
UNIVERSITY OF SÃO PAULO 

SCHOOL OF ARTS, SCIENCES AND HUMANITIES 

SUSTAINABILITY GRADUATE COLLEGE 

 

 

 

 

 

MARÍLIA DE CARVALHO CAMPOS 

 

 

 

 

 

 

 

Millennial-scale variability in eastern South American climate and western South 

Atlantic circulation during the last 70,000 years 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

São Paulo 

2020



MARÍLIA DE CARVALHO CAMPOS 

 

 

 

 

 

Millennial-scale variability in eastern South American climate and western South 

Atlantic circulation during the last 70,000 years 

 

 

 

 

Corrected Version 

 

 

 

 

Ph.D. Thesis presented to the Sustainability Graduate 

College at the School of Arts, Sciences and 

Humanities, University of São Paulo, Brazil to obtain 

the degree of Doctor of Science. 

 

Concentration area: 

Science and Technology 

 

Supervisor: 

Prof. Dr. Cristiano Mazur Chiessi 

 

 

 

 

 

São Paulo 

2020  



I authorize the reproduction and dissemination of total or partial copies of this document, by 

conventional or electronic media for study or research purpose, since it is referenced. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CATALOGUING IN PUBLICATION 

(University of São Paulo. School of Arts, Sciences and Humanities. Library) 
CRB 8 -4936 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 
 

 
Campos, Marília de Carvalho 

Millennial-scale variability in eastern South American climate and 
western South Atlantic circulation during the last 70,000 years  / Marília 
de Carvalho Campos ; supervisor, Cristiano Mazur Chiessi. –  2020. 

108 p : il. 
 
Thesis (Doctor of Science) - Graduate Program  in 

Sustainability, School of Arts, Sciences and Humanities, University 
of São Paulo. 

Corrected version. 
 

1. Climate change - South America.  2. Quaternary.  3. São 
Francisco river.  4. Ocean circulation - Atlantic ocean.  5. Heirinch 
stadials.  6. Oceanic ventilation.  7. Sea surface salinity.  8. 
Geological oceanography.  9. Paleoceanography.  10. 
Paleoclimatology. 11. Sustainability.  I. Chiessi, Cristiano Mazur, 
sup.  II. Title. 

CDD 22.ed.–  551.61098 



Name: CAMPOS, Marília de Carvalho 

Title: Millennial-scale variability in eastern South American climate and western South 

Atlantic circulation during the last 70,000 years 

 

 

Ph.D. Thesis presented to the Sustainability Graduate 

College at the School of Arts, Sciences and 

Humanities, University of São Paulo, Brazil to obtain 

the degree of Doctor of Science. 

 

Concentration area: 

Science and Technology 

 

 

 

Approved in: 26/05/2020 

 

 

Academic jury 

 

 

Prof. Dr. Cristiano Mazur Chiessi Institution: EACH/USP 

Judgment: Approved Signature: __________________ 

    

Prof. Dr. Ana Luiza S. Albuquerque Institution: IQ/UFF 

Judgment: Approved Signature: _________________ 

    

Prof. Dr. Felipe A. L. Toledo Institution: IO/USP 

Judgment: Approved Signature: __________________ 

    

Dr. Thiago P. Santos Institution: IQ/UFF 

Judgment: Approved Signature: __________________ 

    

Prof. Dr. Francisco W. Cruz Junior Institution: IGc/USP 

Judgment: Approved Signature: __________________ 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

To my dear family and beloved ones.  



Acknowledgments 

Special thanks for my beloved fiancé, Adriano B. Garcia, for always being by my side no matter 

what. I am deeply grateful to him for his longstanding support and understanding for my PhD 

as well as my academic journey. 

To my supervisor, Prof. Dr. Cristiano M. Chiessi, many thanks for the opportunities, support, 

patience and contributions to my academic growth. 

To my supervisors abroad, Dr. Stefan Mulitza and Dr. Henning Kuhnert, for all scientific and 

technical support, as well as the patience. The time I spent at the MARUM – Center for Marine 

Environmental Science (University of Bremen, Germany) was really fruitful not only for my 

scientific trajectory but also because of the friends I made there. 

I thank my laboratory friends and also my personal friends that directly or indirectly contributed 

to this study, specially Stefano Crivellari and Jaqueline Q. Ferreira for helping with some 

figures shown herein. 

To FAPESP (grants 2012/17517-3, 2016/10242-0, 2018/06790-7 and 2018/15123-4), CAPES 

(grants 1976/2014 and 564/2015) and CNPq (grant 422255/2016-5) for the financial support. 

To the captain and crew of R/V Meteor for the logistic and technical assistance. To the School 

of Arts, Sciences and Humanities (University of São Paulo), my home institution, for offering 

the necessary infrastructure for the development of this study.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A scientist in his laboratory is not only a technician: he is also a child placed 

before natural phenomena which impress him like a fairy tale. 

(CURIE, 1937, p. 341)  



Abstract 

CAMPOS, M. C. Millennial-scale variability in eastern South American climate and 

western South Atlantic circulation during the last 70,000 years. 2020. 108 p. Ph.D. Thesis 

- Sustainability Graduate College, School of Arts, Sciences and Humanities, University of São 

Paulo, São Paulo, 2020. Corrected version. 

During the last glacial and deglacial periods, the Earth experienced several abrupt millennial-

scale climate change events, named Heinrich Stadials (HS) and Dansgaard-Oeschger events. 

The HS in particular are commonly attributed to reductions in the strength of the Atlantic 

meridional overturning circulation (AMOC). Given the marked AMOC influence over global 

climate and the possibility of the AMOC to reduce its strength in the future due to ongoing 

climate change, the study of HS became a topic of key importance. Here we investigate the 

effects of last glacial and deglacial HS to eastern (E) South American hydroclimate as well as 

western South Atlantic oceanography. To do so, we studied marine sediment core M125-95-3 

collected from the western tropical South Atlantic mid-depth (10.94°S, 36.20°W, 1897 m water 

depth), near the mouth of the São Francisco River (i.e., off E South America), spanning the last 

ca. 70,000 years. We produced radiocarbon ages from planktonic foraminifera, X-ray 

fluorescence analyses from bulk sediment samples, stable oxygen and carbon isotopic analyses 

from planktonic and benthic foraminifera, and Mg/Ca analyses from planktonic foraminifera. 

We conclude that the last glacial and deglacial HS were marked by positive precipitation 

anomalies over the São Francisco River drainage basin, and that this was the southernmost 

drainage basin from the South American Atlantic seaboard that experienced substantial 

increases in precipitation. We propose a new mechanism for explaining tropical South America 

HS positive precipitation anomalies. This mechanism involves austral summer precipitation 

increases only over E South America while the rest of tropical South America experienced 

precipitation increases during the winter, challenging the widely held assumption of a 

strengthened monsoon during HS. During the same abrupt events, the mid-depth western 

tropical South Atlantic experienced decreases in 13C and increases in sulfur (unprecedentedly 

used as a proxy for abrupt millennial-scale changes in bottom water ventilation) that we 

attributed to an increased Northern Component Water (NCW) residence time and to the 

accumulation of respired carbon at mid-depths. We also suggest that the negative 13C 

excursions progressively increase along the NCW southwards pathway, reaching its maximum 

in the western tropical South Atlantic from where the signal dissipates/dilutes by mixing with 

Southern Component Water. Regarding the upper water column, the western tropical South 

Atlantic surface waters were warmer and saltier during HS. Data from the Agulhas Leakage 



region also recorded similar features, however, with larger positive excursions. We conclude 

that the heat and salt imported from the Indian Ocean during HS were only partially transferred 

to the western tropical South Atlantic. Thus, Indian Ocean salt that eventually reached the high 

latitudes of the North Atlantic helping on the recovering of the AMOC was most probably 

transported mainly within the thermocline. Finally, the data shown herein indicate that past 

events of weak AMOC profoundly affected South American hydroclimate and western South 

Atlantic oceanography. 

 

Keywords: Late Quaternary. São Francisco River. South America. South Atlantic. Heinrich 

Stadials. Atlantic meridional overturning circulation. Precipitation. Oceanic ventilation. Sea 

surface temperature. Sea surface salinity.  



Resumo 

CAMPOS, M. C. Variabilidade milenar no clima do leste da América do Sul e na 

circulação do oeste do Atlântico Sul durante os últimos 70.000 anos. 2020. 108 f. Tese de 

Doutorado – Programa de Pós-graduação em Sustentabilidade, Escola de Artes, Ciências e 

Humanidades, Universidade de São Paulo, São Paulo, 2020. Versão corrigida. 

Durante a última glaciação e a última deglaciação, a Terra passou por vários eventos de 

mudanças climáticas abruptas, chamados Heinrich Stadial (HS) e Dansgaard-Oeschger. Os HS 

são comumente atribuídos a reduções na intensidade da célula de revolvimento meridional do 

Atlântico (CRMA). Dada a marcante influência da CRMA no clima global e a possibilidade da 

redução da sua intensidade no futuro devido às mudanças climáticas em curso, o estudo dos HS 

se tornou um tópico de suma importância. Nesta tese, os efeitos dos HS da última glaciação e 

da última deglaciação no hidroclima do leste (E) da América do Sul bem como na circulação 

do oeste do Atlântico Sul foram investigados. Para tanto, o testemunho sedimentar marinho 

M125-95-3 coletado em profundidades médias do oeste do Atlântico Sul tropical (10,94°S, 

36,20°W, 1897 m de profundidade), perto da desembocadura do Rio São Francisco (i.e., 

margem E da América do Sul), foi estudado para os últimos ca. 70.000 anos. Para esse 

testemunho foram produzidas idades radiocarbônicas a partir de foraminíferos planctônicos, 

análises de fluorescência de raios-X em amostras de sedimento total, análises de isótopos 

estáveis de oxigênio e carbono em foraminíferos planctônicos e bentônicos, e análises de Mg/Ca 

em foraminíferos planctônicos. Concluiu-se que os HS da última glaciação e da última 

deglaciação foram marcados por anomalias positivas de precipitação sobre a bacia de drenagem 

do Rio São Francisco, e que esta foi a bacia de drenagem mais austral da costa sul-americana 

banhada pelo Atlântico que apresentou aumento substancial na precipitação. Um novo 

mecanismo foi proposto para explicar as anomalias positivas de precipitação na América do Sul 

tropical durante os HS. Este mecanismo envolve aumentos na precipitação de verão apenas 

sobre o E da América do Sul, enquanto o resto da América do Sul tropical apresentou aumentos 

de precipitação no inverno, desafiando a hipótese amplamente difundida de fortalecimento da 

monção nos HS. Durante os mesmos eventos abruptos, as profundidades médias do oeste do 

Atlântico Sul tropical apresentaram reduções de 13C e aumentos de enxofre (seu uso como 

indicador de mudanças milenares na ventilação de fundo é inédito), que foram atribuídos a um 

aumento do tempo de residência da massa de água de origem norte (MAON) e a um acúmulo 

de carbono respirado nas profundidades médias. Também foi sugerido que as excursões 

negativas em 13C aumentaram progressivamente ao longo do caminho percorrido pela MAON 



em direção ao sul, atingindo valores máximos no oeste do Atlântico Sul tropical, a partir de 

onde sofreu dissipação/diluição por mistura com a massa de água de origem sul. Com relação 

à porção superior da coluna de água, os dados apresentados aqui indicam que as águas 

superficiais do oeste do Atlântico Sul tropical estiveram mais quentes e salinas durante os HS. 

Dados advindos da região do vazamento das Agulhas também registraram feições similares, no 

entanto, com excursões positivas mais intensas. Concluiu-se que o calor e o sal importados do 

Oceano Índico durante os HS foram apenas parcialmente transferidos para o oeste do Atlântico 

Sul tropical. Assim, sugeriu-se que o sal do Oceano Índico que eventualmente alcançou as altas 

latitudes do Atlântico Norte e ajudou no restabelecimento da CRMA foi transportado, 

principalmente, pelas águas da termoclina. Finalmente, os dados apresentados nesta tese 

indicam que os eventos pretéritos de enfraquecimento da AMOC afetaram profundamente o 

hidroclima da América do Sul e a circulação do oeste do Atlântico Sul. 

 

Palavras-chave: Quaternário tardio. Rio São Francisco. América do Sul. Atlântico Sul. Heinrich 

Stadials. Circulação meridional do Atlântico. Precipitação. Ventilação oceânica. Temperatura 

da superfície do mar. Salinidade da superfície do mar.  
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1 Introduction 

1.1 Scientific background and motivation 

The Earth’s climate system is basically composed by air, water, ice, land, and vegetation (Fig. 

1.1). The interactions among these components through time are described in terms of cause 

(usually named forcing or driver) and effect (usually named response). The forcing drives 

climate change and the response is the resultant climatic change (RUDDIMAN, 2001). 

The external forcings of the climate system are plate tectonics, Earth’s orbit and Sun’s strength 

(left-hand panel, Fig. 1.1). In turn, the internal components change and interact in several ways 

(central panel, Fig. 1.1) producing internal responses (right-hand panel, Fig. 1.1). The internal 

responses are further complicated by the existence of feedbacks, non-linearities and tipping 

points of the climate system (LENTON et al., 2008). The response time can be very fast (e.g., 

atmospheric response) or slow (e.g., oceanic response), ranging from hours to thousands of 

years (RUDDIMAN, 2001). 

 

Figure 1.1 - Earth’s climate system and interactions of its components. 

 
Font: Ruddiman (2001). 

 

The climate system is highly influenced by the incoming energy from the Sun, as well as by its 

redistribution (in the form of heat) around the Earth by the atmosphere and the ocean. Because 

of (i) the angle of incidence of the Sun’s rays and (ii) the albedo of different portions of the 

Earth’s surface, the insolation is higher near the equator and decreases towards the poles. This 

difference drives the direction of heat distribution across the globe, i.e., from low to high 

latitudes. The atmosphere and the ocean promote the heat distribution through several cells. 

However, this distribution is not regular and the amount of energy changes at different latitudes 

and in different seasons (RUDDIMAN, 2001). 
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In the tropics, the Hadley cell comprehends the most important atmospheric cell which ascends 

near the equator and descends at ca. 30° in both hemispheres. The Hadley cell ascendant branch 

is formed by the Intertropical Convergence Zone (ITCZ), defined as the zonal mean band of 

maximum precipitation around the equator. It is formed where the southeast and northeast trade 

winds (i.e., the trade winds of the Southern Hemisphere and Northern Hemisphere, 

respectively) merge in the lower troposphere (GARREAUD et al., 2009). If the climate system 

was symmetric between both hemispheres, the mean annual position of the ITCZ should be 

along the equator. However, it is displaced to the north at around 5°N (Fig. 1.2) (MARSHALL 

et al., 2014). 

 

Figure 1.2 - Mean annual global precipitation. The Intertropical Convergence Zone is seen slightly to 

the north of the equator. Blue lines indicate the meridional location of the maximum precipitation in the 

tropics at each longitude. The zonal mean precipitation is shown on the left-hand panel and is co-plotted 

with the zonal mean of the local maximum (blue lines) and centroid (dashed black lines). 

 
Font: Marshall et al. (2014). 

 

Hemispheric differences in the insolation received at the surface (mainly because of differences 

in albedo) produce an imbalance of 0.2 Petawatt (PW; 1 PW = 1015 W) between both 

hemispheres (i.e., the Northern Hemisphere lacks 0.2 PW in relation to the Southern 

Hemisphere). The oceanic meridional circulation transports 0.4 PW northwards across the 

equator. This extra heat warms the Northern Hemisphere and brings the ITCZ to the North (Fig. 

1.3). By doing so, the atmosphere is sending 0.2 PW back to the Southern Hemisphere and the 

interhemispheric imbalance is compensated (BROCCOLI et al., 2006; MARSHALL et al., 

2014; ZHANG; DELWORTH, 2005). 
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Figure 1.3 - Observed hemispheric asymmetry of temperature in the atmosphere and ocean (in Kelvin, 

K) computed from the National Centers for Environmental Prediction (NCEP) reanalysis and the World 

Ocean Atlas. 

 
Font: Marshall et al. (2014). 

 

The oceanic meridional overturning circulation (MOC) is a large-scale circulation of the global 

ocean which is a combination of currents driven by winds, differences in ocean heat and 

salinity, and tides (Fig. 1.4) (KUHLBRODT et al., 2007). The interactions of these drivers with 

the associated responses of the MOC are nonlinear and tipping points exist (RAHMSTORF, 

2002). 

The Atlantic sector of the MOC, i.e., Atlantic meridional overturning circulation (AMOC), 

transports surface warm and saline waters towards high latitudes of the North Atlantic, where 

they release heat to the atmosphere, reach critical density and sink, returning deep cold waters 

towards the South Atlantic (BRYDEN et al., 2005; RAHMSTORF, 2002). 
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Figure 1.4 - Simplified sketch of the global overturning circulation system. In the Atlantic, warm and 

saline waters flow northward from the Southern Ocean to the Labrador and Nordic Seas. There is no 

deep-water formation in the North Pacific, and its surface waters are relatively fresh. Deep-waters 

formed in the Southern Ocean become denser and thus spread in deeper levels than those from the North 

Atlantic. Wind-driven upwelling occurs along the Antarctic Circumpolar Current (ACC). 

 
Font: Kuhlbrodt et al. (2007). 

 

The AMOC branches extend throughout the Atlantic in both hemispheres, forming a circulation 

system with two main overturning cells. One deep cell, represented by the North Atlantic Deep 

Water (NADW) and one abyssal cell, represented by the Antarctic Bottom Water (AABW) 

(Fig. 1.5) (KUHLBRODT et al., 2007). The AMOC comprehends an extremely important and 

unique player of the Earth’s climate system. 
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Figure 1.5 - Schematic meridional section of the Atlantic Ocean. The arrows indicate the several 

processes related to the Atlantic meridional overturning circulation. The blue-to-yellow filling 

represents zonally averaged density values (low-to-high) derived from observational data. The 

thermocline is the region where the temperature gradient is large, separates the light and warm upper 

waters from the denser and cooler deep waters. The two main upwelling mechanisms, wind-driven and 

mixing-driven, are shown. Deep water formation (DWF) occurs in the high northern and southern 

latitudes, creating North Atlantic Deep Water (NADW) and Antarctic Bottom Water (AABW), 

respectively. The newly formed NADW has to flow over the shallow sill between Greenland, Iceland 

and Scotland, before flowing towards the South Atlantic. 

 
Font: Adapted from Kuhlbrodt et al. (2007). 

 

Linear surface temperature trends for the last century are positive almost everywhere in the 

world, exception made for the NADW formation region, where a cooling occurred. This 

conspicuous cooling was attributed to a slowdown in the AMOC that delivers less heat to the 

region as it weakens (Fig. 1.6) (RAHMSTORF et al., 2015). 

 

Figure 1.6 - Linear trends of annual surface temperature from 1901 to 2013. 

 
Font: Rahmstorf et al. (2015). 
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Just recently (since 2004), the AMOC strength started to be continuously measured by the 

Rapid Climate Change program (RAPID) at 26.5°N in the North Atlantic. The 10-year time 

series shows an overall weakening trend (Fig. 1.7) (SROKOSZ; BRYDEN, 2015). 

 

Figure 1.7 - Ten-year time series of the strength of the Atlantic meridional overturning circulation 

measured at 26.5°N. The grey line represents the 10-day filtered measurements, and the red line is the 

180-day filtered time series. 

 
Font: Srokosz and Bryden (2015). 

 

This is the longest time series of AMOC direct measurements and, thus, indirect measurements 

have been used to deduce how the AMOC behavior was before 2004. DIMA and LOHMANN 

(2010), based on orthogonal functions method (EOF) applied on two global sea surface 

temperature (SST) datasets, looked at SST evolution since 1870 in order to identify dominant 

modes of climate variability. After removing a global warming trend, they identified two 

particular modes, a global mode and an Atlantic mode. The global mode is related to a slow 

(multidecadal) adjustment of the global MOC and shows a SST interhemispheric symmetry. 

Instead, the Atlantic mode is related to a fast (interannual) adjustment of the North Atlantic 

overturning circulation and shows a pronounced SST interhemispheric asymmetry. Both modes 

implicate in the weakening of the AMOC and a combination of them seems to modulate the 

modern AMOC. 

Climate modelling studies predict that the weakening of the AMOC could reach ca. 44% until 

the end of the century, under the more extreme greenhouse gases emission scenario (e.g., 

WEAVER et al., 2012). However, recent studies suggest that the used models have 

systematically overestimated the AMOC stability and largely neglected Greenland ice sheet 
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mass loss (e.g., BAKKER et al., 2016; LIU et al., 2017). This scenario is dramatic since a 

marked weakening of the AMOC poses major threats to global flora, fauna (THOMAS et al., 

2004) and society (PATZ et al., 2005). 

