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Resumo 

Pinho, T. M. L., Mudanças paleoceanográficas em larga escala na superfície do 

Atlântico Sul durante os Heinrich Stadials para os últimos 70 kyr. Dissertação 

(Mestrado) – São Paulo, Instituto de Geociências, Universidade de São Paulo, 2021. 98 pp 

Reconstruções paleoceanográficas em regiões-chave do Atlântico Sul são importantes 

para entender seu papel na variabilidade climática global. No entanto, os dados 

disponíveis carecem de registros contínuos que abrangem todos os eventos de mudanças 

climáticas abruptas em escala milenar do último período glacial. Apresentamos aqui um 

conjunto de registros composto por dados micropaleontológicos e isotópicos obtidos em 

foraminíferos planctônicos de um testemunho sedimentar marinho coletado na porção 

oeste do Atlântico Sul tropical no limite norte do Giro Subtropical do Atlântico Sul 

(GSAS) cobrindo os últimos 70 kyr. Nós comparamos a abundância de Globorotalia 

truncatulinodes do nosso testemunho sedimentar com um registro publicado 

anteriormente da mesma espécie oriundo do limite sul do GSAS para reconstituir as 

flutuações meridionais do GSAS. Nossos resultados indicam deslocamentos para o sul 

do GSAS durante os Heinrich Stadials (HS) 6-4 e HS1, e uma contração do GSAS 

durante os HS3 e HS2. Durante os HS6-4 e HS1, os deslocamentos do GSAS para o sul 

provavelmente aumentaram a transferência de calor para o Oceano Austral, fortalecendo 

a ressurgência de águas profundas e a liberação de CO2 para a atmosfera. Isso é de 

importância primordial, uma vez que o deslocamento em curso do GSAS em direção ao 

polo pode aumentar ainda mais a liberação de CO2 oceânico. Neste trabalho propomos 

um novo indicador para o deslocamento meridional do GSAS em escala milenar 

baseado na abundância relativa de G. truncatulinoides. Além da abundância de G. 

truncatulinoides, também analisamos a composição dos isótopos estáveis de carbono 

(δ13C) dessa espécie. Nosso registro de δ13C da termoclina, juntamente com dados 
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simlares do SE-Atlântico Sul, mostram excursões negativas durante a maioria dos HS. 

Além disso, nosso registro de δ13C da termoclina exibe maiores excursões negativas de 

δ13C em comparação com as excursões do registro do SE-Atlântico Sul. Nós sugerimos 

que as causas de tais excursões são o fortalecimento da ressurgência e ocorrência de 

uma bomba biológica ineficiente no Oceano Austral. Além disso, o sinal de δ13C que 

deixou o Oceano Austral ainda sofreu diminuição pelo efeito do envelhecimento da 

massa d’água que aumentou o conteúdo de carbono respirado ao longo de seu transporte 

em direção às baixas latitudes do Atlântico Sul. Interessantemente, um registro de δ13C 

da termoclina no Sudoeste do Atlântico Sul não mostra grandes mudanças de δ13C 

durante os HS. Atribuímos essa diferença às distintas fontes de águas para a termoclina 

no Sudoeste Atlântico Sul, por um lado, e para a termoclina no Sudeste e Noroeste do 

Atlântico Sul, por outro. As águas da termoclina no Sudoeste do Atlântico Sul são 

provenientes daÁgua Modal Subtropical formada na Confluência Brasil-Malvinas, que 

sofre mistura com a Água Intermediária Antártica, diluindo o sinal de baixo δ13C do 

Oceano Austral que, de outra forma, é reconhecido no Sudeste e Noroeste do Atlântico 

Sul. 

Palavras-chave: paleoceanografia, foraminíferos planctônicos da termoclina, 

isótopos estáveis de carbono, Atlântico Sul, Heinrich Stadials 

 

 

 

 

 

 



iv 
 

List of figures 

Figure 1.1. Mean annual sea surface temperature (color shading) (Locarnini et al., 2018), 

schematic surface ocean circulation (black arrows) (Stramma and England, 1999) and 

atmospheric features (white arrows) of interest over the South Atlantic. Antarctic Circumpolar 

Current (ACC), Brazil Current (BC), Brazil–Malvinas Confluence (BMC), Intertropical 

Convergence Zone (ITCZ), Malvinas Current (MC), North Brazil Current (NBC), South 

Atlantic Current (SAC), Southern South Equatorial Current (SSEC), Subtropical Front (STF). 

The yellow stars depict the marine sediment cores investigated in this dissertation. ................. 17 

Figure 2.1. Location of marine sediment core M125-95-3 (yellow star) and other marine 

records discussed herein (open black dots). (a) Map of the modern relative abundance of 

planktonic foraminifera species Globorotalia truncatulinoides in the Atlantic Ocean23. Black 

dots represent the location of the surface sediment samples. The thin rectangle indicates the 

location of the temperature meridional profile depicted in panel “b”. (b) Mean annual 

temperature meridional profile for the upper 600 m of the water column of the Atlantic Ocean25. 

Vertical dotted lines delimit the South Atlantic Subtropical Gyre (SASG). See panel “a” for the 

location of the meridional profile. (c) Meridional profile of the modern relative abundance of G. 

truncatulinoides in the Atlantic Ocean23. The yellow star depicts the location of core M125-95-3 

(this study) and the open black dot depicts the location of core MD07-3076Q24. (d) Mean annual 

sea surface temperature (color shading)25, schematic surface ocean circulation (black arrows)26 

and atmospheric features (white arrows) of interest over the South Atlantic. Antarctic 

Circumpolar Current (ACC), Brazil Current (BC), Brazil–Malvinas Confluence (BMC), 

Intertropical Convergence Zone (ITCZ), Malvinas Current (MC), North Brazil Current (NBC), 

South Atlantic Current (SAC), Southern South Equatorial Current (SSEC), Subtropical Front 

(STF). The location of the following cores are depicted: M35003-427, GeoB3910-228, M125-95-

3 (this study), MD02-259415, TN057-2114, MD07-3076Q24. This figure was produced using the 

Ocean Data View software29 (ODV – version 5.2.1.,  https://odv.awi.de, 2020) and the 

CorelDRAW Graphics Suite software (CorelDRAW – version X6, https://www.coreldraw.com, 

2012). .......................................................................................................................................... 29 

Figure 2.2. Comparison of relative abundance record of Globorotalia truncatulinoides from 

marine sediment core M125-95-3 with previously published records from the Atlantic Ocean. 

