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a b s t r a c t

The last glacial period (116e11.7 ka BP) was an interval characterized by a sequence of abrupt millennial-
scale events well documented in Greenland and Antarctica ice-cores. Throughout this period, Greenland
cold stadials were accompanied by warm conditions in the thermocline to intermediate waters of the
Atlantic Ocean that may have played a role in both the basal melting of ice shelves and the rapid at-
mospheric warming during the onset of warm interstadials. Climate model simulations indicated an
accentuated response of the subtropical western South Atlantic thermocline to the disturbances in the
Atlantic circulation. Such works encourage investigations upon thermocline/deep-dwelling planktic
foraminifera in this region; however, a study with this aim was not performed. Here we present a
paleoceanographic reconstruction from the subtropical western South Atlantic based on the thermocline
planktic foraminifera Globorotalia inflata. Our high-resolution d18O record for the last glacial period
presents a millennial-scale variability that strongly resembles the structure of the Greenland Dansgaard-
Oeschger cycles during Marine Isotope Stage (MIS) 5. During MIS 3, this millennial-scale variability is
absent or considerably dampened. Mg/Ca-derived temperature and seawater d18O corrected for ice-
volume for the MIS 5 interval demonstrate that the region was warmer and saltier (colder and
fresher) during early-glacial stadials (interstadials). Our data suggest a reorganization of the northward
heat transport throughout the last glacial, in which regions as far south as 24 �S acted as heat reservoirs
in periods of weakened Atlantic Meridional Overturning Circulation during MIS 5 but not necessarily (or
only marginally) during MIS 3.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Paleoclimatic records, mainly those recovered in the northern
hemisphere (e.g., Voelker, 2002), reveal that the last glacial period,
the interval between 116 and 11.7 ka BP, was marked by a series of
abrupt and recurrent climatic oscillations (Elliot et al., 2002; Genty
et al., 2003; EPICA Community Members, 2004; NGRIP Community
Members, 2004; Skinner and Elderfield, 2007; Wang et al., 2008;
Deplazes et al., 2013). Known as Dansgaard-Oeschger (DO) cycles,
these centennial-to millennial-scale oscillations are associated
with warm or cold conditions around Greenland, that showed
dramatic air temperature shifts by more than 10 �C (Blunier and
Brook, 2001; Steig and Alley, 2002; Lohmann and Ditlevsen,
2018). Despite their high relevance, uncertainties remain
regarding the causes of DO cycles. Existing hypotheses include
forcing by a dipole in salt accumulation between low and high
latitudes of the Atlantic Ocean, the stochastic resonance of the
glacial climate caused by ice-sheet dynamics, the impact of ocean
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temperature over the ice-shelf width and basal melting, brine
rejection in the Nordic Seas, changes in the height of the Northern
Hemisphere ice-sheet, changes in insolation and volcanic activity
(e.g., Sakai and Peltier, 1999; Alley et al., 2001; Bay et al., 2004;
Braun et al., 2008; Alvarez-Solas et al., 2010; Dokken et al., 2013;
Zhang et al., 2014).

It is generally accepted that DO cycles were accompanied by
fluctuations in the intensity of the Atlantic Meridional Overturning
Circulation (AMOC), which moved from a vigorous mode during
Greenland interstadials (GI e the warm phase of DO cycles) to a
weak mode during Greenland stadials (GS e the cold phase of DO
cycles) (Broecker et al., 1988; Seidov and Maslin, 2001; Hagen and
Keigwin, 2002; Gottschalk et al., 2015; Henry et al., 2016). As the
AMOC southward deep return flow is colder and fresher than the
near-surface northward flow, these millennial-scale abrupt events
typify some of the most significant natural reorganizations in the
Atlantic Ocean heat and salt transport (Chapman and Shackleton,
1998; Knorr and Lohmann, 2003; Rühlemann et al., 2004). In the
current scenario, in which an AMOC weakening until the end of the
century and beyond is very likely (e.g., Liu et al., 2017; Caesar et al.,
2018), DO cycles may be used to illustrate the concept of AMOC
bistability that operate during intervals of climate system disequi-
librium (Rahmstorf et al., 2005; Ditlevsen and Johnsen, 2010). The
AMOC variability synchronous to the DO cycles resulted in opposite
temperature fields between northern and southern latitudes (e.g.,
Zarriess et al., 2011; WAIS Divide Project Members et al., 2015) e a
condition commonly referred as a thermal bipolar seesaw and that
was established from Crowley (1992) and Stocker and Johnsen
(2003) studies. In the thermal bipolar seesaw, the Southern
Ocean would work as a heat reservoir that gradually accumulates
energy when northward heat transport declines under a weak
AMOC (Stocker and Johnsen, 2003). According to Buizert and
Schmittner (2015), the AMOC stability and timing of the DO oscil-
lations are linked to the Southern Hemisphere climate via pro-
cesses like thewind-driven upwelling of North Atlantic DeepWater
(NADW) in the Southern Ocean. A southward positioning of the
southern westerlies would pump NADW to the upper Southern
Ocean and consequently increase the deep-water convection in the
northern Atlantic, maintaining the AMOC strength. When overall
Antarctic temperatures are high, and westerlies are likely in a
southernmost position, such as during Marine Isotope Stage (MIS)
5, GI tends to last longer (>103 yr) due to the stability of the NADW
wind-driven upwelling. By contrast, during Antarctic cold periods,
like MIS 4 and 2, GI tends to be shorter (<103 yr) or completely
absent (Buizert and Schmittner, 2015). Southern Ocean warming
would make the AMOC less susceptible to disturbances (like
freshwater discharge in the northern Atlantic) and raises the
threshold for an AMOC shutdown (Buizert and Schmittner, 2015).
Hence, it is reasonable to hypothesize that the warmer climate of
MIS 5 compared with MIS 3 would require more powerful distur-
bances to slowdown the AMOC and the consequences (e.g., Atlantic
inter-hemispheric temperature gradients) would also be more
prominent.

A recent re-evaluation of the thermal bipolar seesaw hypothesis
through transient simulations challenges the often assumed role of
the Southern Ocean as the primary heat reservoir (Pedro et al.,
2018). This work showed that the Southern Ocean heat reservoir
alone is not able to account for the fast inter-hemispheric coupling
required to explain the modeling results and the observations. The
global thermocline/intermediate ocean to the north of the Antarctic
Circumpolar Current, in turn, would act much more efficiently to
store heat during a GS and the concurrent AMOC slowdown
(Rühlemann et al., 2004; Pedro et al., 2018). This is the case of the
western South Atlantic, which presents one of the most substantial
thermal response to the DO disturbance at thermocline levels in
model simulations (Schmittner et al., 2003; Pedro et al., 2018).
Idealized experiments also investigated the timing and direction-
ality of the abrupt signal through the Atlantic (e.g., Peltier and
Vettoretti, 2014). The simulations tend to indicate a north-to-
south transmission with an almost synchronous response of the
South Atlantic thermocline to the imposed changes in the northern
high-latitude convection. Deep-dwelling species of planktic fora-
minifera have the potential to record changes in temperature and
salinity at thermocline levels in the subtropical western South
Atlantic (Chiessi et al., 2007; Cl�eroux et al., 2008), but direct ob-
servations from this region are lacking.

