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Deglacial Heat Uptake by the Southern Ocean
and Rapid Northward Redistribution
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Heidelberg, Germany

Abstract Antarctic Intermediate Water (AAIW) is an important conduit for nutrients to reach the
nutrient-poor low-latitude ocean areas. In the Atlantic, it forms part of the return path of the Atlantic
Meridional Overturning Circulation (AMOC). Despite the importance of AAIW, little is known about variations
in its composition and signature during the prominent AMOC and climate changes of the last deglaciation.
Here we reconstruct benthic foraminiferal Mg/Ca-based intermediate water temperatures (IWTyg,ca) and
intermediate water neodymium (Nd) isotope compositions at submillennial resolution from unique sediment
cores located at the northern tip of modern AAIW extent in the tropical W-Atlantic (850- and 1018-m water
depth). Our data indicate a pronounced warming of AAIW in the tropical W-Atlantic during Heinrich Stadial 1
and the Younger Dryas. We argue that these warming events were induced by major AMOC perturbations
resulting in the pronounced accumulation of heat in the surface Southern Ocean. Combined with published
results, our data suggest the subsequent uptake of Southern Ocean heat by AAIW and its rapid northward
transfer to the tropical W-Atlantic. Hence, the rapid deglacial northern climate perturbations directly
controlled the AAIW heat budget in the tropical W-Atlantic after a detour via the Southern Ocean. We
speculate that the ocean heat redistribution via AAIW effectively dampened Southern Hemisphere warming
during the deglaciation and may therefore have been a crucial player in the climate seesaw mechanisms
between the two hemispheres.

1. Introduction

The role of Antarctic Intermediate Water (AAIW) in rapid climate changes resulting from major Atlantic
Meridional Overturning Circulation (AMOC) reorganizations is poorly constrained, and interpretations of data
sets are controversial (e.g., Came et al., 2008; Freeman et al.,, 2015; Gu et al., 2017; Huang et al., 2014; Pahnke
et al., 2008; Poggemann et al.,, 2017; Sortor & Lund, 2011; Valley et al., 2017; Xie et al.,, 2012). The pronounced
cold events of the last deglaciation Heinrich Stadial 1 (HS1; 18-14.6 ka BP; Barker et al., 2009) and the Younger
Dryas (YD; 12.8-11.5 ka BP; Barker et al, 2009) were characterized by rapid cooling of the Northern
Hemisphere (e.g., North Greenland Ice Core Project Dating Group, 2006) and synchronous Southern
Hemisphere warming (e.g., Stenni, 2006), while the AMOC weakened or even collapsed (e.g., Bohm et al,,
2015; McManus et al., 2004). Previous studies argued for the reduced northward advection of AAIW during
HS1 and the YD and the replacement of AAIW by northern sourced water masses (Came et al., 2008; Xie
et al,, 2012). Other studies, in contrast, suggested either an increased northward advection of AAIW during
these periods of time (Pahnke et al., 2008; Zahn & Stlber, 2002) or only minor changes in its distribution
(Howe et al., 2016; Huang et al., 2014).

Today, the overturning in the Atlantic is mainly driven by the formation of North Atlantic Deep Water (NADW) in
the N-Atlantic, which in turn receives contributions from AAIW and warm and saline tropical waters (e.g., Talley,
2013). During the Last Glacial Maximum (LGM), in contrast, the AMOC was likely split into two separate over-
turning cells (e.g., Ferrari et al., 2014). During the transition from the LGM to the Holocene, when the AMOC
experienced major changes (e.g., Bhm et al.,, 2015; McManus et al., 2004), these overturning cells presumably
reconnected (Poggemann et al,, 2017). Due to these AMOC perturbations and the related reduction in north-
ward heat transport, modeling and proxy data suggested heat accumulation in the tropical Atlantic and in
the Southern Ocean (e.g., Rihlemann et al.,, 1999; Schmidt et al,, 2012; Toggweiler & Lea, 2010; Vellinga &
Wood, 2002). Southern Ocean sea surface temperature (SST) reconstructions for the last deglaciation exhibit
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major warming during Northern Hemisphere cold events pointing to a seesaw mechanism between the high-
latitude ocean areas (e.g., Calvo et al,, 2007; Kaiser et al,, 2005; Lamy et al.,, 2007; Landais et al., 2015; Stenni
et al,, 2011). Synchronous upwelling of old, nutrient-rich, and carbon-enriched water masses in the Southern
Ocean and the concomitant release of CO, to the atmosphere accompanied Northern Hemisphere cold events
(e.g., Anderson et al., 2009; Burke & Robinson, 2012). These processes may have triggered ventilation and nutri-
ent enrichment of AAIW (Burke & Robinson, 2012; Poggemann et al.,, 2017).

Despite the absence of suitable sediment records and the lack of direct temperature reconstructions from
intermediate water depths, previous studies argued for the transfer of the Southern Ocean surface
temperature signature via intermediate waters into the (sub)tropics (e.g., Kiefer et al., 2006; Naidu & Govil,
2010; Romahn et al.,, 2014). In particular, during deglacial AMOC perturbations, atmospheric changes in
temperature and wind strength may have affected the composition of AAIW and its geochemical signatures,
which then would have been transferred from the (sub-)Antarctic regions to the tropics (e.g., Bostock et al.,
2004; Lynch-Stieglitz et al., 1994; Ninnemann & Charles, 1997; Spero & Lea, 2002). Direct evidence for the
postulated warming from intermediate water records is, however, lacking, and the processes controlling
low-latitude intermediate temperature evolution remain unclear. Here we present the first high-resolution
deglacial AAIW temperature reconstruction in the tropical W-Atlantic based on benthic foraminiferal
Mg/Ca. The foraminiferal specimens were selected from the unique sediment core M78/1-235-1 from the
Tobago Basin (tropical W-Atlantic) from 852-m water depth, which is in the core of modern AAIW.
Combined with reconstructed intermediate water neodymium isotope (eNd) signatures obtained from
uncleaned planktonic foraminifera (sediment core M78/1-222-9, S-Caribbean), we are able to reconstruct
the past variability of heat transfer from the Southern Ocean to the tropical Atlantic via AAIW and its possible
relationship to changes in Atlantic water mass mixing and circulation.