To better constrain present and future climate change, a detailed knowledge about past periods 

(i.e., longer than the instrumental record) during which the rate and/or magnitude of changes 

related to AMOC are, to some extent, comparable to present and future changes is of 

fundamental importance. Indeed, the geological record provides a fantastic opportunity to 

explore the different flavors of the climate system that are otherwise not registered in the 

instrumental record and for which uncertainties in climate models are prohibitive. 

During the last glacial and deglacial period, the Earth experienced several abrupt millennial-

scale climate change events which are commonly attributed to changes in the AMOC strength 

(RAHMSTORF, 2002). These abrupt events are clearly recorded in glacial ice from Greenland 

(ANDERSEN et al., 2004) and are called Dansgaard-Oeschger (D-O) events (Fig. 1.8). 

 

Fig 1.8 – Stable oxygen isotopic composition (18O) of Greenland ice, which serves as a proxy for 

temperature. The Younger Dryas (YD) and Heinrich Stadials (HS) Dansgaard-Oeschger cold events 

in the high latitudes of the Northern Hemisphere are indicated by the blue bars. Marine Isotope Stages 

(MIS) boundaries are depicted in the upper x-axis. 

 
Font: Rasmussen et al. (2014). 

 

They are composed by cold (named stadials) and warm (named interstadials) intervals (at 

Greenland) marked by weaker and stronger AMOC, respectively. However, there is not yet a 

consensus regarding what might cause AMOC changes during these events. During stadials, 

freshwater input into the high latitudes of the North Atlantic is usually invoked as the main 

driver. Since a higher amount of low salinity waters at the NADW formation region should 
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reduce or even interrupt deep-water formation, a slowdown or collapse of the whole AMOC 

would occur (CROWLEY, 1992; MIX et al., 1986). Indeed, layers of ice-rafted debris (IRD) 

identified at North Atlantic sediments coinciding with some stadial intervals support the input 

of freshwater throughout massive iceberg discharges (BOND et al., 1992; HEINRICH, 1988; 

HEMMING, 2004). The stadials related to the IRD layers were named Heinrich Stadials (HS) 

(Fig. 1.8). 

Given the marked AMOC influence over global climate and the possibility of the AMOC to 

reduce its strength in the future due to ongoing climate change, the study of HS became a topic 

of key importance. This thesis shows new data recording the effects of changes in the AMOC 

strength associated with HS of the last glacial and deglacial periods. We investigated marine 

sediment core M125-95-3 collected at the western tropical South Atlantic mid-depth (10.94°S, 

36.20°W, 1897 m water depth, 10.4 m cm core length) (BAHR et al., 2016), near the mouth of 

the São Francisco River, spanning ca. 70 thousand years before present (ka BP). We produced 

(i) radiocarbon (14C) ages from planktonic foraminifera, (ii) X-ray fluorescence (XRF) analyses 

from bulk sediment samples, (iii) stable oxygen and carbon isotopic (18O and 13C) analyses 

from planktonic and benthic foraminifera, and (iv) Mg/Ca analyses from planktonic 

foraminifera. The high temporal resolution of this marine sediment core together with its 

position allowed us to constrain changes in the hydroclimate of eastern (E) South America, as 

well as in bottom and upper water conditions in the western tropical South Atlantic during HS.  

 

1.2 Objectives 

This thesis investigates the effects of last glacial and deglacial abrupt millennial-scale climate 

change events (i.e., HS) to eastern South American climate and western South Atlantic 

circulation. To reach this objective, the following scientific questions were addressed: 

1. How did the São Francisco River drainage basin (i.e., E South America) precipitation respond 

to the HS of the last glacial and deglacial? 

2. How did the western tropical South Atlantic bottom water ventilation respond to the HS of 

the last glacial and deglacial? 

3. How did the mixed-layer of the western tropical South Atlantic respond to the HS of the last 

glacial and deglacial?   



23 

 

2 Environmental setting 

2.1 Modern oceanic and atmospheric circulation 

Our marine sediment core was collected from the bifurcation of the southern branch of the 

South Equatorial Current (SSEC) (Fig. 2.1). The SSEC bifurcation occurs between 8°S and 

13°S originating the Brazil Current (BC) and the North Brazil Current (NBC) (SILVA et al., 

2009). These western boundary currents carry (sub)tropical water masses southward and 

northwestward, respectively. The BC mean flux is ca. 4 Sv, while the NBC is ca. 26 Sv (Fig. 

2.1a, c) (JOHNS et al., 1998; PETERSON; STRAMMA, 1991; RODRIGUES et al., 2007; 

STRAMMA et al., 1990). 

Close to the bifurcation of the SSEC, both currents carry warm, saline and nutrient-depleted 

waters markedly influenced by the Tropical Water (TW) (upper ca. 150 m of the water column) 

(GARCIA et al., 2013; LOCARNINI et al., 2013; ZWENG et al., 2013). 

Between 15-20°S, the BC gains vertical expression with the contribution of South Atlantic 

Central Water (SACW) (from ca. 150 down to 500 m water depth). Around 33-38°S this current 

encounters the Malvinas Current (MC), and both turn southeastwards in a region known as the 

Brazil-Malvinas Confluence that flows offshore as the South Atlantic Current (SAC) and the 

northern branch of the Antarctic Circumpolar Current (ACC), respectively (Fig. 2.1a, c) 

(OLSON et al., 1988; PETERSON; STRAMMA, 1991). 

The NBC enters the Northern Hemisphere accounting for the upper-level northward transport 

of the AMOC. Its transport is dominated by the upper 150 m flow. At the surface, the NBC 

continues up to ca. 6-7°N where it suffers seasonal retroflection into North Equatorial 

Countercurrent and the remaining flux joins the North Equatorial Current. At thermocline 

depth, it is believed that a portion of the NBC flux feeds Equatorial Undercurrent while another 

portion continues up to 3-4°N and feeds the North Equatorial Undercurrent (JOHNS et al., 

1998; PETERSON; STRAMMA, 1991). 

Changes in the upper oceanic properties and circulation patterns are closely linked to changes 

in atmospheric circulation. Positive SST anomalies in the western South Atlantic, likely related 

to the weakening of the AMOC (KNIGHT et al., 2005), have been correlated to the increase in 

precipitation over the tropical South America (CHAVES; NOBRE, 2004; STOUFFER et al., 

2006). Austral summer convective rains are responsible for more than 50% of the total annual 

precipitation over tropical South America to the east of the Andes (CARVALHO et al., 2002; 

2004; FIGUEROA et al., 1995; GARREAUD et al., 2009). 
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Figure 2.1 - Location of marine sediment core M125-95-3 (yellow dot), surface ocean currents in the 

western South Atlantic (black arrows) (PETERSON; STRAMMA, 1991), sea surface temperatures 

(LOCARNINI et al., 2013) and precipitation (XIE; ARKIN, 1997) (Image provided by Physical 

Sciences Division, Earth System Research Laboratory, NOAA, Boulder, Colorado, from their Web site 

at http://www.esrl.noaa.gov/psd/) during austral summer (January-March) (a and b) and austral winter 

(July-September) (c and d). White dashed lines indicate the Intertropical Convergence Zone (ITCZ) and 

South Atlantic Converge Zone (SACZ) which are important phenomena in South American 

hydroclimate, both being related to the South America monsoon system (SAMS). The black area depicts 

the São Francisco River drainage basin. ACC: Antarctic Circumpolar Current; BC: Brazil Current; MC: 

Malvinas Current; NBC: North Brazil Current; SAC: South Atlantic Current; SSEC: Southern branch 

of the South Equatorial Current. 

 
 

The main atmospheric feature responsible for these convective rains is the South America 

monsoon system (SAMS) and its related components, namely the ITCZ, and the South Atlantic 

Convergence Zone (SACZ) (CARVALHO et al., 2004; ZHOU; LAU, 1998). 

The ITCZ can be understood as a global oceanic convective belt located in the equatorial region. 

It is collocated with the ascendant branch of the Hadley cell dividing the southeast and northeast 

trade winds (MARSHALL et al., 2014). The ITCZ mean latitudinal position is ca. 5°N, 

however, it shifts seasonally towards the summer hemisphere (WALISER; GAUTIER, 1993) 

affecting the position of the SSEC bifurcation. During austral spring/summer (autumn/winter), 

the ITCZ is southernmost (northernmost) and the SSEC bifurcation shifts to lower (higher) 

latitudes (RODRIGUES et al., 2007; SILVA et al., 2009). 
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The SACZ can be understood as a northwest–southeast elongated convective belt that typically 

originates in the western Amazon basin in early August and extends southeastwards above the 

northern portion of southeastern South America, frequently reaching the adjacent western South 

Atlantic (CARVALHO et al., 2002; 2004). This zone is marked by strong convection at low-

tropospheric levels that is accompanied by upper-tropospheric divergence (VAN DER WIEL 

et al., 2015). It is noteworthy that not only the Andes topography but also the Amazonian latent 

heat source are fundamental elements to the generation and location of the SACZ (FIGUEROA 

et al., 1995). The SACZ is a crucial source of precipitation to the São Francisco River drainage 

basin, which is a source of continental-borne sediments to herein study site. 

Northern Hemisphere SST anomalies also play an important role in control the strength and 

position of the SAMS, where negative (positive) SST anomalies are responsible for a strong 

(weak) SAMS (JUNQUAS et al., 2012; TALENTO; BARREIRO, 2018). 

 

2.3 São Francisco River drainage basin (eastern South America) 

The São Francisco River drainage basin is the largest drainage basin in the E South America, 

covering ca. 7.5% (638,466 km²) of Brazil (i.e., Alagoas, Bahia, Distrito Federal, Goias, Minas 

Gerais, Pernambuco, and Sergipe) with geographical limits extending from ca. 7°S to 22°S and 

from ca. 48°W to 36°W (Fig. 2.2) (ANA, 2015). 

 

Figure 2.2 - (a) Simplified geological map of the São Francisco River drainage basin (Data: Geological 

Brazilian Survey - CPRM). (b) Digital terrain elevation model of the São Francisco River drainage basin 

obtained through Shuttle Radar Topography Mission (SRTM) from United States Geological Survey 

(USGS). The shadow scale represents the hypsometry. Yellow dot depicts the location of marine 

sediment core M125-95-3. 

 
Font: personal communication, Ferreira (2016). 
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The São Francisco River is born at the Serra da Canastra (Minas Gerais), flows in a south-north 

direction through Bahia and Pernambuco, then turns to the southeast reaching the western South 

Atlantic around 10.5°S on the border between Alagoas and Sergipe (Fig. 2.2). 

The São Francisco River is 2,800 km long and its mean annual flow is ca. 2,980 m3/s1 

(DOMINGUEZ, 1996). The region presents low pluviosity and high evapotranspiration and, 

thus, most of the basin show semiarid climate with prolonged drought season. The mean annual 

precipitation is ca. 1,003 mm (very low compared to the national annual mean, i.e., 1,761 mm) 

concentrated during the austral summer. Both dry and wet extreme events are commonly 

described for the basin. Agriculture is the main economic activity and the drainage basin is used 

to produce power electricity (10,473 megawatt – 12% of the national production) (ANA, 2017).  
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3 General methodological aspects 

3.1 Sampling and preparation of the samples 

For the analyses performed on foraminiferal tests of marine sediment core M125-95-3, i.e., 14C 

ages, 18O and 13C analyses, and Mg/Ca analyses, the following steps were executed: 

• Sampling of marine sediment core M125-95-3 with syringes of 10 cm3; 

• Measurement of the samples weight (humid weight), oven-drying at 50 °C for 24 hours, 

and new weight measurement (dry weight); 

• Addition of sodium tetraborate solution and resting for a few minutes; 

• Wet-sieving with sieves of 63 and 125 m; 

• Oven-drying at 50 °C of the material retained in the sieves for 24 hours; 

• Hand-picking under a binocular microscope of the planktonic and benthic foraminifera 

species. 

For the XRF core scanner analyses performed on marine sediment core M125-95-3, u-channels 

of 105 cm length (2 cm width, 2 cm depth) were sampled. 

For the conventional XRF analyses performed on marine sediment core M125-95-3, the 

following steps were executed: 

• Sampling of marine sediment core M125-95-3 with syringes of 10 cm3; 

• Measurement of the samples weight (humid weight), oven-drying at 50 °C for at least 

24 and maximally 48 hours, and new weight measurement (dry weight); 

• Hand-grinding of the samples with an agate mortar; 

• Compression of the homogenized material in specific capsules. 

 

3.2 Age model 

Radiocarbon dating (14C) is the most used method for establishing chronological models in 

paleoceanography and paleoclimatology studies of the last ca. 40 ka. The age of a fossil sample 

can be identified by the measurement of its 14C content, considering that the initial 14C 

concentration as well as the half-life of the 14C are known. After correction for reservoir effect 

(BARD, 1988) and calibration for past changes in the atmospheric 14C concentration (REIMER 

et al., 2013), the resulting 14C of a marine fossil sample can be used to establish accurate age 

models for sedimentary sequences as well as to identify sedimentation rates. 

Here, the radiocarbon ages were based on the 14C content of planktonic foraminiferal tests. 

Foraminifera are marine unicellular microorganisms (protozoan) which are one of the main 

components of marine carbonates. Since they are an important tool to reconstruct past marine 

environmental changes, their use in paleoceanography and paleoclimatology studies is 
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extensive. The advantages of the use of foraminifera are related to the marked abundance in 

marine sediments, the excellent preservation of their tests in the sedimentary record and their 

known habitat (ROHLING; COOKE, 1999). 

To extend the age model beyond the radiocarbon method limit (i.e., ca. 40 ka), we used benthic 

foraminifera 18O as a stratigraphic tool (section 3.4) (LISIECKI; RAYMO, 2005). 

 

3.3 X-ray fluorescence analyses 

Events of marked precipitation over the continent are frequently related to increased fluvial 

discharge and consequent erosion and transport of terrigenous sediments from their source areas 

(e.g., São Francisco River drainage basin) to their final depositional sites (e.g., western tropical 

South Atlantic). Additionally, changes in sea level also influence the delivery of terrigenous 

sediments to the final depositional sites, i.e., lower (higher) sea level is related to increased 

(decreased) delivery of terrigenous sediments to the continental slope. 

Therefore, the presence of layers enriched in terrigenous elements in marine sediments may 

indicate major events of erosion and transport of terrigenous sediments from the continent to 

the ocean suggesting increased humidity over the continent and/or low sea level (the opposite 

rationale occurs when layers are enriched in biogenic carbonate) (ARZ et al., 1998; CHIESSI 

et al., 2009; VOIGT et al., 2013; ZHANG et al., 2015). Furthermore, terrigenous elements that 

reflect chemical weathering can also be used as a proxy for precipitation changes in tropical 

regions since the more intense is the precipitation the more intense is the chemical weathering 

(CHIESSI et al., 2010; GOVIN et al., 2012; MULITZA et al., 2008). 

Precipitation reconstructions based on marine archives are particularly useful since they are 

able to capture hydroclimate signals that are integrated over whole drainage basins avoiding 

local signals that could bias paleoclimate reconstructions. 

 

3.4 Stable oxygen and carbon isotopic analyses in foraminiferal tests 

Since most foraminiferal species calcify its carbonate test near to equilibrium with the ambient 

seawater, the isotopic ratios of foraminiferal tests record the isotopic ratios of the ambient 

seawater during the carbonate precipitation (ROHLING; COOKE, 1999). Thus, foraminiferal 

tests are used as carriers of the 18O and 13C signals of the water masses where they calcify 

(CHIESSI et al., 2007; ROHLING; COOKE, 1999). 

We worked with three foraminifera species (CLÉROUX et al., 2013; LUTZE, 1986; STEPH et 

al., 2009): (i) Globigerinoides ruber pink, mixed layer planktonic species that calcifies at ca. 

30 m; (ii) Cibicidoides pachyderma, epifaunal species that calcifies on the sediment in the 
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bottom of the water column; and (iii) Uvigerina spp., shallow infaunal species that calcifies at 

the water-sediment interface in the bottom of the water column (CLÉROUX et al., 2013; 

STEPH et al., 2009). 

The 18O of foraminiferal tests reflects the temperature and the 18O of the sea water (18Osw) 

where the tests calcified (the last is directly related to salinity) (DUPLESSY et al., 1988; 

EMILIANI, 1955). While temperature and 18O of foraminifera are negatively correlated, 

18Osw and 18O of foraminifera are positively correlated, so that higher temperatures decrease 

18O of foraminifera, whereas higher salinities increase 18O of foraminifera (ROHLING; 

COOKE, 1999). Planktonic foraminifera 18O was used to constrain past changes in SST and 

sea surface salinity (SSS) (coupled with Mg/Ca analyses, see section 3.5) (DUPLESSY et al., 

1991; EMILIANI, 1955), while benthic foraminifera 18O was used as a stratigraphic tool 

(LISIECKI; RAYMO, 2005) allowing the construction of an age model for marine sediment 

core M125-95-3 (coupled with 14C dating, section 3.2). 

The 13C of foraminiferal tests reflects the 13C of dissolved inorganic carbon (13CDIC) which 

is related to the nutrient content and largely follows water mass structure and circulation 

(HOWE et al., 2016; KROOPNICK, 1985). Benthic foraminifera 13C were used to track past 

changes in bottom waters structure and circulation. 

 

3.5 Mg/Ca analyses in planktonic foraminifera 

Mg/Ca values from tests of foraminifera are a well-established paleotemperature indicator 

(ANAND et al., 2003; CRIVELLARI et al., 2019; LEA et al., 1999; NÜRNBERG et al., 1996), 

particularly useful in the reconstruction of SST through the analyses of foraminifera that dwell 

in the uppermost water column. 

The main advantage of foraminiferal Mg/Ca paleothermometry is that both the temperature 

estimation through Mg/Ca and the analysis of 18O are obtained from tests of the same fossil 

organism (GROENEVELD; CHIESSI, 2011). Thus, since (i) planktonic foraminiferal 18O is 

controlled by SST and 18Osw (a proxy for SSS) and (ii) G. ruber pink (the species used here) 

Mg/Ca has small sensitivity to changes in salinity (i.e., 3.3 +/- 1.7% per salinity unit) 

(HÖNISCH et al., 2013), Mg/Ca values represent a powerful tool to decouple the temperature 

and salinity effect on 18O records, allowing the identification of individual estimates for each 

parameter (GROENEVELD; CHIESSI, 2011). 

Several cleaning steps are required in the preparation of the tests of foraminifera to Mg/Ca 

analyses in order to remove possible contamination, which, if not done, can significantly alter 
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the reconstructed temperature (BARKER et al., 2003). To convert Mg/Ca ratios into SST we 

used the calibration equation for G. ruber pink from REGENBERG et al. (2009) [Mg/Ca = 0.23 

exp (0.111 * SST)].  



31 

 

4 A new mechanism for millennial scale positive precipitation anomalies over 

tropical South America 

Marília C. Camposa*, Cristiano M. Chiessia, Matthias Prangeb, Stefan Mulitzab, Henning 

Kuhnertb, André Paulb, Igor M. Venancioc, Ana Luiza S. Albuquerqued, Francisco W. Cruze, 

André Bahrf 

 

a School of Arts, Sciences and Humanities, University of São Paulo, São Paulo, Brazil 

b MARUM – Center for Marine Environmental Sciences, University of Bremen, Bremen, 

Germany 

c Center for Weather Forecasting and Climate Studies (CPTEC), National Institute for Space 

Research (INPE), Cachoeira Paulista, Brazil 

d Graduate Program in Geochemistry, Fluminense Federal University, Niterói, Brazil 

e Institute of Geosciences, University of São Paulo, São Paulo, Brazil 

f Institute of Earth Sciences, Heidelberg University, Heidelberg, Germany 

* Corresponding author: marilia.carvalho.campos@usp.br 

 

Published in Quaternary Science Reviews (2019) 225, 105990 

(https://doi.org/10.1016/j.quascirev.2019.105990) 

 

4.1 Abstract 

Continental and marine paleoclimate archives from northwestern and northeastern South 

America recorded positive precipitation anomalies during Heinrich Stadials (HS). These 

anomalies have been classically attributed to enhanced austral summer (monsoon) precipitation. 