Here we present new downcore records of thermocline stable
oxygen isotopes (d18O), Mg/Ca-derived temperatures, and seawater
d18O corrected for ice volume (d18OIVF-SW) from the subtropical
western South Atlantic (Brazil margin e Santos Basin; core GL-
1090) based on analyses of thermocline-dweller planktic forami-
nifera Globorotalia inflata. We also performed a cross-correlation
analysis between our thermocline d18O and northern and south-
ern ice-core d18O in order to distinguish the potential sources of
millennial-scale instabilities and signal propagation to the studied
area. Our high-resolution thermocline d18O data shows distinct
millennial-scale variability during MIS 5 that strongly resembles
the structure of DO cycles. On the other hand, during MIS 3, this
DO-like pattern is eventually absent (early-MIS 3) or weakly rep-
resented (mid-to late-MIS 3). Reduced DO variability in the sub-
tropical western South Atlantic during MIS 3 may suggest that the
northward transfer of energy from latitudes as far south as 24 �S
was not as persistent/dominant as during MIS 5. Therefore, our
results allow testing the southern extent of thermocline response
to North Atlantic abrupt climate events to a level that was previ-
ously not possible.

2. Material and methods

2.1. Study area

We analyzedmarine sediment core GL-1090 (24.92 �S, 42.51 �W,
2225 m water depth, 1914 cm long) that was collected by the Pet-
robras oil company in the subtropical western South Atlantic
(Santos Basin, Fig. 1). The uppermost circulation (0e600 m) in the
area is dominated by the southward-flowing Brazil Current
(Stramma and England, 1999). Due to the high incoming solar ra-
diation and excess evaporation that characterize the tropical South
Atlantic (ca. 10 �S) in the regionwhere the Brazil Current is formed,
the Brazil Current at the surface is composed of warm (>20 �C) and
saline (>36) Tropical Water. Around 38 �S, the Brazil Current col-
lides with the northward-flowing Malvinas Current, producing the
BrazileMalvinas Confluence, where most of the South Atlantic
Central Water (SACW) is formed (Garzoli and Matano, 2011)
through air-sea interactions. SACW is also produced in the areas
adjacent to the Argentine basin and mid-Atlantic ridge along the
South Atlantic Current (Garzoli and Matano, 2011). SACW is colder
(6e20 �C) and fresher (>34.6e36) than Tropical Water, and it
ventilates the South Atlantic thermocline incorporated into the
subtropical gyre. Along the Brazilian margin, SACW is transported
southwards by the Brazil Current below the Tropical Water. In
addition to the differences in their temperatures and salinities,
Tropical Water and SACW can also be distinguished by the d13C
values of their dissolved inorganic carbon, as the d13CDIC in the
Tropical Water is 1.74 ± 0.24‰ while that in the SACW is
1.30 ± 0.22‰ (Venancio et al., 2014). This offset is due to the higher
nutrient content in the central waters, as the d13CDIC decreases with
increasing nutrient concentration (Kroopnick, 1985). SACW is also
sourced from Indian Ocean Central Water and brought into the
South Atlantic by Agulhas eddies in the upper 1000 m of the water



Fig. 1. Position of core GL-1090 (this study) and other marine and ice-core records discussed in this work. GL-1248 (2264 m) (Venancio et al., 2018), ODP Site 1063 (4584 m)
(Thornalley et al., 2013), MD95-2042 (3146 m) (Shackleton et al., 2000; ¼Govin et al., 2014a), NGRIP (NGRIP Community Members, 2004) and EPICA-EDML (EPICA/EDML
Community Member, 2004). The temperature grid refers to the 300 m depth (Locarnini et al., 2013). The figure was produced using the software Ocean Data View (Schlitzer, 2017).
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column (Richardson, 2007). Tropical Water and SACWare the main
water masses influencing the upper ocean at the GL-1090 site, and
their geochemical properties are recorded by surface and deep-
dwelling planktic foraminifera species, respectively.
2.2. GL-1090 age model

The chronology of the 1914 cm of core GL-1090 (2225 m water
depth; Santos et al., 2017a) was obtained through the combination
of calibrated AMS 14C ages and benthic foraminifera d18O tie-points
aligned to two reference curves (Lisiecki and Raymo, 2005; Govin
et al., 2014). We focused on the interval of the last interglacial-
glacial cycle, which refers to the upper 1365 cm of core GL-1090.
As the discussion presented here relies heavily on the comparison
of planktic foraminifera d18O with Greenland millennial-scale
events, we implemented changes in the previously published
(Santos et al., 2017a) age model on the referred interval to improve
the correspondence of our record to the NGRIP ice-core on the
AICC2012 time-scale (Bazin et al., 2013; Veres et al., 2013). As
explained in Santos et al. (2017a), the AMS 14C ages were calibrated
with the curve Marine13 (Reimer et al., 2013), applying a regional
DR of 7± 59 (Angulo et al., 2007). A14C age reversal was identified at
327 cm and excluded from the final age-depth modeling. We kept
the tuning between the Cibicides wuellerstorfi d18O of GL-1090 and
benthic of d18O MD95-2042 (which has its age model based on the
alignment between Globigerina bulloides d18O and NGRIP on the
Antarctic Ice Core Chronology (AICC2012) time-scale (Veres et al.,
2013; Govin et al., 2014) (Fig. 2A). GL-1090 and MD95-2042
(3146 m water depth) are influenced by upper and lower portions
of the same water mass (NADW), respectively. Further, the benthic
d18O of MD95-2042 offers the possibility to align millennial-scale
events present in the benthic d18O of GL-1090 in this portion,



Fig. 2. A: Alignment between benthic d18O of MD95-2042 (upper panel) on the AICC2012 time-scale (Bazin et al., 2013; Veres et al., 2013; Govin et al., 2014) and benthic d18O of GL-
1090 (lower panel). Blue diamonds and red circles on the lower panel denote the position of revised (this study) and earlier benthic d18O tie-points (Santos et al., 2017a),
respectively. Yellow triangles indicate the calibrated 14C age. B: Bayesian age-depth model of core GL-1090 developed within software Bacon v. 2.3 (Blaauw and Christeny, 2011).
Thick and dashed blue (this study) and red (Santos et al., 2017a) lines indicate the modeled age and associated uncertainty, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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which is not the case of LR04 (Lisiecki and Raymo, 2005) (Fig. 2A).
In this first 1365 cm, we increased the number of the visually
determined benthic d18O tie-points, so that, a chronological control
existed at the onset and demise of each millennial-scale event
presented in the benthic d18O of GL-1090. Error estimation of d18O
tie-points determination take into account the mean resolution of
the GL-1090 benthic d18O record around the tie-point depth, the
mean resolution of the reference curve around the tie-point age, a
matching error visually estimated when defining the tie-points,
and the absolute age error of the time-scale used for the refer-
ence record (Santos et al., 2017a). The age control points are pro-
vided in Table 1. The mean sampling resolution for the proxies
developed here was ca. 0.2 ka and 0.3 ka for the G. inflata d18O and
for the Mg/Ca-derived temperature and d18OIVF-SW, respectively.