2. Materials and Methods

2.1. Sediment Cores and Foraminifera Selected for Analyses

The Mg/Ca ratio of benthic foraminiferal tests is a well-established proxy for bottom water temperature
reconstructions (e.g., Bryan & Marchitto, 2008; Elderfield et al., 2010). We analyzed Mg/Ca of the endobenthic
foraminiferal species Uvigerina spp. selected from sediment core M78/1-235-1 (11°36.53'N, 60°57.86'W;
termed Core 235 in the following). The core was retrieved from the Tobago Basin (SE-Caribbean) from
852-m water depth, which is within the core of modern AAIW (Figure 1). Uvigerina spp. are not influenced
by carbonate ion effects at intermediate water depth, which makes Mg/Cayyigerina @ suitable proxy to estimate
past changes in IWTyg/ca (Elderfield et al., 2010; ElImore et al,, 2015). We use the established age model of
Core 235 (Poggemann et al., 2017), which was generated by linear interpolation between nine AMS™C dates.

We further determined the eNd signatures of uncleaned mixed planktonic foraminifera to reconstruct
changes in the mixing of the prevailing intermediate water masses. Previous studies have proven that authi-
genic coatings of uncleaned planktonic foraminiferal tests reliably record past bottom water eNd signatures
(e.g., Huang et al., 2014; Piotrowski et al., 2012; Roberts et al., 2010). Due to the lack of available sample mate-
rial in Core 235, the eNd signatures were extracted from nearby sediment core M78/1-222-9 (12°1.49'N,
64°28.50'W, 1,018 m; termed Core 222 in the following). Core 222 was retrieved from the southern
Caribbean Sea north of Blanquilla Island and located at the lower boundary of modern AAIW (Figure 1).
The age model for Core 222 is based on linear interpolation between four AMS'*C dates (Table S1) and sup-
ported by oxygen isotope stratigraphy (see supporting information Figure S1; North Greenland Ice Core
Project Dating Group, 2006; Stenni et al., 2006). Due to the low abundance of benthic foraminifera in Core
222, we were not able to accomplish Mg/Ca-based bottom water reconstructions for this core. A detailed dis-
cussion of the methodology can be found in the supporting information.

All sediment samples were freeze dried, wet sieved, and size fractionated. For Mg/Ca ratios, ~30 benthic for-
aminiferal tests of Uvigerina spp. from the 315-400-pm-size fraction were selected. For éNd analyses, >45 mg
of mixed planktonic foraminiferal shells from the >250-um-size fraction were picked.

2.2. Mg/Ca Analyses

For Mg/Ca analyses, the foraminiferal samples were cleaned oxidatively and reductively following established
protocols (e.g., Barker et al., 2003) and measured on a Varian 720-ES Axial inductively coupled plasma (ICP)-
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Figure 1. Overview of intermediate water masses in the Atlantic Ocean showing core locations studied here (red) and refer-
ence sites (black). (a) Annual IWT distribution in the Atlantic at 850-m water depth (data from WOA2013; Boyer et al., 2013).
The major pathway of AAIW from its main formation sites (blue ellipses) in the Southern Ocean into the tropical W-Atlantic
is marked by the blue dashed line. The study area is indicated by the red square enlarged in Figure 1c. Black dashed line
marks salinity section displayed in Figure 1b. (b) Vertical salinity profile (data from WOA2013; Boyer et al., 2013) with
locations of proxy records placed at the corresponding water depths (red = this study; black = reference records). Major
deep and intermediate water masses are indicated, differentiated by their salinities (AAIW = Antarctic Intermediate Water;
NADW = North Atlantic Deep Water; GNAIW = Glacial North Atlantic Intermediate Water; AABW = Antarctic Bottom Water).
(c) Bathymetric chart of the tropical W-Atlantic with locations of the sediment cores (red = this study; black = reference
records: ODP1063—Bohm et al., 2015; ODP1233—Kaiser et al., 2005, and Lamy et al.,, 2007; GC528—Roberts et al., 2016;
VM12-107—Schmidt et al., 2012, and Xie et al., 2014; KNR159-5-36, GeoB2107-3, GeoB2104-3—Pahnke et al., 2008; Howe
et al,, 2016; KNR197-3-46CDH, -9GGC, -25GGC—Huang et al., 2014; TN0O57-13—Anderson et al., 2009; MD99-2198—Pahnke
et al,, 2008). Figures were created using Ocean Data View (Schlitzer, 2015). IWT = intermediate water temperature;
WOA2013 = World Ocean Atlas 2013; ODP = Ocean Drilling Program.

optical emission spectrometry and Agilent 7500ce ICP-mass spectrometry (MS) at GEOMAR (see supporting
information Figure S1; Elderfield et al., 2010; Martin et al, 2002). The Mg/Ca measurements were drift
corrected and standardized to the internal consistency British Chemical Standard Carbonate Reference
Material (CS-CRM) No. 393 (ECRM 752-1) LIMESTONE from the Bureau of Analysed Samples Ltd.
(3.761 mmol/mol Mg/Ca; Greaves et al., 2008). The external reproducibility for the ECRM standard is
+0.1 mmol/mol for Mg/Ca (standard deviation 2c). Replicate measurements run during different sessions
reveal a reproducibility of max. ~0.24 mmol/mol (20).