However, the lack of marine paleoclimate records off eastern South America as well as 

inconsistencies between southeastern South American continental and marine records hamper 

a comprehensive understanding of the mechanism responsible for (sub-) tropical South 

American hydroclimate response to HS. Here we investigate piston core M125-95-3 collected 

off eastern South America (10.94°S) and simulate South American HS conditions with a high-

resolution version of an atmosphere-ocean general circulation model. Further, meridional 

changes in precipitation over (sub-) tropical South America were assessed with a thorough 

compilation of previously available marine paleorecords. Our ln(Ti/Ca) and ln(Fe/K) data show 

increases during HS6-Younger Dryas. It is the first core off eastern South America and the 

southernmost from the Atlantic continental margin of South America that unequivocally 

records HS-related positive precipitation anomalies. Based on our new data, model results and 
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the compilation of available marine records, we propose a new mechanism for the positive 

precipitation anomalies over tropical South America during HS. The new mechanism involves 

austral summer precipitation increases only over eastern South America while the rest of 

tropical South America experienced precipitation increases during the winter, challenging the 

widely held assumption of a strengthened monsoon. South American precipitation changes 

were triggered by dynamic and thermodynamic processes including a stronger moisture supply 

from the equatorial North Atlantic (tropical South Atlantic) in austral winter (summer). 

 

4.2 Introduction 

Reductions in the Atlantic meridional overturning circulation (AMOC) cross-equatorial heat 

transport associated with Heinrich Stadials (HS) affected South American hydroclimate (ARZ 

et al., 1998; KAGEYAMA et al., 2013). The mechanism usually invoked to explain HS 

precipitation anomalies over South America includes an enhanced South American monsoon 

system (SAMS), a southward migration of the Intertropical Convergence Zone (ITCZ) and an 

intensification of the South Atlantic Convergence Zone (SACZ) (KANNER et al., 2012; 

PETERSON et al., 2000; STRÍKIS et al., 2015). 

Continental paleoclimate records from northern (N) South America (e.g., ZULAR et al., 2019) 

show negative precipitation anomalies during HS that are supported by model simulations 

(KAGEYAMA et al., 2013; MOHTADI et al., 2016). Positive precipitation anomalies over 

northwestern (NW) (e.g., BAKER et al., 2001; KANNER et al., 2012), northeastern (NE) (e.g., 

CRUZ et al., 2009; LEDRU et al., 2006), and eastern (E) (e.g., STRÍKIS et al., 2018; WANG 

et al., 2004) South America during HS are equally supported by model results (KAGEYAMA 

et al., 2013; MOHTADI et al., 2016). On the other hand, some continental paleoclimate records 

from southeastern (SE) South America (CRUZ et al., 2007; WANG et al., 2006) suggest 

positive precipitation anomalies during HS, but are not supported by model simulations, which 

suggest no or even negative changes in precipitation (KAGEYAMA et al., 2013; MOHTADI 

et al., 2016). 

Marine paleoclimate records from the Atlantic continental margin of South America agree with 

model simulations and suggest negative precipitation anomalies over N South America (e.g., 

BAHR et al., 2018; DEPLAZES et al., 2013), positive precipitation anomalies over NW (e.g., 

CRIVELLARI et al., 2018; ZHANG et al., 2017) and NE (e.g., ARZ et al., 1998; MULITZA 

et al., 2017) South America and no major changes in precipitation over SE South America (e.g., 

BEHLING et al., 2002; GU et al., 2017) during HS. So far, no marine paleoclimate record 

covering the late Quaternary is available between ca. 7°S and 20°S off E South America. 
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The inconsistency between continental and marine paleoclimate records from SE South 

America together with the lack of marine records off E South America hamper the validation 

of the proposed mechanism behind (sub-) tropical South American hydroclimate response to 

HS. 

Here we reduce the gap of marine paleoclimate records between 7°S and 20°S by investigating 

piston core M125-95-3 collected at 10.94°S (Fig. 4.1a). Our core site is influenced by the 

terrigenous discharge of the São Francisco River and recorded the hydroclimate history of E 

South America for the last ca. 70 ka. To reconstruct changes in precipitation over the São 

Francisco River drainage basin we determined the major elemental intensity along the piston 

core. In order to investigate meridional changes in precipitation over (sub-) tropical South 

America we performed a thorough compilation of available marine paleoclimate records. To 

scrutinize the mechanism responsible for hydroclimate changes, we performed a HS simulation 

with a high-resolution version of the atmosphere-ocean general circulation model CCSM3 

(COLLINS et al., 2006). 

Based on the combination of data from our core, the compilation of marine paleoclimate records 

and the model results we propose a new mechanism responsible for the last glacial HS positive 

precipitation anomalies over tropical South America to the south of the equator. The new 

mechanism involves dynamic and thermodynamic processes and shows an austral winter 

(summer) equatorial North Atlantic (tropical South Atlantic) moisture flux contributing to 

wetter conditions over NW South America (E South America) during HS. 

 

4.3 Regional setting 

During austral summer (winter), the main source of moisture for tropical South America is the 

North Atlantic (South Atlantic) via prevailing NE trade winds (SE trade winds). The austral 

summer NE trade winds moisture transport allows the development of the SAMS, whose 

convective rains are responsible for more than 50% of the total annual precipitation over 

tropical South America to the east of the Andes (ZHOU; LAU, 1998). The onset of the SAMS 

occurs during austral spring (October), reaching its mature phase during the austral summer 

(December-February) with intense convection over the southern Amazon basin, and demising 

during austral fall (April) (MARENGO et al., 2001). 

The ITCZ and the SACZ are important phenomena in South American hydroclimate, both 

related to the SAMS. The ITCZ can be understood as a global convective belt over the oceans 

associated to the ascending branch of the Hadley cell and to the convergence of the NE and SE 

trade winds. In order to compensate the AMOC’s northward cross-equatorial heat transport, the 
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ITCZ mean latitudinal position is around 5°N (MARSHALL et al., 2014). The ITCZ shifts 

seasonally towards the summer hemisphere, following the highest sea surface temperatures 

(SST) (SCHNEIDER et al., 2014). It is believed that the southward migration of the ITCZ can 

induce periods of enhanced SAMS (VUILLE et al., 2012). The SACZ can be understood as a 

NW-SE elongated convective belt that typically originates in the western Amazon basin in early 

August and extends southeastwards above SE South America, frequently reaching the adjacent 

western South Atlantic (CARVALHO et al., 2004). During intense (weak) phases and, thus, 

enhanced (reduced) SAMS, the SACZ is displaced northwards (southwards) promoting a 

decrease in precipitation over SE South America south (north) of ca. 25°S (ROBERTSON; 

MECHOSO, 2000). 

Despite the SAMS/SACZ influence, SE South America shows no marked seasonality, and year-

round precipitation has two distinct sources: while the SAMS is the source for austral 

summer/early autumn precipitation, the extratropical South Atlantic is the precipitation source 

for the winter/early spring (ZHOU; LAU, 1998). 

Northern Hemisphere SST anomalies also play a fundamental role in South American 

hydroclimate by influencing the strength of the SAMS, where negative (positive) SST 

anomalies are related to a strong (weak) SAMS (TALENTO; BARREIRO, 2018). In addition, 

positive SST anomalies in the western South Atlantic have been correlated to increased SACZ 

precipitation (CHAVES; NOBRE, 2004). 

The São Francisco River drainage basin is the source of terrigenous sediments to our core site. 

It is the largest drainage basin in E South America (Fig. 4.1a). Most of the drainage basin shows 

a semi-arid climate but its headlands show humid conditions due to the influence of the SACZ, 

where most of the precipitation occurs during the austral summer. Its annual-mean water 

discharge is around 2980 m3/s (DOMINGUEZ, 1996). Additionally, other five South American 

drainage basins are depicted in Fig. 4.1a and will be discussed herein. They are the Amazon 

(ca. 200000 m3/s; LENTZ (1995)), Parnaíba (ca. 640 m3/s; KNOPPERS et al. (1999)), Doce 

(ca. 624.4 m3/s; OLIVEIRA and DA SILVA QUARESMA (2017)), Itajaí (ca. 230 m3/s; 

SCHETTINI (2002)) and La Plata (ca. 21000 m3/s; BERBERY and BARROS (2002)) River 

drainage basins. 

The marine records compiled herein were collected from the Atlantic continental margin off 

South America. At this portion of the western Atlantic, the upper water column (down to ca. 

500 m water depth) is influenced by the northward flowing North Brazil Current and southward 

flowing Brazil Current, both originating at 10-14°S (PETERSON; STRAMMA, 1991; 

STRAMMA; ENGLAND, 1999). Between ca. 500 and 1200 m water depth, the western 
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Atlantic is dominated by a northward and a southward flowing branch of the Intermediate 

Western Boundary Current originating at ca. 25°S (STRAMMA; ENGLAND, 1999). The Deep 

Western Boundary Current flows southwards between ca. 1200 and 4000 m water depth 

(STRAMMA; ENGLAND, 1999). It is noteworthy that the southwestern South Atlantic 

presents regions of strong bottom current activity (e.g., FAUGÈRES; STOW, 1993) that could 

bias the climatic signal of the SE South American cores compiled here (BEHLING et al., 2002; 

CAMPOS et al., 2019a; GU et al., 2017). However, contouritic deposits in this region 

(DUARTE; VIANA, 2007) are only present at deeper water depths and hence do not affect the 

compiled marine cores. 

 

4.4 Material and methods 

4.4.1 Marine sediment core 

We investigated piston core M125-95-3 (10.94°S, 36.20°W, 1897 m water depth, 10.4 m core 

length) collected from the continental slope off E South America near the São Francisco River 

mouth during RV Meteor cruise M125 (BAHR et al., 2016) (Table 4.1; Fig. 4.1a). Since our 

focus relies on the abrupt millennial scale events (i.e., HS) of the last glacial (i.e., Marine 

Isotope Stages (MIS) 4-2), we analyzed the uppermost ca. 7.4 m of the piston core that covers 

the last ca. 70 ka. 

We further compiled paleoclimate data from other 13 marine sediment cores collected from the 

Atlantic continental margin of South America spanning from 11.62°N to 32.69°S (Table 4.1; 

Fig. 4.1a). 
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Figure 4.1 - (a) Location of piston core M125-95-3 (this study, brown diamond) and previously 

published marine paleoclimate records (circles) discussed herein (see Table 4.1 for more information). 

Green, blue and red rectangles show the selected regions for the computation of spatially averaged 

precipitation anomalies representing different (simplified) South American drainage basins (outlined 

and labeled in black). Panels (b)-(g) show simulated Heinrich Stadial 1 (HS1) minus Last Glacial 

Maximum (LGM) monthly-mean precipitation (red and blue filling) and HS1 minus LGM annual-mean 

precipitation (grey dashed line) with 2 standard error (grey envelope) (mm/day) for the (b) Amazon 

River drainage basin (northwestern (NW) South America), (c) Parnaíba River drainage basin 

(northeastern (NE) South America), (d) São Francisco River drainage basin (eastern (E) South 

America), (e) Doce River drainage basin (southeastern (SE) South America), (f) Itajaí River drainage 

basin (SE South America), and (g) La Plata River drainage basin (SE South America). In the annual-

mean, anomalies of rivers (e)-(g) are not significant at the 0.05 significance level. Model experiments 

were performed with CCSM3 (COLLINS et al., 2006; PRANGE et al., 2015). This figure was partially 

produced with Ocean Data View (SCHLITZER, 2017). 
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Table 4.1. Marine sediment cores from northern (N), northwestern (NW), northeastern (NE), 

eastern (E) and southeastern (SE) South America investigated in this study. 

Core ID Region Latitude Longitude 
Water 

depth (m) 
Reference 

M78/1-235-1 N South America 11.62°N 60.97°W 852 
Bahr et al. (2018) and 

Poggemann (2018) 

MD03-2621 N South America 10.68°N 64.97°W 847 Deplazes et al. (2013) 

GeoB16224-1 NW South America 6.66°N 52.08°W 2510 Zhang et al. (2017) 

CDH86 NE South America 0.33°N 44.20°W 3107 Nace et al. (2014) 

GL1248 NE South America 0.92°S 43.40°W 2264 Venancio et al. (2018) 

GeoB16202-2 NE South America 1.91°S 41.59°W 2248 Mulitza et al. (2017) 

GeoB3104-1 NE South America 3.67°S 37.72°W 767 Arz et al. (1998) 

GeoB3912-1 NE South America 3.67°S 37.72°W 772 Arz et al. (1998) 

GeoB3910-2 NE South America 4.25°S 36.35°W 2362 Jaeschke et al. (2007) 

GeoB3176-1 NE South America 7.01°S 34.44°W 1385 Arz et al. (1999) 

M125-95-3 E South America 10.94°S 36.20°W 1897 this study 

GeoB3229-2 SE South America 19.64°S 38.72°W 780 Behling et al. (2002) 

GeoB2107-3 SE South America 27.18°S 46.45°W 1048 Gu et al. (2017) 

GeoB6212-1 SE South America 32.69°S 50.11°W 1010 Campos et al. (2019) 

 

4.4.2 Age model 

The chronology of piston core M125-95-3 is based on nine planktonic foraminifera accelerator 

mass spectrometry (AMS) radiocarbon ages and three benthic foraminifera oxygen isotopic 

composition (18O) tie-points aligned to a benthic 18O reference curve from GOVIN et al. 

(2014) (Table 4.2; Fig. 4.2). 

For every radiocarbon sample we hand-picked under a binocular microscope ca. 10 mg of fossil 

tests of planktonic foraminifera Globigerinoides ruber from the sediment fraction larger than 

150 m. In the absence of enough G. ruber tests, radiocarbon samples were completed with 

other planktonic foraminifera species. Samples were analyzed at the Beta Analytic Radiocarbon 

Dating Laboratory, USA (Table 4.2). Radiocarbon ages were calibrated with the IntCal13 curve 

(REIMER et al., 2013) with a variable simulated reservoir age from the transient modelling 

experiments in BUTZIN et al. (2017). Reservoir age and 1 uncertainty of the simulated 

radiocarbon was assigned from the nearest gridbox to our core location and corresponding to 
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our measured radiocarbon age range. Three age reversals at 100, 144, and 154 cm were not 

included in the age model and may be due to bioturbation bringing younger material to greater 

depths. Radiocarbon ages cover the uppermost 452 cm (ca. 40 ka before present (BP)) of our 

core. 

 

Table 4.2. Accelerator mass spectrometer radiocarbon ages and tie-points aligned to reference 

curve MD95-2042 (GOVIN et al., 2014) used to construct the age model of piston core M125-

95-3. 

Depth (cm) Lab ID 

Radiocarbon 

age ± 1σ error 

(a BP) 

Calibrated age 

(cal a BP) 

Tie-point age ± 

estimated error 

(a BP) 

6 462829 1940 ± 30 1472  

54 479391 8390 ± 30 8892  

84 490135 12270 ± 30 13638  

100 462830 8310 ± 40 *  

144 490136 10700 ± 30 *  

154 479392 7360 ± 30 *  

200 462831 17820 ± 60 20701  

254 479393 21440 ± 60 24816  

308 490137 25160 ± 90 28443  

340 462832 27620 ± 150 30898  

400 462833 32170 ± 220 35372  

452 479395 35180 ± 230 39087  

498    47000 ± 2141 

582    59300 ± 2049 

738    71100 ± 2137 

* Radiocarbon age reversals that were not included in the age model. 

 

We performed 18O analyses on 142 samples of benthic foraminifera Uvigerina spp. Around 

10 Uvigerina spp. specimens per sample were handpicked under a binocular microscope from 

the sediment fraction larger than 125 m. Analyses were conducted with a gas isotope ratio 

mass spectrometer (Finnigan MAT252) coupled to an automated carbonate preparation device 

(Kiel III) at the MARUM – Center for Marine Environmental Sciences, University of Bremen, 
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Germany. Output data were calibrated against an in-house standard (Solnhofen limestone) that 

is itself calibrated against the NBS19 standard. Results are reported in per mil (parts per 

thousand, i.e., ‰) versus Vienna Pee Dee Belemnite (VPDB). Standard deviation of in-house 

standard replicate measurements was 0.06‰ for the measured period. The three tie-points are 

based on the alignment of M125-95-3 Uvigerina spp. 18O to a reference curve from GOVIN 

et al. (2014) (details regarding the tie-points can be found in supplementary material Table 4.S1 

and Fig. 4.S1). 

The age model was performed with the software PaleoDataView v. 0.8.3.4 (LANGNER; 

MULITZA, 2019) using the age modelling tool BACON v. 2.2 (BLAAUW; CHRISTEN, 

2011). Default parameter settings were used, except for mem.mean (set to 0.4) and 

mean.strength (set to 4). 10,000 realizations and a t-distribution with 9 degrees of freedom 

(t.a=9, t.b=10) were applied. All ages are reported as years (a) BP (present is 1950 AD). 

 

Figure 4.2 - Age model (black dashed line and enveloping curves) and sedimentation rates (grey line) 

for piston core M125-95-3 produced with software PaleoDataView v. 0.8.3.4 (LANGNER; MULITZA, 

2019) using the age modelling tool BACON v. 2.2 (BLAAUW; CHRISTEN, 2011). For the age model, 

the black (orange) squares depict calibrated radiocarbon ages (tie-points), the dashed line depicts median 

ages, and the upper (lower) black line depicts maximum (minimum) ages. Open crossed squares are age 

reversals. 

 
 

 

4.4.3 Major element composition 

X-ray fluorescence (XRF) core scanner data were collected every 5 mm down-core over a 0.6 

cm2 area with down-core slit size of 5 mm using generator settings of 10 kV, a current of 0.065 
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mA and a sampling time of 8 seconds. Analyses were performed at the surface of u-channels 

sampled from the archive half of piston core M125-95-3. We used the XRF Core Scanner III 

(AVAATECH Serial No. 12) at the MARUM – Center for Marine Environmental Sciences, 

University of Bremen, Germany. The surface of the u-channels was covered with a 4 m thin 

SPEXCerti Prep Ultralene1 foil to avoid contamination of the XRF measurement unit and 

desiccation of the sediment. The herein reported data have been acquired by a SGX Sensortech 

Silicon Drift Detector (Model SiriusSD® D65133Be-INF with 133eV X-ray resolution), a 

Topaz-X High- Resolution Digital MCA and an Oxford Instruments 100W Neptune X-Ray 

tube with rhodium (Rh) target material. Raw data were processed by the analysis of X-ray 

spectra by iterative least square software (WIN AXIL) package from Canberra Eurisys. 

Dried and homogenized powder samples analyzed via energy dispersive polarized XRF (EDP-

XRF) has been proven useful to verify XRF core scanner elemental intensities in an efficient 

way (TJALLINGII et al., 2007). Thus, we also analyzed elemental concentrations by EDP-XRF 

on bulk sediment samples from the working half every 20 cm. Around 10 cm3 of sample were 

freeze-dried and homogenized with a hand agate mortar. We replicated 10% of the samples in 

order to check the efficiency of the sample preparation and the equipment reproducibility (sd: 

2.7% Ca; 2.6% Ti; 3.2% Fe; 1.8% K). Analyses were performed at the Fluminense Federal 

University, Brazil. 

In order to capture changes in the input of terrigenous inorganic sediments to our core site (and, 

thus, precipitation over São Francisco River drainage basin) as well as changes in chemical 

weathering over the São Francisco River drainage basin we use ln(Ti/Ca) and ln(Fe/K), 

respectively (GOVIN et al., 2012; MULITZA et al., 2008). The less commonly used ln(Fe/K) 

ratio is based on the different mobility of both elements during chemical weathering. Since 

potassium is much more mobile than iron, high ln(Fe/K) values indicate intense chemical 

weathering. 

 

4.4.4 Climate model experiment 

We analyzed the results from a freshwater hosing experiment (0.2 Sv injected into the northern 

North Atlantic for 400 years resulting in a ~50% weakening of the AMOC from about 12 Sv to 

6 Sv) conducted under full Last Glacial Maximum (LGM) background climatic conditions 

(following the protocol of the Paleoclimate Modelling Intercomparison Project Phase 2, for 

details see EROKHINA et al. (2017)) mimicking HS1 (PRANGE et al., 2015). The atmosphere-

ocean general circulation model CCSM3 (COLLINS et al., 2006) in the high-resolution version 

T85 (1.4° atmosphere transform grid; ocean grid resolution nominal 1°) was used. Therefore, 
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the model resolution used in this study is much higher than in previous LGM hosing studies; 

e.g., in the multi-model study by KAGEYAMA et al. (2013) atmospheric grid resolutions 

ranged from T21 (5.6° transform grid) to T42 (2.8° transform grid). Analysis is based on 

annual-mean and seasonal-mean (extended austral summer, November-March; extended austral 

winter, May-September) climatologies calculated from 50-year averages. Additionally, we 

calculated the monthly-mean precipitation differences (HS1 minus LGM) for the Amazon, 

Parnaíba, São Francisco, Doce, Itajaí and La Plata River drainage basins (simplified catchment 

areas depicted in Fig. 4.1a). 