The complete age-depth model was built within the software
Bacon v. 2.3, which uses Bayesian statistics to reconstruct Bayesian
accumulation histories for sedimentary deposits (Blaauw and
Christeny, 2011). The rise in the number of tie-points was benefi-
cial for the GL-1090 age model since the increase in dating density
improves the precision of Bayesian age-depth models (Blaauw
et al., 2018). The reassessment executed here did not change
significantly earlier sedimentation rates estimated for core GL-1090
and, in most of the parts, the ages and their minimum and
maximum uncertainty envelopes overlapped (Fig. 2B). Mean age
uncertainty (2s) estimated with Bacon around the interstadials
chosen as tie-points for MIS 5 and 3 are 1.87 and 1.71 ka, respec-
tively (Table 1 and Fig. 2B). Bacon was employed with default pa-
rameters together with ten thousand age-depth runs to estimate
mean age and 95% confidence interval at the desired resolution for
each proxy. As shown in Mulitza et al. (2017), for the proxies pre-
sented in this study, ten thousand series were estimated by mixing
the age-depth previously estimated by Bacon with ten thousand
downcore Monte Carlo proxy realization within the analytical un-
certainty. This procedure determines the confidence intervals in
the 95% uncertainty envelope for each proxy at themean ages of the
individual sample depths (Mulitza et al., 2017).

2.3. Geochemical analyses on the planktic foraminifera Globorotalia
inflata

d18O of deep-dweller G. inflata (with apparent calcification
depth of ca. 400 m in the subtropical western South Atlantic;
Chiessi et al., 2007) was initially explored for the transitions be-
tween MIS 6/5e and MIS 2/1 (Santos et al., 2017b). In this study, we
present new G. inflata d18O data that, together with the previously
published data, cover the entire last interglacial-glacial cycle (upper
1365 cm of core GL-1090), which consists of 542 samples. For every
sample, between 5 and 10 shells of G. inflata from the 250e300 mm
size fraction were handpicked under a stereomicroscope. Stable
isotope analyses were performed at the MARUM-Center for Marine
Environmental Sciences, University of Bremen, Germany, using a
Finnigan MAT252 isotope ratio mass spectrometer attached to a
Kiel III automated carbonate preparation device. Data were cali-
brated against an in-house standard (Solnhofen limestone). The
results are reported in per mil (‰, parts per thousand) versus
Vienna Peedee belemnite (VPDB). The standard deviation based on
replicate measurements of the in-house standard was 0.06‰.

G. inflata Mg/Ca-derived temperature was initially explored for
the transition between MIS 6/5e (Ballalai et al., 2019). In this study,
we extend the G. inflataMg/Ca data to cover the period between the
onset of the last glacial until the mid-MIS 4 (from 1365 to 699 cm of
core GL-1090) in which 183 samples were analyzed. Cleaning
procedures followed precisely those reported in Ballalai et al.
(2019), which were based on the protocol of Barker et al. (2003).
The diluted solutions were analyzed with an Inductively Coupled
Plasma Optical Emission Spectrometer (ICP-OES)dAgilent Tech-
nologies 700 Series with Cetac ASX-520 autosampler and a micro-
nebulizer at the MARUM e Center for Marine Environmental



Table 1
The AMS14C ages and Cibicides wuellerstorfi d18O tie-points of core GL-1090 tuned to the agemodel of MD95-2042 on the AICC2012 time-scale (Veres et al., 2013; Govin et al.,
2014). For the case of AMS14C dates, the age in centimeter 327 (BETA-404142) was considered as a reversal, and it was not included in the age-depth modeling within the
software Bacon v.2.3. For the case of benthic d18O, linear estimated ages (ka BP) refers to the age determined during the visual tuning process. Bacon final calendar ages (ka BP)
refer to the ages built after the Bayesian age-depth modeling.

Laboratory code Depth (cm) AMS14C Age (ka) Bacon calibrated14C age (ka BP) Mean Bacon estimated uncertainty (ka)

BETA-404133 7 6.69 7.23 0.05
BETA-404134 17 9.12 9.87 0.10
BETA-404135 23 11.35 12.80 0.08
BETA-404136 33 13.76 16.03 0.10
BETA-404137 61 17.58 20.68 0.15
BETA-404138 151 25.26 28.80 0.20
BETA-404139 204 28.36 31.91 0.25
BETA-404140 243 33.29 36.89 0.66
BETA-404141 286 37.93 41.73 0.45
BETA-404142 327 37.69 44.41 0.49

Benthic d18O tie-point position Depth (cm) Linear estimated age (ka BP) Bacon final calendar age (ka BP) Mean Bacon estimated uncertainty (ka)