The calculated Mg/Ca ratios of the infaunal Uvigerina spp. were converted to absolute (intermediate water)
temperatures (IWTpmg/ca) Using the established calibrations of Elderfield et al. (2010) and Martin et al.
(2002). The error (20) of the calculated IWTpg/c, is ~1 °C. The well-elaborated Elderfield et al. (2010) calibra-
tion based on core-top Uvigerina spp. suggests a linear relationship between Mg/Ca and bottom water tem-
perature (Mg/Ca =1 + 0.17). Instead, Martin et al. (2002) corrected downcore Uvigerina spp. Mg/Ca to match
with the Mg/Ca of Cibicidoides wuellerstorfi for which they had derived an exponential temperature sensitivity
(Mg/Ca=0.76 * exp(0.157). Both calibrations provide late-Holocene (last 5 ka) IWTyg,ca Of ~4 £ 1 °C, which are
close although lower by ~1 °C to the modern IWT (~4.5-5.5 °C) at the location of Core 235 (Figures 2 and S2).
Across the deglaciation, the IWTpg/c, amplitude variations differ, with the Elderfield et al. (2010) calibration
providing a larger IWTyg/,c, amplitude than the exponential Martin et al. (2002) equation (maximum down-
core range of ~9 °C compared to ~4 °C). As both approaches appear justified, we decided to present the
IWTg/ca reconstructions obtained from both calibrations as our best minimum to maximum estimates of
deglacial IWT variability. All other calibrations available for Uvigerina spp. yield IWTyg,c, clearly warmer than
the modern IWTs, provide extremely large downcore IWTyg,c. amplitudes, and were thus considered inap-
propriate. Further details are given in the supporting information and Figure S2 (Boyer et al.,, 2013; Bryan &
Marchitto, 2008; Elderfield et al., 2010; Elderfield et al., 2006; Lea et al., 2002; Martin et al., 2002; Roberts
et al, 2016; Yu & Elderfield, 2008).

There is no evidence for sample contamination by clay minerals and/or diagenetic coatings assessed from
Al/Ca, Mn/Ca, and Fe/Ca ratios, ruling out any falsifying effect on the reconstructed IWTpgc.. A detailed dis-
cussion can be found in the supporting information (Figures S3 and S4; Barker et al., 2003; Poggemann et al.,,
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Figure 2. Intermediate water mass evolution in the tropical W-Atlantic during glacial/interglacial change. (a) Oxygen iso-
tope (5180) record of the Greenland NGRIP ice core (NGRIP Dating Group, 2006) as reference for Northern Hemisphere
climate change. (b) eNd signature of unclean planktonic foraminifera from the Tobago Basin (Core 222; 1,018-m water
depth; this study) reflecting intermediate water mass variability. The modern AAIW eNd signature from the respective water
depth close to the core location is indicated by dashed blue lines (Osborne et al., 2014). Vertical bars indicate 2c error.
() IWTpmg/ca records based on Mg/Cayyigering Of Core 235 (852-m water depth; this study; red record = Mg/Cayyigerina
calibrated according to Elderfield et al., 2010; green record = Mg/Cayyigerina Calibrated according to Martin et al., 2002).
Dashed blue lines indicate modern IWT at 850-m water depth in the S-Caribbean (from WOA2013; Boyer et al,, 2013). The 26
error in IWTpg/ca of ~1 °Cis indicated as a red error bar. (d) Oxygen isotope (3"80) record of EPICA Dome C (Stenni, 2006) as
reference for the Southern Hemisphere climate variability. HS1 = Heinrich Stadial 1; YD = Younger Dryas Stadial;

BA = Bolling-Allerad; ACR = Antarctic Cold Reversal; NGRIP = North Greenland Ice Core Project; IWT = intermediate water
temperature; AAIW = Antarctic Intermediate Water; WD = water depth; EPICA = European Project for Ice Coring in
Antarctica. Black arrows indicate radiocarbon datings for Core 235 (Poggemann et al., 2017) and Core 222 (this study; see
the supporting information).

2017; Roberts et al,, 2016; Rilhlemann et al.,, 2004; Them et al., 2015). A small number of single data points
yielded unrealistically high/low values compared with neighboring data. By applying the Grubbs test
(Grubbs, 1950), a total of 16 Mg/Ca data points were consequently defined as outliers and removed from the
record of Core 235. Further details are given in the supporting information (Figure S5; Grubbs, 1950, 1969).
Cd/Cayyigerina data from the same samples were already presented in Poggemann et al. (2017; Figure 4).

2.3. Nd Isotope Measurements

Preparation for Nd isotope analyses followed the protocols of Roberts et al. (2010, 2012) and Piotrowski et al.
(2012). Briefly, the crushed mixed planktonic foraminiferal samples were inspected under a binocular micro-
scope, and any visible detritus was removed before being physically cleaned by repeated rinses with <18-
Mohm water and ethanol while being placed in an ultrasonic bath. Once visibly clean, the calcite was dis-
solved carefully in ~0.35-M acetic acid to avoid leaching of any minor amounts of detrital material remaining
and then centrifuged and transferred into Teflon vials. Chemical purification of Nd from the sample solutions
was performed with established methods (e.g., Barrat et al., 1996; Le Févre & Pin, 2005; Osborne et al., 2014;
Roberts et al., 2012). The Nd isotope data were measured mainly on a Thermo Fisher Scientific Neptune multi-
collector (MC)-ICP-MS at the University of Oldenburg. Only four samples were measured on a Nu Plasma MC-
ICP-MS at GEOMAR. All "**Nd/"**Nd results were normalized to the established value for the JNdi-1 standard
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of 0.512115 (Tanaka et al.,, 2000). The 2c external reproducibility of the Nd isotope measurements based on
repeated standard measurements at different concentrations ranged between 0.1 and 0.5 eNd units depend-
ing on sample size and instrument used (Nu Plasma MC-ICP-MS: 0.3 eNd units; Neptune MC-ICP-MS: 0.1-0-5
eNd units).

3. Results

Dependent on the Mg/Ca-versus-temperature calibration applied (Elderfield et al., 2010; Martin et al., 2002),
the reconstructed IWTyy,c, differ largely (Figure 2). In the low-temperature range <5 °C, both calibrations
provide rather resembling IWTy4/c, estimates deviating by only half a degree, but the linear format of the
Elderfield et al. (2010) equation most likely overestimates the IWTyg,c, in the high-temperature range
(>5°C). Peak IWTg/ca calculated by the Elderfield et al. (2010) equation are by up to ~4 °C warmer than those
from the Martin et al. (2002) equation. The resulting relative changes of IWTyg,c., however, are considered
credible and are applied for interpretation.

