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RESUMO

E amplamente conhecido que as temperaturas globais e os niveis do mar estéo
subindo, os padrdes de chuva estdo mudando e os eventos climaticos extremos
estdo se tornando mais intensos e destrutivos. Neste sentido, a Geologia é de suma
importancia para entendermos como o clima se modificou no passado e auxiliar em
predicdes de mudancas climaticas atuais e futuras. Nesta dissertagcdo discutimos
como uma mudanca na Circulagdo Meridional de Revolvimento do Atlantico (AMOC)
pode acarretar anomalias climaticas e de produtividade primaria para o Oceano
Atlantico Sul. A possibilidade de um colapso (ou enfraquecimento acentuado) na
AMOC dentro de alguns séculos aumentou o interesse da comunidade cientifica nas
respostas de diferentes compartimentos do sistema terrestre a colapsos anteriores
de AMOC (ou enfraquecimento acentuado). Os exemplos mais recentes desses
periodos sdo Heinrich Stadial 1 (HS1,18-15 ka BP; AMOC quase colapsada) e o
Younger Dryas (YD, 12,9-11,7 ka BP; AMOC marcadamente enfraquecido). Aqui,
apresentamos razdes elementares, biomarcadores organicos, reconstrucbes da
temperatura da superficie do mar e dados de assembleias de foraminiferos
planctbnicos de um testemunho de sedimento marinho recuperado do Oceano
Atlantico Sul tropical ocidental que se estende pelos ultimos ca. 20 ka. O testemunho
registra as respostas do hidroclima da América do Sul tropical e mudangas de
produtividade do Atlantico Sul tropical, durante as flutuagdes de intensidade de
AMOC associadas com HS1 e o YD. Nossos dados mostram que tanto o HS1
quanto o YD foram caracterizados por um clima mais umido sobre o nordeste da
América do Sul tropical e, consequentemente, houve um aumento do aporte
sedimentar continental. No entanto, o escoamento de sedimentos continental foi

provavelmente mais intenso durante o HS1, quando o fornecimento de nutrientes
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aumentou a produtividade primaria no oceano Atlantico Sul tropical ocidental.
Juntamente com dados publicados anteriormente, sugerimos que diminui¢des
marcantes na intensidade de AMOC durante HS1 e o YD aprisionaram o calor na
camada superficial do oeste do Oceano Atlantico Sul, facilitando a transferéncia de
umidade e aumentando a precipitacdo sobre o nordeste da América do Sul.
Palavras chaves: Mudancas climaticas, Paleoclimatologia, Precipitacdo, América do

Sul, Heinrich Stadial, Younger Dryas



ABSTRACT

It is a known-well fact that global temperatures and sea levels are rising, rainfall
patterns are changing, and extreme weather events are becoming more intense and
destructive. In this sense, geology plays a crucial role to understand how climate has
changed in the past and assist in predictions of current and future climate shifts. In
this work we discuss how a change in the Atlantic Meridional Overturning Circulation
(AMOC) can cause climatic anomalies over northeastern South America. The
possibility of a collapse (or sharp weakening) of the AMOC within a few centuries has
increased the scientific community's interest in responses from different
compartments of the Earth system to previous collapses of AMOC (or sharp
weakening). The most recent examples of these periods are Heinrich Stadial 1
(HS1,18-15 ka BP; AMOC almost collapsed) and the Younger Dryas (YD, 12.9-11.7
ka BP; AMOC markedly weakened). Here, we present elemental ratios, organic
biomarkers, reconstructions of sea surface temperature and data from planktonic
foraminiferal assemblages of a marine sediment core recovered from the western
tropical South Atlantic Ocean that extends through the last ca. 20 kyr. The core
records hydroclimate responses of tropical South America and productivity changes
in the western tropical South Atlantic during AMOC intensity fluctuations associated
with HS1 and the YD. Our data show that both HS1 and the YD were characterized
by wetter climates over the northeastern South America and, consequently, there
was an increase in continental runoff. However, continental runoff was probably more
intense during HS1, when nutrient supply increased primary productivity in the
western tropical South Atlantic Ocean. Together with previously published data, we

suggest that marked decreases in AMOC intensity during HS1 and the YD trapped
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heat in the surface layer of the western South Atlantic Ocean, facilitating humidity

transfer and increasing precipitation over northeastern South America.

Keywords: Climate change, Paleoclimatology, Precipitation, South America, Heinrich

Stadium, Younger Dryas
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1.INTRODUGAO

Esta dissertacdo aborda diversos meétodos para reconstrugcdes
paleoclimaticas, resultando no manuscrito intitulado de “Links between
precipitation patterns over eastern tropical South America and primary
productivity in the western tropical South Atlantic Ocean during the last 20 kyr’.
Durante o decorrer do mestrado foram utilizadas diversas metodologias de
quimica analitica (proxies geoquimicos) em um testemunho sedimentar
localizado na Bacia de Sergipe-Alagoas, proximo a foz do Rio Sdo Francisco,
cujos sedimentos abrangem o Quaternario tardio. O estudo visa testar a
hipotese de que eventos paleoceanograficos e paleoclimaticos impactaram no
aporte de sedimentos e agua setor oeste do Oceano Atlantico Sul tropical nos
ultimos 20 ka. O manuscrito gerado foi submetido ao periddico
Palaeogeography, Palaeoclimatology, Palaeoecology.

Em relagdo a tematica e problema discutidos no artigo cientifico, ja é
sabido que o transporte de calor oceéanico cruzando a regidao equatorial em
diregdo ao hemisfério norte € de cerca de 0,5 PW por ano, sendo ocasionado,
principalmente, pela circulagdo de revolvimento meridional do Atlantico (Atlantic
Meridional Overturning Circulation - AMOC). Esse fenbmeno resulta em aguas
superficiais relativamente quentes no Oceano Atlantico Norte, tornando o
hemisfério norte mais quente do que o hemisfério sul (Mohtadi et al., 2016). Em
resposta, ha um transporte de energia em direcado ao hemisfério sul por meio
da circulacdo atmosférica de Hadley, posicionando o ramo ascendente da
circulagao de Hadley e a posicao média da Zona de Convergéncia Intertropical
(ITCZ) (ver Fig. 1) ao norte do Equador (Schneider et al., 2014). Segundo

Mohtadi et al. (2016), qualquer mecanismo fisico que induz o aquecimento ou
8
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resfriamento anbmalo de um hemisfério em relacdo ao outro deslocara a
posicdo média do ITCZ em direcdo ao hemisfério em aquecimento, o que
afetara os sistemas de moncgoes tropicais.