(a) 231Pa/230Th from the Bermuda Rise35–37. (b) Uvigerina spp. stable carbon isotopic 

composition (δ13C) from core M125-95-3 (running average of 3 points)38. (c) Relative 

abundance of G. truncatulinoides from core M125-95-3 (this study). (d) ln(Ti/Ca) from core 

GeoB3910-2 located in the northeastern Brazil28. Yellow stars on top of panel “c” depict 

calibrated radiocarbon ages and black triangles depict tie-points used to produce the age model 



v 
 

of core M125-95-3 (2σ standard error smaller than symbol size)31. Blue vertical bars represent 

millennial-scale Heinrich Stadials (HS) 6-1 and the Younger Dryas (YD). Marine Isotope 

Stages (MIS) are depicted below the upper horizontal axis. Atlantic Meridional Overturning 

Circulation (AMOC), South Atlantic Subtropical Gyre (SASG), Intertropical Convergence Zone 

(ITCZ). ........................................................................................................................................ 33 

Figure 2.3. Relative abundance of Globorotalia truncatulinoides from cores M125-95-3 (this 

study) and MD07-3076Q24 located at the northern and southern limits of the South Atlantic 

Subtropical Gyre (i.e., nSASG and sSASG), respectively together with other proxy records 

discussed herein. (a) Relative abundance of G. truncatulinoides from core M125-95-3 (this 

study). (b) Relative abundance of G. truncatulinoides from core MD07-3076Q (running average 

of 5 points) (note the inverted axis)24. (c) Mg/Ca-based sea surface temperatures in the Agulhas 

Leakage (running average of 3 points)15. (d) Ratio of the percentage of Neogloboquadrina 

pachyderma (sinistral; NPS) to total N. pachyderma (sinistral and dextral) from core TN057-21 

(running average of 7 points)14. (e) Southern Ocean sea-ice presence (SIP) in the Atlantic and 

Indian sectors of the Southern Ocean52,53. (f) Obliquity54. (g) Atmospheric CO2 concentration55. 

Yellow stars on top of panel “b” depict calibrated radiocarbon ages and black triangles depict 

tie-points used to produce the age model of core M125-95-3 (2σ standard error smaller than 

symbol size)31. Blue vertical bars represent millennial-scale Heinrich Stadial (HS) 6 to 1 and the 

Younger Dryas (YD). Marine Isotope Stages (MIS) are depicted below the upper horizontal 

axis. Subtropical front (STF). ...................................................................................................... 38 

Figure 2.4. Schematic representation of the mechanism by which a southward displacement of 

the South Atlantic Subtropical Gyre during a Heinrich Stadial transfer more heat to the Southern 

Ocean, ultimately fostering CO2 release to the atmosphere. This figure was produced using the 

Ocean Data View software29 (ODV – version 5.2.1.,  https://odv.awi.de, 2020) and the 

CorelDRAW Graphics Suite software (CorelDRAW – version X6, https://www.coreldraw.com, 

2012). .......................................................................................................................................... 41 

Figure S5.1. Relationship between the Atlantic Intertropical Convergence Zone and northern 

limit of the South Atlantic Subtropical Gyre (nSASG). (a) Bermuda Rise 231Pa/230Th1–3; (b) δ13C 

Uvigerina spp. from the study site4 (c) Relative abundance of Globorotalia truncatulinoides 

from core M125-95-3; (d) %Neogloboquadrina/(%Neogloboquadrina + %G. glutinata) 

(RN/Gg) ratio as a proxy for the position of the Atlantic ITCZ in the Tobago Basin core 

M35003–45; (e) Relative abundance of Globorotalia truncatulinoides from core M35003-4 

(Tobago Basin)6. Yellow stars on top of panel “c” depict calibrated radiocarbon ages and black 

triangles depict tie-points used to produce the age model of core M125-95-3 (2σ standard error 

smaller than symbol size)7. Blue vertical bars represent millennial-scale Heinrich Stadials (HS) 



vi 
 

6-1 and the Younger Dryas (YD). Marine Isotope Stages (MIS) are depicted below the upper 

horizontal axis. Atlantic Meridional Overturning Circulation (AMOC), Intertropical 

Convergence Zone (ITCZ), North Atlantic Subtropical Gyre (NASG), South Atlantic 

Subtropical Gyre (SASG)............................................................................................................ 49 

 

 

List of abbreviations 

δ13C - Stable carbon isotopic composition  

δ18O - Stable oxygen isotopic composition  

δD - Stable deuterium isotopic composition  

14C - Radiocarbon  

AAIW - Antarctic Intermediate Water  

AC - Agulhas Current (AC) 

ACC - Antarctic Circumpolar Current (ACC) 

AMOC - Atlantic Meridional Overturning Circulation  

AMS - Accelerator Mass Spectrometry  

BC - Brazil Current  

BeC - Benguela Current  

BMC - Brazil-Malvinas Confluence  

CIME - Carbon Isotope Minimum Events  

EDC - EPICA Dome C  

HS - Heinrich Stadials 

ITCZ - Intertropical Convergence Zone  

MC - Malvinas Current  

MIS - Marine Isotope Stages  

NASG - North Atlantic Subtropical Gyre  

NBC - North Brazil Current 



vii 
 

SAC - South Atlantic Current  

SACW - South Atlantic Central Water  

SAMW - Subantarctic Mode Waters  

SASG - South Atlantic Subtropical Gyre  

SAZ - Subantarctic Zone  

SEC - South Equatorial Current  

SIP - Sea-Ice Presence  

sNASG - southern boundary of the North Atlantic Subtropical Gyre 

SO - Southern Ocean  

sSASG - southern boundary of the South Atlantic Subtropical Gyre 

SSEC - southern branch of the South Equatorial Current 

SST – Sea surface temperature  

STC - Subtropical Cells 

STF - Subtropical Fronts  

STMW - Subtropical Mode Waters  

SWAF - South West Africa Campaign 

TPG - Transitional to polar group 

VPDB - Vienna Pee Dee Belemnite  

YD - Younger Dryas 

 

Table of contents 

 

Resumo ............................................................................................................................ ii 

List of figures ................................................................................................................. iv 

List of abbreviations ...................................................................................................... vi 

Chapter 1 ....................................................................................................................... 14 

1.1 Introduction ....................................................................................................... 14 

1.2 Research objectives............................................................................................ 17 



viii 
 

1.3 Dissertation outline ............................................................................................ 18 

1.4 References........................................................................................................... 20 

Chapter 2 ....................................................................................................................... 25 

2. Meridional changes in the South Atlantic Subtropical Gyre during Heinrich 

Stadials ........................................................................................................................... 25 

2.1 Introduction ....................................................................................................... 26 

2.2 Material and methods ....................................................................................... 30 

2.2.1 Modern distribution of Globorotalia truncatulinoides ................................ 30 

2.2.2 Marine sediment core ................................................................................... 31 

2.2.3 Identification of planktonic foraminifera ..................................................... 31 

2.2.4 Age model ..................................................................................................... 32 

2.3 Results ................................................................................................................. 32 

2.4 Discussion ........................................................................................................... 34 

2.4.1  Millennial-scale changes in the northern boundary of the South Atlantic 

Subtropical Gyre ......................................................................................................... 34 

2.4.2  Impacts of changes in the South Atlantic Subtropical Gyre......................... 36 

2.4.2.1  Southward migration of the South Atlantic Subtropical Gyre during 

Heinrich Stadials 6-4 and 1 ........................................................................................ 38 

2.4.2.2  Contraction of the South Atlantic Subtropical Gyre during Heinrich Stadials 

3-2......................... ...................................................................................................... 39 

2.5 Conclusions ........................................................................................................ 42 

2.6 References........................................................................................................... 42 

Chapter 3 ....................................................................................................................... 47 

3. Millennial-scale negative δ13C excursions in the South Atlantic thermocline 

of the last glacial period ............................................................................................... 47 