During full glacial times (~24-18 ka BP), the IWTpg,ca at the location of Core 235 was in the range of
~3.8 + 0.8 °C, depending on the Mg/Ca-versus-temperature calibration applied (Figure 2). This is only ~1 °C
lower than modern AAIW annual temperatures of 4.5-5.5 °C (World Ocean Atlas 2013 [WOA2013]; Boyer et al.,
2013). During HS1 the IWTpg/c, rapidly rose by ~3-7 °C to maximum values of ~6.7-10.9 °C at the end of HS1
(~15.5 ka BP). Afterward, a marked drop in IWTg/ca by ~4-7 °Cis apparent, ending at ~14.8 ka BP at IWTyg/ca
of ~2.8-3.5 °C close to those of full glacial conditions (Figure 2). The IWTyg,c. subsequently reached a max-
imum of ~4.8-5.8 °C at ~14.5-14.2 ka BP, at the beginning of the Antarctic Cold Reversal (ACR; ~14.5-12.8 ka
BP; Anderson et al., 2009). This increase was again followed by a rapid drop to on average 4.5-5 °C close to
modern-like values (~14-13 ka BP). The YD was characterized by gradually increasing IWTyg,ca by ~2-3 °C
and reached mean values of ~5-6 °C (max. 9 °C) during the early Holocene (~11-10 ka BP). The remaining
Holocene period was characterized by a gradual decline in IWTyg,c, of overall ~2 °C finally reaching values
of ~4 °C (Figure 2), which was slightly cooler than the modern IWT at the core location (WOA2013; Boyer
etal, 2013).

In order to further investigate intermediate water dynamics in the tropical W-Atlantic, we compared the Core
235 IWTpg/ca record to the eNd record of adjacent Core 222. The reconstructed intermediate water eNd pat-
tern clearly differs from that of the IWTyg,c, record (Figure 2). The eNd data show a gradual and continuous
decline from more radiogenic values of ~—9.8 on average during full glacial times (~24-18 ka BP) to less
radiogenic values of ~—11.5 during the late Holocene (last ~4 kyr). During the deglaciation, in particular dur-
ing late HS1 to shortly after the YD, when IWTy4,c, were characterized by prominent variations, the eNd sig-
nal remained essentially stable at ~—11. These Nd isotope data are consistent with bottom water data
obtained on measurements of fish debris from a nearby core at similar water depths (Xie et al., 2014;
Figure 3), for which it was shown that reliable bottom water eNd signatures were extracted given the absence
of any correlation to the significantly less radiogenic detrital fraction.

4, Discussion

4.1. Intermediate-Depth Warming in the Tropical W-Atlantic: Replacement of Water Mass Versus
Signature Change

The reconstructed IWTyg,ca record reveals prominent warming phases during HS1, synchronous to the early
ACR, and from the YD to the early Holocene, which documents enhanced heat transfer into the intermediate
tropical W-Atlantic (Figure 3). These temperature peaks may be explained by three possible scenarios: a repla-
cement of AAIW with a warmer water mass, a local warming from above, or a warming of AAIW itself. We find
our data to be most supportive of the third scenario.

The first scenario implies that cold nutrient-rich AAIW was replaced by or at least experienced major admix-
ture of a warmer and nutrient-depleted northern sourced water mass during short deglacial time intervals.
Such a replacement of AAIW by or a major admixture of northern sourced water masses from overlying water
depths would also have to be reflected by pronounced changes in a variety of proxies (e.g., éNd, nutrients,
and §'3C reconstructions). Previously published benthic (Uvigerina spp.) 8'3C and Cd,, reconstructions
obtained from the same Core 235 foraminiferal sample material (Figure 4) clearly argue for enhanced
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Figure 3. N-Atlantic, tropical W-Atlantic, and Southern Ocean groxy records crucial for the interpretation of Atlantic inter-
mediate water dynamics. (a) Stable oxygen isotope record (61 0) of the Greenland NGRIP ice core (NGRIP Dating Group,
2006) representing Northern Hemisphere climate changes. (b) N-Atlantic overturning strength reconstructed from
231p4/230mH (blue), eNd leachate data of N-Atlantic ODP Site 1063 (purple squares; 4,584-m water depth; Bohm et al., 2015,
and references therein), and eNd from uncleaned foraminifers (purple circles; Roberts et al., 2010). (c) Intermediate water
eNd records from the S-Caribbean obtained from sediment cores VM12-107 (orange; 1,079-m water depth; Xie et al., 2014)
and M78/1-222-9 (blue; 1,018-m water depth; this study). Blue stippled lines indicate the modern AAIW ¢Nd signature from
the respective water depth close to the core locations (Osborne et al., 2014). (d) Planktonic foraminiferal Mg/Ca-based
subsurface temperature (subSSTyg,c3) reconstruction obtained from S-Caribbean Core VM12-107 (green; 1,079-m water
depth; Schmidt et al., 2012). (e) Mg/Cayyigerina-based IWT record of Core 235 (this study; 852-m water depth; green
record = Mg/Cayyigering calibrated according to Martin et al., 2002; red record = Mg/Cayyigerina calibrated according to
Elderfield et al., 2010) in comparison to a SW S-Atlantic IWTmg/ca record (solid blue; Core GC528; 598-m water depth;
Roberts et al., 2016). Dashed blue lines indicate modern IWT at 850-m water depth in the S-Caribbean (from WOA2013;
Boyer et al., 2013). (f) Alkenone-based SST reconstructions from the SE-Pacific (purple; ODP Site 1233; 838-m water depth;
Kaiser et al., 2005 [squares]; Lamy et al., 2007 [dots]) and from offshore S-Australia (cyan; Core MD03-2611; 2,420-m water
depth; Calvo et al., 2007). The Mg/Cag pulivides-based SST record from Chatham Rise (solid gray; Core MD97-2120; 1,210-m
water depth; Pahnke et al.,, 2003) supports the Southern Ocean alkenone records. (g) Stable oxygen isotope (8180) refer-
ence record from Antarctica EPICA Dome C (Stenni, 2006) reflecting Southern Hemisphere climate changes. HS1 = Heinrich
Stadial 1; YD = Younger Dryas Stadial; BA = Bolling-Allerad; ACR = Antarctic Cold Reversal; NGRIP = North Greenland Ice
Core Project; ODP = Ocean Drilling Program; AAIW = Antarctic Intermediate Water; IWT = intermediate water temperature;
WOA2013 = World Ocean Atlas 2013; SST = sea surface temperature; EPICA = European Project for Ice Coring in Antarctica.
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Figure 4. N-Atlantic, tropical W-Atlantic and Southern Ocean proxy records crucial for the interpretation of Atlantic inter-
mediate water dynamics. (a) Stable oxygen isotope record (6180) of the Greenland NGRIP ice core (NGRIP Dating Group,
2006) representing Northern Hemisphere climate changes. (b) N-Atlantic overturning strength reconstructed from
231p2/22%Th (blue), eNd leachate data of N-Atlantic ODP Site 1063 (purple squares; 4,584-m water depth; Bohm et al., 2015,
and references therein), and eéNd from uncleaned foraminifers (purple circles; Roberts et al., 2010). (c) Mg/CaUVige,;,,a—based
IWT record of Core 235 (852-m water depth; this study; green record = Mg/Cayyigerina calibrated according to Martin et al,,
2002; red record = Mg/Cayyigerinag calibrated according to Elderfield et al.,, 2010). Dashed blue lines indicate modern IWT at
850-m water depth in the S-Caribbean (from WOA2013; Boyer et al., 2013). (d) Benthic 8'3C record (Uvigerina spp.) from
tropical W-Atlantic Core 235 indicating relative changes in southern versus northern sourced water masses (Poggemann
et al., 2017). (e) Temporal change in AAIW nutrient inventory (Cd,,) for the tropical W-Atlantic Core 235 based on benthic
Cd/Cayvigerina ratlos Po%gemann et al., 2017). (f) Record of nutrient-rich CPDW upwelling in the SE-Atlantic based on opal
flux (orange) and 2 Th ratios (brown) of S-Atlantic Core TN057-13 (2,848-m water depth; Anderson et al., 2009).
(g) Stable oxygen isotope (6 O) reference record from Antarctica EPICA Dome C (Stenni, 2006) reflecting Southern
Hemisphere climate changes. HS1 = Heinrich Stadial 1; YD = Younger Dryas Stadial; BA = Belling-Allered; ACR = Antarctic
Cold Reversal; NGRIP = North Greenland Ice Core Project; ODP = Ocean Drilling Program; IWT = intermediate water depth;
WOA2013 = World Ocean Atlas 2013; AAIW = Antarctic Intermediate Water; CPDW = Circumpolar Deep Water;