End of GI-12 342 45.80 45.37 1.41
Onset of GI-12 370 47.80 47.15 1.58
End of GI-14 431 52.10 50.92 1.76
Onset of GI-14 478 55.30 53.71 1.81
End of GI-16/17 523 58.50 56.23 1.86
Onset of GI-16/17 615 62.10 61.14 1.86
End of GI-19 849 71.50 72.92 1.70
Onset of GI-19 881 73.10 74.65 1.62
End of GI-20 911 75.10 76.40 1.60
Onset of GI-20 932 76.80 77.72 1.62
End of GI-21 988 81.20 81.48 1.77
Onset of GI-21 1070 86.10 87.12 1.94
End of GI-23 1136 90.30 92.21 2.08
Onset of GI-23 1264 102.80 102.99 2.10
End of GI-24 1296 103.70 105.78 2.10
Onset of GI-24 1316 106 107.80 2.25
Transition to last glacial inception 1365 116.70 113.64 3.06
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Sciences, University of Bremen, Germany. Three replicates of each
sample were run and 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). Calibration stan-
dards consisted of dissolution acid (0.075 M HNO3) as blank and
four multielement standards between 20 and 80 ppm Ca, with Mg/
Ca of 4.12 mmol/mol. Calibrations for all elements were based on
linear regressions. Instrumental precision was monitored by using
an in-house standard solution, run after every five samples. The
long-term relative standard deviation of the in-house standard is
<2% for Mg/Ca. A dissolved solution of commercial limestone
standard ECRM 752-1 was measured every 30 samples as an
external standard. This solution was measured at 3.73 mmol/mol
(s ¼ 0.01, 0.24%, n ¼ 9) during the ICP-OES run, which is very close
to the published value of 3.75 mmol/mol for a centrifuged solution
(Greaves et al., 2005). Eleven samples (ca. 6% of the total) had
<10 ppm Ca and were rejected, as the calibration is non-linear at
low Ca concentrations. The Al/Ca, Fe/Ca, and Mn/Ca ratios were
analyzed to monitor the efficiency of the cleaning. The samples
showed averages of 0.30, 0.46, and 0.55 mmol/mol of Al/Ca, Fe/Ca,
andMn/Ca, respectively. The Al/Ca ratio falls close to the commonly
accepted limits of 0.30e0.50 mmol/mol (Lea et al., 2005; Kuhnert
et al., 2014) and had no correlation with Mg/Ca (R2 ¼ 0.018) (Sup-
porting Fig. 1). The Fe/Ca and Mn/Ca ratios were higher than the
0.1mmol/mol cut off proposed by Barker et al. (2003). However, the
lack of correlation between our Mg/Ca ratio and both the Fe/Ca
(R2 ¼ 0.001) and Mn/Ca (R2 ¼ 0.0001) ratios suggests that our
analyses were not significantly affected by FeeMn-oxyhydroxides
(Supporting Fig. 1). Other studies also found values for Fe/Ca and
Mn/Ca ratios that were higher than those given by Barker et al.
(2003) (e.g., Lea et al., 2005; Weldeab et al., 2006; Groeneveld
et al., 2008; Steinke et al., 2010; V�azquez Riveiros et al., 2016).
These works consider that the input of terrigenous material rich in
FeeMn-oxyhydroxides relative to biogenic carbonates affects the
Fe/Ca and Mn/Ca ratios. This possibility might be the case in the
western South Atlantic, which receives a contribution of highly
weathered soils enriched in FeeMn-oxyhydroxides from adjacent
South America (Govin et al., 2012). Furthermore, the cleaning
protocol of Barker et al. (2003) is considered to be less efficient for
removing FeeMn-oxyhydroxides compared to those with an
additional reductive step (e.g., Martin and Lea, 2002). Steinke et al.
(2010) tested both protocols in samples with much higher Fe/Ca
andMn/Ca values than ours (up to 0.96 and 1.65mmol/mol of Fe/Ca
and Mn/Ca, respectively) and found no apparent difference in Mg/
Ca values. We hence conclude that our G. inflata Mg/Ca values and
ocean temperatures derived from them are robust and not biased
by extraneous phases.

Several calibrations could be applied to convert G. inflata Mg/Ca
ratios into temperature (Elderfield and Ganssen, 2000; Anand et al.,
2003; McKenna and Prell, 2004; Cl�eroux et al., 2008, 2013;
Groeneveld and Chiessi, 2011; Regenberg et al., 2009). None of
these calibrations take into account in their formulation the
seawater salinity and carbonate chemistry effects. Due to this, we
employed the calibration proposed by Gray and Evans (2019) that
iteratively correct for these nonthermal influences. Considering
that we are interested in the relative (anomaly) thermocline tem-
perature variability caused by millennial-scale events and not in
temperature absolute values, we used the multi-species (“generic”)
equation, which is indeed recommended for that (Gray and Evans,
2019). As there is no regional boron isotope reconstruction near to
our site, we followed the correction method that uses atmospheric
pCO2 to estimated seawater pH (Gray and Evans, 2019). Assuming
calibration uncertainties, total uncertainty in the temperature
reconstruction is around ±1.5 �C (Gray and Evans, 2019). There is no
large offset between this equation and those cited above, with the
Gray and Evans (2019) calibration resulting in temperatures slightly
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colder than Cl�eroux et al. (2008) calibration (used in Ballalai et al.,
2019). We applied the temperature-d18O relationship given by the
equation of Shackleton (1974) to estimate the seawater d18O
composition (d18OSW) of the thermocline. A conversion factor of
0.27‰ was applied to convert values from the VPDB standard to
VSMOW. The effect of changes in global sea level was subtracted
from the d18OSW values by applying the sea level correction of Grant
et al. (2012). This operation yielded an ice-volume-corrected
seawater oxygen isotopic composition (d18OIVC-SW) that we used
as a proxy for relative changes in thermocline salinity. The d18OIVC-

SW uncertainty combines an uncertainty of 1.5 �C for the Mg/Ca
(Gray and Evans, 2019) (which is equivalent to a 0.32‰ d18O
change) plus an analytical error for G. inflata d18O calcite of 0.06‰.
Thus, the propagated cumulative root-mean-square error esti-
mated for the d18OIVC-SW is around 0.32‰, consistent with other
studies (e.g., Chiessi et al., 2015; Gebregiorgis et al., 2016).

2.4. Correlation between unevenly spaced climate time-series

The statistical significance of the comparison between G. inflata
d18O of core GL-1090 and the ice-cores d18O from the North
Greenland Ice Core Project (NGRIP Community Members, 2004)
and the Antarctica Dronning Maud Land (EPICA/EDML Community
Member, 2004) was tested applying the R package BINCOR
(Polanco-martínez et al., 2019). BINCOR (BINned CORrelation) is
based on a novel estimation approach proposed by Mudelsee
(2014) to estimate the correlation between two unevenly spaced
climate time series without the need for interpolation. BINCOR
resamples the time series into time bins on a regular grid and then
assigns the mean values of the variable under scrutiny within these
bins. The estimated binned time series assumes the memory or
persistence of the climate signal, and to do this, an autoregressive
(AR1) model is fitted to each unevenly spaced time series to be
analyzed (Polanco-Martínez et al., 2019). We kept most of the
default BINCOR parameters, which are those in which the authors
found superiority in terms of rootmean square deviation on a series
of Monte Carlo simulations (e.g., FLAGTAU ¼ 3 was the rule to
determine the bin-width). As BINCOR does not require interpola-
tion, we used the original d18O of the NGRIP (6.69e119.95 ka BP)
and EDML (6.69e119.04 ka BP) ice cores on the AICC2012 time-
scale (Bazin et al., 2013; Veres et al., 2013). The only modification
was the removal of the first six thousand years of both ice cores
data since the youngest G. inflata d18O sample in core GL-1090 is
6.69 ka BP. After the determination of the binned time-series, the
Pearson correlation coefficient was estimated between GL-1090
versus NGRIP (and EDML), and the cross-correlation analysis was
performed to explore the lead-lag nature of the series. Both func-
tions are available on the BINCOR package (Polanco-Martínez et al.,
2019).