Chapter 4 ....................................................................................................................... 47 

4. Concluding remarks and future challenges .................................................... 47 

Chapter 5 ....................................................................................................................... 48 

5. Appendix 1 – Supplementary material to chapter 2 ...................................... 48 

5.1 Supplemantary references ................................................................................ 50 

 

 



14 
 

Chapter 1 

1.1 Introduction 

Earth’s is marked by a series of non-cyclic abrupt millennial-scale climate 

changes over the last glacial period. These episodes have been commonly associated to 

slowdown events in the strength of the Atlantic Meridional Overturning Circulation 

(AMOC) (i.e., Heinrich Stadials, (HS)) (Bohm et al., 2015; Henry et al., 2016; Lippold 

et al., 2016; McManus et al., 2004). The AMOC transfer a substantial amount of heat 

and salt to high latitudes in the North Atlantic (i.e., upper branch of the AMOC) 

(McCarthy et al., 2015; Trenberth and Caron, 2001). Once the upper branch of the 

AMOC reach high latitudes in the North Atlantic its heat content is released to the 

atmosphere (Lozier et al., 2019), and then, producing denser waters, which sinks at deep 

water formation sites and flows toward the South Atlantic (McCarthy et al., 2015; 

Rahmstorf, 2002). Therefore, slowdown events in the strength of the AMOC 

decrease/interrupt the heat transport towards the North Atlantic, resulting in intervals of 

heat accumulation in the Southern Hemisphere (Barker et al., 2009; Chiessi et al., 2015; 

Meier et al., 2021). Indeed, striking antiphase patterns between Greenland (cold events) 

and Antarctic (warm events) temperatures provide strong indications to the AMOC-

related mechanism that has been widely validated by modelling results (e.g., Kageyama 

et al., 2013; Liu et al., 2009; Lohmann, 2003) as the main driver to the so-called oceanic 

bipolar seesaw (Crowley, 1992). 

Independent lines of evidence point toward the southward shift of the 

Intertropical Convergence Zone (ITCZ) (Arz et al., 1999; Deplazes et al., 2013; Mulitza 

et al., 2017; Portilho-Ramos et al., 2017; Stríkis et al., 2015), forced by the weakened 

SST gradient, typically found during HS conditions (Chiang and Bitz, 2005). 
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Synergistically, the Southern Hemisphere westerly winds also shift southward together 

with the ITCZ position (Anderson et al., 2009; Toggweiler and Lea, 2010). In response, 

the Southern Hemisphere Hadley Cell circulation and its subtropical jets strength are 

readjusted through atmospheric teleconnections by reducing them, which, in turn, 

allows strengthen Southern Hemisphere westerly winds (Denton et al., 2010). Such 

mechanism has forced changes in the Southern Ocean, for example, by enhancing the 

deep-water upwelling around the Antarctica (Anderson et al., 2009) and decreasing the 

iron fertilization, whereby the Southern Ocean’s biological pump (Anderson et al., 

2014; Martinez-Garcia et al., 2014). Both millennial-scale responses contribute to 

increases atmospheric CO2 concentrations and therefore, are of fundamental importance 

to global climate variability.  

Paleoceanographic studies provide evidences for latitudinal shifts of the 

Subtropical and the Subantarctic Fronts on orbital and millennial timescales (Bard and 

Rickaby, 2009; Barker et al., 2009; Barker and Diz, 2014; Dyez et al., 2014; 

Groeneveld and Chiessi, 2011; Peeters et al., 2004)). Under full glacial conditions (e.g., 

lowest seal level, largest sea ice expansion, and lowest atmospheric CO2 concentration) 

large reductions in the exchange of heat and salt between the Indian and the Atlantic 

Oceans have been indicated, whereas the opposite response occurred during HS (Peeters 

et al., 2004; Chiessi et al., 2008). These contributions are quite valuable in order to 

constraint the past oceanic dynamics associated to the subtropical South Atlantic as well 

as its impact on the North Atlantic, for instance changes in the stability of the AMOC 

given by the enhancement of salt transport from the Indian Ocean (Ballalai et al., 2019). 

In addition, another dominant ocean circulation feature responsible for redistributing 

energy between low and high latitudes are the subtropical gyres (Talley, 2003). In the 

South Atlantic, the South Atlantic Subtropical Gyre (SASG) behaves as a 
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complementary mechanism related to the upper branch of the AMOC with a key role in 

the oceanic energy redistribution during HS (Pinho et al., 2021; Chapter 2). In fact, the 

SASG is characterized as a massive reservoir of heat and salt (Schmitz and McCartney, 

1993). However, the past behavior and impact of the SASG remains unknown. In 

addition, paleoceanographic reconstructions of the subsurface (thermocline) circulation 

in the wide South Atlantic lacked either temporal resolution or spatial coverage to 

investigate abrupt millennial-scale climate changes (e.g., Chiessi et al., 2008; Campos et 

al., 2017; Santos et al., 2017, 2020; Venancio et al., 2018; Nascimento et al., 2021).  

Comprehensive understanding of changes in the AMOC and its climate impacts 

back in time as a modern analogue is crucial since ongoing reductions in the strength of 

the AMOC have been already observed (e.g., Caesar et al., 2021, 2018; Rahmstorf et 

al., 2015; Thornalley et al., 2018) as well as the predicted ones until the end of this 

century regarding the greenhouse gases emission scenario (e.g., Weaver et al., 2012). 

Paleoceanographic records offer a great opportunity to identify long-term changes 

beyond the instrumental period for which increase the confidence level in climate model 

projections. Particularly, paleoceanographic findings support a close relationship 

between variations in the strength of the AMOC and drastic changes in Earth’s climate 

and environments (Bouimetarhan et al., 2018; Campos et al., 2020; Chen et al., 2015; 

Crivellari et al., 2019; Höppner et al., 2018; Howe et al., 2018; Marcott et al., 2014; 

McManus et al., 2004; Venancio et al., 2020; Zular et al., 2019, 2020). 

This Master’s dissertation aims to contribute to fulfill the gap of knowledge on 

the paleoceanographic conditions of the upper South Atlantic during slowdown events 

in the strength of the AMOC over the last ca. 70 kyr. We investigate three marine 

sediment cores at key locations from the South Atlantic (i.e., NW-, SW- and SE-South 
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Atlantic) (Fig. 1), by applying isotopic and micropaleontological proxies from 

planktonic foraminifera species at high-temporal resolution. 

 

Fig. 1.1. Mean annual sea surface temperature (color shading) (Locarnini et al., 2018), 

schematic surface ocean circulation (black arrows) (Stramma and England, 1999) and 

atmospheric features (white arrows) of interest over the South Atlantic. Antarctic Circumpolar 

Current (ACC), Brazil Current (BC), Brazil–Malvinas Confluence (BMC), Intertropical 

Convergence Zone (ITCZ), Malvinas Current (MC), North Brazil Current (NBC), South 

Atlantic Current (SAC), Southern South Equatorial Current (SSEC), Subtropical Front (STF). 

The yellow stars depict the marine sediment cores investigated in this dissertation.  