No que se refere a variagdes de intensidade da AMOC e deslocamentos
da ITCZ ao longo do tempo, o maior corpo de dados existente refere-se ao
ultimo estagio Heinrich (HS1, cerca de 18-15 ka antes do presente). Durante o
evento HS1, a AMOC estava quase colapsada e as temperaturas da superficie
do Atlantico Norte eram minimas (McManus et al., 2004). Uma compilagéo
global dos registros paleo-hidroldgicos disponiveis para o evento HS1 sugere
que houve um deslocamento do ITCZ para o sul associado com a mudanca de
assimetria térmica inter-hemisférica (Mohtadi et al., 2016). Portanto, € esperado
que em intervalos de tempo em que a AMOC esteve enfraquecida ou quase
colapsada, anomalias de precipitagdo e temperatura (aquecimento) ocorreram
em diversas regides do hemisfério sul (Campos et al., 2019; Crivellari et al.,
2019).

Neste sentido foi escolhido um testemunho de sondagem marinho
estratégico para definir eventos que registram anomalias climaticas e
oceanograficas, localizado proximo a foz do Rio S&o Francisco. No leste do
Brasil, a influéncia da Zona de Convergéncia do Atlantico Sul se expande sobre
a area proximal da bacia de drenagem do Rio Sdo Francisco (Strikis et al.,
2015). Apds seguir seu curso rumo a regiao nordeste, o Rio Sdo Francisco
desagua em uma area do Oceano Atlantico Sul influenciada pela Corrente
Norte do Brasil (superficial), Contracorrente Norte do Brasil (em profundidades
intermediarias) e Agua Profunda do Atlantico Norte (a grandes profundidades)

(Stramma e England, 1999). Com base nessa configuragdo climatica e

9
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oceanografica, nossa proposta de pesquisa assume que sedimentos
quaternarios depositados em posicao distal a foz do Rio Sdo Francisco tém o
potencial de registrar mudancas na atividade das mong¢gdes por meio de
registros geoquimicos, isotépicos e faunisticos.

Transporte de energia
através do equador
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Transporte de energia através do equador para o norte pela AMOC

Figura 1: Esquema ilustrativo da conexdo entre AMOC e a célula de Hadley
com média da ITCZ em 9° ao norte do equador. Por ser mais aquecido, o
Hemisfério Norte libera mais radiagcdo de ondas longas para a atmosfera do
que o Hemisfério Sul, devido ao transporte de energia na diregdo do Hemisfério
Norte promovido pela AMOC. Paralelamente, a circulacdo de Hadley transporta
umidade para o Hemisfério Norte em superficie, e energia para o Hemisfério
Sul. Uma parte da energia também ¢é transportada por vortices atmosféricos
que sao gerados nos flancos subtropicais da célula de Hadley. Baseado em

(Frierson e Hwang, 2012) e retirado de (Aimola e Moura, 2016).
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2. ATLANTIC MERIDIONAL OVERTURNING CIRCULATION (AMOC)

A AMOC é considerada um padréo de circulagédo de grande escala que
transporta aguas superficiais e quentes em direcdo as altas latitudes do
Atlantico Norte, e retorna trazendo aguas profundas e frias para o Atlantico Sul
(Bryden et al., 2005; Cunningham et al., 2007). E amplamente discutido que a
AMOC pode ser composta por quatro ramos principais: (1) ressurgéncias, - que
transportam aguas de fundo para a superficie — (2) correntes superficiais, que
transportam aguas de baixa densidade em direcdo as altas latitudes; (3)
regides de formagdo de aguas profundas (FAP) — aguas se tornam mais
densas e afundam — (4) correntes profundas, que transportam aguas de alta
densidade encerrando esse revolvimento desenvolvido pela AMOC (Kuhlbrodt
et al., 2007)

Neste sentido, é possivel compreender que a AMOC possui uma grande
importancia no que tange ao clima global. Esse mecanismo exerce forte
controle na estratificagcao e distribuicdo de massas de agua, na quantidade de
calor que é transportada pelo oceano e no ciclo de estocagem de espécies
quimicas (CO2) no mar profundo (Kuhlbrodt et al., 2007).

No passado a AMOC ja passou por oscilagbes. Um bom exemplo
ocorreu no ultimo periodo glacial e na posterior deglaciacdo (McManus et al.,
2004). Seu enfraquecimento mostrou-se capaz de afetar o clima de forma
significativa, provocando inUmeras anomalias climaticas, sendo algumas delas:
(1) resfriamento das altas latitudes do Atlantico Norte (Bard et al., 2000), (2)
aquecimento da superficie do Oceano Atlantico Sul (Chiessi et al., 2015), (3)

aumento do CO2 atmosférico (Kearey and Brooks, n.d.) (4) mudangas na
11
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posicdo da Zona de Convergéncia Intertropical (ZCIT - Campos et al., 2020;
Venancio et al., 2020), (5) alteragdes nos ecossistemas marinhos em todo o
Oceano Atlantico (Portilho-Ramos et al., 2017; Schmittner, 2005) e (5) e

modificagdes no nivel do mar no Atlantico Norte (Levermann et al., 2005).

3. SISTEMA DE MONGAO

Um Sistema de Mong¢ao é caracterizado pela diferenca de temperatura
existente entre um certo continente e o oceano adjacente que produz uma
reversdo sazonal dos ventos em baixos niveis. Entdo, o continente responde a
insolacado de forma rapida, aquecendo e resfriando em um periodo menor que
o Oceano o faz. Essa troca ocorre uma vez que a capacidade térmica do
continente € menor que a do oceano (Mohtadi et al., 2016).

No verdo, ha um rapido aquecimento do continente e um aquecimento
mais lento do oceano, o que cria um gradiente de temperatura e pressao entre
eles. No continente, esse aquecimento provoca a expansao e ascensao do ar
superficial. Entdo, essa movimentacdo de ar origina uma zona de baixa
pressdo sobre o continente, que acaba atraindo ar do oceano (zona de alta
pressao). Esse ar atraido também é aquecido sofrendo expansao e ascensao.
Esse movimento de ar oceano-continente carrega a umidade, contribuindo para
as chuvas de mongdes (Mohtadi et al., 2016).