EPICA = European Project for Ice Coring in Antarctica.

nutrient supply to the tropical W-Atlantic at intermediate water depth during late HS1, as well as during and
shortly after the YD (Poggemann et al., 2017). These short-term nutrient injections, however, were suggested
to be mainly due to changes in the nutrient budget of water masses forming AAIW in the Southern Ocean by
upwelling processes. Poggemann et al. (2017) argued in detail that the nutrient injections were caused by the
replacement of AAIW or enhanced mixing with deeper Circumpolar Deep Water (CPDW; Figure 4).

The comparison between intermediate water nutrient conditions in the tropical W-Atlantic (Poggemann
et al,, 2017) and Florida Straits (Came et al., 2008; Valley et al.,, 2017) across the deglaciation highlights a
rather complicated situation at intermediate depths, which is not solely related to AAIW dynamics (see sup-
porting information; Came et al., 2008; Poggemann et al., 2017; Valley et al., 2017). Today, driven by the
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Caribbean Current, AAIW flows across Yucatan Straits into the Gulf of Mexico, where it disperses via antic-
yclonic rings (eddies) that are shed by the Loop Current. During its trajectory, the AAIW increases in salinity,
while its thickness is reduced considerably. In the Gulf of Mexico, the depth of occurrence of the AAIW rem-
nant varies (620-900 m), depending on the presence and interaction of the eddies (Vidal et al., 1994), and
AAIW remnants finally lose their AAIW signature. These features are likely responsible for the differences
between the two locations at intermediate-depth levels in the tropical W-Atlantic and the Florida Straits.

The second scenario involves increasing IWTs by local warming from above. Weldeab et al. (2016) observed
an accumulation of heat in the mid-depth (~1,300-m water depth) equatorial E-Atlantic during HS1 and the
YD and explained it by 1-D downward (vertical) diffusion processes at times of AMOC perturbations. Schmidt
et al. (2017) and Parker et al. (2015), who presented subsurface-temperature (~200- to 300-m water depth)
records from both the equatorial W- and E-Atlantic, instead, argued that vertical diffusion of ocean heat from
the surface to the subsurface (and even deeper) is much too slow to explain the abrupt (millennial-scale)
warming processes of up to 5 °C during both HS1 and the YD.

Following the reasoning of Schmidt et al. (2017), we rule out local warming from above as the mechanism for
increased IWTs at the location of Core 235 and note that the comparison of our reconstructed IWTpyg,ca to
subsurface temperatures (subSSTyg/ca, ~400-m water depth) obtained from a nearby sediment core
VM12-107 from the Bonaire Basin (Schmidt et al., 2012; Figure 1) shows markedly different patterns of warm-
ing during the deglaciation (Figure 3). This implies that intermediate and subsurface water dynamics were
decoupled in the study area and that vertical diffusion of heat from the surface cannot have reached depths
of 800 m. We also note that additional vertical diffusional heat exchange between the surface and the
intermediate-depth ocean (~800-m water depth) would afford a reduced water column stratification, which
cannot have occurred without major water mass mixing. Mixing processes, however, would be distinctly
reflected by the alteration of the water mass composition and should therefore be seen in other proxies such
as Cd,y and eNd, which is not the case. These authors favor a scenario that involves horizontal propagation of
ocean heat at subsurface depths from the extratropical N-Atlantic to the equatorial region. In this respect, the
expansion of salinity maximum water of the N-Atlantic subtropical gyre in response to a rapidly changing
AMOC would play a leading role for equatorial Atlantic subsurface warming.