3. Results

3.1. Mg/Ca-derived temperature and d18OIVF-SW

G. inflata d18O ranged between 0.60 and 2.33‰ for the last
interglacial-glacial cycle (Fig. 3A). Two patterns of variability can be
seen throughout this period. During MIS 5 (ca. 115e70 ka BP), a
series of rapid millennial-scale variations occur. For example, at ca.
84 ka BP d18O decreased ca. 0.65‰within ca. 0.4 ka. Other intervals
of rapid d18O excursions can also be recognized during the early last
glacial (Fig. 3A). The transition to MIS 4 (70e59 ka BP) was
accompanied by dampening of such millennial-scale oscillation,
and G. inflata d18O remained relatively constant or was affected by
only minor oscillations of ca. 0.2‰ until the end of MIS 3 (29 ka BP)
(Fig. 3A). MIS 4 was characterized by a significant increase in d18O,
where values as high as 2.0‰ occurred. These values appeared
again at the end of the Last Glacial Maximum and during the last
deglaciation (19e11.7 ka BP) (Fig. 3A).

The absolute Mg/Ca-derived temperatures for MIS 5 ranged
between 3.3 and 15.2 �C (Fig. 3B), with an average temperature of
10.0 �C. The onset of the last glacial during early MIS 5 (ca. 115e110
ka BP) was marked by a thermocline temperature rise of approxi-
mately 3 �C. During mid-MIS 5 (100e90 ka BP), the thermocline
remained relatively cold, with a temperature around 8 �C. At late-
MIS 5, thermocline temperatures were relatively warm but punc-
tuated by rapid cold intervals, where the coldest value of 3.3 �C for
MIS 5 occurred at 74.5 ka BP (Fig. 3B). Two core sections of MIS 5
(between 109.6 and 105.4 ka BP and 88.8e84.7 ka BP) did not
provide enough G. inflata shells to performMg/Ca analyses (Fig. 3B).
The thermocline d18OIVF-SW ranged between �3.0 and 0.79‰ and is
roughly parallel to thermocline temperatures with fresher (saltier)
periods agreeing with intervals of colder (warmer) temperatures
(Fig. 3C). The average d18OIVF-SW value for MIS 5 was of �0.63‰.

3.2. Binned time series

The binned time-series for GL-1090, NGRIP, and EDML d18O are
shown in Fig. 4. For the pair GL-1090 versus NGRIP, BINCOR
generated binned time-series with 63 bins (Nb ¼ 63) (Fig. 4A and
B). The 63 data of the resampled time-series are spaced on a regular
grid of 1.78 ka (bin-width). For the pair GL-1090 versus EDML,
BINCOR generated binned time-series with 43 bins (Nb ¼ 43)
(Fig. 4C and D). The 43 data of the resampled time-series are spaced
on a regular grid of 2.63 ka. The highest Pearson correlation coef-
ficient (R) between GL-1090 and NGRIP was achieved at lag ¼ 0
(R ¼ �0.63; p-value ≪0.001), and the correlation progressively
decreasewith increasing lag. For the case of GL-1090 and EDML, the
highest Pearson correlation coefficient was achieved at lag ¼ 1
(R ¼ �0.56; p-value ¼ 0.003).

4. Discussion

4.1. Southern vs. northern high-latitude signal propagation to the
Santos Basin

Records of the last glacial period may document abrupt
millennial-scale transitions that are connected with the climate
instability reported for this period (e.g., Alley et al., 2003). The way
these events are organized gives a notion of coupling between
different compartments of the climate system. Records related to
Antarctica Isotope Maxima tend to develop a more gradual “trian-
gular” shape in their signal, whereas those related to Greenland DO
events present a more abrupt “rectangular” shape (Hinnov et al.,
2002). The shape of the millennial-scale signal is a first-order
indicative of uncovering southern vs. northern influence in a
particular area. The Globigerina bulloides d18O record from the
Iberian margin core MD95-2042 (37 �N) (Shackleton et al., 2000) is
an excellent example of abrupt millennial-scale changes in the
oceans that are coeval with DO events (Fig. 5A and B). The pervasive
character of millennial-scale variability in the d18O record of this
surface planktic foraminifera denotes a tight, atmospheric coupling
between the mid- and high-latitudes of North Atlantic (Shackleton
et al., 2000). Although shorter than MD95-2042, the G. inflata d18O
record from the Bermuda Rise ODP Site 1063 (33 �N) also exhibits
an excellent correspondence to the NGRIP d18O (Fig. 5A and C)
(Thornalley et al., 2013). Unlike G. bulloides, G. inflata is a
thermocline-dweller foraminifera (Cl�eroux et al., 2007) and the
recognition of Greenland DO-like d18O variability in the subtropical
Bermuda Rise likely occurred in response to freshwater-driven
changes in the AMOC that were suggested to alter northward



Fig. 3. Santos Basin thermocline properties based on geochemical analyses of Globorotalia inflata in core GL-1090. A: G. inflata d18O. B: Thermocline temperature based on G. inflata
Mg/Ca. C: Ice volume free thermocline seawater d18O (d18OIVF-SW) derived from the G. inflata d18O and Mg/Ca-temperature. Shading indicates the 95% confidence envelope, including
age and analytical uncertainty. Red bars highlight the intervals where G. inflata was not present in enough abundance to perform Mg/Ca, and d18OIVF-SW analyzes. Dashed red lines
indicate the limits of Marine Isotope Stages (MIS). In this study, we emphasized MIS 5 and 3. All records are presented with a three-point running average (thick lines). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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heat transport in the Atlantic (Ganopolski and Rahmstorf, 2001;
Schmidt et al., 2012). Similar reasoning might be applied to the
Neogloboquadrina dutertrei d18O of the western equatorial South
Atlantic core GL-1248 (0.5 �S) (Fig. 5A and D) (Venancio et al., 2018).
Rapid excursions in this record have been interpreted as changes in
the equatorial stratification that was simultaneous tomodifications
in the AMOC strength and equatorial trade winds (Venancio et al.,
2018). These three cores exhibit the presence of abrupt large-
amplitude d18O variability (>0.5‰) in both MIS 5 and 3, with a
structure that resembles the one shown by the NGRIP ice-core
(Fig. 5AeD).

Analogous to the aforementioned marine records (MD95-2042,
ODP Site 1063, and GL-1248), when we compare the G. inflata d18O
from the Santos Basin GL-1090 (24 �Se this study) with NGRIP d18O
emerges a millennial-scale structure very similar to the sequence of
DO cycles (Fig. 5A and E). However, our large-amplitude d18O
variability is mostly constrained during MIS 5, and after the tran-
sition to full glacial conditions (MIS 4), the amplitude of the GL-
1090 d18O was strongly dampened. One example of this is GI 21
(late-MIS 5), which is characterized by a rapid d18O decrease by ca.
1.0‰ in the above four marine records (Fig. 5Ae E). GI 16/17 (early-
MIS 3), on the other hand, only show the same type of rapid d18O
decrease in the northernmost MD95-2042, ODP Site 1063, and GL-
1248 (Fig. 5A e D), and is muted in GL-1090, as well as GI 14
(Fig. 5E). The DO-like pattern seems to resurge for GI 12 and 8 in GL-
1090 (mid e to late-MIS 3), however, unlike the earliest MIS 5 DO,
these more recent events seem to result in a narrower d18O vari-
ability (ca. 0.2‰) compared to the ones exhibited by MD95-2042
and GL-1248 (Fig. 5B, D, and E).