 

4.5 Results 

4.5.1 Age model 

The uppermost 7.4 m of core M125-95-3 covers the last ca. 70 ka, i.e., since MIS4, with a mean 

sedimentation rate of 11.9 cm/ka (Fig. 4.2). The lowest sedimentation rate (4.7 cm/ka) occurs 

within the early MIS1 (ca. 8.8 ka BP) while the highest value (22.4 cm/ka) was recorded within 

MIS2 (ca. 14.4 ka BP) (Fig. 4.2). 

 

4.5.2 Oxygen isotopic composition of benthic foraminifera 

Uvigerina spp. 18O ranges from 2.63 to 5.02‰ (Fig. 4.3c). The lowest value occurs during the 

late Holocene around 3.4 ka BP (MIS1) while the highest value occurs during the LGM around 

19.3 ka BP (MIS2). The final stage of the glacial inception, i.e., the transition from MIS5a to 

MIS4, is located at the base of our record around 70 ka BP. MIS4 is marked by a gradual 

decrease in 18O values that peaks around 59 ka BP. During MIS3, relative low values around 

47 ka BP are coeval with HS5. MIS2 shows a gradual trend towards higher 18O values. The 

last deglaciation is marked by two major sharp decreases in 18O around 18.4 and 11.5 ka BP, 

synchronous (within age model uncertainties) to HS1 and the Younger Dryas (YD). 

 

4.5.3 Major element composition 

XRF core scanner ln(Ti/Ca) values (expressed as count ratios) vary between -3.88 and 1.46 

(Fig. 4.3b). Positive peaks during MIS4-2 are coeval with HS of the last glacial (i.e., HS6-YD), 

while the lowest values occur during the early Holocene. XRF core scanner ln(Fe/K) values 

range from 1.23 to 2.47 and the highest values occur during MIS1 (around the YD) (Fig. 4.3a). 

ln(Fe/K) values also increase during HS, but increases show lower relative magnitude compared 

to increases in ln(Ti/Ca). EDP-XRF ln(Ti/Ca) values vary between -3.83 and 0.51 (Fig. 4.3b) 
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and EDP-XRF ln(Fe/K) between 1 and 1.36 (Fig. 4.3a). XRF core scanner and EDP-XRF values 

show similar trends. 

 

Figure 4.3 - Isotopic and geochemical records from piston core M125-95-3 for the last ca. 70 ka. (a) X-

ray fluorescence (XRF) core scanner ln(Fe/K) (purple line; the axis was broken from 2.2 to 2.4) and 

energy dispersed polarized (EDP) XRF ln(Fe/K) (grey circles); (b) XRF core scanner ln(Ti/Ca) (brown 

line) and EDP-XRF ln(Ti/Ca) (grey circles); and (c) Uvigerina spp. stable oxygen isotopic composition 

(18O). Black (orange) squares at the bottom of the panel depict calibrated radiocarbon ages (tie-points) 

with 2 standard error. Pink vertical bars represent abrupt millennial scale events Younger Dryas (YD) 

and Heinrich Stadial (HS) 1 to 6. Marine Isotope Stages (MIS) are depicted below the upper axis. 

 
 

4.5.4 Climate model experiment 

Annual-mean HS1 minus LGM precipitation (Fig. 4.4a) shows positive anomalies over most of 

tropical South America except for N South America, which exhibits negative anomalies. SE 

South America shows no major change in precipitation. Seasonal-mean HS1 minus LGM 

precipitation (Fig. 4.4b-c) shows a southward shifted ITCZ and a meridional rainfall anomaly 

dipole over tropical South America, during both austral summer and winter. The dipole pattern 

is restricted to E South America between ca. 0° and 20°S during austral summer, and shifts 

further north, about the equator between ca. 10°N and 10°S, during austral winter. SE South 
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America, in turn, shows no major change in precipitation in either season except for an austral 

summer negative anomaly over its western portion. 

 

Figure 4.4 - Heinrich Stadial (HS) 1 minus Last Glacial Maximum (LGM) precipitation simulated with 

CCSM3. (a) Annual-mean, (b) extended austral summer (i.e., November-March (NDJFM)), and (c) 

extended austral winter (i.e., May-September (MJJAS)) rainfall. 

 
 

Seasonal-mean HS1 minus LGM surface temperature (Fig. 4.5a-b) shows, in general, negative 

(positive) anomalies in the Northern Hemisphere (Southern Hemisphere) during both seasons. 

Seasonal-mean HS1 minus LGM total precipitable water (Fig. 4.5c-d) shows strong negative 

(positive) anomalies over the North Atlantic (South Atlantic) also during both seasons, 

thermodynamically linked to temperature anomalies. In addition, during austral summer (Fig. 

4.5c), there are negative (positive) anomalies in precipitable water over N, NW and SE (NE and 

E) South America. During austral winter (Fig. 4.5d), on the other hand, a widespread positive 

anomaly in precipitable water dominates tropical South America to the south of the equator. 

The HS1 minus LGM low level circulation (i.e., 900 hPa) (Fig. 4.5a-b) shows wind anomalies 

with a northerly component over tropical South America during both seasons. Austral summer 

HS1 minus LGM moisture transport (Fig. 4.5c) shows an anomalous cyclonic pattern over E 

South America resulting in enhanced ocean-continent moisture transport south of ca. 15°S. 

During austral winter (Fig. 4.5d), more moisture from the equatorial Atlantic enters tropical 

South America. Absolute moisture transport for the LGM is shown in the supplementary 

material (Fig. 4.S2). 

Monthly-mean HS1 minus LGM precipitation over the drainage basins depicted in Fig. 4.1a 

indicates that the Amazon (i.e., 0.27 +/- 0.10 mm/day), Parnaíba (i.e., 0.13 +/- 0.10 mm/day) 

and São Francisco (i.e., 0.29 +/- 0.11 mm/day) River drainage basins experience marked 

positive precipitation anomalies, while the Doce (i.e., 0.05 +/- 0.14 mm/day), Itajaí (i.e., -0.11 
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+/- 0.14 mm/day) and La Plata (i.e., 0.01 +/- 0.04 mm/day) River drainage basins show no 

significant differences (Fig. 4.1b-g). We note that the magnitude of the modeled precipitation 

anomalies may depend on the strength of the AMOC perturbation. 

 

Figure 4.5 - Heinrich Stadial (HS) 1 minus Last Glacial Maximum (LGM) seasonal-mean surface 

temperature and total precipitable water along with 900 hPa winds (m/s) and vertically integrated 

moisture transport (kg/(m·s)) simulated with CCSM3. (a) Extended austral summer (i.e., November-

March (NDJFM)) surface temperature and 900 hPa wind; (b) extended austral winter (i.e., May-

September (MJJAS)) surface temperature and 900 hPa wind; (c) extended austral summer (i.e., NDJFM) 

precipitable water and moisture transport; and (d) extended austral winter (i.e., MJJAS) precipitable 

water and moisture transport. Only every 2nd vector in each direction is plotted. 
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4.6 Discussion 

4.6.1 The marine paleoclimate record of changes in precipitation over (sub-) tropical South 

America during HS 

Marine paleoclimate archives consistently recorded tropical precipitation changes during last 

glacial HS over N (BAHR et al., 2018; DEPLAZES et al., 2013), NW (ZHANG et al., 2017) 

and NE (ARZ et al., 1998; 1999; JAESCHKE et al., 2007; MULITZA et al., 2017; NACE et 

al., 2014; VENANCIO et al., 2018) South America (Fig. 4.6a-j). These archives recorded the 

response of fluvial discharge to changes in precipitation over specific drainage basins. During 

HS, they suggest dry conditions over N South America (BAHR et al., 2018; DEPLAZES et al., 

2013) and wet conditions over NW (ZHANG et al., 2017) and NE (ARZ et al., 1998; 1999; 

JAESCHKE et al., 2007; MULITZA et al., 2017; NACE et al., 2014; VENANCIO et al., 2018) 

South America. This pattern agrees with a previously suggested southward migration of the 

ITCZ and tropical rain belt (e.g., BROCCOLI et al., 2006; SCHNEIDER et al., 2014) that is 

corroborated by our simulated HS1 minus LGM annual-mean precipitation pattern (Fig. 4.4a). 

Additionally, our monthly-mean HS1 minus LGM precipitation results (Fig. 4.1b-c) further 

support the positive precipitation anomalies suggested for the Amazon and Parnaíba River 

drainage basin cores (Fig. 4.6c-f). 

On the other hand, marine paleoclimate archives collected to the south of 20°S off SE South 

America (BEHLING et al., 2002; CAMPOS et al., 2019a; GU et al., 2017) (Fig. 4.6l-n) show 

no changes in terrigenous input during last glacial HS, suggesting that precipitation anomalies 

over those drainage basins were not intense enough to produce increased fluvial discharge to 

the SE South American continental margin. Indeed, our annual and monthly mean HS1 minus 

LGM precipitation results show no major anomalies over the drainage basins of the Doce, Itajaí 

and La Plata Rivers (Figs. 4.1e-g; 4.4a). 

 

 

Figure 4.6 - Marine paleoclimate records from the Atlantic continental margin of South America (color 

coded according to Fig. 4.1a). (a) Lightness (L*) from northern (N) South American core MD03-2621 

(DEPLAZES et al., 2013) (brown line represents a 399-point running average); (b) L* from N South 

American core M78/1-235-1 (BAHR et al., 2018; POGGEMANN et al., 2018); (c) ln(Ti/Ca) from core 

GeoB16224-1 that represents northwestern (NW) South American (ZHANG et al., 2017); (d) ln(Ti/Ca) 

from northeastern (NE) South American core CDH86 (NACE et al., 2014); (e) ln(Ti/Ca) from NE South 

American core GL1248 (VENANCIO et al., 2018); (f) ln(Fe/Ca) from NE South American core 

GeoB16202-2 (MULITZA et al., 2017); (g) ln(Ti/Ca) from NE South American core GeoB3104-1 (ARZ 

et al., 1998); (h) ln(Ti/Ca) from NE South American core GeoB3912-1 (ARZ et al., 1998); (i) ln(Ti/Ca) 

from NE South American core GeoB3910-2 (JAESCHKE et al., 2007); (j) ln(Ti/Ca) from NE South 

American core GeoB3176-1 (ARZ et al., 1999); (k) ln(Ti/Ca) from eastern (E) South American core 
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M125-95-3 (this study); (l) ln(Ti/Ca) from southeastern (SE) South American core GeoB3229-2 

(BEHLING et al., 2002); (m) ln(Fe/Ca) from SE South American core GeoB2107-3 (GU et al., 2017); 

and (n) ln(Ti/Ca) from SE South American core GeoB6212-1 (CAMPOS et al., 2019a). Black (orange) 

squares at the bottom of the panel depict calibrated radiocarbon ages (tie-points) with 2 standard error. 

Pink vertical bars represent abrupt millennial scale climate change events Younger Dryas (YD) and 

Heinrich Stadial (HS) 1 to 6. Marine Isotope Stages (MIS) are depicted below the upper axis. 
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Our marine paleoclimate archive (i.e., 10.94°S, off E South America, Fig. 4.6k) fills the gap 

between the presence of HS signals recorded in marine records to the north of 7°S and the 

absence of HS signals recorded by marine records to the south of 20°S. It shows recurrent peaks 

in ln(Ti/Ca) during the last glacial period suggesting systematic increases in the discharge of 

terrigenous sediments by the São Francisco River to the adjacent continental margin during 

HS6-YD. In addition, our model results show positive precipitation anomalies over the São 

Francisco River drainage basin (Figs. 4.1d; 4.4a). 

We suggest that E South America experienced positive precipitation anomalies during all HS 

of the last glacial. Our new archive is the first marine record off E South America and the 

southernmost from the Atlantic continental margin of South America to consistently record 

increased precipitation over E South America during HS. Additionally, our ln(Fe/K) data varies 

coevally with our ln(Ti/Ca) record, supporting our suggestion that the increases in ln(Ti/Ca) 

were indeed associated to increased continental precipitation (Fig. 4.3a). Higher ln(Fe/K) 

values indicate enhanced chemical weathering (GOVIN et al., 2012; MULITZA et al., 2008), 

likely caused by increased precipitation over the São Francisco River drainage basin. 

The meridional impact of HS-induced precipitation anomalies over South America seems to 

decrease from north to south (Fig. 4.6). The N (Fig. 4.6a-b), NW (Fig. 4.6c) and NE (Fig. 4.6d-

j) South American cores recorded HS with signals of large amplitude. Our record (i.e., E South 

American; Fig. 4.6k) still shows marked HS-signals but of lower amplitude. Conversely, the 

SE South American cores (Fig. 4.6l-n) have not responded to HS. A decreasing amplitude in 

HS-related signal is also evident in our model results (Figs. 4.1b-g; 4.4a). Our record also shows 

a long-term trend that seems to be driven by the combination of sea level and orbital changes. 

A similar long-term trend can also be identified in SE South American cores (Fig. 4.6l-n). 

Indeed, GU et al. (2017) related the long-term trend present in their ln(Fe/Ca) record (Fig. 4.6m) 

to changes in sea level and orbital obliquity. The high magnitude of the HS signal captured by 

the N, NW and NE South American archives may have dampened the long-term trend. Since 

our focus here relies on the abrupt millennial scale events of the last glacial, a detailed 

discussion regarding orbital scale signals is out of our scope. 

 

4.6.2 The continental paleoclimate record of changes in precipitation over (sub-) tropical South 

America during HS 

Tropical South American archives consistently recorded last glacial HS induced precipitation 

anomalies related to the southward migration of the ITCZ (e.g., BAKER et al., 2001; KANNER 

et al., 2012; ZULAR et al., 2019). These anomalies are negative over N South America 
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(ZULAR et al., 2019) and positive over NW (BAKER et al., 2001; KANNER et al., 2012) and 

NE (CRUZ et al., 2009; LEDRU et al., 2006) South America. The anomalies recorded by N, 

NW and NE hydroclimate reconstructions are largely supported by previous modeling studies 

(e.g., BROCCOLI et al., 2006; KAGEYAMA et al., 2013) as well as by our model results for 

annual-mean HS1 minus LGM precipitation (Fig. 4.4a). Also, our monthly-mean HS1 minus 

LGM precipitation results (Fig. 4.1b-c) further corroborate the positive precipitation anomalies 

recorded by NW and NE South American records (e.g., BAKER et al., 2001; CRUZ et al., 

2009; KANNER et al., 2012). Hydroclimate records from E South America (e.g., STRÍKIS et 

al., 2018; WANG et al., 2004) also show positive precipitation anomalies during HS of the last 

glacial and are equally supported by previous modeling studies (e.g., BROCCOLI et al., 2006; 

KAGEYAMA et al., 2013) as well as by our modeled HS1 minus LGM precipitation (Figs. 

4.1c; 4.4a). 

The scenario over SE South America is not as clear as the one over N, NW, NE and E South 

America. SE South American records with appropriate resolution to capture HS of the last 

glacial mainly stem from stalagmites (CRUZ et al., 2005; HESSLER et al., 2010; WANG et 

al., 2006). Stalagmite 18O (and local precipitation 18O) are mainly affected by moisture 

source, amount of rainfall and temperature. Based on modern conditions, millennial scale 

negative anomalies in the 18O of stalagmites from SE South America (e.g., Botuverá cave 

(27.22°S) and Santana cave (24.53°S)) were first related to an increase in the intensity of the 

SAMS, which is one of the moisture sources to SE South America (i.e., source effect) (CRUZ 

et al., 2005). 

Later, trace elements (i.e., Mg/Ca and Sr/Ca) from a Botuverá cave stalagmite were used as a 

proxy for the local amount of rainfall (CRUZ et al., 2007). Since the authors identified a positive 

correlation between stalagmite trace element ratios and 18O for the whole record on orbital 

scale, they reassessed previous (CRUZ et al., 2005) interpretations suggesting that periods of 

negative 18O anomalies (lower trace element ratios) in the stalagmites were not only related to 

moisture source (18O-depleted moisture transported from the Amazon basin towards SE South 

America), but also to higher amount of local precipitation in response to a stronger SAMS (i.e., 

a mixture of source and local amount effects). However, despite the stalagmite 18O negative 

anomalies, the positive correlation with trace elements is not clear on millennial scale, hindering 

a conclusive statement about the mechanism (source effect, local amount effect, or both) 

controlling the 18O negative anomalies on SE South American stalagmites during HS. 

Recently, MILLO et al. (2017) analyzed the isotopic composition of fossil dripwater from a 
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Botuverá cave stalagmite and suggested that the 18O of SE South American stalagmites is not 

appropriate for quantitative (local amount effect) interpretations. 

By using a water isotope-enabled general circulation model, LEWIS et al. (2010) simulated 

precipitation 18O for HS-like conditions and classified the caves from SE South America as 

dominated by local amount effect. However, the authors indicated that the transport of 18O-

depleted moisture from the Amazon basin towards SE South America during periods of strong 

SAMS also contributed to the low 18O of local precipitation (moisture source effect). 

Non-speleothem paleoclimate archives from SE South America (BEHLING et al., 2002; 

CAMPOS et al., 2019a; GU et al., 2017) do not record the hydroclimate signal of HS of the last 

glacial, indicating that if local precipitation increased during HS, these anomalies were not 

intense enough to produce increased fluvial discharge to the continental margin (Fig. 4.6l-n). 

The records from BEHLING et al. (2002), CAMPOS et al. (2019a) and GU et al. (2017) are 

supported by previous numerical simulations (KAGEYAMA et al., 2013; MOHTADI et al., 

2016). Also, our annual and monthly mean HS1 minus LGM precipitation results (Figs. 4.1e-

g; 4.4a) show a reduction in the intensity of precipitation anomalies from tropical to subtropical 

South America, reinforcing our suggestion of a north-south decrease in the meridional impact 

of HS-induced precipitation anomalies over South America. 

Importantly, El Niño–Southern Oscillation (ENSO) is known to influence variability of the La 

Plata River discharge (PIOLA et al., 2005). However, since (i) marine sediment cores from the 

continental slope usually have no appropriate temporal resolution to address interannual 

variability (e.g., ZHANG et al., 2015) and (ii) reconstructions of ENSO variability are not well 

established during HS for both paleorecords (FELIS et al., 2012; KOUTAVAS et al., 2002; 

LEDUC et al., 2009) and numerical simulations (LIU et al., 2014; MERKEL et al., 2010), we 

refrain addressing any ENSO impacts on South American precipitation during HS. 

 

4.6.3 A new mechanism for precipitation changes over tropical South America 

The annual-mean HS1 minus LGM precipitation anomaly (Fig. 4.4a) apparently corroborates 

the mechanism usually invoked to explain the increase in precipitation over tropical South 

America to the south of the equator during HS of the last glacial (KANNER et al., 2012; 

PETERSON et al., 2000; STRÍKIS et al., 2015). According to this mechanism, an austral 

summer enhanced SAMS was accompanied by the southward migration of the ITCZ and a 

strong SACZ (CRUZ et al., 2005; KANNER et al., 2012; PETERSON et al., 2000; STRÍKIS 

et al., 2015). However, the detailed analyses of the seasonal-mean HS1 minus LGM anomalies 
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from our model experiment (Figs. 4.4b-c; 4.5) suggests a different mechanism. The annual-

mean pattern results from a complex combination of the individual seasonal response patterns, 

which involves dynamic and thermodynamic processes. 

In modern climate, a strong AMOC promotes an oceanic northward net cross-equatorial energy 

transport. To compensate this inter-hemispheric asymmetry, the net cross-equatorial energy 

transport performed by the atmosphere is directed southward (MARSHALL et al., 2014; 

MOHTADI et al., 2016). To accomplish that, the location of the ascendant branch of the Hadley 

cell and, thus, the ITCZ are placed to the north of the equator. However, during HS of the last 

glacial, a substantially weaker or disrupted AMOC would decrease the northward ocean heat 

transport and induce a weakening or reversal of the atmospheric cross-equatorial energy 

transport. In response, a cooling (warming) of the North Atlantic (South Atlantic) and a 

reorganization of the global Hadley cell would occur, promoting a southward ITCZ shift 

(BROCCOLI et al., 2006; MOHTADI et al., 2016; MULITZA et al., 2017; SCHNEIDER et 

al., 2014). In association with the migration of the ITCZ, a meridional rainfall anomaly dipole 

emerges over tropical South America (Fig. 4.4) and can be considered the continental 

counterpart of the marine ITCZ shift. During austral summer (winter), the dipole is located 

between ca. 0° and 20°S (10°N and 10°S) (Fig. 4.4b-c). This precipitation dipole is primarily a 

dynamic response to cooling (warming) of the Northern Hemisphere (Southern Hemisphere) 

and associated with northerly low-level wind anomalies that are generally directed along 

surface temperature gradients (Fig. 4.5a-b) (cf. LINDZEN; NIGAM, 1987). 