1.2 Research objectives 

This Master’s dissertation aims to reconstruct paleoceanographic changes of the upper 

South Atlantic from three marine sediment cores collected from the South Atlantic for 

the last glacial and deglacial abrupt millennial-scale climate changes stadials (i.e., HS). 

In order to reach this main aim, the following tasks were performed: 



18 
 

 Reconstruction of the upper water column stratification in the NW-South 

Atlantic related to changes in the northern limit of the South Atlantic 

Subtropical Gyre (nSASG) based on the relative abundance of the planktonic 

foraminifera species Globorotalia truncatulinoides from the core M125-95-3 

(10.94°S, 36.20°W); 

 Reconstruction of the variability in the South Atlantic Central Water (SACW) 

stable carbon isotopic composition (δ13C) signature based on δ13C performed on 

thermocline-dwelling planktonic foraminifera species from three cores M125-

95-3 (10.94°S, 36.20°W; NW-South Atlantic), GeoB2107-3 (27.18ºS, 46.45ºW; 

SW-South Atlantic; H.W. Arz, personal communication) and, MD02-2594 

(34.71ºS, 17.33ºW; SE-South Atlantic; G. Martínez-Méndez, personal 

communication);  

 Reconstruction of water mass contributions and changes in the circulation for the 

SACW based on thermocline-dwelling planktonic foraminifera species δ13C 

records from three cores M125-95-3, GeoB2107-3 (H.W. Arz, personal 

communication) and MD02-2594 (G. Martínez-Méndez, personal 

communication); 

 Comparison of the data produced with records available in the literature. 

1.3 Dissertation outline  

In this Master’s dissertation we present two manuscripts. In the first manuscript 

entitled “Meridional Changes in the South Atlantic Subtropical Gyre during Heinrich 

Stadials”, recently published in Scientific Reports, (Chapter 2) we applied the relative 

abundance of Globorotalia truncatulinoides as a new proxy for the meridional 

displacement of the SASG. The modern distribution of its species along the Atlantic 
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basin shows clearly a relationship with the SASG and NASG.  Accordingly, we applied 

the percentage of G. truncatulinoides to our downcore record M125-95-3, which the 

core site is located in the nSASG. By comparing our record of its species with another 

one already published (Gottschalk et al., 2015) from a marine sediment core placed in 

the sSASG we identify  an antiphase pattern during most of HS, indicating a southward 

migration of the SASG. However, it was not observed such pattern during HS3 and 

HS2, instead, in the sSASG the percentages remained unchanged, which suggest a 

meridional contraction. We propose that this dissimilarity was driven by full glacial 

boundary conditions reached by the period of the occurrence of HS3 and HS2 (i.e., at 

the end of Marine Isotope Stage (MIS) 3 and during most of MIS2). This comparative 

approach allows us to integrate the SASG as a whole regarding latitudinal shifts on 

millennial timescale. Importantly, we addressed the impact of changes in the SASG as a 

pivotal driver to the oceanic CO2 outgassing in the Southern Ocean during millennial-

scale stadials. 

In the second manuscript entitled “Millennial-scale negative δ13C excursions in 

the South Atlantic thermocline of the last glacial period” (Chapter 3) we presented three 

thermocline-dwelling δ13C records at high temporal resolution from a set of marine 

sediment cores placed from the South Atlantic. The cores are located in the NW-South 

Atlantic (M125-95-3; 10.94°S, 36.20°W), SW-South Atlantic (GeoB2107-3; 27.18°S, 

46.45°W; H.W. Arz, personal communication) and SE-South Atlantic (MD02-2594; 

34.71°S, 17.33°W; G. Martínez-Méndez, personal communication). We have taken 

advantage of these core sites to investigate the thermocline circulation widely along the 

South Atlantic by analyzing thermocline-dwelling δ13C records. First, we went over the 

discussion on the potential of our δ13C records as water mass tracer. To achieve this 

goal we addressed and evaluated the multiple effects potentially affecting our δ13C 
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records (e.g., local changes in nutrient content, air–sea gas exchange, carbonate ion 

concentration, symbiont activity, ontogenetic cycle, and further modifications by vital 

effects). All these analysis settle our δ13C records as a reliable water mass tracer, indeed. 

  The δ13C records between SE-South Atlantic and NW-South Atlantic 

thermoclines show an uncoupling long-term trend under full glacial boundary 

conditions during MIS3 / MIS2. We argue that this uncoupling trend could have been 

caused by a northward displacement of the Subtropical front under full glacial boundary 

conditions imposed in this time interval, whereby depleting locally the SE-South 

Atlantic thermocline δ13C signal. Our comparison between SE-South Atlantic and NW-

South Atlantic thermocline δ13C records show negative excursions during most of HS. 

In addition, our NW-South Atlantic thermocline δ13C record displays higher negative 

δ13C excursions in comparison with the SE-South Atlantic. Instead, our SW-South 

Atlantic thermocline δ13C record shows no major and robust δ13C trends during HS. The 

negative excursions are driven by the strengthening of upwelling and an inefficient 

biological pump in the Southern Ocean. On top of that, we hypothesized the signal was 

further depleted by the aging effect, increasing the respired carbon accumulation along 

its transport until South Atlantic low latitudes, vis-à-vis our higher excursions in the 

NW-South Atlantic region. Contrastingly, we argue that the South Atlantic thermocline 

in our core site SW-South Atlantic could have been sourced by the Subtropical Mode 

Water formed at the Brazil-Malvinas Confluence by merging with Antarctic 

Intermediate Water, diluting the Southern Ocean low-δ13C signal. 
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Abstract 

Subtropical ocean gyres play a key role in modulating the global climate 

system redistributing energy between low and high latitudes. A poleward 
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displacement of the subtropical gyres has been observed over the last decades, but 

the lack of long-term monitoring data hinders an in-depth understanding of their 

dynamics. Paleoceanographic records offer the opportunity to identify meridional 

changes in the subtropical gyres and investigate their consequences to the climate 

system. Here we use the abundance of planktonic foraminiferal species 

Globorotalia truncatulinodes from a sediment core collected at the northernmost 

boundary of the South Atlantic Subtropical Gyre (SASG) together with a 

previously published record of the same species from the southernmost boundary 

of the SASG to reconstruct meridional fluctuations of the SASG over last ca. 70 

kyr. Our findings indicate southward displacements of the SASG during Heinrich 

Stadials (HS) 6-4 and HS1, and a contraction of the SASG during HS3 and HS2. 

During HS6-4 and HS1, the SASG southward displacements likely boosted the 

transfer of heat to the Southern Ocean, ultimately strengthening deep-water 

upwelling and CO2 release to the atmosphere. We hypothesize that the ongoing 

SASG poleward displacement may further increase oceanic CO2 release. 