The similarity in the pattern of all marine d18O records pre-
sented in Fig. 5 with NGRIP d18O suggests that feedback may have
operated between the core sites and the high-latitude North
Atlantic vicinities. For the GL-1090 region, such feedback was
seemingly more robust during the early phase of the last glacial
cycle (MIS 5), and after the transition to full glacial conditions (MIS
4), it became eventually absent (early-MIS 3) or weak (mid-to late-
MIS 3). The fact that the Antarctic EDML d18O record (which shows
more gradual changes and a “triangular” shape) poorly resembles
the G. inflata d18O of GL-1090 (Fig. 5E and G) is additional support
for a northern influence. The lack of an Antarctic signal in our
thermocline d18O could suggest that the Southern Ocean climate
did not significantly influence SACW (the water mass where
G. inflata dwells) during abrupt millennial-scale changes in the
North Atlantic or that the Southern Ocean influence is removed
from the central water as it moves northward.

The reason behind abrupt transitions in G. inflata d18O likely
resides in changes in the AMOC transport and heat content through
the last glacial millennial-scale events, which affected the sub-
tropical western South Atlantic (the mechanism for this will be
discussed in the next topic). Vettoretti and Peltier (2015) and Pedro



Fig. 4. Comparison between original (grey) and binned time-series (red and green) of Globorotalia inflata d18O of core GL-1090 (this study), North Greenland Ice Core Project (NGRIP
Community Members, 2004) and Antarctica Dronning Maud Land (EPICA/EDML Community Members, 2004) both plotted on Antarctica Ice Core Chronology 2012 (AICC2012 -
Bazin et al., 2013; Veres et al., 2013). For the first pair (panels A and B e NGRIP and GL-1090, respectively), BINCOR created binned time-series with 63 bins (Nb ¼ 63). For the second
pair (panels C and D e EDML and GL-1090, respectively), BINCOR created binned time-series with 43 bins (Nb ¼ 43). For the first (A and B) and second (C and D) experiments, the
bin-width (i.e., the spacing between data points) was 1.78 and 2.63 ka, respectively. The binning process leads to some information loss because it assumes a mean value that
represents the entire variability of each individual bin (Polanco-Martínez et al., 2019). However, it is important to note that the basic structure of all d18O records was kept in the
binned data. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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et al. (2018) through an internal oscillator applied in the North
Atlantic and hosing experiments in regions of deep-water convec-
tion, respectively, simulated conditions for AMOC collapse and
resumption. Although the differences in initial model configura-
tion, both studies found a subsurface to intermediate warming of
the Atlantic in moments of AMOC collapse (or the opposite during
AMOC resumption) extending southward. A particular feature of
these simulations is that they produce a more attenuated response
for surface waters in the region of our core (zero to ca. 2 �C of
temperature anomaly in the AMOC collapsed mode; Vettoretti and
Peltier (2015) and Pedro et al. (2018)). A similar inference could be
taken from the comparison of the G. inflata d18O with the same
proxy measured in shells of the surface-dweller Globigerinoides
ruber (also in GL-1090 core; Santos et al., 2017a) (Fig. 5F). The
surface planktic foraminifera d18O does not show the prominent
DO-like structure as the thermocline G. inflata does (Fig. 5E and F).
Sea surface temperature derived from G. ruber Mg/Ca ratio in this
core (Santos et al., 2017a) neither is strongly marked by millennial-
scale events coeval to AMOC collapses (no positive temperature
anomaly during Heinrich stadials; Santos et al. (2017a)). That is, for
a forcing applied over the high-latitude North Atlantic that
weakens the AMOC (Vettoretti and Peltier, 2015; Pedro et al., 2018),
one would expect a more vigorous response located in the ther-
mocline than on surface in the subtropical western South Atlantic.
This is in line with what proxy data indicate (Fig. 5E and F). Such
good agreement between models that simulate perturbations in
the northern cell of the AMOC and our reconstruction is a piece of
additional evidence to consider that the G. inflata d18O is likely
being modulated by patterns connected with the North Atlantic
circulation (at the expense of coupling with the Southern Ocean).

To further investigate the correlation between the Santos Basin
thermocline and Greenland and Antarctica climate, we applied the
correlation tools of BINCOR over the binned time-series. Fig. 6A
shows that the binned time-series of GL-1090 and NGRIP inversely
covary, especially during MIS 5. The main exception is the time
interval between 40 and 20 ka BP (Fig. 6A). Nevertheless, the
relationship between GL-1090 and NGRIP gives a strong negative
correlation (R¼�0.63) that reaches its maximum at lag¼ 0 (Fig. 6B
and C). The bin-width for the pair GL-1090-NGRIP (1.78 ka) falls
well within the age uncertainties for both MIS 5 and 3 (section 2.2
and Fig. 2B) of 1.87 and 1.71 ka, respectively. This denotes a close
link of NGRIP DO variability and the G. inflata d18O of the thermo-
cline western South Atlantic. For the binned time-series of GL-1090
and EDML, a lower correspondence is seen (Fig. 6D). Additionally,
we find a significant yet lower negative correlation (R ¼ �0.56) at
lag¼ 1, which suggests a lead of 2.6 kyr of Antarctica (Fig. 6E and F).
This apparent “southern lead” was discussed in detail by
Schmittner et al. (2003) for modeling experiments with ice-cores
d18O. In this study, the authors discarded the “southern lead”
mechanism and suggested that the coupling of the hemispheres at
the millennial time-scale would be more readily explained by a
trigger in the North Atlantic. The higher correlation attained at
lag ¼ 0 (r ¼ �0.63) between the G. inflata d18O and NGRIP allows us
to follow a similar conclusion.
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Schmittner et al. (2003) found a time lag of 300e400 years in
Antarctica relative to Greenland. The recently drilled West
Antarctica Divide ice-core indicates the strongest anti-correlation
between Greenland warming and Antarctica cooling at a North-
ern Hemisphere lead of only 218 years (Wais Divide Project, 2013).
Both studies rely on a north-to-south directionality of the abrupt
millennial time-scale events to the Southern Ocean by oceanic
processes. However, as highlighted by Schmittner et al. (2003),
most of the lag in the signal transmission to Antarctica occurs be-
tween 40 and 60 �S due to the effective barrier imposed by the
Antarctic Circumpolar Current. Upstream between 20 and 40 �S, the
abrupt warming during GI would result in thermocline South
Atlantic cooling almost simultaneously (Schmittner et al., 2003).
The simulations of the DO oscillations developed by Vettoretti and
Peltier (2015) also provide support for rapid north-to-south
transmission of abrupt millennial-scale variability through the
Atlantic thermocline, with temperatures at 250 m depth in the
South Atlantic presenting only a short lag relative to Greenland.
This could explain the highest correlation between GL-1090 and
NGRIP be attained at lag¼ 0 (Fig. 6C). Based on the main findings of
these studies, plus the similar DO shape imprinted in G. inflata d18O
and the higher correlation found at lag ¼ 0 (r ¼ �0.63), we assume
that the millennial-scale pattern apparent in our data is the result
of southward propagation of the North Atlantic DO variability that
influenced the thermocline SACW in the subtropical western South
Atlantic but with an asymmetrical intensity through the last glacial
cycle.
4.2. Differences between MIS 5 and 3 associated with changes in
the meridional extension of the thermocline heat reservoir