No entanto, na América do sul ndo ocorre a completa reversao sazonal
dos ventos de baixos niveis, que se trata de um mecanismo tipicos das
Moncgdes Asiaticas. Ao longo do ano ocorre um deslocamento dos alisios no
sentido oceano-continente. Esse fendmeno tem sido denominado de

“‘moonson-like” ou Sistema de Moncado da América do Sul (SMAS). Esse
12



119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

13

sistema também ¢€é marcado por mostrar variagbes sazonais como
fortalecimento no verao austral e enfraquecimento no inverso austral (Garreaud
et al., 2009). Para a area estudada nessa dissertacdo (nordeste da América do
Sul), dados de modelos climaticos e oceanograficos ndo mostram um forte
desenvolvimento do SMAS (Campos et al., 2019). Essas informagbes seréo

melhores discutidas também por proxies abordados no manuscrito.

4. VARIAGOES CLIMATICAS DA AMOC DURANTE O HEINRICH STADIAL

E O YOUGER DRYAS

A variabilidade climatica de escala milenar afeta diversos
compartimentos do sitema Terra (Barker et al., 2009). Acredita-se que exista
um efeito “gangorra” (bipolar seesaw) entre os hemisférios Sul e Norte, onde
ocorre um resfriamento no Hemisfério Norte concomitante a um aquecimento
no Hemisfério Sul, e vice-versa. As variacdes na intensidade da AMOC acabam
por afetar a distribuicdo de calor entre os oceanos Atlantico Sul e Norte, sendo
assim o principal agente desse efeito “gangorra” (Barker et al., 2009; Chiessi et
al., 2015).

Quando ocorre um enfraquecimento da AMOC devido a uma grande
quantidade de agua doce adicionada ao Oceano Atlantico Norte (acentuada por
descarga e degelo icebergs), ha um decréscimo do transporte de calor em
direcdo ao Atlantico Norte. A resultante desse processo € um acumulo de calor
no Hemisfério Sul, tornando a temperatura da superficie oceanica do Atlantico

Sul mais quente que a do Atlantico Norte (Barker et al., 2009).

13
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Registros da razdo 2*'Pa/?*°Th obtida a partir de um testemunho
sedimentar da porgéao noroeste subtropical do Atlantico, foram utilizados como
um proxy para a intensidade da AMOC (Béhm et al., 2014): quanto maior a
razao, menor € a intensidade da AMOC, indicando fluxo mais lento e mais raso
da Agua profunda do Atlantico Norte (APAN). Esses autores mostraram que,
durante os ultimos 140 mil anos, a AMOC passou por diferentes modos de
funcionamento sendo eles: (1) warm mode — onde atuam a APAN e a Agua
Antartica de Fundo (AAF); (2) cold mode — onde atuam a APAN e a AAF,
porém a APAN encontra-se enfraquecida e mais rasa; e (3) off mode, também

chamado de Heinrich mode onde a APAN ¢é desligada atuando somente a AAF.

Dados de um testemunho sedimentar do Atlantico Norte estudado por
McManus et al. (2004) também mostram que durante o Ultimo Maximo Glacial
(~23 e 19 ka) a AMOC esteve 30-40% mais fraca, quando comparada ao
Holoceno. Além disso, McManus et al. (2004) indicam que a intensidade da
AMOC nos ultimos 20 ka nao foi constante. A AMOC estava colapsada durante

o Heinrich Stadial 1 (HS1) e enfraquecida durante o Younger Dryas (YD).

Esses estudos citados acima, mostram que os eventos HS1 e YD séo de
grande importancia para entender o funcionamento da AMOC. Apesar de
existirem inumeros trabalhos sobre o tema para o Atlantico Norte, o Oceano
Atlantico Sul ainda carece de estudos. O Manuscrito a seguir visa contribuir
para o entendimento dos impactos de mudancgas de intensidade da AMOC na

regido nordeste da América do Sul.

14
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ABSTRACT

The little considered possibility of a collapse (or marked weakening) of the
Atlantic meridional overturning circulation (AMOC) within a few centuries
boosted the interest of the scientific community on the responses of different
compartments of the climate system to past AMOC collapses (or marked
weakening). The most recent examples of such periods are Heinrich Stadial 1
(HS1,18-15 ka BP; near-collapsed AMOC) and the Younger Dryas (YD, 12.9-
11.7 ka BP; markedly weakened AMOC). Here, we present elemental ratios,
spectral reflectance data, organic biomarkers, sea surface temperatures
reconstructions and planktonic foraminiferal assemblage data from two marine
sediment core recovered from the western tropical South Atlantic Ocean that
spans the last ~20 kyr. The recovered sediments record the responses of
eastern tropical South American hydroclimate, western tropical South Atlantic
productivity and sea surface temperatures to changes in AMOC intensity
associated with HS1 and the YD. Our data show that both HS1 and the YD
were characterized by a wetter climate over eastern tropical South America and

increased continental runoff. High sea surface temperatures during HS1 and the
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YD are in line with a marked AMOC decrease that lead to heat accumulation in
the surface layer of the western South Atlantic Ocean, and facilitated moisture
transfer, which increased precipitation over eastern tropical South America. Our
data for the first time demonstrate that intense runoff during HS1, and hence
nutrient transfer to the ocean, lead to distinctly elevated primary productivity in
the otherwise oligotrophic western tropical South Atlantic Ocean. Our study thus
demonstrates an intimate coupling of marine-terrestrial processes in the eastern
South American realm during periods of strong climate instability.

Keywords: Quaternary; Paleoclimatology; Precipitation; Paleoproductivity;

Heinrich Stadial; Younger Dryas.

6.1. INTRODUCTION

Geochemical proxies indicate that weakening of the Atlantic meridional
overturning circulation (AMOC) occurred during Heinrich Stadial 1 (HS1) 18-15
thousand years before present - ka BP) (Heinrich, 1988) and the Younger Dryas
(YD) 12.9-11.7 ka BP (Broecker, 1994). Although several mechanisms have
been proposed to explain the HS1 and the YD deglacial coolings/oscillations
(e.g., Firestone et al., 2007; Renssen et al., 2015; Sun et al., 2020; Velay-Vitow
and Richard Peltier, 2020a,b) the fact that AMOC intensity was marked reduced
during these events significantly affected interhemispheric heat transfer in the
Atlantic Ocean (Bard et al., 2000; Barker et al., 2009; Chiessi et al., 2015). In
fact, AMOC nearly collapsed during HS1 due to freshwater discharge in the
high latitudes of the North Atlantic (Bond et al., 1992), and significantly
weakened during the YD (McManus et al., 2004). These changes in AMOC

intensity and, therefore, in the cross-equatorial heat transfer, also affected
20
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South American hydroclimate (Arz et al., 1998; Campos et al., 2019; Kageyama
et al., 2013). Precipitation anomalies during HS1 and the YD across large parts
of tropical South America consequently affected the intensity of continental
runoff into the western tropical South Atlantic Ocean.