2.1 Introduction 

Subtropical gyres are large systems of anticyclonic upper ocean circulation driven by 

wind stress curl1,2, characterized as enormous reservoirs of heat and salt3. They are 

major pathways of energy redistribution between low and high latitudes with a pivotal 

role on the global climatic system4. As part of the subtropical gyres, western boundaries 

currents (e.g., Brazil Current (BC) and Gulf Stream) transport warm and salty tropical 

waters towards the poles, and eastern boundaries currents (e.g., Benguela and Canary 

Currents) transport cold and fresh waters towards the equator. At their midlatitude 

boundaries, subtropical gyres are limited by the Subtropical Fronts (STF). 
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Observational and model studies suggest a poleward migration of the subtropical gyres 

in the order of 0.1o per decade, driven by a systematic poleward displacement of the 

extratropical atmospheric circulation5. Changes in the geometry, strength and extension 

of the subtropical gyres may disturb the meridional heat transport with drastic 

consequences to marine ecosystems and the global climate system5,6. An increased heat 

content in most subtropical western boundary currents has been registered during the 

last decades (refs.7,8). In the western South Atlantic, warming of the BC has been 

claimed to cause a severe dwindling of commercial fish stocks9. Even total marine 

productivity is projected to decline due to the expansion of the “ocean deserts”, i.e., the 

oligotrophic subtropical gyres10,11. Yet, it is still not clear if modern changes in the 

subtropical gyres are promoted by anthropogenic activities or natural climate variability, 

mostly because of the relatively short instrumental observations. Paleoceanographic 

records offer a great opportunity to identify long-term changes in the subtropical gyres 

under different climatic conditions. This type of information is crucial to validate 

coupled climate models and improve our understanding of the potential anthropogenic 

role on the ongoing poleward shift of the subtropical gyres5. 

Paleoceanographic studies provide evidences for latitudinal shifts of the Subtropical and 

the Subantarctic Fronts on orbital and millennial timescales (refs.12–16). In the Atlantic 

sector of the Southern Ocean, the northward displacement of the Subtropical and the 

Subantarctic Fronts during full glacials hampered the exchange of heat and salt between 

the Atlantic and the Indian oceans through the Agulhas Leakage12,16. In contrast, these 

fronts shifted southwards during millennial-scale climate events, e.g., Heinrich Stadials 

(HS)13,14. Despite the knowledge about the Subtropical and Subantarctic Fronts, the past 

behavior of the South Atlantic Subtropical Gyre (SASG) and its consequences for the 

climate system remain unknown. 
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Globorotalia truncatulinoides is a deep-dwelling planktonic foraminiferal species that 

calcifies its shells within the permanent thermocline17,18,19. This species presents an one-

year reproductive cycle with extensive vertical migration in the water column that is 

highly dependent on the stratification of the upper ocean20,21. Therefore, G. 

truncatulinoides increases (decreases) in abundance when the thermocline is deeper 

(shallower)19,21. The coiling direction of G. truncatulinoides has been commonly used to 

reconstruct the upper water column stratification21,22, although surface sediments from 

the Atlantic Ocean reveal that the distribution of both sinistral and dextral morphotypes 

of G. truncatulinoides are closely related to the subtropical gyres23, showing high 

abundance inside the gyres, where the thermocline is deeper, and being virtually absent 

to the north and south of the gyres, where the thermocline is shallower (Fig. 2.1a-c). 

Thus, the abundance of G. truncatulinoides in adequately located marine sediment cores 

is an excellent proxy to track meridional changes in the subtropical gyres. 

Here we compare the relative abundance of G. truncatulinoides from two sediment 

cores located on opposite sides of the modern SASG (Fig. 2.1), which are key locations 

to track past meridional displacements of the SASG5. We provide a new record of G. 

truncatulinoides abundance from core M125-95-3 (10.94°S, 36.20°W, 1897m water 

depth) raised from the continental slope of the western tropical South Atlantic at the 

northern boundary of the SASG (nSASG) that covers the last ca. 70 kyr (Fig. 2.1a, d). 

We compare this record with the previously published abundance of G. truncatulinoides 

from core MD07-3076Q (44.92ºS, 14.13ºW, 3770m water depth)24, collected at the 

southern boundary of the SASG (sSASG) (Fig. 2.1a, d). High temporal-resolution data 

from both cores (ca. 518 and 223 yr, respectively, between adjacent samples) allow 

investigating millennial-scale changes in the SASG. The position of both cores has been 

strategically selected so that a meridional displacement of the SASG should cause 
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antiphase excursions in G. truncatulinoides abundance in both cores. On the other hand, 

a contraction (expansion) of the SASG would cause a decrease (increase) in the 

abundance of G. truncatulinoides in both cores or a decrease (increase) in the 

abundance in one of the cores and no change in the other. 

 

Figure 2.1. Location of marine sediment core M125-95-3 (yellow star) and other marine records 

discussed herein (open black dots). (a) Map of the modern relative abundance of planktonic 

foraminifera species Globorotalia truncatulinoides in the Atlantic Ocean23. Black dots represent 

the location of the surface sediment samples. The thin rectangle indicates the location of the 

temperature meridional profile depicted in panel “b”. (b) Mean annual temperature meridional 

profile for the upper 600 m of the water column of the Atlantic Ocean25. Vertical dotted lines 

delimit the South Atlantic Subtropical Gyre (SASG). See panel “a” for the location of the 

meridional profile. (c) Meridional profile of the modern relative abundance of G. 

truncatulinoides in the Atlantic Ocean23. The yellow star depicts the location of core M125-95-3 

(this study) and the open black dot depicts the location of core MD07-3076Q24. (d) Mean annual 

sea surface temperature (color shading)25, schematic surface ocean circulation (black arrows)26 

and atmospheric features (white arrows) of interest over the South Atlantic. Antarctic 
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Circumpolar Current (ACC), Brazil Current (BC), Brazil–Malvinas Confluence (BMC), 

Intertropical Convergence Zone (ITCZ), Malvinas Current (MC), North Brazil Current (NBC), 

South Atlantic Current (SAC), Southern South Equatorial Current (SSEC), Subtropical Front 

(STF). The location of the following cores are depicted: M35003-427, GeoB3910-228, M125-95-

3 (this study), MD02-259415, TN057-2114, MD07-3076Q24. This figure was produced using the 

Ocean Data View software29 (ODV – version 5.2.1.,  https://odv.awi.de, 2020) and the 

CorelDRAW Graphics Suite software (CorelDRAW – version X6, https://www.coreldraw.com, 

2012). 

 

2.2 Material and methods  

Piston core M125-95-3 was collected from the continental slope of the western tropical 

South Atlantic during RV Meteor cruise M125 (Fig. 2.1a, d)30. We focus on the 

uppermost 7.4 m of the core which spans the last ca. 70 kyr covering all HS of the last 

glacial and deglacial periods (the age model was previously published in ref.31). The age 

model is based on nine calibrated planktonic foraminifera accelerator mass spectrometry 

radiocarbon ages. For the portion of the core beyond the radiocarbon range, Uvigerina 

spp. stable oxygen isotopic (δ18O) tie-points were tuned to a benthic δ18O reference 

curve from ref.32. The age modeling algorithm BACON v. 2.233 was used within the 

software PaleoDataView v. 0.8.3.434 to produce the age model. The relative abundance 

of planktonic foraminifera G. truncatulinoides were counted in the >150 μm size 

fraction and its relative abundance was quantified from splits containing more than 300 

specimens. We distinguished the sinistral and dextral morphotypes specimens of G. 

truncatulinoides, however, in the present study we choose to pool them together due to 

the very low abundance of the sinistral morphotype. 