The connection between the northern high-latitude climate and
South Atlantic could be proportioned by the vertical displacement
of the isopycnals associated with Kelvinwave propagation traveling
along the western boundary of the Atlantic (Stocker and Johnsen,
2003). Such isopycnal displacement could be generated in
response to a thermocline warm pool anomaly during GS (or the
opposite during GI) that can span Atlantic subtropical latitudes
(Vettoretti and Peltier, 2015). Different from the findings from
modeling studies, our data indicate that the response of the ther-
mocline subtropical western South Atlantic was not monotonous
for all millennial-scale events since MIS 5 DOwere accompanied by
G. inflata d18O amplitudes much broader than those of MIS 3.

In the experiments of Vettoretti and Peltier (2015) and Pedro
et al. (2018), a thermal reservoir through Atlantic thermocline is
well developed until ca. 40 �S during intervals of AMOC reduction.
A meridional extension like that could easily incorporate the GL-
1090 site. However, as shown by Buizert and Schmittner (2015),
DO events are not uniformly distributed, and those occurring inMIS
5 tend to be longer than those of MIS 3. If the heat reservoir were
produced at the tail of a GS, it would be expected that it would
maintain some proportionality with the intensity/duration of a
particular stadial. This could mean that not all GS would result in a
heat reservoir extending until ca. 40 �S. Variations in the southern
extension of the Atlantic thermocline heat reservoir could explain
Fig. 5. Comparison between Greenland and Antarctica ice-core d18O with North and South
Community Members, 2004) plotted on Antarctica Ice Core Chronology 2012 (AICC2012 -
(Shackleton et al., 2000) plotted on the AICC2012 time-scale after Govin et al. (2014). C: G
dutertrei d18O of core GL-1248 (Venancio et al., 2018). E: Globorotalia inflata d18O of core GL-
Antarctica Dronning Maud Land d18O (EPICA/EDML Community Member, 2004) plotted on A
uncertainty. Grey bars highlight millennial-scale variability associated with Greenland inters
we concentrate on MIS 3 and 5. Records of panels B, D, E, and F are presented with three-po
produce a clear signal of millennial-scale variability in the G. inflata d18O of core GL-1090, un
legend, the reader is referred to the Web version of this article.)
why G. inflata d18O from GL-1090 has asymmetric responses
throughout the last glacial period. During MIS 5, the site of GL-1090
would be fully embedded by such a reservoir (or even close to its
core), while during MIS 3, the region would not be influenced
(early-MIS 3) or would be located barely near to its southern
boundary (mid-to late-MIS 3).

This scenario fits the circulation schemes proposed by Bereiter
et al. (2012) to explain discrepancies between millennial-scale
events of CO2 release from the ocean to the atmosphere between
MIS 5 and 3. According to these authors, MIS 5 GI was super-
imposed on a modern-like circulation state so that the production
of deep NADW remained nearly steady (or even intensified during a
warm event). On the other hand, MIS 3 DO events took place on a
colder glacial background, where northern high-latitude convec-
tion produced a shallower Glacial North Atlantic Intermediate
Water (Bereiter et al., 2012). A forcing applied to the ocean to
disturb the AMOC in the MIS 5 condition of Bereiter et al. (2012)
should be necessarily higher compared to the MIS 3 condition,
where the background already produces a sluggish circulation.
Consequently, it is reasonable to expect heat reservoirs better
established in the Atlantic during stadials of MIS 5. Besides, a
northward shift of the Antarctic Circumpolar Current and associ-
ated fronts with the advance of the glacial climate from MIS 5 to 3
could limit the southward extension of the heat reservoir.

The MIS 5 GS in NGRIP d18O is characterized by excursions to
values below e 40‰ (Fig. 7A). These cold intervals in Greenland
were followed by weaker ventilation, and the presence of more
radiogenic southern sourced waters in the deep North Atlantic
revealed by benthic d13C and neodymium isotopes of MD95-2042
and ODP Site 1063, respectively (Shackleton et al., 2000; Govin
et al., 2014; B€ohm et al., 2015) (Fig. 7B). The pattern of
G. bulloides d18O increase during MIS 5 GS can be interpreted to
reflect mostly surface temperature variations at the location of
MD95-2042 (Shackleton et al., 2000, Fig. 7C). These data reflect
recurrent events of AMOC slowdown that tend to increase North
Atlantic subsurface to intermediate temperatures (Jonkers et al.,
2010; Marcott et al., 2011; Alvarez-Solas et al., 2013; Ezat et al.,
2014; Rasmussen et al., 2016).

In general, our thermocline Mg/Ca results from the Santos Basin
are consistent with this line of interpretation, which is seen during
GS 21 and 20 (Fig. 7E). During these Greenland cold events, western
South Atlantic thermocline temperatures reconstructed in GL-1090
were approximately 3 �C warmer than the average. A simultaneous
rise in thermocline salinity is also indicated by the d18OIVF-SW that
became 0.6‰ higher during these GS (Fig. 7E and F). This magni-
tude of warming is similar to the one reproduced by transient
simulations with the Community Climate System Model, where
South Atlantic temperatures at the apparent calcification depth of
G. inflata (ca. 400 m water depth; Chiessi et al., 2007) warmed by
2e4 �C in response to an AMOC collapse (Pedro et al., 2018). Ac-
cording to Pedro et al. (2018), the heat content of the South Atlantic
increases due to a (i) 50e100 m thermocline deepening within a
century of AMOC collapse, and (ii) reduced northward advection of
heat in the AMOC upper limb. During GS 25 and 22, this thermo-
cline deepening may have been pronounced enough to disturb
Atlantic marine sediment core d18O. A: North Greenland Ice Core Project d18O (NGRIP
Bazin et al., 2013; Veres et al., 2013). B: Globigerina bulloides d18O of core MD95-2042
loborotalia inflata d18O of ODP Site 1063 (Thornalley et al., 2013). D: Neogloboquadrina
1090 (this study). F: Globigerinoides ruber d18O of core GL-1090 (Santos et al., 2017a). G:
ICC2012. Shading indicates the 95% confidence envelope, including age and analytical

tadials. Dashed red lines indicate the limits of Marine Isotope Stages (MIS). In this study,
int running averages (thick lines). Note that the highlighted DO cycles of MIS 3 did not
like the DO cycles of MIS 5. (For interpretation of the references to colour in this figure