It is, however, still unclear to what extend input of nutrients supply from
continental runoff may have affected marine productivity in the, otherwise,
oligotrophic western tropical South Atlantic Ocean. For instance, riverine
nutrients supply likely played a significant role in boosting primary productivity in
the eastern tropical South Atlantic Ocean, off the Zaire Fan during the last 200
kyr (Holtvoeth et al., 2003; Schneider et al., 1997). During HS1, a nearly
collapsed AMOC (McManus et al., 2004) and a marked southward migration of
the Intertropical Convergence Zone (ITCZ; Mulitza et al., 2017) occurred
simultaneously with changes in the latitudinal position of the South Atlantic
Subtropical Gyre (SASG) (Pinho et al., 2021). This reorganization of South
Atlantic circulation likely affected primary productivity. In fact, a shallower mixed
layer coupled with increased surface productivity occurred during HS2, HS1 and
the YD in the equatorial Atlantic Ocean, an area directly affected by ITCZ shifts
(Portilho-Ramos et al., 2017). In the western tropical South Atlantic, however,
we hypothesize that increases in surface productivity could have occurred
during AMOC slowdown events due to: (i) increased discharge of nutrients by
drainage systems; and/or (ii) enhanced wind-driven upwelling intensity due to
reorganizations of atmospheric circulation.

Here we investigate climatic, hydrographic and productivity changes
recorded in two marine sediment cores collected near the mouth of the S&o

Francisco River, in the western tropical South Atlantic. We combined
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geochemical and physical properties records with planktonic foraminiferal
assemblage data to: (i) constrain hydroclimate conditions (and continental
runoff) over eastern tropical South America during the last 20 kyr, associated
with a nearly collapsed (HS1) and a weakened (YD) AMOC; and (ii) assess
possible causes for the associated paleoproductivity change in the western

tropical South Atlantic Ocean.

6.2. MATERIAL AND METHODS

6.2.1 Core location and sampling strategy

We studied marine sediment core SEAL-20230070 (11°8S and 36°48W,
1300 m water depth), collected from the western tropical South Atlantic (Fig. 1).
The core was retrieved from the Sergipe-Alagoas Basin, on the Brazilian
continental margin, about 32 km from the mouth of the Sdo Francisco River
(Fig. 1). The 275 cm-long sediment core consists of silty to sandy clays. In order
to investigate general trends and abrupt climatic events of the last 20 kyr, we
investigated the uppermost 190 cm of core SEAL-20230070. Sampling was
conducted at 2.5 cm resolution.

In addition, we established a sea surface temperature (SST) record
based on Mg/Ca ratios of the planktonic foraminiferal species Globigerinoides
ruber pink (ranging from 250-350 um) from the nearby core M125-95-3 (Fig. 1).
The core was collected at a water depth of 1897 m (10°94S, 36°20W).
Sampling was conducted at 6 cm resolution in the uppermost 236 cm of the
clay-rich sedimentary succession. The age model for core M125-95-3 was

previously published in Campos et al. (2019).
22
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6.2.2 Sediment elemental ratios and spectral reflectance

We measured major and trace elements in sediment samples from core
SEAL-20230070 with a PanAlytical Epsilon 1 X-ray fluorescence (XRF)
spectrometer at the Technological Institute of Micropaleontology (itt Fossil)
UNISINOS University, Brazil. Measurements were performed on ~10 g of dry,
ground and homogenized sediment samples placed in containers and covered
with a 3.6 ym polyester film. Results are reported as raw counts per second
(cps) intensities and elemental ratios are interpreted on a logarithmic basis.
Measurements were conducted at 10 kV (for Al, Mg, and Si), 12 kV (for Ca, K,
Ti, and V), 20 kV (for Co, Cr, Fe, and Mn) and 50 kV (for Ba and Rb).

The log(Ti/Ca) and log(Fe/Ca) ratios in marine sediments are indicative
of terrigenous input versus carbonate production. Fe and Ti are mostly
associated with terrigenous sediments, whereas Ca is primarily delivered to the
ocean floor as calcareous biogenic remains (e.g. Calvert and Pedersen, 2007;
Govin et al., 2012). The log(Fe/K) elemental ratio is interpreted as a tracer for
continental chemical weathering conditions and thus hydroclimate. Fe is mostly
delivered to ocean basins as intensely weathered particles formed under
relatively wet climates, while K is only present in weakly weathered particles
typical formed in relatively dry climates (Govin et al.,, 2012; Yarincik et al.,
2000).

We measured spectral reflectance at core SEAL-20230070 with a
Spectral Evolution (SR-35000) spectroradiometer on ~10 g aliquots of ground
and dry sediments. We identified 1024 spectral bands, ranging between 0.35
Mm and 2.5 ym. Measurements were repeated three times for each sample, and

the average value of the three replicates was used to reduce noise of the time
23
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series. Total reflectance (brightness — L*) was calculated following Balsam et
al., (1999) and we interpret changes in L* as indicative of varying proportions
between terrigenous clays (darker tones) and carbonate particles (lighter

tones).

6.2.3 Planktonic foraminiferal assemblages

About 10 g of each sediment sample of core SEAL-20230070 were
washed over 63 and 125 pm sieves and dried in an oven at ~40 °C for about 24
hours. Planktonic foraminiferal picking and census counts were performed on
the >125 um size fraction. We quantified absolute and relative foraminiferal
abundances from residue splits containing between 300 and 600 specimens per
sample. Taxonomic identifications were based on Hemleben et al. (1989) and
the planktonic foraminiferal Mikrotax database
(https://www.mikrotax.org/pforams/index.html).

We focused on the total abundances of planktonic foraminifera per gram
of sediment, and the interpretation of relative abundances of Globigerina
bulloides, Trilobatus trilobus, T. sacullifer, and Globigerinoides ruber. We also
estimated changes in surface primary productivity using the index RHp/Pianktonic
(Campos et al., 2020; Portilho-Ramos et al., 2017) which is calculated based on
the summed abundances of G. bulloides, Neogloboquadrina dutertrei and
Globigerinita glutinata, which all thrive in high productivity surface waters,

normalized to the summed abundance of all planktonic foraminiferal species.
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6.2.4 Planktonic foraminifera Mg/Ca measurements

Mg/Ca analyses were performed in samples containing ca. 20 individuals
of G. ruber pink (250-350 um) from the uppermost 236 cm of core M125-95-3,
which cover the last ca. 20 kyr. We followed the foraminiferal standard cleaning
protocol described in Barker et al. (2003) The cleaned G. ruber fragments were
analyzed with a Thermo Finnigan Element 2 sector field inductively coupled
plasma mass spectrometer (ICP-MS) at the Petrology of the Ocean Crust ICP-
MS Laboratory (Faculty of Geosciences, University of Bremen, Germany).
Exception was made for the interval between 92-194 cm which was analyzed
with an Agilent Technologies 700 series ICP optical emission spectrometer
(ICP-OES) with an ASX-520 Cetac autosampler and micro-nebulizer at the
MARUM - Center for Marine Environmental Sciences (University of Bremen,
Germany). 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-MS and ICP-OES) of theoretical value 3.40 mmol mol'. Mean long-term
standard deviation was 0.012 mmol mol-'. The Al/Ca, Fe/Ca, and Mn/Ca ratios
were considered to monitor cleaning efficiency.