2.2.1 Modern distribution of Globorotalia truncatulinoides  

The modern spatial distribution of planktonic foraminifera Globorotalia 

truncatulinoides in Atlantic Ocean sediments was extracted from Kucera et al. 23. The 

comparison of its spatial distribution with upper water column structure, circulation and 
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physico-chemical properties suggests that G. truncatulinoides track the meridional 

position of the South Atlantic Subtropical Gyre19,21,23. Globorotalia truncatulinoides 

shows high abundance inside the gyre where the thermocline is deep, and is virtually 

absent to the north and south of the gyre where the thermocline is shallow. In Kucera et 

al. 23, foraminifera were picked from the >150 μm size fraction of sample splits 

containing around 300 specimens23, the same method applied here. Further details on 

the ages of modern surface sediments can be found in Kucera et al. 23. Modern 

foraminiferal data used here are available from the World Data Center PANGAEA 

(https://doi.pangaea.de/10.1594/PANGAEA.841194). 

2.2.2 Marine sediment core  

Marine sediment core M125-95-3 (10.94°S, 36.20°W, 1897m water depth, 1040 cm 

long) was collected from the continental slope of the western tropical South Atlantic 

during RV Meteor cruise M12530. Here we examined the upper 740 cm of the core that 

span the last ca. 70 kyr and cover all Heinrich Stadials (HS) of the last glacial and 

deglacial periods. This section was sampled with 10 cm3 syringes. Samples were wet-

sieved, oven-dried at 50°C and the size fraction higher than 125 µm was stored in glass 

vials. Faunal analyses were conducted every 10 cm for the whole investigated section 

but sampling space was decreased in the neighborhood and within every HS. 144 

samples were analyzed. 

2.2.3 Identification of planktonic foraminifera 

The wet-sieved and oven-dried > 125 m fraction was dry-sieved in a 150 μm sieve, 

and the > 150 m fraction was used for the determination of the relative abundances of 

the species that were quantified from splits containing more than 300 specimens. 

Taxonomy was based on Stainforth et al. 68 and Hemleben et al. 69). Here we present the 
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abundance of planktonic foraminifera species Globorotalia truncatulinoides (both 

dextral and sinistral morphotypes). Since sediment core M125-95-3 was collected well 

above the glacial lysocline depth70, we considered the effect of dissolution in our 

planktonic foraminiferal faunal composition to be negligible. The planktonic 

foraminifera G. truncatulinoides record from sediment core MD07-3076Q was 

previously published by Gottschalk et al. 24. 

2.2.4 Age model  

The age model of sediment core M125-95-3 was previously published by Campos et al. 

31. It combines nine calibrated planktonic foraminifera accelerator mass spectrometry 

radiocarbon ages and tunning benthic foraminifera δ18O tie-points to a benthic δ18O 

reference curve from Govin et al. 32. The age modeling algorithm BACON v. 2.233 was 

used within the software PaleoDataView v. 0.8.3.434 for age-depth modeling. 

2.3 Results 

The relative abundance of G. truncatulinoides in core M125-95-3 ranges between 0 and 

5.9 %, with mean value of 1.7 % during the last glacial period and 0.8 % during the 

Holocene (Fig. 2.2c). Millennial-scale negative excursions of up to 5.9 % characterize 

the relative abundance record of G. truncatulinoides and coincide with all HS of the last 

glacial and deglacial periods. 
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Figure 2.2. Comparison of relative abundance record of Globorotalia truncatulinoides from 

marine sediment core M125-95-3 with previously published records from the Atlantic Ocean. 

(a) 231Pa/230Th from the Bermuda Rise35–37. (b) Uvigerina spp. stable carbon isotopic 

composition (δ13C) from core M125-95-3 (running average of 3 points)38. (c) Relative 

abundance of G. truncatulinoides from core M125-95-3 (this study). (d) ln(Ti/Ca) from core 

GeoB3910-2 located in the northeastern Brazil28. Yellow stars on top of panel “c” depict 

calibrated radiocarbon ages and black triangles depict tie-points used to produce the age model 

of core M125-95-3 (2σ standard error smaller than symbol size)31. Blue vertical bars represent 

millennial-scale Heinrich Stadials (HS) 6-1 and the Younger Dryas (YD). Marine Isotope 

Stages (MIS) are depicted below the upper horizontal axis. Atlantic Meridional Overturning 

Circulation (AMOC), South Atlantic Subtropical Gyre (SASG), Intertropical Convergence Zone 

(ITCZ). 
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2.4 Discussion 

2.4.1  Millennial-scale changes in the northern boundary of the South Atlantic 

Subtropical Gyre 

The decreases in the relative abundance of G. truncatulinoides occurred simultaneously 

with increases in precipitation over NE Brazil that were, in turn, associated to 

southward displacements in the Intertropical Convergence Zone (ITCZ) during HS (Fig. 

2.2c-d)28,39. The meridional position of the ITCZ determines the location of the 

equatorial ascending branch of the Hadley Cells. The Hadley Cells from both 

hemispheres have an important role in the interhemispheric atmospheric heat 

transport40. Under a weak Atlantic Meridional Overturning Circulation (AMOC) (e.g., 

during HS) (Fig. 2.2a-b)35–37, the decreased northward oceanic heat transport warmed 

the South Atlantic13,41. This resulted in a southward migration of the equatorial 

ascending branch of the Hadley Cells, partially compensating the decrease in northward 

oceanic heat transport via an increase in the northward atmospheric heat transport42,43. 

Changes in the Hadley Cells directly affect the oceanic Subtropical Cells (STC) by 

changing the trade winds stress on the surface. Indeed, the wind-driven oceanic STC 

can be described as the upper ocean counter-part of the Hadley Cells44. Therefore, 

changes in the meridional position of the equatorial branch of the STC are linked to the 

ITCZ position via the Hadley Cells45. During HS, McGee et al. 43 described a southward 

shift of the ascending branch of the South Atlantic STC that followed the ITCZ43. The 

southward shift of the STC in the South Atlantic should be accompanied by a southward 

displacement of the nSASG during HS. We suggest that southward migrations of the 

nSASG during HS increased the upper water column stratification (i.e., shallower 

thermocline) at our core site (10.94°S, 36.20°W), decreasing the abundance of G. 

truncatulinoides (Figs. 2.2c, 2.3a). An increased stratification in the upper water column 
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of the western tropical South Atlantic during HS has been confirmed by Portilho-Ramos 

et al. 46 and Pedro et al. 47 (Fig. S5.1d), supporting our suggestion. 

In line with our results, in the tropical North Atlantic at the southern boundary of the 

North Atlantic Subtropical Gyre (sNASG), increases in the abundance of G. 

truncatulinoides (Fig. S5.1e)27 during HS suggest southward migrations of the sNASG. 

This is supported by upper water column temperature and salinity data48, as well as 

model experiments49, suggesting a tight coupling between the ascending branches of 

both STC and subtropical gyres in the Atlantic during HS. 