We therefore argue that the most likely scenario for the IWTyg,c, warming involves a significant change in
AAIW properties in its formation areas in the Southern Ocean themselves and a subsequent northward trans-
port of the modified thermal AAIW signature into the tropical W-Atlantic. In support of this, our previously
published Cd,, and &'3C records (based on Uvigerina spp.) from Core 235 documented major increases in
the nutrient content of AAIW during Northern Hemisphere cold events, initiated by changes in Southern
Ocean upwelling (Poggemann et al., 2017; Figure 4).

We further test the compatibility of the postulated changes in water mass density during times of rapid “mid-
depth warming” with an unchanged (modern) location of AAIW in the water column by estimating static sta-
bility (details are given in the supporting information Text S5 and Figure S6; Boyer et al., 2013; Hunter, 2007;
Marchitto & Broecker, 2006; Mawiji et al., 2015; Oliphant, 2006; Piola & Georgi, 1982; Poggemann et al., 2017;
Rihlemann et al., 1999; Schmidt et al.,, 2012). The results indicate that a selective increase of deglacial AAIW
temperatures by 5 °C while SST remained low does not result in hydrographic instability (always positive
values in Figure S6e), even in this extreme scenario. It is interesting to note that these calculations suggest
that AAIW may have slightly shoaled as a result of the warming (values near zero in Figure S6e), which is con-
sistent with the modeling results of Gu et al. (2017).

The AAIW ¢Nd reconstruction obtained from tropical W-Atlantic Core 222 (Figure 2) allows the distinction
between the admixed water masses and supports the postulated mechanisms. Today, the eNd signature
for NADW is —13.5 as a consequence of weathering inputs of old continental material surrounding the
N-Atlantic, in particular the Labrador Sea (Piepgras & Wasserburg, 1987). In contrast, Pacific subsurface water
masses are characterized by more radiogenic signatures of —2 to —4 originating from weathering of young
volcanic rocks surrounding the Pacific (Piepgras & Jacobsen, 1988; Piepgras & Wasserburg, 1980). In the
Southern Ocean, the formation area of AAIW, water masses are a mixture of Pacific and Atlantic water masses
and are therefore characterized by intermediate ¢Nd signatures of —6.2 to —9.2 (Jeandel, 1993). Along its
northward advection in the Atlantic, the modern AAIW ¢Nd signature of ~—8.4 (Molina-Kescher et al.,
2014; Stichel et al., 2012) is modified both by water mass mixing (Jeandel, 1993) and, to some extent, through
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external inputs (e.g., release from and exchange with sedimentary Nd), which results in a less radiogenic sig-
nature of ~—10.5 to —11 by the time AAIW reaches the tropical W-Atlantic (Huang et al,, 2014; Osborne et al.,
2014). New detrital eNd data from the Demerara Rise confirm the presence of more unradiogenic sediments
in the region (Howe et al., 2016). In contrast to modern NADW, the eNd signature of Glacial North Atlantic
Intermediate Water (GNAIW), which replaced NADW during glacial times (Marchitto & Broecker, 2006), has
been inferred to be similarly unradiogenic as today’s NADW (Foster et al., 2007; van de Flierdt et al., 2006;
van de Flierdt et al., 2016) but according to other records may have been as radiogenic as —10 (Gutjahr
et al.,, 2008).

A recent study directly modeling changes in the eNd of AAIW in the study region during the deglaciation (Gu
et al., 2017) reproduces an existing eNd reconstruction from the Bonaire Basin (Core VM12-107; Xie et al.,
2014) and our new ¢Nd record from Tobago Basin Core 235 (Figures 1 and 3). The variability of these data
was previously ascribed to a gradual change from GNAIW-dominated admixture during the LGM to
NADW-dominated admixture during the Holocene, but Gu et al. (2017) suggested a significant influence from
the enhanced upwelling of radiogenic Caribbean deep waters during the LGM, which then declined during
the deglaciation. However, comparison of the results from the control run with the modern isotopic compo-
sition in the region suggests that the model overestimates the influence of radiogenic Caribbean deep waters
(see their Figure 2). Additionally, the model of Gu et al. (2017) produced a considerably weaker present-day
AAIW northward penetration compared to observations as exhibited by the salinity section from the control
run (see their Figure 2). Slight differences between the new eNd record presented here and that of Xie et al.
(2014; Figure 3) are best explained by the locations of the cores being differently affected by weathering
inputs from highly radiogenic volcanic rocks or unradiogenic sediments altering the water mass signature
locally (Osborne et al.,, 2014). Both the overall consistency of the S-Caribbean eNd records and the lack of per-
turbations during the deglacial HS1 and YD cool events, which were observed at other locations (e.g., Tobago
Basin Core MD99-2198, Pahnke et al., 2008; Demarara Rise cores KNR197-3-25GGC, KNR197-3-46CDH, and
KNR197-3-9GGC, Huang et al., 2014; Brazil margin cores GeoB2107-3, KNR159-5-36GGC, and GeoB2104-3,
Pahnke et al.,, 2008, and Howe et al., 2016; Figure 1), suggest that the local overprinting of bottom seawater
was minimal, while the modification of AAIW from —8.4 in the Southern Ocean and S-Atlantic to values of
—10.5 to —11 observed in the tropical W-Atlantic and Caribbean today persisted throughout the last
24 kyr. Combined with the evidence from previously published Cd,, and 5'3C reconstructions from Tobago
Basin Core 235 (Poggemann et al.,, 2017), we interpret the ¢Nd record of both S-Caribbean cores (Core 235
and Core VM12-107; Figure 3) in terms of a gradual change in the eNd signature of AAIW caused by the com-
bination of a continuous supply of AAIW from the Southern Ocean, supported by the results of Howe et al.
(2016) from the Brazil margin, and a decreasing admixture of radiogenic deep waters from the Caribbean
between the LGM and the Holocene (Gu et al., 2017).