To convert Mg/Ca ratios into SSTs we applied the calibration proposed
by Gray and Evans (2019), which accounts for nonthermal effects (e.g., salinity
and carbonate chemistry). Since the currently available species-specific
calibration curves do not consider the G. ruber pink morphotype, we used the
G. ruber white morphotype curve. The uncertainties estimated for calibration

based on Mg/Ca SST values are within +/- 1.5 °C (Gray and Evans, 2019).
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6.2.5 Benthic foraminiferal stable oxygen (5'30)

Benthic foraminiferal 50 were measured on ~10 tests of Cibicidoides
wuellerstorfi and/or C. mundulus for each sample of core SEAL-20230070.
Analyses were performed with a Thermo Fisher Scientific MAT253 isotope ratio
mass spectrometer coupled to a Kiel IV automated carbonate preparation
device at the Paleoceanography and Paleoclimatology Laboratory (P2L), at
University of Sao Paulo (USP), Brazil. Results are reported in permille (%o)
deviation from the Vienna Pee Dee Belemnite (VPDB) scale. Standard deviation
of repeated measurements of the in-house SHP2L standard (Crivellari et al.,

2021) during the measurement period was <0.061%o.

6.2.6 Glycerol dialkyl glycerol tetraethers (GDGTSs)

Between 2 to 3 g of dry and homogenized sediments were extracted
using a modified Bligh and Dyer extraction procedure (Bligh and Dyer, 1959;
Rutters et al., 2002). For this, the sediments were extracted in an ultrasonic
bath using a solvent mixture of methanol (MeOH), dichloromethane (DCM) and
phosphate buffer (2:1:0:8, v:viv). After centrifugation, the supernatant was
collected, and the residue extracted twice with the solvent mixture specified
above. DCM and phosphate buffer were added to the pooled supernatants to
achieve a ratio of MeOH/DCM/phosphate buffer of 1:1:0:9 (v:v:v), allowing the
separation of two phases. The bottom layer, containing the organic fraction, was

transferred to a round bottom flask and the remaining aqueous phase was
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extracted twice with DCM. The combined extracts were reduced under rotary
vacuum, transferred to preweighed vials and dried under a gentle stream of No.

An aliquot of each Bligh and Dyer extract (~1 mg) was separated into
apolar and polar fractions using column chromatography. Al20O3 was used as
stationary phase, while hexane/DCM (9:1, v:v) and DCM/MeOH (1:1, v:v) were
used as respective eluents. The polar fractions, containing isoprenoid and
branched GDGTs, were dried under N2, re-dissolved in hexane/2-propanol
(99:1, viv) to a concentration of 2 mg/ml and filtered through a PFTE 0.45 ym
filter prior to analysis by high performance liquid chromatography/atmospheric
pressure chemical ionization-mass spectrometry (HPLC/APCI-MS) at the
Institute of Geosciences, University of Kiel, Germany.

Detection of GDGTs was achieved using a Waters Alliance 2695 high
performance liquid chromatograph (HPLC) coupled to a Micromass ZQ single
quadrupole mass spectrometer (MS). The HPLC was fitted with two Waters
BEH HILIC columns (2.1 x 150 mm, 1.7 ym) operated in tandem and a guard
column of the same material, which were maintained at 30 °C. The target
analytes were eluted with a flow rate of 0.2 mL min-' and applying the gradient
profile reported by Hopmans et al., (2016).

The MS was equipped with an atmospheric pressure chemical ionization
interface (APCI) operated in positive ion mode. Source conditions were identical
to those provided in (Heyng et al., 2015). GDGTs were detected by selected ion
recording (SIR) of their [M+H]" ions (dwell time = 200 ms) according ( Hopmans
et al., 2000; Hopmans et al., 2004). The TEX"ss index was calculated and

transformed to SSTs as reported by Kim et al., (2010). The BIT index was
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determined as defined by Hopmans et al., (2004) but using the combined peak

areas of 5- and 6-methyl brGDGT isomers.

6.2.7 Age model

The chronology of core SEAL-20230070 is based on five planktonic
foraminiferal accelerator mass spectrometry (AMS) ages. For each radiocarbon
sample, we handpicked between 450 and 700 G. ruber tests, which yielded
masses between 2.5 and 10 mg. Measurements were conducted at the Leibniz
Laboratory for Radiocarbon Dating and Stable Isotope Research (University of
Kiel, Germany) using a HVE 3MV Tandentron 4130 accelerator mass
spectrometer. Dating uncertainties account for the measured “C/'3C ratios of
samples and standards, as well as fractionation and blank corrections.

Radiocarbon ages were calibrated with the IntCal20 curve (Reimer et al.,
2020) with variable reservoir ages from the transient modelling experiments of
Butzin et al., (2017) in the software PaleoDataView version 0.9.5.5 (Langner
and Mulitza, 2019). We then derived a Bayesian age model for core SEAL-
20230070 using the BACON v. 2.2 age modelling tool (Blaauw and Christeny,
2011) wich was also done in PaleoDataView (v. 0.9.5.5). We followed the same
approach as Campos et al. (2019) for core M125-95-3, applying default
settings, except for mem.mean (set to 0.4), mem.strength (set to 4), and 10,000
realizations. All ages are reported as ka BP (present being 1950 AD).
Additionally, we updated the radiocarbon ages calibration from core M125-95-3

by using the IntCal20 curve (Reimer et al., 2020).