The suggested southward migrations of the nSASG during HS were also accompanied 

by decreases in the strength of the SE trade winds50, that, in turn, are a consequence of 

the decreased meridional sea-surface temperature (SST) gradient in the tropical South 

Atlantic13. The reduced strength of the SE trade winds was thus co-responsible for the 

increases in upper water column stratification in the western tropical South Atlantic. At 

our core site, however, the large amplitude decreases in the abundance of G. 

truncatulinoides (Figs. 2.2c, 2.3a) point to the occurrence of changes in upper water 

column structure. Such changes would be accomplished by the nSASG crossing 

southwards our core site (Fig. 2.1). 

Moreover, our core site is located at the modern bifurcation of the South Equatorial 

Current (SEC) in the upper 100 m of the water column (Fig. 2.1d). Our suggestion of 

southward migrations of the nSASG to be dynamically linked to southward shifts of the 

ITCZ position during HS contrasts to the seasonal mode of changes in the SEC 

bifurcation (i.e., during austral summer, a southward migration of the ITCZ occurs 

simultaneously to a northward migration of the SEC bifurcation)51. Thus, our results 

highlight the need to consider the timescale while investigating the processes 
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responsible for changes in western tropical South Atlantic upper water column 

stratification. 

2.4.2  Impacts of changes in the South Atlantic Subtropical Gyre 

The G. truncatulinoides abundance records from the nSASG (core M125-95-3) and the 

sSASG (core MD07-3076Q) reveal an antiphase pattern during HS6-4 and HS1 (Fig. 

2.3a–b). Notably, in both G. truncatulinoides records sinistral and dextral morphotypes 

were quantified together. While in the nSASG G. truncatulinoides abundance decrease 

during HS6-1 (Fig. 2.3a), in the sSASG G. truncatulinodes abundance increase during 

HS6-4 and HS1 with no clear trend during HS3 and HS2 (Fig. 2.3b)24. The antiphase 

pattern suggests that the whole SASG was displaced southwards during HS6-4 and 

HS1. In contrast, the reduction in G. truncatulinoides in the nSASG together with 

constant values in the sSASG suggest a meridional contraction of the SASG during HS3 

and HS2 (Fig. 2.3a–b). 
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Figure 2.3. Relative abundance of Globorotalia truncatulinoides from cores M125-95-3 (this 

study) and MD07-3076Q24 located at the northern and southern limits of the South Atlantic 

Subtropical Gyre (i.e., nSASG and sSASG), respectively together with other proxy records 

discussed herein. (a) Relative abundance of G. truncatulinoides from core M125-95-3 (this 

study). (b) Relative abundance of G. truncatulinoides from core MD07-3076Q (running average 

of 5 points) (note the inverted axis)24. (c) Mg/Ca-based sea surface temperatures in the Agulhas 

Leakage (running average of 3 points)15. (d) Ratio of the percentage of Neogloboquadrina 

pachyderma (sinistral; NPS) to total N. pachyderma (sinistral and dextral) from core TN057-21 

(running average of 7 points)14. (e) Southern Ocean sea-ice presence (SIP) in the Atlantic and 

Indian sectors of the Southern Ocean52,53. (f) Obliquity54. (g) Atmospheric CO2 concentration55. 

Yellow stars on top of panel “b” depict calibrated radiocarbon ages and black triangles depict 

tie-points used to produce the age model of core M125-95-3 (2σ standard error smaller than 

symbol size)31. Blue vertical bars represent millennial-scale Heinrich Stadial (HS) 6 to 1 and the 

Younger Dryas (YD). Marine Isotope Stages (MIS) are depicted below the upper horizontal 

axis. Subtropical front (STF). 

 

2.4.2.1  Southward migration of the South Atlantic Subtropical Gyre during 

Heinrich Stadials 6-4 and 1 

The Southern Hemisphere westerly winds control the position of the STF in the South 

Atlantic (e.g., ref.56). A southward displacement of the STF during HS has been 

suggested57. The concurrent HS increases in the abundance of G. truncatulinoides in the 

sSASG (Fig. 2.3b) and the decreases in dust flux around Antarctica (a proxy for the 

Southern Hemisphere westerly winds intensity) suggest a link between the southward 

displacements of the sSASG and the Southern Hemisphere westerly winds58. The 

southward (northward) displacement of the STF has commonly been correlated to the 

increased (reduced) water inflow from the Indian to the Atlantic Ocean through the 

Agulhas Leakage59,60. A SST record under the influence of the Agulhas Leakage indeed 

shows systematic millennial-scale increases during HS, indicating southward shifts of 

the STF (Fig. 2.3c)15. Also, a planktonic foraminiferal index for the relative position of 

the STF in the South Atlantic (% Neogloboquadrina pachyderma (sinistral) / N. 

pachyderma total) corroborates the southward migrations of the STF during HS (Fig. 

2.3d)14. The strong correlation between the G. truncatulinoides record from the sSASG, 

Agulhas Leakage SST and the STF index (Fig. 2.3b-d) suggest that the position of the 
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sSASG was closely related to the Southern Hemisphere westerly winds and the STF. 

We suggest that the extratropical atmospheric circulation accompanied the southward 

displacement of the ITCZ and the nSASG during the HS6-4 and HS1, as indicated by 

model experiments43. 

Model simulations of a collapsed AMOC show a positive temperature anomaly (ca. 

4ºC) at ca. 500 m water depth in the SASG and a deepening in the thermocline in the 

sSASG 47, indications of an increase in the heat content of the SASG and a southward 

shift in the sSASG, respectively. Concurrently, in the Antarctic Circumpolar Current the 

increased eddy heat transport together with a southern position of the westerlies, likely 

allowed for more heat to reach high southern latitudes causing a retreat in Antarctic sea 

ice47,61. The southward displacement of the sSASG probably produced a steeper 

meridional SST gradient in the mid-latitudes of the South Atlantic. This steeper gradient 

may have contributed to stronger and southward-shifted westerlies, strengthening 

Southern Ocean deep-water upwelling62. Increased upwelling around Antarctica, in turn, 

fostered CO2 release to the atmosphere63. A weakened dust-driven biological pump in 

the Southern Ocean also contributed to the rise in atmospheric CO2 during HS (e.g., 

ref.64) (Fig. 2.3g). 

 

2.4.2.2  Contraction of the South Atlantic Subtropical Gyre during Heinrich 

Stadials 3-2 

Decreases in G. truncatulinoides abundance at the nSASG and the absence of major 

changes in the abundance of this species at the sSASG (Fig. 2.3a–b) suggest a 

meridional contraction of the SASG during HS3 and HS2. At the end of Marine Isotope 

Stage (MIS) 3 and during most of MIS2, the abundance of G. truncatulinoides at the 

sSASG24 shows nearly constant values between 2-4% (Fig. 2.3b). This is the period 
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(i.e., ca. 30-19 ka) when full glacial boundary conditions (e.g., lowest seal level, largest 

sea ice expansion, and lowest atmospheric CO2 concentration) were reached. This 

period encompasses HS3 and HS2, which were not related to southward shifts of the 

sSASG (Fig. 2.3b). We suggest that the full glacial boundary conditions hindered the 

sSASG to migrate southwards even under HS forcing. Under full glacial boundary 

conditions, the northward migration of the Polar and Subantarctic Fronts together with 

extensive sea-ice around Antarctica probably hampered southward displacements of the 

sSASG. The striking increase in sea-ice in the Atlantic and Indian sectors of the 

Southern Ocean under full glacial boundary conditions corroborates this suggestion 

(Fig. 2.3e)52,53. The long-term expansion of sea-ice equatorwards was fostered by low 

obliquity65 that reached minimum value at ca. 30 ka (Fig. 2.3f)54. Changes in sea-ice 

extent should be accompanied by changes in the oceanic Polar and Subantarctic Fronts 

(e.g., refs.12,16,66,67). Records on millennial-scale temporal resolution of the Agulhas 

Leakage SST, the position of the STF and dust flux to the Southern Ocean (Fig. 2.3c–

d)14,15,58 confirm the presence of full glacial boundary conditions during HS3 and HS2. 