Fig. 6. Correlation analyses between the binned time-series generated for Globorotalia inflata d18O of GL-1090 (this study), North Greenland Ice Core Project d18O (NGRIP
Community Members, 2004) and Antarctica Dronning Maud Land d18O (EPICA/EDML Community Member, 2004) plotted on Antarctica Ice Core Chronology 2012 (AICC2012 -
Bazin et al., 2013; Veres et al., 2013). A and D: binned d18O of GL-1090 (green) and NGRIP (red) (A) and EDML (red) (D). B and E: Pearson linear correlation (dashed black line) for GL-
1090 versus NGRIP (B) and GL-1090 versus EDML (E). C and F: cross-correlation for GL-1090 versus NGRIP (C) and GL-1090 versus EDML (F). Blue and red lines on panels C and F
denote the 95% confidence intervals and the correlation value at lag ¼ 0, respectively. Note that for the cross-correlation between GL-1090 and NGRIP (C), the highest correlation
coefficient coincides with lag ¼ 0. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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G. inflata populations in SACW, explaining its low abundance in the
Santos Basin sediments. GS 25 and 22 hold some of the most
extensive excursions in the G. inflata and G. bulloides d18O of GL-
1090 and MD95-2042 (Fig. 7C and D), as well as in the benthic
d13C of MD95-2042 and neodymium isotopes of ODP1063 (Fig. 7B).
This suggests that they were associated with more considerable
changes in the northward heat transport compared to other MIS
5 GS.

On the other hand, the rapid reinvigoration of the overturning
during GI swings the thermocline western South Atlantic temper-
ature and salinity in the opposite direction (Fig. 7E and F). This
recovery is generally connected to the disruption of the sharp
density gradient created due to the presence of warmwaters below
a thin cold tongue at the surface North Atlantic during stadials. The
collapse of this density inversion induced a fast release of the stored
heat to the atmosphere cooling the thermocline layer (Mignot et al.,
2007). Our temperature reconstruction shows that some MIS 5 GI
was associatedwith a ca. 4 �C cooling (or higher in the case of GI 20)
in the thermocline western South Atlantic. Coherently, the longest
MIS 5 interstadial, GI 23, was followed by a prolonged cooling in the
study region. The apparent exception to this pattern was GI 24 and
21 when the temperature remained above its average. However,
both intervals follow a gap in the G. inflata Mg/Ca record, and the
temperature for GS 25 and 22 is unknown (Fig. 7E and F). It is
theoretically possible that GS 25 and 22were sowarm that even the
subsequent cooling did not result in temperatures below the
average during GI 24 and 21, respectively.

Adjustments in the AMOC strength propagated a north-to-south
DO signal through the western Atlantic that was imprinted in the
shells of the thermocline dwelling G. inflatamore clearly during the
early part of the last glacial cycle. Although we cannot completely
rule out the occurrence of DO-related temperature and salinity
fluctuations during MIS 3 in this region, if they occurred, they were
likely of smaller magnitude since the abrupt millennial-scale signal
was mostly dampened from the G. inflata d18O.We argue that the GI
of MIS 5 was fueled by heat accumulated from latitudes as far south



Fig. 7. Climatic evolution of Marine Isotope Stage (MIS) 5 based on NGRIP ice-core and Atlantic records. A: North Greenland Ice Core Project d18O (NGRIP Community Members,
2004) plotted on Antarctica Ice Core Chronology 2012 (AICC2012 - Bazin et al., 2013; Veres et al., 2013). B: Cibicides spp. d13C of core MD95-2042 (Shackleton et al., 2000) plotted on
AICC2012 time-scale after Govin et al. (2014) (purple) and neodymium isotope of ODP1063 (B€ohm et al., 2015) (red). C: Globigerina bulloides d18O of core MD95-2042 (Shackleton
et al., 2000) plotted on the AICC2012 time-scale after Govin et al. (2014). D: Globorotalia inflata d18O of core GL-1090 (this study). E: Thermocline temperature based on G. inflataMg/
Ca (this study). F: Subsurface d18OIVF-SW derived from G. inflata d18O and Mg/Ca-temperature. Dashed lines on panels E and F indicate the average values for thermocline temperature
and d18OIVF-SW, respectively. Shading indicates the 95% confidence envelope, including age and analytical uncertainty. Grey and red bars highlight millennial-scale variability
associated with Greenland interstadials and stadials, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)



T.P. Santos et al. / Quaternary Science Reviews 237 (2020) 106307 13
as 24 �S while the GI of MIS 3 relied on a narrower meridional heat
reservoir in the Atlantic that marginally affected the Santos Basin
thermocline d18O. This could be one of the reasons behind the
shorter interstadial durations during MIS 3 compared to MIS 5.

5. Conclusions

We reconstructed the thermocline conditions of the subtropical
western South Atlantic based on the d18O and Mg/Ca ratio of deep-
dwelling planktic foraminifera G. inflata in order to reveal the im-
pacts of last glacial millennial-scale events in this region, as pre-
viously demonstrated by model simulations. Taking into account
age model uncertainties, our high-resolution G. inflata d18O record
shows distinct abrupt millennial-scale changes that strongly
resemble the sequence of GI/GS events, which impacted the region
more significantly during MIS 5 than during MIS 3. Cross-
correlation analyses between the Santos Basin thermocline d18O
and ice-cores (NGRIP and EDML) suggest that the Santos Basin
thermocline was affected by the AMOC disruptions following DO
cycles at almost no lag. Thermocline temperature and d18OIVF-SW
reconstruction during MIS 5 indicate higher temperature and
salinity during GS 21 and 20 (and likely during Greenland stadials
25 and 22), agreeingwithmodel studies that consider this region as
a heat reservoir at times of weakened AMOC. The opposite pattern
occurs during GI 23, 20, and 19. The dampened or absent DO-like
signal in the G. inflata d18O during MIS 3 suggests an asymmetric
response of the region throughout the last glacial. We argue that
the MIS 3 DO events were not accompanied by disturbances in the
northward heat transport as far-reaching as those of MIS 5, leading
us to conclude that these youngest DO cycles were supported by a
smaller heat and salt reservoir in the Atlantic. This could be one of
the reasons for the shorter interstadial durations during MIS 3
compared to MIS 5. High-resolution thermocline temperature of
MIS 3 in the subtropical western South Atlantic should be tested in
the future to ascertain this possibility.
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