28



528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546
547
548
549
550
551

29

7. RESULTS

7.1 Core SEAL-20230070 chronology

Radiocarbon ages of the uppermost 190 cm of core SEAL-20230070
indicate that the sediment sequence covers the last ~20 kyr (Tab. 1; Fig. 2b),
ranging from Marine Isotope Stage (MIS)2 to MIS1. Sedimentation rates of ~12
cm/kyr occurred between 20.2 to 13.5 ka BP, declined to ~7 cm/kyr between
13.5 and 2.9 ka BP, and reached ~22 cm/kyr between 2.9 and 1.4 ka BP (Fig.
2b). Our age estimates imply that the last 1.4 kyr BP were not recorded at core
SEAL-20230070, which is in accordance with the age model proposed by

Campos et al. (2019) for the nearby core M125-95-3.

Benthic foraminiferal 580 values ranges from 1.6 to 4.5%. (Fig. 2a). The
highest values (4.0 to 4.5%.) occurred at ~20 ka BP, whereas the lowest values
(~2.0%0) occurred during the late Holocene. The overall trend and absolute
values of the benthic foraminiferal '80 record agrees well with the 8'80 stack
of (Lisiecki and Stern, 2016) for intermediate water depths in the Atlantic Ocean
(Fig. 2a), providing independent evidence for the robustness of our age model.
Benthic foraminiferal 8'3C values ranges from -0.044 to 2.025 (Fig. 3c), and

presented relatively low values during HS1 and the YD.
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552  Table 1: Accelerator mass spectrometer radiocarbon ages used to construct the
553 age model of core SEAL-202300070.

Sample depth Lab ID Radiocarbon age + Calibrated median
(m) 1s error (ka BP) age (years)

0 KIA-55349 1,802 +0.025 1,394

0.35 KIA-55350 3,138 + 0.026 2,957

0.75 KIA-553501 8,305 + 0.035 8,826

1.1 KIA-553502 12,115 + 0.055 13,540

1.9 KIA-553503 17,350 £ 0.120 20,203
554
555

556 7.2 Continental runoff and hydroclimate proxies

557 At core SEAL-20230070, the log(Ti/Ca) and log(Fe/Ca) ratios (Fig. 3e, f)
558 show marked increases within the HS1 chronozone. Both ratios decreased
559  during the Bglling-Allerad event (BA, 15-12.9 ka BP) and increase again during
560 the YD chronozone. Even though both HS1 and the YD were characterized by
561 positive excursions of the log(Ti/Ca) and log(Fe/Ca) ratios, maximum values
562 attained by both ratios were lower within the YD than within HS1. After the ~9.5
563 ka BP, log(Ti/Ca) and log(Fe/Ca) dropped markedly and recovered gradually
564 toward pre-HS values throughout the Holocene. The Log(Fe/K) ratio also
565 displays positive excursions within HS1, the YD (until ~9.5 ka BP) and, to a
566 lesser extent, after ~3 ka BP (Fig. 3d). Log(Fe/K) show low values within the BA
567 and between 9 and 3 ka BP (Fig. 3d). Increased log(Ti/Ca), log(Fe/Ca) and
568 log(Fe/K) (Fig. 3d-f) persist for ~2 kyr after the YD.
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Brightness (L*) (Fig. 3c) shows an opposite trend compared to those
depicted by the log(Ti/Ca), log(Fe/Ca) and log(Fe/K) ratios. Lighter tones
(values close to or above 0.9) mark the last glacial maximum (LGM), the BA
event and the interval between 9 and 3 ka BP, whereas darker tones (values
below 0.9) characterize sediments deposited during HS1, the YD and after 3 ka
BP.

BIT values (Fig.3) range from 0.82 at the base of the studied interval to
0.25 at the core top. They were the highest (above 0.70) during MIS2 and
showed a stepwise decrease over time. The first decrease occurred during the
BA, where the BIT index declines to an average value of 0.55 (Fig. 3a). The
second decrease took place at ~9.5 ka BP. Throughout the Holocene, BIT

values varied from 0.25 to 0.39 (average of 0.31+0.05).

7.3 Paleoproductivity proxies

Total abundance of planktonic foraminifera at core SEAL-20230070
varied between 4 and 1497 specimens/g of sediment (Fig. 4g). Values were the
lowest during HS1 and between 12 and 10 ka BP. They increased markedly
during the BA event and at ~9.5 ka BP. G. ruber is the most abundant species
(Fig 4e), with relative abundances varying from 40 to 78%. The lowest
percentages of G. ruber (40%) occurred during HS1, followed by a marked
recovery at the onset of the BA (Fig. 4e).

Relative abundances of G. bulloides ranged from 0 to 4%, with the
highest percentages occurring during HS1 and the YD events (Fig. 4b). A
similar trend is depicted by the combined relative abundances of T. trilobus and

T. sacculifer, which ranged from 1.6 to 23%, with highest percentages during
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HS1, but also showing a significant increase during the YD chronozone (Fig.
4c). Relative abundances of G. bulloides and T. trilobus + T. sacculifer
remained low throughout the Holocene. Values of the RupPianktonic index
remained low (on average ~0.7) throughout the studied sequence, except

during HS1, when values peaked above 1.0 (Fig. 4d).

7.4 Sea surface temperature (SST) proxies

TEXMss results from core SEAL-20230070 indicates that SSTs remained
high (around 27 °C) during HS1 (Fig. 4h). During the BA, SST dropped to 24.5
°C. Within the YD, SST ranged from 25 °C to 27 °C. The highest SSTs were
recorded after the YD, at ~10 kyr BP, when they peaked at almost 29 °C.
Between ~8 and ~2 ka BP, SSTs remained relatively constant between 25.5 C°
and 26.5 °C.

Reconstructed SSTs from nearby core M125-95-3, based on planktonic
foraminiferal Mg/Ca paleothermometry indicate that SSTs ranged from 26 °C to
28 °C during HS1 (Fig. 4h). Within the BA SSTs oscillated between 26 °C and
27.5 °C, while they dropped to ~26 °C during the YD and showed a minimum of

(25.2 °C) at ~5.8 ka BP.