In addition to this dynamic response, thermodynamic processes also play an important role in 

setting up tropical South American precipitation during HS of the last glacial. During austral 

summer (winter), the North Atlantic (South Atlantic) is the main source of moisture for tropical 

South America via prevailing NE trade winds (SE trade winds) (Fig. 4.S2). Due to the HS 

cooling of the North Atlantic the atmospheric moisture content over the Northern Hemisphere 

is reduced (Fig. 4.5c-d). Consequently, in austral summer cooler and drier air is transported by 

the prevailing NE trade winds (Figs. 4.S2; 4.5c) from the tropical North Atlantic into the 

continent, resulting in reduced transport of moisture to feed rainfall over tropical South 

America. Moreover, cooler and drier low-level NE trade winds transport less moist static energy 

into the continent. A resulting decrease in low-level moist static energy stabilizes the 

atmospheric vertical column and inhibits convection (COOK; VIZY, 2006; NEELIN; HELD, 

1987). 

Thus, differently from previous suggestions (e.g. KANNER et al., 2012; PETERSON et al., 

2000; STRÍKIS et al., 2015), last glacial HS austral summers were characterized by drier 
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conditions over vast tropical South American regions, including the Amazon and the northern 

portion of the Parnaíba River drainage basins (Figs. 4.1b-c; 4.4b). Increased austral summer 

rainfall over E South America between ca. 15°S and 25°S is associated with an anomalous 

cyclonic circulation and moisture transport from the anomalously warm South Atlantic into the 

continent (Figs. 4.4b; 4.5c). 

Last glacial HS austral winters show wetter conditions prevailing over most tropical South 

America to the south of the equator (Fig. 4.4c). During austral winters, enhanced precipitation 

over the western Amazon (ca. 0°-10°S) is fed by moisture from the eastern Amazon region and 

the equatorial North Atlantic (Fig. 4.5d). Positive SST anomalies in the eastern equatorial 

Pacific, likely a response to the weakened AMOC during HS, have been reported to enhance 

western Amazon precipitation by promoting a regional easterly low-level wind anomaly and 

moisture recycling from the central Amazon towards the Andes (TIMMERMANN et al., 2007; 

ZHANG et al., 2016). The São Francisco, Doce, Itajaí and La Plata River drainage basins are 

not affected by these anomalous moisture transports (Figs. 4.1d-g; 4.4c). It is worth noting that 

our model simulates enhanced precipitation over the central Andes (Fig. 4.4) in line with 

multiple HS proxy records (e.g. ZHANG et al., 2016). 

Therefore, our new mechanism explains that the positive precipitation anomalies that occurred 

over the São Francisco River drainage basin during HS of the last glacial were related to an 

austral summer tropical South Atlantic moisture flux instead of an austral summer intensified 

SACZ. Also, our model experiments give no support to a mechanism that invokes an austral 

summer enhanced SAMS as responsible for wetter conditions over the Amazon basin and 

further south during HS. Instead, we propose an austral winter equatorial Atlantic moisture flux 

as a source of additional rainfall (Fig. 4.5d). Furthermore, this new mechanism contradicts the 

suggested relationship between stronger SAMS convective activity over the Amazon basin, 

transference of the low 18O signal towards SE South America and increased local amount of 

rain. 

 

4.7 Conclusions 

Our core collected at 10.94°S contributes to reduce the gap of marine paleoclimate records 

between 7°S and 20°S off E South America. It is the first marine archive off E South America 

and the southernmost from the Atlantic continental margin of South America that consistently 

records the hydroclimate signal of HS of the last glacial. Our core suggests positive 

precipitation anomalies over the São Francisco River drainage basin during HS6-YD. Based on 

new data from our core, a thorough compilation of previously available marine paleoclimate 
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records and results from a high-resolution atmosphere-ocean general circulation model, we 

show that the HS-induced positive precipitation anomalies over (sub-) tropical South America 

to the south of the equator is latitude-dependent, decreasing from north to south. Also, we 

propose a new mechanism responsible for the HS positive precipitation anomalies over tropical 

South America to the south of the equator. During HS austral summers, cooler and drier air was 

transported from the tropical North Atlantic into tropical South America via prevailing NE trade 

winds. Consequently, drier conditions prevailed over tropical South America. An exception is 

made for E South America, that was affected by anomalous tropical South Atlantic cyclonic 

circulation. During HS austral winters, enhanced moisture was transported from the equatorial 

Atlantic into tropical South America. Wetter conditions occurred over most of tropical South 

America to the south of equator. The new mechanism proposed herein highlights the need of a 

broad approach to explain South American HS hydroclimate conditions that goes beyond 

changes in SAMS. Dynamic and thermodynamic processes, seasonal changes as well as the 

tropical Atlantic moisture source played crucial roles in setting up millennial scale precipitation 

anomalies over tropical South America. 
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4.8 Supplementary material 

Table 4.S1. Piston core M125-95-3 tie-points aligned to reference curve MD95-2042 (GOVIN 

et al., 2014). 

Depth (cm) Tie-point age Feature Estimated error (a) 

498 47000 HS5 2141 

582 59300 Final portion of MIS4 2049 

738 71100 
Final portion of the glacial 

inception 
2137 

 

The tie-points were used to link the M125-95-3 Uvigerina spp. stable oxygen isotopes (δ18O) 

to the reference benthic 18O curve from core MD95-2042 (SHACKLETON et al., 2002; 

SHACKLETON et al., 2000) with an age model improved by GOVIN et al. (2014) using the 

AICC2012 ice core chronology (VERES et al., 2013). The reference curve was applied to the 

depth interval 452-738 cm of core M125-95-3. Error estimates of δ18O tie-points take into 

account (i) the mean resolution of the M125-95-3 Uvigerina spp. δ18O record around the tie-

point depth, (ii) the mean resolution of the reference curve around the tie-point age, (iii) a 

matching error visually estimated when defining tie-points, and (iv) the absolute age error of 

the time-scale used for the reference record. 

 

Figure 4.S1. Benthic foraminifera oxygen isotopic composition (18O) of piston core M125-95-3 (this 

study) and reference curve MD95-2042 (GOVIN et al., 2014) used to extend M125-95-3 age model 

beyond the limit of radiocarbon ages. Black squares at the top of the panel depict calibrated radiocarbon 

ages. Red dashed lines depict the used 18O tie-points. 
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Figure 4.S2. Heinrich Stadial 1 (HS1) minus Last Glacial Maximum (LGM) seasonal mean precipitable 

water along with absolute vertically integrated moisture transport (kg/(m s)) during the LGM simulated 

with CCSM3 (COLLINS et al., 2006; PRANGE et al., 2015). (a) Extended austral summer (i.e., 

November-March (NDJFM)) precipitable water difference (HS1 minus LGM) and absolute moisture 

transport during the LGM, and (b) extended austral winter (i.e., May-September (MJJAS)) precipitable 

water difference (HS1 minus LGM) and absolute moisture transport during the LGM. 
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5.1 Abstract 

Negative excursions in the stable carbon isotopic composition (13C) at Atlantic intermediate 

to mid-depths are common features of millennial-scale events named Heinrich Stadials (HS). 

The mechanisms behind these excursions are not yet fully understood, but most hypotheses 

agree on the central role played by the weakening of the Atlantic meridional overturning 

circulation. Marine records registering millennial-scale negative 13C excursions in the Atlantic 

are mostly restricted to the HS of the last deglacial, while the HS of the last glacial are poorly 

studied. Here we constrain changes in bottom water ventilation in the western tropical South 

Atlantic mid-depth during HS of the last glacial and deglacial by investigating marine core 

M125-95-3. The concurrent decreases in benthic foraminifera 13C and increases in bulk 

sediment sulfur indicates an increased Northern Component Water (NCW) residence time in 

the western tropical South Atlantic mid-depth during HS. Furthermore, a coherent meridional 
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pattern emerges from the comparison of our new data to previously published mid-depth 

records from the western South Atlantic. While our record shows the largest negative 13C 

excursions during almost all HS, the western equatorial Atlantic showed medium and the 

subtropical South Atlantic showed the smallest negative excursions. This meridional pattern 

supports the notion that during HS a reduction in the NCW 13C source signal together with the 

accumulation of respired carbon at NCW depths drove the negative 13C excursions. We 

suggest that the negative 13C excursions progressively increase along the NCW southwards 

pathway until the signal dissipates/dilutes by mixing with Southern Component Water. 

 

5.2 Introduction 

Negative excursions in the reconstructed stable carbon isotopic composition of dissolved 

inorganic carbon (13CDIC) at Atlantic intermediate (here, 1000-1500 m) to mid- (here, 1500-

2500 m) depths have been reported to occur during millennial-scale climate change events 

named Heinrich Stadials (HS). These excursions are often related to a reduced Atlantic 

meridional overturning circulation (AMOC) (LUND et al., 2015; OPPO et al., 2015; OPPO; 

FAIRBANKS, 1987; TESSIN; LUND, 2013; VOIGT et al., 2017). The reduced AMOC is 

frequently associated with (i) changes in the proportion of Northern Component Water (NCW) 

relative to Southern Component Water (SCW) (KEIGWIN; LEHMAN, 1994; ZAHN et al., 

1997), (ii) a shallow boundary between NCW and SCW (CURRY et al., 1999; MECKLER et 

al., 2013), and/or (iii) a decrease in the NCW 13C source value (LUND et al., 2015; OPPO et 

al., 2015; VOIGT et al., 2017). Additionally, increasing evidence suggests that the 

accumulation of respired carbon (12C-enriched) in the ocean interior in response to increased 

deep water residence time also contributed to the 13C decreases in the Atlantic during these 

events (OPPO et al., 2015; SCHMITTNER; LUND, 2015; VOIGT et al., 2017). However, the 

exact mechanisms responsible for the negative 13C excursions during millennial-scale events 

remain elusive. Furthermore, most Atlantic paleoclimate records registering negative 

excursions during HS only cover the last deglacial HS (i.e., HS1 and the Younger Dryas (YD)), 

while records spanning the HS of the last glacial (i.e., from HS6 to HS2) with appropriate 

temporal resolution are scarce (e.g., BURCKEL et al., 2015; SANTOS et al., 2017). 

Here we investigate marine sediment core M125-95-3 collected at the western tropical South 

Atlantic mid-depth (10.94°S, 1897 m) spanning the last ca. 70 thousand years (ka). The high 

temporal resolution of this core allows us to constrain changes in bottom water conditions 

during HS. To reconstruct past changes in the 13CDIC, we measured benthic foraminifera 13C. 
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In addition, to independently assess past changes in bottom water ventilation and the related 

changes in the accumulation of respired carbon we measured bulk sediment sulfur (S) content. 

Our 13C data constitutes the first record in the western South Atlantic that clearly registers all 

HS of the last glacial and deglacial (i.e., from HS6 to the YD). The coeval decreases in 13C 

and increases in S during HS indicates a longer NCW residence time and accumulation of 

respired carbon in the western tropical South Atlantic mid-depth. 

 

5.3 Background 

The western South Atlantic is occupied by a NCW that is, in turn, enveloped by two SCW. The 

NCW North Atlantic Deep Water (NADW) occurs between ca. 1200 and 4000 m water depth, 

whereas the SCW Antarctic Intermediate Water (AAIW) and Antarctic Bottom Water (AABW) 

occur above and below NADW, respectively (Fig. 5.1a) (STRAMMA; ENGLAND, 1999). 

The distribution of 13CDIC within the oceans results from a complex combination of surface 

primary productivity, organic matter remineralization in greater depths, air-sea gas exchanges 

and their interactions with ocean circulation (Fig. 5.1a) (KROOPNICK, 1985; SARMIENTO 

et al., 1988). While the surface primary productivity preferentially removes nutrients and 12C 

from upper waters, the remineralization (or respiration) of organic matter returns nutrients and 

12C to intermediate-deep waters (Fig. 5.1a) (SARMIENTO et al., 1988). As a result, nutrients 

and 13CDIC have an inverse relationship (KROOPNICK, 1985). Newly formed deep water 

masses containing high fraction of oligotrophic surface waters (e.g., NADW) have relatively 

low nutrient content (i.e., low preformed nutrient) and respired carbon, resulting in high 13CDIC 

(ca. 1‰, Fig. 5.1a – 13CDIC vertical profile at 60.5°N) (KROOPNICK, 1985). These high 

13CDIC values spread into the deep North Atlantic. However, the aging effect and the 

accumulation of respired carbon along the NCW pathway southwards promote a slight and 

progressive decrease in its 13CDIC signature (ca. 0.9‰, Fig. 5.1a, 13CDIC vertical profile at 

1°N). SCW, on the other hand, originate from waters with relatively high nutrients and respired 

carbon and, thus, lower 13CDIC values spread northwards at AAIW (ca. 0.5‰) and AABW (ca. 

0.4‰) levels (KROOPNICK, 1985) (Fig. 5.1a – 13CDIC vertical profile at 23°S). As the water 

mass residence time increases, nutrients and respired carbon become more concentrated, 

producing lower 13CDIC signatures. Since the residence time of western Atlantic deep waters 

is relatively short (ca. 275 years) (STUIVER et al., 1983), its 13CDIC may reflect the mixing of 

water masses of different initial 13CDIC values (i.e., NCW and SCW) and thus, be a tracer for 

deep water mass structure and circulation (KROOPNICK, 1985; OPPO; FAIRBANKS, 1987). 
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Importantly, the 13CDIC may also be influenced by local processes like changes in surface 

primary productivity (e.g., in upwelling regions) and the related phytodetritus flux to the sea-

floor, as well as by the terrigenous input of low 13C detritus (e.g., by riverine input) 

(MACKENSEN et al., 1993; THEODOR et al., 2016). 

 

Figure 5.1 - Location of core M125-95-3 (yellow filled dot) and other marine records discussed herein 

(open dots) (see details in Table 5.1). (a) Modern western Atlantic WOA13 phosphate section depicts 

the main water masses within the western Atlantic (GARCIA et al., 2013) together with three vertical 

GEOSECS stable carbon isotopic composition profiles of dissolved inorganic carbon (13CDIC) at 

60.5°N, 1°N and 23°S (KROOPNICK, 1985). Schematic arrows show the flow direction of the main 

water masses. AABW: Antarctic Bottom Water; AAIW: Antarctic Intermediate Water; NADW: North 

Atlantic Deep Water. (b) Location of western South Atlantic marine sediment cores. The purple line 

marks the section depicted in (a). This figure was partially produced with Ocean Data View 

(SCHLITZER, 2018). 

 
 

The stable oxygen isotopic composition of seawater (18Osw) is also a potential tracer for water 

mass structure and circulation (LEGRANDE; SCHMIDT, 2006). Water masses have different 

18Osw signatures that are dependent on their formation conditions. Assuming negligible 

geothermal and pressure heating effects, bottom water 18O can only change due to mixing 

between water masses and thus, is a valuable water mass tracer (e.g., MEREDITH et al., 1999). 

It is noteworthy that absolute 18Osw values are also influenced by global ice volume (e.g., 

SCHRAG et al., 2002). This effect is, however, nearly synchronous in specific ocean basins 

and water depths (WAELBROECK et al., 2011). 

Since the presence of S in marine sediments is related to oxygen availability (i.e., redox 

conditions), changes in S concentration at sea-floor sediments can, together with other proxies, 

record changes in local bottom water ventilation. Organic matter in marine sediments is 

degraded by different terminal electron acceptors encompassing aerobic and anaerobic 

degradation (JØRGENSEN et al., 2019). When oxygen availability is reduced, seawater sulfate 

(SO4
2-) becomes the dominant terminal electron acceptor. In this situation, organic matter 
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degradation is performed by sulfate-reducing bacteria and both pyrite and sulfurized organic 

matter are the results of the sulfate reduction and the main sinks of S at the sea-floor 

(JØRGENSEN; KASTEN, 2006; SUITS; ARTHUR, 2000). Importantly, in regions where the 

local flux of organic carbon exported to the sea-floor is low through time (e.g., far from 

upwelling systems and without river-borne nutrients input), the increase in S concentration may 

be related to an increase in bottom water residence time and in the accumulation of respired 

carbon. 

Here we use species-specific benthic foraminifera 13C and 18O as well as the S content of 

bulk sediments to assess changes in bottom waters in the mid-depth western tropical South 

Atlantic. 

 

5.4 Material and methods 

5.4.1 Marine sediment core 

Core M125-95-3 (10.94°S, 36.20°W, 1897 m water depth, 10.4 m core length) was collected 

from the continental slope in the western tropical South Atlantic during RV Meteor cruise M125 

(Table 5.1) (BAHR et al., 2016). The core site is presently bathed in NADW (Fig. 5.1a). Since 

we focus here on the HS of the last glacial and deglacial (i.e., Marine Isotope Stages (MIS) 4, 

3, and 2), we analyzed the uppermost ca. 7.4 m of the core. This section was sampled with 

syringes of 10 cm3 and u-channels (2 cm width, 2 cm depth, 105 cm length). Samples for 

isotopic and micropaleontological analyses were wet-sieved, oven-dried at 50 °C, and the 

fraction larger than 125 µm was stored in glass vials. Samples for bulk sediment analyses were 

stored at 4 °C. 

We discuss our records in the context of four other published marine sediment cores also 

collected at the western South Atlantic mid-depth spanning from 1.91°S to 27.48°S (Table 5.1, 

Fig. 5.1). Cores GeoB3910-2 (BURCKEL et al., 2015) and GL-1090 (SANTOS et al., 2017) 

cover most HS of the last glacial. In order to complement GeoB3910-2 upper portion and to 

improve the temporal resolution of GL-1090 during HS1 and the YD, we also compiled cores 

GeoB16202-2 (VOIGT et al., 2017) and 79GGC (TESSIN; LUND, 2013), that cover the last 

ca. 20 ka (Fig. 5.3d, e, g, h). We focus on mid-depth (around 2000 m) and on the western margin 

of the Atlantic because this region is occupied by the Deep Western Boundary Current, being 

ideal for tracking past changes in NCW (RHEIN et al., 1995). 
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Table 5.1. Marine sediment cores discussed in this study. 

Core ID Region 
Latitude 

(°S) 

Longitude 

(°W) 

Water 

depth (m) 
Reference 

GeoB16202-2 
Western equatorial 

Atlantic 
1.91 41.59 2248 Voigt et al. (2017) 

GeoB3910-2 
Western equatorial 

Atlantic  
4.25 36.35 2362 Burckel et al. (2015) 

M125-95-3 
Western tropical 

South Atlantic 
10.94 36.20 1897 this study 

GL-1090 
Subtropical western 

South Atlantic 
24.92 42.51 2225 Santos et al. (2017) 

78GGC 
Subtropical western 

South Atlantic 
27.48 46.33 1820 Tessin and Lund (2013) 

 

5.4.2 Stable isotopic composition of benthic foraminifera 

13C and 18O analyses were performed on two benthic foraminifera species with different 

microhabitat (MCCORKLE et al., 1990): (i) shallow infaunal species Uvigerina spp. (mainly 

Uvigerina peregrina; 18O results previously published in CAMPOS et al. (2019b)); and (ii) 

epifaunal species Cibicidoides pachyderma. From the sediment fraction larger than 125 m ca. 

3-10 specimens per sample were handpicked under a binocular microscope every 4-6 cm for 

Uvigerina spp. and every 2-50 cm for C. pachyderma. Since C. pachyderma (and also any other 

appropriate epibenthic species) is not consistently present in core M125-95-3, we only analyzed 

the depth interval 84-398 cm. On the other hand, Uvigerina spp. is present in the whole 

investigated section and was used to produce the main downcore 13C record of M125-95-3. 

Uvigerina spp. analyses were conducted with a gas isotope ratio mass spectrometer (Thermo 

Fisher Scientific MAT253plus) coupled to an automated carbonate preparation device (Kiel IV) 

at the MARUM – Center for Marine Environmental Sciences, University of Bremen, Germany. 

Cibicidoides pachyderma analyses were conducted with a gas isotope ratio mass spectrometer 

(Thermo Fisher Scientific MAT253) coupled to an automated carbonate preparation device 

(Kiel IV) at the Paleoceanography and Paleoclimatology Laboratory (P2L), University of São 

Paulo, Brazil. Output data were calibrated against in-house standard (both laboratories use 

Solnhofen Limestone) that is calibrated against the NBS19 standard. We report the results in 

per mil (parts per thousand, i.e., ‰) versus Vienna Pee Dee Belemnite (VPDB). For the 



61 

 

measured period, the standard deviation of in-house standard replicate measurements was 

0.03‰ (13C) for both laboratories and 0.06‰ (18O) for the MARUM and 0.05‰ for the P2L. 