Nutrient and ventilation reconstructions from the tropical W-Atlantic may suggest a change in the composi-
tion of water masses forming AAIW due to Southern Ocean upwelling changes (Poggemann et al., 2017).
However, the similarity of the eNd signatures of GNAIW and CPDW during the last glacial (Gutjahr et al.,
2008) and the alteration of the AAIW eNd signature via mixing on its pathway into the N-Atlantic mean that
large changes in the eNd of AAIW are not to be expected (Xie et al., 2014). Assuming a more radiogenic eéNd
signature of GNAIW near —10 (Gutjahr et al., 2008), the glacial eNd values of ~—9.7 in both records are con-
sistent with the notion of GNAIW being the main source water mass for AAIW during full glacial times (e.g.,
Ferrari et al., 2014; Poggemann et al.,, 2017), which is supported by the constant AAIW Nd isotope signatures
in the western S-Atlantic published by Howe et al. (2016). During HS1 and the YD when NADW formation
collapsed/weakened, the upwelling of nutrient-rich deep CPDW in the Southern Ocean, mainly feeding the
AAIW, was enhanced (Anderson et al., 2009; Poggemann et al., 2017). In support of this, the eéNd records from
the Tobago and Bonaire Basins (Core 235, this study; Core VM12-107, Xie et al., 2014; Figures 1 and 3) show
close to local modern AAIW values (~—10.4 to —11) arguing for a continuous supply of AAIW from the
Southern Ocean during times of rapid Northern Hemisphere cold periods. Since the beginning of the
Holocene, AAIW was fed by both CPDW and NADW, and the enhanced contribution of NADW most likely
explains the less radiogenic values during the Holocene (~—11 to —12), consistent with the findings of
Howe et al. (2016). Even so, the complex interplay of a still unidentified origin of the modification of AAIW
to less radiogenic values between the Brazil margin (Howe et al.,, 2016) and the Caribbean (Huang et al.,
2014; Osborne et al.,, 2014) and the variable admixture of more radiogenic Caribbean deep waters (Gu
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etal, 2017; Osborne et al., 2014) means that the Nd isotope records cannot provide unambiguous or quan-
titative information on changes in the mixture of AAIW at its source region or its volume flow.

Nonetheless, based on the data of Howe et al. (2016) from the western S-Atlantic, the éNd data are consistent
with a continuous deglacial supply of AAIW to the tropical W-Atlantic, serving as a persistent means of transport
for variable nutrient and heat signatures introduced in the Southern Ocean. Irrespective of the strength of AAIW
advection from the Southern Ocean, the published LGM and the Holocene Cd,, and &'*C data from Tobago
Basin Core 235 (Poggemann et al., 2017) are still consistent with the overall shift from GNAIW being the major
contributor feeding into the AAIW during the LGM to CPDW and upper NADW being the main source waters
during the Holocene, which is consistent with the circulation changes inferred by Ferrari et al. (2014).

4.2. The Southern Detour: Heat Accumulation in the Southern Ocean Due to AMOC Perturbations
Triggered AAIW Warming in the Tropical W-Atlantic

At present, the surface limb of the AMOC effectively transports oceanic heat into the N-Atlantic, thereby cooling
the Southern Hemisphere (e.g., Crowley, 1992). During deglacial times of rapid Northern Hemisphere cooling,
namely, during HS1 and the YD, major warming events in the Southern Hemisphere occurred, validating the
seesaw pattern in ocean temperatures between the hemispheres (e.g., Broecker, 1998; Calvo et al., 2007;
Kaiser et al.,, 2005; Lamy et al,, 2007; Landais et al., 2015; Stenni et al,, 2011; Stocker, 1998; Toggweiler & Lea,
2010). The observed intervals of heat accumulation in the Southern Hemisphere hence may have been caused
by a weakened or collapsed AMOC (e.g., Denton et al., 2010). Due to the heat-storage capacity of the Southern
Ocean, a ceased AMOC is suggested to result in Southern Ocean warming with a response time of ~1,000 years
(Hansen et al.,, 2016; Stocker & Johnsen, 2003). Accordingly, the observed weakening/collapse of deep water for-
mation in the N-Atlantic (B6hm et al., 2015; McManus et al., 2004) would have led to reduced heat transfer from
the Southern Hemisphere into the N-Atlantic and therefore should have increased SST in the Southern Ocean.

Southern Ocean sea surface warming during AMOC perturbations is considered a prime reason for intermedi-
ate water warming in the tropical W-Atlantic (e.g., Landais et al., 2015; Stenni et al.,, 2011; Stocker, 1998;
Toggweiler & Lea, 2010). Alkenone and foraminiferal Mg/Cag pujioides-based SST data from off S-Australia
(Core MD03-2611, ~36°S; Calvo et al., 2007) and Chatham Rise off New Zealand (Core MD97-2120, ~45°S,
Pahnke et al., 2003) reveal a two-step warming pattern across the deglaciation with distinct warmings of
~3-5 °C during HS1 and ~2-3 °C during the YD, while during the ACR, SSTs remained as high as during
HS1 (Figure 3). In particular near the modern AAIW formation areas off S-Chile (Figure 1), Lamy et al. (2007)
also observed a deglacial two-step warming pattern with amplitude changes in their alkenone-based SST
record (Ocean Drilling Program Site 1233, ~41°S) similar to our tropical W-Atlantic intermediate-depth record
(Figure 3). While the sea surface warming in the Southern Ocean appears rather gradual and continuous with-
out significant intermittent cooling periods, the tropical W-Atlantic IWTyg,ca reflects a deglacial sequence of
rapid centennial-scale and large-amplitude (~3-4 °C to max. ~7 °C) warming (H1 into the early ACR and YD
into the early Holocene) and cooling periods (late HS1 and late ACR). Nonetheless, both the rapidity of warm-
ing and its absolute amplitude were similar at both regions and water depths (Figure 3).