8. DISCUSSION

8.1 Hydroclimate records from tropical South America

Geochemical proxy data from tropical marine paleoclimate records
collected from the Atlantic South American continental margin indicate

precipitation anomalies during HS1 and the YD chronozones (Fig. 5b). There is
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evidence of precipitation anomalies over northern (Bahr et al., 2018; Haug et
al., 2001) northwestern (Crivellari et al., 2018; Zhang et al., 2017) and
northeastern (Arz et al., 1998; Mulitza et al., 2017) South America. This
included evidence for negative precipitation anomalies and relatively dry climate
conditions over northern (e.g., Bahr et al.,, 2018; Haug et al., 2001) and
northwestern South America (e.g., Crivellari et al., 2018; Zhang et al., 2017),
while the northeastern regions were characterized by positive precipitation
anomalies and significantly wetter conditions (e.g., Arz et al., 1998; Mulitza et
al., 2017)

Our paleoclimate records are in line with previous hydroclimate/runoff
reconstruction over northeastern South America (Arz et al., 1998; Campos et
al.,, 2019; Mulitza et al., 2017; Strikis et al., 2018, 2015), since marked
increases in continental runoff from the Sdo Francisco River drainage basin to
the location of core SEAL-20230070 were depicted by the BIT, log(Ti/Ca),
log(Fe/Ca) and L* records during HS1 and the YD (Fig. 3). The increase in
terrigenous supply also diluted planktonic foraminiferal absolute abundances
(specimens/g) which significantly declined during HS1 and the YD. Our
log(Fe/K) record suggests that chemical weathering over eastern tropical South
America was also enhanced during HS1 and the YD. This interpretation is
supported by stalagmite 3'80 records from eastern Brazil (Strikis et al., 2018)
that suggest an increase in the amount of rainfall during HS1 and the YD,
interrupted by a decrease in rainfall during the BA.

An austral summer intensification of the SACZ during HS1 was
suggested by Strikis et al. (2015) to explain these positive precipitation

anomalies over eastern Brazil. However, Campos et al. (2019), suggested,
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based on proxy and modeling data, that austral summers during HS1 were
characterized by decreased precipitation in vast regions of tropical South
America, including most of the Amazon River drainage basin and the northern
Parnaiba River drainage basin. This dry anomaly was attributed mainly to
relatively colder and drier air masses transported from the North Atlantic
towards South America (Campos et al., 2019). Eastern South America between
ca. 15°S and 25°S, however, experienced an increase in austral summer
precipitation, which was likely associated with an anomalous cyclonic circulation
and humidity transport from a relatively warmer South Atlantic towards the
continent (Campos et al., 2019). This hypothesis is supported by SST warming
following the LGM in western tropical South Atlantic Ocean, as depicted by both
Mg/Ca and TEXHgs paleothermometers during the HS1 (Fig. 4), with values
close to present-day SSTs (Fig. 1). According to modelling results by Campos
et al. (2019), increased continental runoff and chemical weathering intensity,
depicted by our BIT, log(Ti/Ca), log(Fe/Ca), log(Fe/K) and L* records, were
likely related to an increase in precipitation upstream in the Sdo Francisco River
drainage basin (close to 20°S, Fig. 1).

For the YD, positive continental runoff anomalies and intensified
chemical weathering (high log(Ti/Ca), log(Fe/Ca), log(Fe/K) and BIT) at core
SEAI-20230070 persisted for ~2 kyr after the event (Fig. 3). This pattern could
be related to the low resolution of our age model, since there are no
radiocarbon ages bracketing the event until ca. 8.6 ka BP (Tab. 1; Fig. 2).
However, we noticed that the nearby core M125-95-3 (Campos et al., 2019)
depicted comparable high In(Ti/Ca) and In(Fe/K) until ~9.5 ka BP (Fig. 5e, g).

This remarkable resemblance of the elemental records at cores SEAI-20230070
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and M125-95-3 suggest that increased log(Ti/Ca), log(Fe/Ca), log(Fe/K) and
BIT until ~9.5 ka BP are not an age model bias, but instead reocord an
environmental signal. In fact, continental runoff maxima centerd at ~10 ka BP
were reported for marine cores collected on the western Australia margin
(Kuhnt et al., 2015) as a response to intensification of the Australian monsoon
system. The similarity of continetal runnoff records located on the northeastern
South America and western Australian margins during HS1, the YD and at ~10
ka BP, points to synchrous shifts in precipitation patterns in the Southern

Hemisphere, as a response to milenial-scale deglatial climate change.

8.2 Coupling between atmospheric and oceanic processes

Even though both HS1 and the YD were characterized by high BIT,
log(Ti/Ca), log(Fe/Ca) and log(Fe/K) at core SEAL-20230070, the amplitudes of
positive log(Ti/Ca) and log(Fe/Ca) excursions were larger during HS1 (Fig. 3).
This pattern suggests that precipitation and continental runoff were more
intense during HS1 compared to the YD. During these events, the AMOC was
nearly collapsed and weakened, respectively, as suggested by 23'Pa/?*Th
records (Fig. 3b) (McManus et al., 2004), and supported by low 3'3C values at
core SEAL-20230070 (Fig. 3c). Under the present climate state, a strong AMOC
promotes oceanic transport of heat from the Southern to the Northern
Hemisphere (Buckley and Marshall, 2016; Ganachaud and Wunsch, 2000). To
compensate for this inter-hemispheric asymmetry, atmospheric cross-equatorial
net energy transport is directed towards the Southern Hemisphere (Marshall et
al., 2014). Thus, the location of the ascending branch of the Hadley cell (e.g.,

the ITCZ) is presently located north of the Equator. Since AMOC almost
35
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collapsed or weakened during HS1 and the YD (Mohtadi et al., 2016; Zhang et
al., 2017), oceanic heat transport to the Northern Hemisphere and the reversed
cross-equatorial atmospheric energy transport were reduced. As a result, the
ITCZ shifted southward and strongly impacted the climate of South America
(e.g., Mohtadi et al., 2016; Mulitza et al., 2017; Campos et al., 2019; Venancio
et al., 2020b)

During periods of slow AMOC, the decreased heat transport to the North
Atlantic would trap heat in the Southern Hemisphere (e.g., Broecker, 1998;
Chiessi et al., 2015). Therefore, the Brazil Current (BC) surface layer acted as a
storage for some of the heat that was not transported to the North Atlantic
during HS1 (Chiessi et al., 2015; Meier et al., 2021). Our new SST records of
the western tropical South Atlantic support this finding by showing close to
present day SSTs at the sites of cores SEAL-20230070 and M125-95-3 during
HS1 and the YD (Fig. 4h), the latter warm temperatures depicted only by the
TEXHs6 record.

As a note of caution, we cannot rule out an influence of deglacial sea
level rise (e.g., Fairbanks, 1989; Miller et al., 2020) on the different amplitudes
of the positive log(Ti/Ca) and log(Fe/Ca) excursions at core SEAL-20230070
during HS1 and the YD. Indeed, a higher sea level during the YD in relation to
HS1 would have shifted the coastline further inland, decreasing the input of
terrigenous sediments to our core sites. However, when we remove the long-
term linear trend from the log(Ti/Ca) and log(Fe/Ca) records at core SEAL-
2023, the amplitudes of the HS1 positive excursions are still higher than the
ones during the YD and lasting until 9.5 ka BP (Fig. 6). Additionally, deglacial

changes in sea level alone are unlikely to explain the distinct behavior of
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paleoproductivity between both millennial-scale events of the last deglaciation

(see section 6.3).