Benthic foraminifera register in their tests local bottom or pore waters conditions, depending 

on the species-specific microhabitat and vital effects related to isotopic fractionation during 

biomineralization. Thus, their 13C and 18O have been widely used to reconstruct past changes 

in the local bottom water 13CDIC (MACKENSEN et al., 1993; MACKENSEN; SCHMIEDL, 

2019; MCCORKLE et al., 1990) and 18Osw (SKINNER; SHACKLETON, 2005; 

WAELBROECK et al., 2002; WAELBROECK et al., 2011). In order to directly compare our 

Uvigerina spp. 13C values to the 13C of epifaunal species, we applied the correction factor 

(0.9‰) from SHACKLETON and HALL (1984). 

 

5.4.3 Sulfur content 

S intensity was determined with a X-ray fluorescence (XRF) core scanner and an energy 

dispersive polarized XRF (EDP-XRF). XRF core scanner S data were collected every 5 mm 

down-core directly at the surface of u-channels sampled from the archive half of core M125-

95-3. Analyses were performed at the MARUM – Center for Marine Environmental Sciences, 

University of Bremen, Germany, with the XRF Core Scanner III (AVAATECH Serial No. 12) 

(details regarding the method are provided in CAMPOS et al. (2019b)). EDP-XRF S analyses 

were performed on bulk sediment samples every 20 cm of the working half of core M125-95-

3. Bulk sediment samples of around 10 cm3 were freeze-dried and homogenized with a hand 

agate mortar and pestle. Analyses were performed at the Oceanography and Paleoceanography 

Laboratory (LOOP), Fluminense Federal University, Brazil, with an energy dispersive 

PANalytical Epsilon 3-X XRF spectrometer. 

In marine sediments, organic matter is degraded by different terminal electron acceptors 

following an order of decreasing energy yield (from high to low values): oxygen, nitrate, oxides 

of manganese (IV) and iron (III), and sulfate (JØRGENSEN et al., 2019). Under oxygen 

depletion, the sulfate (SO4
2-) – which is highly concentrated (ca. 28 mM) in seawater – turns 

the dominant terminal electron acceptor, despite the others to be energetically more favorable. 

Where ventilation is reduced, organic matter starts to be degraded by sulfate-reducing bacteria 

(degradation/anaerobic respiration of organic matter). During this process, the dissolved sulfate 

suffers reduction to sulfide (H2S + HS- + S2-) (e.g., JØRGENSEN; KASTEN, 2006; SUITS; 

ARTHUR, 2000). The produced sulfide can react with ferrous iron (provided by chemical 

reduction of detrital minerals) forming pyrite. In another diagenetic pathway, the produced 
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sulfide can react with organic matter to form organic S compounds (i.e., sulfurization of organic 

matter) (BOTTRELL; NEWTON, 2006; JØRGENSEN et al., 2019). Both pyrite and sulfurized 

organic matter are the main sinks of S in marine sediments. 

 

5.4.4 Foraminiferal assemblages 

Planktonic foraminifera assemblage analyses and total benthic foraminifera counts were 

conducted every ca. 10 cm of core M125-95-3. Samples were dry-sieved with a 150 μm mesh 

and the species relative abundances were quantified from splits containing at least 300 

specimens (PATTERSON; FISHBEIN, 1989). Taxonomy was based on STAINFORTH et al. 

(1975), BOLTOVSKOY et al. (1980) and BOLLI et al. (1989). Additionally, we counted the 

Uvigerina spp. abundance in nine samples of core M125-95-3 within the depth interval 212-

282 cm, covering pre-HS2, HS2, and post-HS2. Samples were dry-sieved with a 150 μm mesh 

and the Uvigerina spp. relative abundance was quantified from splits containing at least ca. 100 

benthic specimens (BOYLE, 1990; SCHMIEDL et al., 2000). Taxonomy was based on 

BOLTOVSKOY et al. (1980) and LUTZE (1986). Considering the water depth (i.e., 1897 m) 

of core M125-95-3 as well as the modern and glacial lysocline depths (VOLBERS; HENRICH, 

2004), we assume that the planktonic and benthic foraminifera faunal composition of core 

M125-95-3 was not influenced by dissolution. 

We estimate changes in surface primary productivity based on the index RHP/Planktonic, in which 

HP represents the sum of the abundance of the high productivity species Globigerina bulloides, 

Neogloboquadrina dutertrei, Neogloboquadrina incompta, and Globigerinita glutinata divided 

by the sum of all planktonic species (PORTILHO-RAMOS et al., 2017). Also, we infer the 

local flux of organic carbon exported to the sea-floor based on (i) the benthic foraminifera 

accumulation rate (BFAR) (DIAS et al., 2018; HERGUERA; BERGER, 1991) and (ii) the 

abundance of the food indicator Uvigerina ssp. relative to the abundance of all benthic 

foraminifera, i.e., RUvigerina spp./Benthics (BOYLE, 1990; KOHO et al., 2008; SCHMIEDL; 

MACKENSEN, 1997). 

 

5.4.5 Age model 

The analyzed section of core M125-95-3 covers the last ca. 70 ka with a mean sedimentation 

rate of 11.9 cm/ka. The chronology was obtained by combining nine planktonic foraminifera 

accelerator mass spectrometry (AMS) radiocarbon ages (covering the uppermost 452 cm, i.e., 

ca. 40 ka before present (BP)) with three M125-95-3 Uvigerina spp. 18O tie-points aligned to 

a benthic 18O reference curve from GOVIN et al. (2014). We used the calibration curve 
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IntCal13 (REIMER et al., 2013) with a variable simulated reservoir age from transient modeling 

experiments described in BUTZIN et al. (2017). The age modeling algorithm BACON v. 2.2 

(BLAAUW; CHRISTEN, 2011) was used within the software PaleoDataView v. 0.8.3.4 

(LANGNER; MULITZA, 2019) for age-depth modeling. Further details regarding the age 

model are provided in CAMPOS et al. (2019b). 

 

5.5 Results 

Uvigerina spp. 13C values range from -1.43 to 0.47‰ (Fig. 5.2g). The contrast between mean 

last glacial and Holocene values is ca. 0.7‰. Negative excursions (as large as 0.92‰) in the 

Uvigerina spp. 13C record occurring during MIS4-1 are associated with HS (i.e., from HS6 to 

the YD). Although the negative excursion associated with HS3 is also present, it is not as 

marked as the excursions associated with other HS. Apart from the HS excursions, another 

negative millennial-scale excursion occurs around 44 ka BP. Uvigerina spp. 18O values vary 

from 2.63 to 5.02‰ (Fig. 5.2i). The contrast between mean last glacial and Holocene values is 

ca. 1.4‰. During the last glacial (MIS4-3), relative low values are coeval with HS6 to HS4. 

The last deglaciation shows sharp decreases at ca. 18.4 and 11.5 ka BP, coeval (within age 

model uncertainties) to HS1 and the YD. Cibicidoides pachyderma isotopic values vary 

between -1.33 and -0.22‰ for 13C and 4.22 and 5.41‰ for 18O (Fig. 5.2f, h). Negative 

excursions are also associated with HS (i.e., from HS3 to HS1) in both records (i.e., 13C and 

18O). 

Despite localized differences (e.g., during HS6), the 13C (Fig. 5.2f, g) and the XRF core 

scanner S (Fig. 5.2d) records show an inverse relationship during HS. Higher HS XRF core 

scanner S intensities (i.e., from HS6 to the YD) interrupt the near-constant background (i.e., ca. 

100 counts/s) present throughout the investigated interval. EDP-XRF S concentrations (Fig. 

5.2e) range from 0.27 to 1.17% and also show increases during most HS (i.e., from HS6 to 

HS1). 

RHP/Planktonic values range from 0 to 0.14 (Fig. 5.2a), being low throughout the last ca. 70 ka. 

BFAR values are also low during this period, varying from ca. 12 to 820 shells cm-2 ka-1 (Fig. 

5.2b). RUvigerina spp./Benthics values vary between 10.96 to 27.55 (Fig. 5.2c), showing no clear trend 

during the analyzed interval, i.e., pre-HS2, HS2, and post-HS2. 
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Figure 5.2 - Isotopic, geochemical, and assemblage records from core M125-95-3 for the last ca. 

70 ka. (a) Surface primary productivity index RHP/Planktonic (abundance of high productivity 

species (HP) divided by the abundance of all planktonic species). The green rectangle represents 

typical western Atlantic oligotrophic conditions (GARCIA et al., 2013; KUCERA et al., 2005); 

(b) Benthic foraminifera accumulation rate (BFAR); (c) local flux of organic carbon to the sea-

floor index RUvigerina spp./Benthics (Uvigerina spp. abundance relative to at least ca. 100 benthic 

specimens); (d-e) X-ray fluorescence (XRF) core scanner sulfur (S) (black line) and energy 

dispersive polarized (EDP) XRF S (orange circles); (f) Cibicidoides pachyderma stable carbon 

isotopic composition (13C); (g) Uvigerina spp. 13C; (h) Cibicidoides pachyderma stable 

oxygen isotopic composition (18O); and (i) Uvigerina spp. 18O (previously published in 

CAMPOS et al. (2019b)). Black (orange) squares at the bottom of the panel depict calibrated 

radiocarbon ages (tie-points) with 2 standard error. Red vertical bars represent millennial-

scale events Younger Dryas (YD) and Heinrich Stadial (HS) 1 to 6. Marine Isotope Stages 

(MIS) are depicted below the upper axis. 
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5.6 Discussion 

5.6.1 Benthic foraminifera 13C signal 

The 13C of epibenthic foraminifera is an optimal tracer for past changes in bottom water 

conditions (MACKENSEN; SCHMIEDL, 2019; MCCORKLE et al., 1990). The analyzed 

species C. pachyderma occupies an epifaunal to very shallow infaunal microhabitat 

(FONTANIER et al., 2002; SCHMIEDL et al., 2000). Accordingly, the 13C of C. pachyderma 

is close to bottom water 13CDIC with negligible pore water effects (SCHMIEDL et al., 2004; 

THEODOR et al., 2016). In contrast, Uvigerina species commonly inhabit shallow infaunal 

microhabitats (e.g., KOHO et al., 2008). Shallow infaunal benthic foraminifera calcify in 

contact with pore water, and their 13C cannot be readily assumed to record 13CDIC of the 

overlying bottom water. Indeed, the 13CDIC of pore water is controlled by both (i) overlying 

bottom water 13CDIC and (ii) degradation of organic matter exported to the sea-floor (e.g., from 

surface primary productivity and/or terrigenous input). The latter process leaves pore water 12C-

enriched compared to overlying bottom water, thus affecting infaunal foraminifera 13C (i.e., 

microhabitat effect) (MCCORKLE et al., 1985; MCCORKLE et al., 1990; ZAHN et al., 1986). 

Our Uvigerina spp. negative 13C excursions during HS of the last glacial and deglacial (i.e., 

from HS6 to the YD; Fig. 5.2g) could therefore be controlled by three possible processes (that 

could have operated together): (i) higher surface primary productivity (MCCORKLE et al., 

1985); (ii) higher input and resuspension of low 13C terrigenous detritus (MILZER et al., 2016; 

POLYAK et al., 2003; THEODOR et al., 2016); and (iii) changes in the overlying bottom water 

ventilation leading to lower 13CDIC (VOIGT et al., 2017). 

Our study area is far from upwelling systems and it is dominated by oligotrophic western 

boundary currents (GARCIA et al., 2013) thus, we would not expected to have increases in 

surface primary productivity. Indeed, RHP/Planktonic show low values during the last ca. 70 ka 

confirming that increases in surface primary productivity did not occur during HS (Fig. 5.2a). 

The low RHP/Planktonic values also indicate that river-borne nutrients did not affect the upper water 

column of our core site during HS (SCHILMAN et al., 2001). Thus, changes in surface primary 

productivity cannot be the main driver of the negative 13C excursions in our Uvigerina spp. 

record (Fig. 5.2g). 

Intervals of enhanced input of low 13C terrigenous detritus could account for the negative 

excursions considering that our core site is located near the mouth of the São Francisco River 

and that increased input of terrigenous sediments (e.g., Ti and Fe) occurred during HS 

(CAMPOS et al., 2019b). However, our low BFAR values during the last ca. 70 ka (Fig. 5.2b) 
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together with the lack of a clear trend in our RUvigerina spp./Benthics during the analyzed interval (i.e., 

pre-HS2, HS2, and post HS2) (Fig. 5.2c) suggest that the negative 13C excursions were not 

accompanied by a marked increase in the local flux of organic carbon to the sea-floor (BOYLE, 

1990; THEODOR et al., 2016). Thus, we deem the input of low 13C terrigenous detritus not 

to be the main driver of the negative 13C excursions in our Uvigerina spp. record (Fig. 5.2g). 

Epibenthic C. pachyderma 13C shows negative anomalies during HS3, HS2, and HS1 (Fig. 

5.2f), i.e., all HS covered by the C. pachyderma record. Importantly, the magnitudes of the C. 

pachyderma negative excursions are very similar to those of Uvigerina spp. (Fig. 5.2g). This 

supports the suggestion that the local flux of organic carbon to the sea-floor was indeed low 

having insignificant influence in our Uvigerina spp. negative 13C excursions (SCHMIEDL; 

MACKENSEN, 2006; THEODOR et al., 2016; ZAHN et al., 1986). Taken together, we 

interpret the Uvigerina spp. negative excursions during all HS of the last glacial and deglacial 

(Fig. 5.2g) primarily as responses to changes in the overlying bottom water. 

In the next section, we assess the possible changes that occurred in the overlying bottom water 

in the western South Atlantic mid-depth. We tentatively quantified the magnitude of the 13C 

excursions present in our record as well as in records from four other cores collected at similar 

depths in the western South Atlantic (Table 5.1, Fig. 5.1). Therefore, we selected, whenever 

possible, the three more positive 13C values of the pre-events (i.e., intervals just before the 

respective negative excursion) and the three more negative 13C values within the events (i.e., 

the negative excursions) (Fig. 5.3d, e, f, g, h) and calculated the magnitude of each excursion 

(i.e., pre-HS 13C minus HS 13C). Because of age models uncertainties, the timing of HS can 

be slightly different among the considered records. 

 

5.6.2 Western tropical South Atlantic mid-depths show the largest negative 13C excursions 

during HS 

Atlantic depleted 13C values at intermediate and mid-depths are commonly attributed to an 

increased fraction of low-13C SCW (BOYLE; KEIGWIN, 1987; DUPLESSY et al., 1988; 

KEIGWIN; LEHMAN, 1994; SARNTHEIN et al., 1994). A greater fraction of SCW AABW 

at our core site during HS could have potentially contributed to the negative 13C excursions 

(Figs. 5.2g, 5.3f). Additionally, during these millennial-scale events, the relatively low-13C 

SCW AABW source signal could have been overprinted by increased Southern Ocean air-sea 

gas exchange. An increase in Southern Ocean air-sea gas exchange during HS is attributed to a 

reduced Southern Ocean stratification (ANDERSON et al., 2009) and a sea surface warming in 
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the high latitudes of the Southern Hemisphere (EPICA, 2006; LYNCH‐STIEGLITZ et al., 

1995). If this was the case (i.e., increased fraction of SCW AABW and/or depleted SCW 

AABW source signal), we would expect our 18O values to increase since SCW AABW shows 

a relatively higher 18O than NCW (LEGRANDE; SCHMIDT, 2006). However, they decrease 

during some HS and present no clear trend during others (Fig. 5.2h, i). It is noteworthy that the 

mentioned sea surface warming in the high latitudes of the Southern Hemisphere in response 

to a reduced AMOC (EPICA, 2006) would reduce the 18O values of SCW AABW (OPPO et 

al., 2015). But it is unlikely that this process had a predominant influence at the bottom of the 

water column of our core site. Also, if a decreased SCW AABW 13C source signal would have 

affected the bottom of the water column at our core site, we would expect the lowest mid-depth 

13C HS excursions to occur to the south of our core site, what is not the case (see below). Mid-

depth Atlantic water mass provenance records based on the neodymium isotopic composition 

of the authigenic fraction (a more robust proxy for water mass provenance than 18O) show that 

NCW dominated the depths around 2000 m during HS (HOWE et al., 2018; ZHAO et al., 2019). 

Increased evidence suggest that the deglacial Atlantic negative 13C excursions may be related 

to changes in NCW (LUND et al., 2015; OPPO et al., 2015; SCHMITTNER; LUND, 2015; 

VOIGT et al., 2017; ZHAO et al., 2019). During events of weak AMOC (i.e., HS), the reduced 

input of high 13C surface waters into the deep North Atlantic due to decreased convection 

would promote a decrease in the source signal of the NCW (LUND et al., 2015; OPPO et al., 

2015). Additionally, the reduced ventilation and consequent increased NCW residence time 

would have led to an increase in the accumulation of respired carbon at NCW depths throughout 

the Atlantic (SCHMITTNER; LUND, 2015). Thus, the decreased NCW 13C source signal 

during HS was accentuated along the NCW pathway southwards by the accumulation of 

respired carbon. Proxies of water mass residence time and flow rates should confirm this 

scenario. In fact, 14C-depleted values (CHEN et al., 2015; LUND et al., 2015; ROBINSON et 

al., 2005; THORNALLEY et al., 2011) and high sedimentary 231Pa/230Th (HENRY et al., 2016; 

MCMANUS et al., 2004; MULITZA et al., 2017; SÜFKE et al., 2019) (Fig. 5.3b, c) from the 

western Atlantic suggest a reduced ventilation at NCW depths coeval with fresh water input 

into the high latitudes of the North Atlantic (marked by pulses of ice-rafted debris – IRD; Fig. 

5.3a). 

Considering the progressive character of the 13C decrease, we would expect the negative 

excursions to be smaller near the NCW source region, i.e., reflecting almost exclusively the 

reduction in the NCW 13C source signal, and the highest further south in the Atlantic, i.e., 
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reflecting a combination of reduced NCW 13C source signal and accumulation of respired 

carbon at NCW depths. Then, the signal would dissipate/dilute by mixing with SCW (LUND 

et al., 2015; SCHMITTNER; LUND, 2015; TESSIN; LUND, 2013). Indeed, northern North 

Atlantic did not show markedly negative excursions during HS (e.g., ELLIOT et al., 2002) and 

the largest 13C negative excursion was reported to occur as far south as the western equatorial 

Atlantic intermediate depths (1.58°S, 1400 m) during HS1 (VOIGT et al., 2017). However, 

most western South Atlantic marine records reporting negative excursions during HS with 

appropriate temporal resolution only cover the last deglacial (i.e., HS1 and the YD) leaving 

aside the glacial HS (i.e., HS6-HS2). Exceptions have been reported, so far, for two records 

from the western South Atlantic mid-depth, i.e., GeoB3910-2 (4.25°S; Fig. 5.3e) from the 

western equatorial Atlantic covering the interval ca. 50-11 ka (BURCKEL et al., 2015) and GL-

1090 (24.92°S; Fig. 5.3g) from the western subtropical South Atlantic covering the last ca. 185 

ka (SANTOS et al., 2017) (Table 5.1; Fig. 5.1). Our new 13C record (Fig. 5.3f) covers the last 

ca. 70 ka with a high temporal resolution, being ideal not only to constrain NCW ventilation in 

the western tropical South Atlantic mid-depth during HS but also to fill the gap of marine 

records between 4.24°S and 24.92°S. Furthermore, core M125-95-3 provides the first western 

South Atlantic 13C record that clearly registers all HS of the last glacial and deglacial (i.e., 

from HS6 to the YD) (Fig. 5.3) (LYNCH-STIEGLITZ et al., 2014). 

The compilation of western South Atlantic mid-depth records together with our new record 

reveal the existence of a coherent meridional pattern of negative 13C excursions during most 

HS (Figs. 5.3, 5.4, 5.5, 5.S1). Core M125-95-3 shows systematically larger 13C negative 

excursions, exception made for HS3 in which core GL-1090 shows the same magnitude of 

M125-95-3, and the YD in which core GeoB16202-2 shows a slightly higher magnitude (Figs. 

5.4). The negative 13C excursion around 44 ka BP that can be seen in our record and in 

GeoB3910-2 record (BURCKEL et al., 2015) (Fig. 5.3e, f) is coeval with Greenland Stadial 12 

(RASMUSSEN et al., 2014), a stadial that is also related to an AMOC slowdown that was, 

however, weaker than HS. Since our focus here relies on HS, we do not further discuss this 

event. It is important to mention that MIS4 is characterized as a period of intense oceanic carbon 

sequestration (BEREITER et al., 2012) that could have overprinted the negative 13C 

excursions during HS6 (Fig. 5.3f, g). 

