Berger, 1978) likely attenuated temperature gradients between high and
low latitudes. This change led to a reorganization of the tropical rain belt, including a northward shift of
the ITCZ (Wang et al., 2008) and, consequently, southward movement of the SEC bifurcation (Figure 7B).
These shifting positions strengthened the NBC, facilitating release of the salty waters stored in the surface
subtropical gyre of the South Atlantic, which then contributed to the AMOC overshoot in the Labrador
Sea at ca. 129 ka BP (Deaney et al., 2017) (Figure 7B).

The delayed release of salty thermocline waters by the western South Atlantic at ca. 123 ka BP involved pro-
cesses that operated not only at the sea surface. Assuming that ITCZ movements are strongly tied to tropical
insolation (Haug et al., 2001), shifting of the ITCZ to its northernmost position continued during the Last
Interglacial when annual insolation reached its maximum at 10 °N (Berger, 1978). Today, the northern
and southern hemisphere trade winds associated with Hadley circulation and ITCZ positioning play impor-
tant roles in the dynamics and latitudinal limits of the North and South Atlantic subtropical cells (Green &
Marshall, 2017). Furthermore, northward mass transport of the AMOC constantly drives the North Atlantic
subtropical cell into higher latitudes, contributing to discharges of SACW into the tropical North Atlantic
(Kirchner et al., 2009). Thus, the northernmost positioning of the ITCZ during the Last Interglacial would
have facilitated northwards expansion of the South Atlantic subtropical cell, which likely favored freshening
and cooling of the western South Atlantic thermocline. The reverse mechanism, i.e., southward

Figure 7. ‐ Schematic of positions of the Intertropical Convergence Zone (ITCZ), surface circulation of the South Atlantic, and relative evolution of sea surface
salinity during Termination II (left panel) and the early‐Last Interglacial (right panel). The yellow dots show the positions of core GL‐1090 (this study) and
other cores discussed herein. Note that during Termination II (left panel), the more southerly ITCZ results in a northward shift of the South Equatorial Current
(SEC) bifurcation, a stronger Brazil Current (BC), a weaker North Brazil Current (NBC), and storage of salty Agulhas Leakage (AL) waters within the South Atlantic
subtropical gyre (area highlighted in red). At the onset of the Last Interglacial (right panel), the scenario changed rapidly so that the more northerly ITCZ led to
a stronger NBC and weaker BC, thereby reducing salinity in the Santos Basin (highlighted in blue).
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displacement of the North Atlantic subtropical cell, has been proposed to explain thermocline warming in
the tropical North Atlantic during weakened overturning across the last deglaciation (Schmidt et al.,
2012). Importantly, the SEC bifurcation dynamics we present in Figure 7 may also account for patterns of
the South Atlantic subtropical cell, since nearly all equatorward thermocline flow passes through the wes-
tern boundary as it is carried by NBC flux (Malanotte‐Rizzoli et al., 2000).

6. Conclusion

Establishment of the Last Interglacial climate, which included a vigorous AMOC, occurred via two steps,
with resumption of convection in the Labrador and Nordic seas during the early‐ and mid‐MIS 5e,
respectively. In conjunction with previously published data, our new records suggest that salty waters
flushed into the Atlantic Ocean from the Indian Ocean during TII and early‐MIS 5e can be detected in
the western South Atlantic, where they were stored from the end of the penultimate glacial. Transmission
of these dense saline waters into the North Atlantic probably accounted for dynamics of the AMOC during
the Last Interglacial. Our study presents a framework in which strengthening of the AL can be linked to
stabilization of the overturning that followed the penultimate glaciation. Furthermore, the cooling event
recorded by our thermocline temperature reconstruction in mid‐ to late‐MIS 5e indicates that the western
South Atlantic subsurface was highly sensitive to recovery of the AMOC, as shown by model simulations.
Identification of similar temperature declines in previous interglacials could provide insights into the timing
of resumed deep convection (especially in the NE Atlantic) under different boundary conditions.
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