The temporal correspondance of the tropical W-Atlantic IWTyg/ca changes (Figure 3e) to both Southern
Ocean SST patterns (e.g., Pahnke et al., 2003; Kaiser et al., 2005; Stenni, 2006; Calvo et al., 2007; Lamy et al.,
2007; Figure 3f) and AMOC strength changes (e.g., Bhm et al., 2015, and references therein; Figure 3b) points
to a close coupling of the Southern Hemisphere climatic development and AMOC variability and the advec-
tion of the resulting thermal anomaly into the tropical intermediate-depth W-Atlantic via AAIW. There are
indications indeed that the tropical W-Atlantic IWTyg,c. temporally lags the AMOC changes by several hun-
dred years (Figure 3e), most apparent at the early HS1. Stratigraphic uncertainty, however, hampers any
further discussion on temporal-phase relationships between deglacial AMOC perturbations, the response
of the Southern Ocean, and the possible consequences for the transfer of ocean heat via AAIW (see support-
ing information Figure S7; Bohm et al.,, 2015; Elderfield et al., 2010; Martin et al., 2002; North Greenland Ice
Core Project Dating Group, 2006; Poggemann et al., 2017; Stenni et al,, 2006). A lagged IWT response in
the tropical W-Atlantic resulting from the temperature signal detour via the Southern Ocean is nevertheless
plausible but unfortunately not resolvable from the existing sediment records.

In contrast to the eNd record of Core 235, the observed rapid, high-amplitude deglacial changes in IWTpg/ca
are hence not to result from changes in the water masses feeding AAIW but rather from a mainly advective
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transfer of the Southern Ocean thermal anomaly into intermediate depths via AAIW-formation processes
(Figure 3). A major northward dispersal of Southern Ocean signals via intermediate water masses has indeed
been suggested before (e.g., Bostock et al., 2004; Rithlemann et al., 2004; cf. Figure S4; Romahn et al., 2014;
Weldeab et al., 2016). Our eNd records imply a gradually decreasing admixture of radiogenic deep waters
across the deglaciation at a continuous supply of AAIW from the Southern Ocean. In addition, the
intermediate-depth Cd,, data from the same Core 235 Uvigerina spp. samples suggest deglacial changes in
the AAIW nutrient inventory in the Southern Ocean as a result of changes in deep water upwelling and nutri-
ent injection into the tropical W-Atlantic mainly at the end of HS1 and the YD synchronous with major AMOC
reorganizations (Poggemann et al., 2017). We point out that the stability of the ~3-4 °C temperature anomaly
across thousands of miles from the AAIW-formation sites in the Southern Ocean to the tropical W-Atlantic
(Figure 3) may hence be coincidental in view of the mixing processes. Considering the error bars of approxi-
mately £1 °C of either reconstruction, a decrease of the initial temperature anomaly in the Southern Ocean on
its way north is likely.

Today, AAIW that is present in the tropical W-Atlantic at the location of Core 235 is formed off S-Chile in the
SE-Pacific and off S-Argentina in the SW-Atlantic north of the Antarctic Circumpolar Current (Figure 1; e.g.,
Boebel et al., 1999; Bostock et al., 2010; Taft, 1963; Talley, 1996). The comparison of our Core 235 IWTpg/ca
record to an IWTyg,c, record from Falkland Plateau (Roberts et al,, 2016), which is close to the main inflow
of today’s AAIW into the Atlantic basin, however, suggests that AAIW formation sites and pathways may have
changed considerably over time (Figure 3e). The Roberts et al. (2016) water density record derived from their
combined IWTyg,ca and 880 cawater calculations implies that during the LGM the intermediate water mass at
Falkland Plateau was rather analogous to modern Antarctic Surface Water, suggesting that the source loca-
tion of intermediate water was strongly influenced by sea ice and seasonal sea ice meltwater. Modern inter-
mediate water at Falkland Plateau, instead, is strongly influenced by a modified component of upwelled
CPDW. Only during 6-4 ka BP, Roberts et al. (2016) found evidence for AAIW presence at their core location
on Falkland Plateau. As their Core GC528 and our Tobago Basin Core 235 IWTyg,c, records converge at ~6 ka
BP at ~4 °C (showing both resembling IWTy4,c. amplitudes downcore; Figure 3e), we argue that only since
then that both intermediate sites were affected by the same water mass, namely, AAIW. This observation is
compatible with our notion that increased Southern Ocean surface warmth was subducted to intermediate
depths and transported northward via the AAIW as a direct response to both major AMOC perturbations and
the related heat accumulation in the Southern Hemisphere.

The downward heat transfer from the surface Southern Ocean during wintertime convection and subsequent
northward transport of AAIW at times of prominent AMOC slowdowns or even collapses likely caused the
dampening of Southern Hemisphere atmospheric warming. We hypothesize that the absorption of oceanic
heat by AAIW and the subsequent dispersal to the (sub)tropical Atlantic may even have affected Antarctic sea
ice expansion. In particular, the long phase of storage of Southern Ocean heat by AAIW during the early
Holocene (~11-7 ka BP) and its subsequent cooling (Figure 3) may have reduced the intensity of early
Holocene warming in the Southern Hemisphere. We consequently argue that the observed Southern
Hemisphere warming trends during HS1 and the YD would have been even more pronounced if Southern
Ocean heat removal via AAIW had been absent.

5. Conclusions

Our high-resolution benthic foraminiferal Mg/Ca-based IWT reconstructions from the tropical W-Atlantic indi-
cate pronounced warming of AAIW in the S-Caribbean area during the last deglaciation in close relationship
to Northern Hemisphere abrupt climate-cooling events, consistent with the findings of Stocker and Johnsen
(2003). Combined with eNd reconstructions, upwelling, and SST reconstructions from the Southern Ocean
(e.g., Anderson et al., 2009; Calvo et al., 2007; Kaiser et al., 2005; Lamy et al., 2007; Pahnke et al., 2003) and
AMOC strength reconstructions from the N-Atlantic (Bohm et al., 2015; McManus et al., 2004), our data imply
a pronounced deglacial heat deprivation from the surface Southern Ocean via AAIW formation and the sub-
sequent transfer to intermediate depths. During the deglacial rapid Northern Hemisphere cooling periods
HS1 and the YD, when AMOC considerably weakened or even collapsed, oceanic heat accumulated at the
surface Southern Ocean, was subsequently subducted, was finally taken up by AAIW, and transferred to
the tropical W-Atlantic at intermediate depths. We hypothesize that the rapid deglacial northern climate
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perturbations directly controlled the AAIW heat budget in the tropical W-Atlantic after a detour via the
Southern Ocean. As a result, the deglacial AAIW heat uptake may have dampened Southern Ocean
warming and may therefore have been a crucial player in the climate seesaw mechanisms between the
two hemispheres.
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