The meridional pattern of negative 13C excursions during most HS supports the notion that the 

combined effect of (i) changes in the 13C NCW source signal and (ii) the accumulation of 

respired carbon at mid-depth produced the largest negative 13C excursions in the western 
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tropical South Atlantic (i.e., M125-95-3 core site) from where it gradually lost magnitude by 

mixing with SCW until reaching the subtropical western South Atlantic (i.e., GL-1090 and 

78GGC core sites) (Fig. 5.5) (LUND et al., 2015; SCHMITTNER; LUND, 2015; TESSIN; 

LUND, 2013). Importantly, our independent proxy for bottom water ventilation, i.e., bulk 

sediment S content, shows increases during all HS of the last glacial and deglacial (exception 

made for the YD) indicating an increased residence time of NCW in the western tropical South 

Atlantic (Figs. 5.2d, e, 5.3i, j). 

To our knowledge, the use of S to track millennial-scale changes in bottom water ventilation is 

unprecedented (HARFF et al., 2011; PASQUIER et al., 2017; SLUIJS et al., 2008). Its use is 

grounded on the fact that an increase in the concentration of S at the sea-floor is tightly related 

to local depletion in oxygen availability (JØRGENSEN et al., 2019; JØRGENSEN; KASTEN, 

2006). Since the flux of organic matter to the sea-floor was low at our core site throughout the 

investigated period (Fig. 5.2b, c), the S increases during HS mainly reflect changes in oxygen 

availability of the bottom water (i.e., NCW). A reduced ventilation and accumulation of 

respired carbon at NCW depths would decrease oxygen availability via aerobic organic matter 

degradation favoring the S accumulation at the sea-floor (i.e., via sulfate-reducing bacteria 

anaerobic organic matter degradation). Despite the overall good similarity, our benthic 13C 

and S records also show localized differences (e.g., during HS6). These localized differences 

most probably arise because of the partially different phenomena controlling both proxies. 

The persistent negative 13C excursions and positive S excursions during HS of the last glacial 

and deglacial in our core (Fig. 5.3f, i, j) suggest that, even under different boundary conditions, 

similar mechanisms resulted in an increased NCW residence time and accumulation of respired 

carbon in the western tropical South Atlantic mid-depth. Moreover, the synchronism between 

past increases in atmospheric CO2 (CO2atm) (AHN; BROOK, 2008; 2014) and decreases in 

13CO2atm (BAUSKA et al., 2018; EGGLESTON et al., 2016) during millennial-scale climate 

change events in the one hand, and in the AMOC-related marine carbon cycle records on the 

other hand (BURCKEL et al., 2015; SANTOS et al., 2017; TESSIN; LUND, 2013; VOIGT et 

al., 2017) suggests that the AMOC played a relevant role in modulating the global carbon cycle 

during HS. 

 

 

 

 



70 

 

Figure 5.3 - Paleoceanographic records from the Atlantic. (a) Heinrich layers indicated by the presence 

of ice-rafted debris (IRD) from the stack curve of LISIECKI and STERN (2016); (b) western equatorial 

Atlantic 231Pa/230Th (MULITZA et al., 2017); (c) Bermuda Rise 231Pa/230Th (HENRY et al., 2016; 

MCMANUS et al., 2004); (d) benthic (i.e., Cibicides wuellerstorfi, Cibicidoides kullenbergi, and 

Cibicides lobatulus) stable carbon isotopic composition (13C) from core GeoB16202-2, western 

equatorial Atlantic (VOIGT et al., 2017); (e) benthic (Cibicides wuellerstorfi) 13C from core 

GeoB3910-2, western equatorial Atlantic (BURCKEL et al., 2015); (f) benthic (i.e., Uvigerina spp. 

corrected for comparison to epibenthic species; correction factor based on SHACKLETON and HALL 

(1984)) 13C from core M125-95-3, western tropical South Atlantic (this study); (g) benthic (i.e., 

Cibicides wuellerstorfi) 13C from core GL-1090, western subtropical South Atlantic (SANTOS et al., 

2017); (h) benthic (i.e., Cibicidoides spp.) 13C from core 78GGC, western subtropical South Atlantic 

(TESSIN; LUND, 2013); (i-j) X-ray fluorescence (XRF) core scanner sulfur (S) (black line) and energy 

dispersive polarized (EDP) XRF S (orange circles) (this study). All benthic 13C records (d)-(h) derive 

from mid-depth western South Atlantic cores ranging from 1820 to 2362 m water depth. Black filled 

circles in records (d)-(h) indicate the data-points used to calculate the magnitude of the negative 13C 

excursions (more details are found in Fig. 5.4). Black (orange) squares at the bottom of the panel depict 

calibrated radiocarbon ages (tie-points) with 2 standard error. Red vertical bars represent millennial-

scale events Younger Dryas (YD) and Heinrich Stadial (HS) 1 to 6. Marine Isotope Stages (MIS) are 

depicted below the upper axis. 
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Figure 5.4 - Heinrich Stadial (HS) magnitude of the negative 13C excursions of western Atlantic cores 

(color coded according to Fig. 5.3) GeoB16202-2 (equatorial Atlantic) (VOIGT et al., 2017), 

GeoB3910-2 (equatorial Atlantic) (BURCKEL et al., 2015), M125-95-3 (tropical South Atlantic) (this 

study), GL-1090 (subtropical South Atlantic) (SANTOS et al., 2017), and 78GGC (subtropical South 

Atlantic) (TESSIN; LUND, 2013). Excursions were calculated considering the three more positive 

values of the pre-HS and the three more negative values of the HS. The Younger Dryas (YD) and HS1 

to 6 are depicted. 

 
 

Figure 5.5 - Schematic representation of the western Atlantic during Heinrich Stadials (i.e., under a 

weak Atlantic meridional overturning circulation). Arrows depict source region and the main pathway 

of the Southern Component Water (SCW) and Northern Component Water (NCW). NCW dashed arrow 

indicates decreased convection and aging of this water mass. Open and filled dots indicate core sites of 

GeoB16202-2 (equatorial western Atlantic) (VOIGT et al., 2017), GeoB3910-2 (equatorial western 

Atlantic) (BURCKEL et al., 2015), M125-95-3 (tropical western South Atlantic) (this study), GL-1090 

(subtropical western South Atlantic) (SANTOS et al., 2017), and 78GGC (subtropical western South 

Atlantic) (TESSIN; LUND, 2013). The blue shading represents the magnitude of the NCW negative 

13C excursion (accumulation of respired carbon) which gradually increases southwards at mid-depth, 

peaking in the western tropical South Atlantic (i.e., M125-95-3 core site) from where it starts to 

dissipate/dilute by mixing with SCW towards the subtropical western South Atlantic (i.e., GL-1090 and 

78GGC core sites). 
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5.7 Conclusions 

We present new high-resolution 13C and S records from the western tropical South Atlantic 

mid-depth for the last ca. 70 ka. This is the first western South Atlantic 13C record that clearly 

registers all HS of the last glacial and deglacial, filling the gap of shorter and lower temporal 

resolution marine records between 4.24°S and 24.92°S. The concurrent 13C decreases and S 

increases during HS in our records suggest reduced ventilation and consequent accumulation 

of respired carbon at NCW depths. Based on the comparison of our new data to existing western 

South Atlantic marine records collected around the same water depth, we conclude that (i) even 

under different boundary conditions negative 13C excursions occurred during all HS of the last 

glacial and deglacial, and (ii) the magnitude of the negative excursions suggests a coherent 

meridional pattern. This meridional pattern supports the notion that the HS reduction in the 

NCW 13C source signal together with the accumulation of respired carbon at Atlantic NCW 

depths promoted a progressive depletion in the NCW 13C signature along its southwards 

advection. The highest negative 13C excursions occurred in the western tropical South Atlantic, 

from where the signal started to dissipate/dilute by mixing with SCW. 
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5.8 Supplementary material 

Figure 5.S1. Benthic 13C records from the mid-depth western South Atlantic. (a) Uvigerina spp. 13C 

(corrected for comparison to epibenthic species; the correction factor of 0.9‰ was applied 

(SHACKLETON; HALL, 1984)) from core M125-95-3, western tropical South Atlantic (this study); 

(b) Cibicides wuellerstorfi 13C from core GeoB3910-2, western equatorial Atlantic (BURCKEL et al., 

2015); and (c) Cibicides wuellerstorfi 13C from core GL-1090, western subtropical South Atlantic 

(SANTOS et al., 2017). Black (orange) squares at the bottom of the panel depict calibrated radiocarbon 

ages (tie-points) with 2 standard error. Red vertical bars represent millennial-scale events Younger 

Dryas (YD) and Heinrich Stadial (HS) 1 to 6. Marine Isotope Stages (MIS) are depicted below the upper 

axis. 
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6.1 Abstract 

A small fraction of warm and saline upper waters from the Indian Ocean Agulhas Current 

invades the South Atlantic through the so-called Agulhas Leakage (AL). Paleorecords and 

model simulations suggest that this leakage is an important driver of changes in the Atlantic 

meridional overturning circulation during Heinrich Stadials (HS). However, accumulation and 

transport of heat and salt from the AL region to high latitudes of the North Atlantic remains 

unclear. Here we reconstruct western tropical South Atlantic sea surface temperature and 

salinity from a core located mid-way the AL region and the equator, and compare our results to 

published data from the AL region. Both cores show mixed-layer accumulation of heat and salt 

during HS. However, the systematically smaller positive excursions in our core suggest that 

surface heat and salt was lost/diluted along the route from the AL region to the western tropical 

South Atlantic. Thus, Indian Ocean salt that eventually reached the high latitudes of the North 

Atlantic helping on the recovering of the AMOC was most probably transported mainly within 

the thermocline. 

 

6.2 Introduction 

Millennial-scale changes in northern North Atlantic formation and southward transport of cold, 

relatively fresh and deep waters is a well-studied topic. Paradoxically, its southern South 

Atlantic counterpart, i.e., millennial-scale changes in the northward transport of warm, 

relatively saline and shallow waters that partially come from the Indian Ocean, remains poorly 

understood. The Indian Ocean surface and thermocline waters that enter the South Atlantic 

derive from the Agulhas Current through the so-called Agulhas Leakage (AL). The AL is 

thought to be an important driver of changes in the strength of the Atlantic meridional 

overturning circulation (AMOC) on different time-scales (BEAL et al., 2011). Model 

simulations and marine records suggest that the enhanced inflow and northward transport of 
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warm and saline AL waters ended up strengthening the AMOC during glacial-interglacial 

transitions (CALEY et al., 2012; KNORR; LOHMANN, 2003; PEETERS et al., 2004) as well 

as during stadial-interstadial millennial-scale transitions (BEAL et al., 2011; CHIESSI et al., 

2008). During millennial-scale stadials called Heinrich Stadials (HS), the weak AMOC reduced 

the cross-equatorial transport of heat and salt that, in turn, accumulated in the Southern 

Hemisphere (MIX et al., 1986). After some time, the northward advection of the salt excess to 

the regions of deep water formation in the northern North Atlantic contributed to reestablish 

the AMOC strength (GONG et al., 2013; KNORR; LOHMANN, 2007). 

Here we investigate the sea surface accumulation and transport of heat and salt from the AL 

region, i.e., southeastern subtropical South Atlantic, to the western tropical South Atlantic 

during HS. Therefore, we performed stable oxygen isotopes and Mg/Ca analyses on shallow-

dwelling planktonic foraminifera from marine sediment core M125-95-3, collected in the 

western tropical South Atlantic (10.94°S), and compared our results to previously published 

records from a marine core collected from the AL region. The comparison shows that data from 

both cores support the HS thermal and haline bipolar seesaw theory (BROECKER, 1998; 

LOHMANN, 2003), i.e., accumulation of heat and salt in the Southern Hemisphere during 

events of weak AMOC (i.e., HS). However, the systematically smaller positive excursions in 

our core suggest that surface heat and salt was lost and diluted, respectively, along the route 

from the southeastern subtropical to the western tropical South Atlantic. 

 

6.3 Regional setting 

Our marine sediment core was collected from the bifurcation of the southern branch of the 

South Equatorial Current (SSEC) (Fig. 6.1). There, the mixed layer is occupied by warm 

(>22°C) and saline (>36.5 psu) oligotrophic Tropical Water (TW) (GARCIA et al., 2013; 

LOCARNINI et al., 2013; ZWENG et al., 2013). The SSEC bifurcation occurs between 8° and 

13°S originating the northwestward-flowing North Brazil Current (NBC) and the southward-

flowing Brazil Current (BC) (SILVA et al., 2009). These currents play an important role in the 

distribution of heat and salt between the hemispheres. While the NBC transports a large amount 

of heat and salt across the equator to the North Atlantic during periods of strong AMOC, the 

BC can store and redirect towards subtropical latitudes of the South Atlantic a significant 

portion of the heat and salt not delivered northwards during periods of weak AMOC (MAIER‐

REIMER et al., 1990). The SSEC bifurcation shifts seasonally in response to the regional wind 

fields (Fig. 6.1). During austral summer (winter), the Intertropical Convergence Zone (ITCZ) 
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is in its southernmost (northernmost) position and the SSEC bifurcation shifts northward 

(southward) (RODRIGUES et al., 2007).  

 

Figure 6.1 - Location of marine cores M125-95-3 (green dot; this study) and MD02-2594 (purple 

diamond; DYEZ et al. (2014)) together with a schematic representation of the large-scale upper 

circulation in the South Atlantic (STRAMMA; ENGLAND, 1999). Antarctic Circumpolar Current: 

ACC; Agulhas Current: AC; AL: Agulhas Leakage; Brazil Current: BC; North Brazil Current: NBC; 

South Atlantic Current: SAC; Southern branch of the South Equatorial Current: SSEC. The Intertropical 

Convergence Zone (ITCZ) and the Southern Hemisphere Westerlies (SW) are depicted as yellow dashed 

band and grey arrows, respectively. 

 
 

The SSEC is the closest route between the southeastern subtropical South Atlantic and the 

western tropical South Atlantic (Fig. 6.1). At the southeastern subtropical South Atlantic, a 

small fraction of the Agulhas Current enters the South Atlantic throughout an Indian-Atlantic 

Ocean gateway situated around the southern tip of Africa (Fig. 6.1). These waters are called AL 

and they enter the South Atlantic as rings, i.e., Agulhas rings (ARHAN et al., 2011), while the 

majority of the Agulhas Current retroflects back into the Indian Ocean (Fig. 6.1). The Agulhas 

Current is the strongest western boundary current in the Southern Hemisphere carrying 70-78 

Sv of warm and saline surface and thermocline waters from the tropical South Indian Ocean 

towards the southern tip of Africa (LUTJEHARMS, 2006). The AL transports into the South 

Atlantic 2-15 Sv by shedding ca. five rings per year (RICHARDSON, 2007). The magnitude 

of the leakage is thought to be controlled by the latitudinal position of the Southern Hemisphere 

Westerlies and the associated oceanic Subtropical Front (Fig. 6.1) (BIASTOCH et al., 2009). 
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A persistent leakage of warm and saline AL waters could impact the Atlantic thermohaline 

properties by affecting its stratification and deep convection being, thus, a potential driver of 

AMOC changes on different time-scales (BEAL et al., 2011). 

 

6.4 Material and methods 

Marine sediment core M125-95-3 (10.94°S, 36.20°W, 1897 m water depth, 10.4 m core length) 

was collected from the continental slope in the western tropical South Atlantic during RV 

Meteor cruise M125 (Fig. 6.1) (BAHR et al., 2016). We focus on the upmost ca. 7.4 m of the 

core which covers the last ca. 70 thousand years before present (ka BP; present is 1950) 

(CAMPOS et al., 2019b), i.e., Marine Isotope Stages (MIS) 4-1, containing thus the HS of the 

last glacial and deglacial. In addition, we also discuss data from marine core MD02-2594 

collected from the Agulhas Bank slope (34.71°S, 17.34°E, 2440 m water depth, 7.5 m core 

length) (Fig. 6.1) (DYEZ et al., 2014). We restrict our comparison to the Agulhas Bank and the 

SSEC bifurcation regions since they represent the extremes of the shortest route between the 

AL region and the western tropical South Atlantic (Fig. 6.1). 

The chronology of core M125-95-3 is based on nine planktonic foraminifera accelerator mass 

spectrometry radiocarbon ages (covering the last ca. 40 ka) and three M125-95-3 Uvigerina 

spp. 18O tie-points aligned to a benthic 18O reference curve from GOVIN et al. (2014). The 

calibration curve IntCal13 (REIMER et al., 2013) and variable simulated reservoir ages 

(BUTZIN et al., 2017) were used to calibrate the raw radiocarbon ages. The age model and 

sedimentation rates were calculated using the modelling tool BACON v. 2.2 (BLAAUW; 

CHRISTEN, 2011) within the software PaleoDataView v. 0.8.3.4 (LANGNER; MULITZA, 

2019). Details regarding the age model are provided in CAMPOS et al. (2019b). 

In order to reconstruct past mixed layer conditions, we used 18O and Mg/Ca-based sea surface 

temperature (SST) (Mg/Ca-SST hereafter) records derived from Globigerinoides ruber pink 

analyses. From the sediment fraction 250-350 m ca. 10 (20) specimens per sample were 

handpicked under a binocular microscope every 2 (6) cm for 18O (Mg/Ca-SST) analyses. 

While the G. ruber pink 18O analyses for the uppermost 230 cm were conducted with a 

Finnigan MAT 252 mass spectrometer coupled to a Kiel III carbonate preparation device at the 

State Key Laboratory of Marine Geology (Tongji University, China), the rest of the 18O 

analyses were conducted with a Thermo Fisher Scientific MAT253plus mass spectrometer 

coupled to a Kiel IV carbonate preparation device at the MARUM – Center for Marine 

Environmental Sciences (University of Bremen, Germany). Output data were calibrated against 
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in-house standards that are themselves calibrated against the NBS19 standard. We report the 

isotopic results in per mil (parts per thousand, i.e., ‰) versus Vienna Peedee Belemnite 

(VPDB). For the measured period, the standard deviation of in-house standard replicate 

measurements was 0.07‰ for the State Key Laboratory of Marine Geology and 0.06‰ for the 

MARUM. Mg/Ca-SST analyses were conducted according to the standard cleaning protocol 

for foraminiferal Mg/Ca analyses suggested by BARKER et al. (2003). The samples were 

analyzed with a Thermo Finnigan Element 2 sector field inductively coupled plasma (ICP) mass 

spectrometer (ICP-MS) at the Petrology of the Ocean Crust ICP-MS Laboratory (Faculty of 

Geosciences, University of Bremen, Germany). Exception is made for the interval between 92-

194 cm which was analyzed with an Agilent Technologies 700 series ICP optical emission 

spectrometer (ICP-OES) with autosampler ASX-520 Cetac and micro-nebulizer at the 

MARUM. Instrumental precision of ICP-MS and ICP-OES were monitored through analyses 

of an in-house standard solution (which was the same for both ICP) of theoretical value 3.40 

mmol mol-1. Mean long-term standard deviation were 0.012 mmol mol-1. We used the G. ruber 

pink calibration equation from REGENBERG et al. (2009) (i.e., Mg/Ca = 0.23 exp (0.111 * 

SST)) to convert Mg/Ca into SST. The uncertainty estimated for G. ruber p Mg/Ca calibration 

is within +/- 1.0 °C (REGENBERG et al., 2009). The SST reconstruction uncertainty is 

estimated by propagating uncertainties from the analytical measurements (i.e., 0.012 mmol  

mol-1, which is equivalent to 0.04 °C) and from the used Mg/Ca-SST calibration equation (i.e., 

1.0 °C). 

Based on our G. ruber pink 18O and Mg/Ca-SST as well as the paleotemperature equation 

described in MULITZA et al. (2003) (i.e., SST = - 4.44 ((18Ocalcite - 
18Osea water) + 14.20) we 

estimated the 18O of surface sea water (18Ossw). To convert the 18Ossw values from VPDB to 

Vienna Standard Mean Ocean Water (VSMOW), we applied the conversion constant of HUT 

(1987) (i.e., 0.27‰). In order to extract the effects of changes in global ice volume from 18Ossw 

and obtain ice volume corrected 18Ossw (18Oivc-ssw), we applied the sea level correction from 

WAELBROECK et al. (2002) (i.e., 18Oivc-ssw = 18Ossw - (ESL*1/130), where ESL is the 

estimated sea level difference to preindustrial sea level in meters). The 18Oivc-ssw estimated 

error is a combination of the SST reconstruction uncertainty (i.e., which is equivalent of 0.22‰; 

MULITZA et al. (2003)) plus the analytical error of the G. ruber pink 18O (i.e., 0.065‰, which 

represents the mean between the standard deviation of both laboratories). Thus, the propagation 

of uncertainties for 18Oivc-ssw is around 0.23‰. Since the 18Oivc-ssw and sea surface salinity 
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(SSS) are governed by the same factors (i.e., precipitation, evaporation, continental discharge 

and advection), the 18Oivc-ssw is used here as a proxy for SSS. 