Importantly, full glacial boundary conditions were associated to a significant northward 

displacement of the Southern Hemisphere westerly winds and a marked decrease in 

Southern Ocean deep-water upwelling, that hindered CO2 to be released from the 

Southern Ocean to the atmosphere, as recorded in ice-cores during HS3 and HS2 (Fig. 

2.3e–g)55. 
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Figure 2.4. Schematic representation of the mechanism by which a southward displacement of 

the South Atlantic Subtropical Gyre during a Heinrich Stadial transfer more heat to the Southern 

Ocean, ultimately fostering CO2 release to the atmosphere. This figure was produced using the 

Ocean Data View software29 (ODV – version 5.2.1.,  https://odv.awi.de, 2020) and the 

CorelDRAW Graphics Suite software (CorelDRAW – version X6, https://www.coreldraw.com, 

2012). 

In summary, enhanced poleward heat fluxes occurred during HS6-4 and HS1 and were 

favored by southward shifts of the SASG (Fig. 2.4). Such meridional migrations of the 

SASG may have played a central role on oceanic carbon storage or release during the 

last glacial period on millennial timescales by controlling heat delivery to the Southern 

Ocean (Fig. 2.4). Regarding the ongoing poleward displacement of the SASG5, our 
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results suggest that an increase in heat transport to the Southern Ocean may strengthen 

deep-water upwelling and CO2 release to the atmosphere, constituting a positive 

feedback for global warming. 

2.5 Conclusions 

Here we present the abundance of G. truncatulinoides as a new proxy for the meridional 

displacement of the SASG on millennial timescales. Our G. truncatulinoides abundance 

record, together with previously published records, show that the SASG migrated 

southwards during most HS of the last glacial and deglacial periods (i.e., HS6-4 and 

HS1). These events were probably responsible for the transfer of substantial amounts of 

heat from the SASG to the Southern Ocean, ultimately strengthening deep-water 

upwelling and CO2 release to the atmosphere. On the other hand, the SASG contracted 

during HS3 and HS2, likely resulting in decreased poleward heat transfer, deep-water 

upwelling and CO2 release to the atmosphere. The contraction was forced by full glacial 

boundary conditions, namely equatorwards advance in sea-ice as well as in the position 

of the Polar and Subantarctic Fronts. While several studies previously described the 

release of CO2 to the atmosphere during millennial-scale stadials, our novel mechanism 

suggests that the poleward heat transfer from the SASG to the Southern Ocean had a 

pivotal role in this process. Our results indicate that the ongoing poleward displacement 

of the SASG may drive oceanic CO2 release that will act as a positive feedback to 

global warming. 
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Chapter 3 

3. Millennial-scale negative δ13C excursions in the South Atlantic thermocline 

of the last glacial period 

Chapter 4 

4. Concluding remarks and future challenges 

Our set of marine sediment cores allowed the reconstruction of the upper water 

column conditions at high-resolution during HS for the last 70 kyr. In this dissertation 

we found out a new proxy for the meridional displacement of the SASG at millennial-

scale based on the planktonic foraminifera Globorotalia truncatulinoides. According to 

our findings the large-scale upper column stratification in the South Atlantic was altered 

by a systematic pattern of meridional shifts in the SASG during HS. Such pattern was 

responsible transfer of substantial amounts of heat from the SASG to the Southern 

Ocean, ultimately strengthening deep-water upwelling and CO2 release to the 

atmosphere. Therefore, this indicates that the heat stored in the South Atlantic caused by 

slowdown events in the AMOC (e.g., HS) could have distributed to the Southern Ocean 

by the SASG, therefore, working in favor of the oceanic bipolar seesaw as well as 

acting as a positive feedback loop. Noteworthy, this mechanism may have been worked 

on the same direction in the North Atlantic basin, indicating a striking paleoclimate 

influence of subtropical gyres. However, the magnitude between decreasing in the 

strength of the AMOC and its related response in the southward migration of the SASG 

was unfortunately not feasible to explore in this present dissertation. 

 Our high-resolution thermocline-dwelling δ13C records suggest that the SACW 

is influenced by different water masses. Our indications point toward the presence of 
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Agulhas leakage thermocline waters predominantly in the NW-South Atlantic region. 

Under a reduced strength of the AMOC the thermocline circulation had its residence 

time increased, which possibly increased the amount of respired carbon accumulation in 

agreement to our magnitudes of negative δ13C excursions observed during HS. In 

general, the negative δ13C excursions in the thermocline waters were driven by the 

strengthening of upwelling and an inefficient biological pump in the Southern Ocean. 

Remarkably, this oceanic pathway represents the upper branch of the AMOC 

connecting Indian and Atlantic oceans. Future studies should investigate in depth the 

role of Indian Ocean thermocline waters in the tropical South Atlantic during past 

abrupt millennial-scale climate changes. By contrast, we suggest that the SACW in 

southern Brazilian margin was sourced by central and intermediate water masses mixed 

at the BMC, which is characterized by a lighter type of subtropical mode water. These 

evidences reveal a stratified SACW-shaped by different water layers and geochemical 

proprieties in the southern Brazilian margin during HS. 

Chapter 5 

5. Appendix 1 – Supplementary material to chapter 2 

Figure S5.1:  
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Supplementary Figure Caption 

Figure S5.1. Relationship between the Atlantic Intertropical Convergence Zone and northern 

limit of the South Atlantic Subtropical Gyre (nSASG). (a) Bermuda Rise 231Pa/230Th1–3; (b) δ13C 

Uvigerina spp. from the study site4 (c) Relative abundance of Globorotalia truncatulinoides 

from core M125-95-3; (d) %Neogloboquadrina/(%Neogloboquadrina + %G. glutinata) 

(RN/Gg) ratio as a proxy for the position of the Atlantic ITCZ in the Tobago Basin core 

M35003–45; (e) Relative abundance of Globorotalia truncatulinoides from core M35003-4 

(Tobago Basin)6. Yellow stars on top of panel “c” depict calibrated radiocarbon ages and black 

triangles depict tie-points used to produce the age model of core M125-95-3 (2σ standard error 

smaller than symbol size)7. Blue vertical bars represent millennial-scale Heinrich Stadials (HS) 

6-1 and the Younger Dryas (YD). Marine Isotope Stages (MIS) are depicted below the upper 

horizontal axis. Atlantic Meridional Overturning Circulation (AMOC), Intertropical 

Convergence Zone (ITCZ), North Atlantic Subtropical Gyre (NASG), South Atlantic 

Subtropical Gyre (SASG). 
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