 

6.5 Results and discussion 

Last glacial and deglacial paleoclimate records indicate that the HS were marked by cold 

temperatures over Greenland (Fig. 6.3a) (RASMUSSEN et al., 2014) and the surface North 

Atlantic (BARD et al., 2000), and also by pulses of ice-rafted debris at the northern North 

Atlantic (Fig. 6.3b) (LISIECKI; STERN, 2016). On the other hand, the Southern Hemisphere 

presented warmer temperatures (Fig. 6.3i) (BARBANTE et al., 2006), increased surface 

oceanic salinity (SIMON et al., 2015) as well as increased continental precipitation over tropical 

regions, e.g., most tropical South America (e.g., Fig. 6.3c) (CAMPOS et al., 2019b). These 

abrupt events are related to periods of AMOC slowdown and consequent reduction in the cross-

equatorial heat and salt transport. This interhemispheric asymmetric response to HS is usually 

termed thermal and haline bipolar seesaw (BROECKER, 1998; LOHMANN, 2003). 

Furthermore, since higher SST enhances evaporation, the Southern Hemisphere warming 

would further increase SSS (LOHMANN, 2003). 

Our Mg/Ca-SST record shows positive excursions (up to 27.4 °C at ca. 15.6 ka BP) during HS 

(Fig. 6.2c). Exceptions are made for HS5 and the YD. During these events, the sedimentation 

rate is around 6 cm ka-1, being considerably lower than during the other HS (Fig. 6.2a). 

The relatively low sedimentation rate together with the 6 cm resolution of our Mg/Ca-SST 

record may have hidden the signal of HS5 and the YD. 18Oivc-ssw shows positive (negative) 

excursions during HS6, HS3 and HS2 (HS4 and HS1) (Fig. 6.2b). For the same reasons 

described for Mg/Ca-SST record, HS5 (despite it seems to present negative excursion) and the 

YD 18Oivc-ssw will not be interpreted. 
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Figure 6.2 - Marine sediment core M125-95-3 records for the last 70 ka. (a) Sedimentation rate; (b) ice 

volume corrected surface sea water stable oxygen isotopic composition (18Oivc-ssw), a proxy for sea 

surface salinity; (c) Mg/Ca-based sea surface temperature (Mg/Ca-SST) based on Globigerinoides ruber 

pink (G. ruber p); and (d) G. ruber p 18O. Dark green, red and light green lines in records (b), (c) and 

(d), respectively, represent three-point running averages. Black (orange) squares at the bottom of the 

panel depict calibrated radiocarbon ages (tie-points) with 2 standard error. Red vertical bars represent 

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

Stages (MIS) are depicted below the upper axis. 

 
 

Our HS positive Mg/Ca-SST excursions (Fig. 6.3e) are in accordance with the thermal bipolar 

seesaw theory (BROECKER, 1998). AL core MD02-2594 (Fig. 6.3g) (DYEZ et al., 2014) also 

recorded a similar feature. However, the magnitude of the positive excursions differs between 

both records (Fig. 6.4b). We identified systematically smaller Mg/Ca-SST changes in M125-

95-3 than in MD02-2594 during all HS, except for HS1 in which both records show similar 

positive excursions (Fig. 6.4b). 

 

 



81 

 

Figure 6.3 - Marine and continental paleoclimate records from Greenland, Antarctica and the Atlantic 

Ocean. (a) North Greenland Ice Core Project (NGRIP) 18O (RASMUSSEN et al., 2014); (b) northern 

North Atlantic stack of ice-rafted debris (IRD) (LISIECKI; STERN, 2016); (c) ln(Ti/Ca) from marine 

sediment core M125-95-3 (CAMPOS et al., 2019b); (d) ice volume corrected surface sea water stable 

oxygen isotopic composition (18Oivc-ssw), a proxy for sea surface salinity from marine sediment core 

M125-95-3 (this study); (e) Mg/Ca-based sea surface temperature (Mg/Ca-SST) from marine sediment 

core M125-95-3 (this study); (f) 18Oivc-ssw from marine sediment core MD02-2594 (DYEZ et al., 2014); 

(g) Mg/Ca-SST from marine sediment core MD02-2594 (DYEZ et al., 2014); (h) abundance of 

Neogloboquadrina pachyderma sinistral (N. pachyderma s) from marine sediment core GeoB1711-4 

(COLLINS et al., 2014; LITTLE et al., 1997); and (i) EPICA Community Members - Dronning Maud 

Land (EDML) 18O (BARBANTE et al., 2006). Dark green and red lines in records (d), (e), (f), and (g) 

represent three-point running averages. Black (orange) squares at the bottom of the panel depict 

calibrated radiocarbon ages (tie-points) with 2 standard error. Blue-to-red vertical bars represent abrupt 

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

(MIS) are depicted below the upper axis. 
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Considering that (i) the M125-95-3 core site is located at the SSEC bifurcation and, thus, should 

reflect SSEC properties (Fig. 6.1) and (ii) the SSEC is the most direct route between the AL 

region and western tropical South Atlantic (Fig. 6.1), the identified pattern may be related to a 

loss of heat to the atmosphere along the route southeastern subtropical-western tropical South 

Atlantic. Indeed, modern observations suggest that Agulhas rings decay rapidly in the Cape 

Basin (SCHMID et al., 2003), losing to the atmosphere part of their anomalously high surface 

heat content (VAN AKEN et al., 2003). Also, model simulations show that along their 

northward transport within the Atlantic Ocean, warm AL waters progressively lose heat to the 

atmosphere (BEAL et al., 2011; HAARSMA et al., 2011; WEIJER et al., 2002). 

Our positive 18Oivc-ssw excursions during HS6, HS3 and HS2 (Fig. 6.3d) are in accordance with 

the haline bipolar seesaw theory (LOHMANN, 2003). Similarly to the loose of heat, a salt loss 

trend seems to occur along the route southeastern subtropical-western tropical South Atlantic, 

i.e., M125-95-3 positive 18Oivc-ssw excursions are smaller than AL core MD02-2594 excursions 

(Fig. 6.4a). The strength of the AL could contribute to explain the smaller M125-95-3 

excursions during these events. The model analyzed by SIMON et al. (2015) showed a 

weakening of the Agulhas Current during a weak AMOC experiment. The authors suggested 

that, despite Agulhas Current SSS increases during HS, a weakening of this current would result 

in reduced salt transport by the AL into the South Atlantic. Another factor that could account 

for the smaller M125-95-3 excursions is the dilution of SSS via direct precipitation (e.g., 

PORTILHO-RAMOS et al., 2017; VENANCIO et al., 2020). Indeed, CAMPOS et al. (2019b) 

showed higher atmospheric precipitable water over our core site during HS. 

Our negative 18Oivc-ssw excursions during HS4 and HS1 contradict the haline bipolar seesaw 

theory. CAMPOS et al. (2019b) showed increased precipitation over the adjacent continent, 

i.e., eastern South America, during all HS (Fig. 6.3c). The increased precipitation over the 

continent most probably increased the discharge of fresh river waters impacting the upper water 

column of our core site. On the other hand, CAMPOS et al. (2020, under review, Chapter 5) 

showed that, despite higher continental precipitation, the upper water column of our core site 

was not affected by river-born nutrients, indicating that the low-salinity river plume did not 

substantially affected the upper water column of our core site. Furthermore, considering BAHR 

et al. (2013) and VENANCIO et al. (2020), the 18Oivc-ssw may not faithfully record changes in 

riverine input. Thus, we cannot affirm that our negative 18Oivc-ssw excursions during HS4 and 

HS1 are related to increased input of low-salinity river water. Instead, they most probably 

reflect primary local precipitation-evaporation oceanic balance. Assuming a linear relationship 
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between the magnitude of the AMOC slowdown during HS and the magnitude of precipitation 

increase over core site M125-95-3 (similarly to the one described by MULITZA et al. (2017)), 

the negative 18Oivc-ssw excursions should be related to stronger HS. Indeed, according to the 

North Atlantic ice-rafted debris pulses (Fig. 6.3b) (LISIECKI; STERN, 2016) as well as the 

abundance of a cold-water foraminifera species in the southeastern South Atlantic, a proxy for 

SE trade winds strength (i.e., weak SE trade winds are associated with a weak AMOC) (Fig. 

6.3h) (LITTLE et al., 1997), HS4 and HS1 were two of the strongest HS of the last ca. 70 ka. 

For the other HS, direct oceanic precipitation may not have been strong enough to produce 

negative excursions in 18Oivc-ssw, but it could have still contributed to the smaller M125-95-3 

excursions compared to those of MD02-2594 (Fig. 6.4a). 

We suggest that the heat and salt imported from the Indian Ocean surface waters during HS 

were only partially transferred to the western tropical South Atlantic. Thus, the northward 

advection of the salt excess to the regions of deep water formation in the northern North Atlantic 

that contributed to recover the AMOC strength was most probably transported mainly within 

the thermocline waters. 

 

Figure 6.4 – Amplitude of Heinrich Stadials (HS) excursions in (a) ice volume corrected surface sea 

water stable oxygen isotopic composition (18Oivc-ssw) (a proxy for sea surface salinity) and (b) Mg/Ca-

based sea surface temperature (Mg/Ca-SST) for marine sediment cores M125-95-3 (green dot; this 

study) and MD02-2594 (purple diamond; DYEZ et al. (2014)). The excursions were calculated by 

selecting, whenever possible, the three more positive values of the pre-HS and the three more negative 

values within HS (i.e., pre-HS minus HS). Black dashed line in panel (a) depicts zero anomaly. 
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6.6 Conclusions 

We show 70 ka data from marine sediment core M125-95-3 collected from the western tropical 

South Atlantic (10.94°S), at the SSEC bifurcation. This key location allowed us to reconstruct 

mixed layer conditions in the portion of the western South Atlantic that is closest to the AL 

region, and on the route of AL waters to the North Atlantic. We compared our Mg/Ca-SST and 

18Oivc-ssw data to previously published data from core MD02-2594 collected from the Agulhas 

Bank. Both cores show positive Mg/Ca-SST and 18Oivc-ssw excursions during HS. Additionally, 

M125-95-3 shows systematically smaller positive excursions when compared to MD02-2594. 

This suggests that part of the surface heat and salt imported from the Indian Ocean was lost and 

diluted, respectively, along the route from the AL region to the western tropical South Atlantic. 

Finally, Indian Ocean salt that eventually reached the high latitudes of the North Atlantic 

helping on the recovering of the AMOC was most probably transported mainly within the 

thermocline. 
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7 Final remarks 

7.1 Summary and conclusions 

In this thesis, marine sediment core M125-95-3 collected from the E South American 

continental margin, in the western tropical South Atlantic (10.94°S), was investigated for the 

last 70 ka. The main focus was understanding how South American hydroclimate (Chapter 4), 

the western tropical South Atlantic bottom ventilation (Chapter 5), and upper water column 

conditions (Chapter 6) were affected by changes related to the HS of the last glacial and 

deglacial periods. The conclusions presented herein are based on inorganic geochemistry (i.e., 

planktonic foraminifera, Mg/Ca, bulk sediment major elements), isotopic geochemistry (i.e., 

planktonic and benthic foraminifera stable oxygen isotopes, benthic foraminifera stable carbon 

isotope), micropaleontological (i.e., planktonic foraminifera assemblages, benthic foraminifera 

counts) and outputs from a high-resolution version of an atmosphere-ocean general circulation 

model. The main conclusions are highlighted below and Figure 7.1 summarizes them in an 

integrated way. 

Regarding South American hydroclimate during the last glacial and deglacial HS, the main 

conclusions are: 

• Data and model results shown herein suggest that the meridional impact of HS-induced 

precipitation anomalies over South America decreases from north to south, and that the São 

Francisco River drainage basin is the southernmost basin in the South American Atlantic 

seaboard that experienced substantial increases in precipitation. 

• A complex combination of dynamic and thermodynamic processes was responsible for 

precipitation anomalies over tropical South America. 

• E South America experienced positive precipitation anomalies which are attributed to 

an austral summer anomalous cyclonic circulation and moisture transport from the anomalously 

warm South Atlantic into the continent. 

• Due to the cooling of the North Atlantic, the atmospheric moisture content over the 

Northern Hemisphere was reduced. Thus, in the austral summer, cooler and drier air was 

transported from the tropical North Atlantic into the continent, resulting in reduced transport of 

moisture to feed rainfall over tropical South America. 

• Due to the warming of the South Atlantic, the atmospheric moisture content over the 

Southern Hemisphere was increased. Thus, in the austral winter, warmer and wetter air was 

transported from the equatorial Atlantic into the continent, resulting in wetter conditions over 

vast portions of tropical South America. 
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Regarding western tropical South Atlantic bottom ventilation during last glacial and deglacial 

HS, the main conclusions are: 

• The weak AMOC reduced the input of high 13C surface waters into the deep North 

Atlantic promoting a decrease in the source signal of NCW. Additionally, the reduced 

ventilation and consequent increased NCW residence time led to the accumulation of respired 

carbon at NCW depths throughout the Atlantic. Thus, NCW 13C source signal reduction 

together with accumulation of respired carbon drove 13C negative excursions. 

• The 13C and S records unambiguously indicate a reduced NCW ventilation in the 

western tropical South Atlantic mid-depths. 

• The negative 13C excursions progressively increased along the NCW southwards 

pathway, reaching maxima values at the western tropical South Atlantic, from where the signal 

started to dissipate/dilute by mixing with SCW. 

• Even under different boundary conditions, negative 13C excursions occurred in the 

mid-depth western tropical South Atlantic during all HS of the last glacial and deglacial 

suggesting that similar mechanisms may have operated. 

• The synchronism of changes in CO2atm, 13CO2atm, and AMOC-related marine carbon 

cycle records suggests that the AMOC played a relevant role in modulating the global carbon 

cycle on millennial time-scale. 

 

Regarding upper western tropical South Atlantic changes during last glacial and deglacial HS, 

the main conclusions are: 

• The comparison between records from the AL region and the western tropical South 

Atlantic shows accumulation of heat and salt in the South Atlantic during HS. 

• The systematically smaller western tropical South Atlantic positive SST and SSS 

excursions suggests that surface heat and salt was lost/diluted along the route from the AL 

region to the western tropical South Atlantic. 

• The heat and salt imported from the Indian Ocean during HS were only partially 

transferred to the western tropical South Atlantic. 

• Indian Ocean salt that eventually reached the high latitudes of the North Atlantic helping 

on the recovering of the AMOC was most probably transported mainly within the thermocline. 
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Figure 7.1 – Schematic representation of the main changes that occurred to the western Atlantic and the 

adjacent Americas during Heinrich Stadials, as described in this thesis. Filled yellow dot indicate the 

site of marine sediment core M125-95-3 (western tropical South Atlantic) investigated herein. Black 

arrows indicate austral summer (winter) moisture flux from the tropical South Atlantic (equatorial North 

Atlantic) to eastern South America (tropical South America). Grey arrows (continuous and dashed) 

depict source region and the main pathway of the Southern Component Water (SCW) and Northern 

Component Water (NCW). NCW dashed line indicates decreased convection and ventilation of this 

water mass. The blue shading represents the magnitude of the negative NCW 13C excursions (light blue 

suggests small excursion, deep blue suggests large excursion) which gradually increases southwards at 

mid-depths, reaching its maximum in the western tropical South Atlantic (i.e., the site of core M125-

95-3) from where it starts to dissipate/dilute by mixing with SCW. The red shadow depicts the 

accumulation of sea surface temperature (SST) and salinity (SSS) in the upper South Atlantic. Figure 

partially produced with Ocean Data View (SCHLITZER, 2018). 

 
 

Taken together, we have shown that past events of decreases in AMOC strength had a profound 

impact over South American hydroclimate as well as in the western tropical South Atlantic 

bottom ventilation and upper water column. Direct and indirect instrumental measurements of 

the AMOC strength show its weakening over the last decades. Recent modelling studies suggest 

that this weakening will persist, and probably intensify, throughout this century. A marked 

weakening of the AMOC together with other changes in the climate system (e.g., greenhouse 

gases increase, relative sea level rise, ocean acidification etc.) pose major threats to global flora, 

fauna and society. Therefore, the conclusions of this thesis may subsidize the debate of possible 

impacts that future climate change may have over tropical South America and in the western 

tropical South Atlantic. 
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7.2 Future studies 

Our knowledge about South American paleoclimate and western South Atlantic 

paleoceanography is fragmented and sparse (PBMC, 2014). The scientific questions 

approached herein contribute to reduce these deficiencies, however, they target a small number 

of the long list of unanswered questions. Here we suggest future studies that, in light of the 

results presented in this thesis, could tackle at least part of the unanswered questions. 

Chapter 4 shows that E South America experienced positive precipitation anomalies during HS. 

This finding was mainly based on the delivery of terrigenous sediments from the adjacent 

drainage basin (i.e., São Francisco River drainage basin) to the continental margin where marine 

sediment core M125-95-3 was collected (i.e., western tropical South Atlantic). Precipitation 

changes over tropical regions may cause not only changes in the riverine transport of sediments 

but also changes in vegetation. HS vegetation changes in E South America is a topic of great 

relevance since this region is thought to be a past corridor that linked the Amazonian and 

Atlantic rainforests through the expansion of both biomes over nowadays semi-arid regions 

(BOUIMETARHAN et al., 2018; DUPONT et al., 2010; WANG et al., 2004). Marine 

sediments are also valuable archives of vegetation types and composition. While the 13C 

composition of long chain n-alkanes (epicuticular leaf-waxes from higher plants) allow to 

differentiate between vegetation types using the C3 (forest) and C4 (savanna) photosynthetic 

pathways (e.g., HÄGGI et al., 2017; HÄGGI et al., 2016), the pollen assemblage allows to 

reconstruct the vegetational species composition (e.g., GU et al., 2018; GU et al., 2017). Thus, 

long chain n-alkanes 13C and palynological analyses to marine sediment core M125-95-3 could 

yield important results. 

Another issue that arose from Chapter 4 is the need for a broad approach that goes beyond the 

SAMS while scrutinizing tropical South American hydroclimate changes during the last glacial 

and deglacial. This need has also been identified for the Holocene (WARD et al., 2019) and the 

last millennium (WORTHAM et al., 2017), in which inconsistencies related to SAMS records 

may indicate that other mechanisms could have played a role. Thus, an inclusive approach to 

explain South American HS hydroclimate conditions that goes beyond the classically invoked 

changes in SAMS is required. Such an approach should consider not only mean annual 

conditions but also seasonal conditions. 

Chapter 5 shows that a weak AMOC decreased the ventilation of the mid-depth western South 

Atlantic during the last glacial and deglacial HS. The decreased ventilation allowed the 

accumulation of respired carbon at NCW depths. The latter has implications on seawater 

chemistry (e.g., reduced oxygen, increased pH, reduced formation of carbonate structures). The 
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weakening of the AMOC observed in the last decades and projected weakening for the future 

may drastically change seawater chemistry. Thus, investigating in more detail the effects that 

the HS-related decreases in ventilation had over the mid-depth western South Atlantic may 

provide valuable information. 

Still regarding Chapter 5, when investigating past AMOC weakening events, it is also important 

to reconstruct the 13C of the upper water column. The western tropical South Atlantic 

thermocline is of particular interest since it is occupied by SACW, which is mainly formed by 

waters originated from the Southern Ocean (STRAMMA; SCHOTT, 1999) (STRAMMA; 

ENGLAND, 1999). Thus, changes in the SACW 13C in the western tropical South Atlantic 

may reflect changes in the Southern Ocean 13C, which is mainly related to changes in 

ventilation. Assessing past changes in Southern Ocean ventilation is relevant because this ocean 

is believed to be the main source of CO2 to the atmosphere during HS (e.g., ANDERSON et 

al., 2009; CAMPOS et al., 2017; NINNEMANN; CHARLES, 1997). 

In Chapter 6 we show the accumulation and transport of heat and salt from the AL region to the 

western tropical South Atlantic (i.e., M125-95-3 core site) during HS. Since the western 

equatorial Atlantic is the bottleneck for the northward return flow of the AMOC, a better 

understanding of changes in heat and salt at this region during AMOC reorganization events is 

needed, particularly for periods older than the last glacial (e.g., Termination II). Termination II 

led to the Last Interglacial period that was warmer than the preindustrial. Termination II and 

the Last Interglacial are appropriate case studies to assess possible consequences of current 

climate change. So far, no records from the western equatorial Atlantic (i.e., the very pathway 

from the South to the North Atlantic) covering Termination II are available to deal with this 

issue. 

Finally, the above-mentioned scientific questions make clear the utmost importance of an 

integrated effort that involves an interdisciplinary/multidisciplinary group in order to deal the 

complex environmental issues facing society.  
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