8.3 Paleoproductivity and water column stratification

Our data indicate an increase in primary productivity during HS1 in the
western tropical South Atlantic (Fig. 4d). This is supported by increased
abundances of G. bulloides during HS1 at core SEAL-20230070 (Fig. 4b),
coupled with decreased abundances of the symbiont-bearing oligotrophic
species G. ruber (Fig. 4e). Indeed, G. bulloides generally inhabits relatively cold
and nutrient-rich waters (e.g., Portilho-Ramos et al., 2019; de Oliveira Lessa et
al., 2014; Mohtadi et al., 2007). These changes in the abundance of planktonic
foraminiferal species occurred in tandem with an increase of the Rup/Pianktonic
index during HS1 (Fig. 4d), which is also indicative of a relative increase in
surface ocean productivity. During the YD, relative abundances of G. bulloides
also increased; however, the RHp/Piankionic index remained low, and G. ruber
relative abundances increased in relation to HS1 values (Fig. 4). These
observations imply that surface productivity was higher during HS1 that during
the YD in the western tropical South Atlantic.

We consider it unlikely that increased productivity during HS1 was
related to intensified upwelling of nutrient-rich cold waters. In fact, TEX"ss and
Mg/Ca paleothermometers from cores SEAL-20230070 and M125-95-3 indicate
high, close to modern, SSTs during HS1 (Fig. 4h).

Taken together, our results suggest that an increased supply of nutrients

by continental runoff boosted primary productivity during HS1 in the western
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tropical South Atlantic. This mechanism may enable to explain the different
surface productivity responses during HS1, and the YD observed at core SEAL-
20230070: A nearly-collapsed AMOC state during HS1 caused a marked
increase in precipitation over northeastern tropical South America and in the
supply of nutrient to our core location, whereas a weak AMOC state (with likely
less intense precipitation) during the YD did not allow for a significantly increase
in primary productivity. Additionally, deglacial sea level rise also shifted inland
the mouth of the Sao Francisco River, moving the source of nutrients farther
away from our core location during the YD, in comparison with the HS1 setting.
This role of continental runoff in sustaining primary productivity also explains the
higher RHp/pianktonic Values during HS1 at core SEAL-2023007, which is located
closer to the continent, than the Rup/piankionic Values at the more distal (and

deeper) core M125-95-3 (Campos et al., 2020).

9. CONCLUSIONS

We present new data for sediment cores SEAL-20230070 and M125-95-
3, increasing the coverage of marine paleoclimate records spanning the last 20
kyr in the western tropical South Atlantic, off eastern tropical South America.
Our data indicate positive precipitation anomalies over the Sao Francisco River
drainage basin during HS1 and from the YD until ~9.5 ka BP, and relatively dry
conditions during the BA event. The most pronounced increases in precipitation
and continental runoff likely occurred during HS1, when AMOC almost
collapsed, whereas positive anomalies of both parameters were weaker during
the YD, when AMOC intensity was only reduced. Together with previous

studies, our SST reconstructions suggest that heat trapped in the western
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tropical South Atlantic, under a less intense AMOC, was fundamental in
controlling increases in precipitation over northeastern tropical South America.
Additionally, we propose that enhanced surface productivity in the western
tropical South Atlantic during HS1 was likely controlled by increased input of

nutrients by continental runoff, related to positive precipitation anomalies
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Figure 1: Location of marine sediment cores SEAL-202300070 (white triangle)

and M125-95-3 (black triangle) investigated in this study. (a) Southern
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Hemisphere summer (December-February - DJF) accumulated precipitation
over tropical South America from the University of Delaware
(http://climate.geog.udel.edu/~climate/). (b) Annual mean sea surface
temperature (SST) in the western tropical Atlantic Ocean (Locarnini et al.,
2013). Surface ocean currents are after Stramma and England (1999): North
Brazil Current (NBC) and Brazil Current (BC). Thick dotted lines mark the
approximate location of the Intertropical Convergent Zone (ITCZ) over the
Atlantic Ocean. Maps generated with the software Ocean Data View (Schlitzer

et al., 2016).
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Figure 2: (a) Comparison between the benthic foraminiferal stable oxygen
isotope (5'80) record of core SEAL-202300070 and the benthic foraminiferal
stack of Lisiecki and Stern, (2016) for intermediate waters in the South Atlantic.
(b) Age model (based of five planktonic foraminiferal accelerator mass

spectrometry ages and sedimentation rates (red curve) for core SEAL-
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202300070, produced with the PaleoDataView version 0.9.5.5 software
(Langner and Mulitza, 2019) and using the BACON v. 2.2 age modeling tool
(Blaauw and Christen, 2011). For the age model, purple circles represent
calibrated median radiocarbon ages, the central blue curve represents average

ages, and error bars represent maximum and minimum ages.
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Figure 3: Geochemical records from core SEAL-202300070 for the last 20 kyr
BP. (a) Branched and isoprenoid tetraether (BIT) index representing terrestrial
vs marine contribution of organic matter, constructed using the ratio between
Branched glycerol dialkyl glycerol tetraethers and crenarchaeol organic
molecules. (b) Sedimentary 2*'Pa/?*Th record from core GGC5 from the
Bermuda Rise (McManus et al., 2004) for comparison. (c) Spectral reflectance

(brightness) of the sediments in the visible spectrum (L*). X-rays fluorescence
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(XRF)-derived log(Fe/K) (d), log(Ti/Ca) (e) and log(Ti/Ca) (f). Vertical bars mark
the abrupt millennial scale events Heinrich Stadial 1 (HS1; blue shading),
Balling—Allerad (BA; lighter green shading) and Younger Dryas (YD; darker
green shading). Marine isotope stages (MIS) are represented below the upper

age axis. Green stars represent calibrated median radiocarbon ages.
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Figure 4: Relative abundances of planktonic foraminiferal species at core
SEAL-20230070 and reconstructed sea surface temperatures SSTs at cores
SEAL-202300070 and M125-95-3 over the last 20 kyr. (a) Mg/Ca-based SST
from core M125-93-3 (dark blue line; this study) and TEXHgs-based SST from
core SEAL-20230070. (b) Absolute planktonic foraminiferal abundances. (c)
Relative abundance of Globigerinoides ruber (d) Rnpiplanktonic index. (e) Relative
abundance of Trilobatus trilobus + Trilobatus sacculifer; (f) Relative abundance
of Globigerina bulloides (g) X-rays fluorescence (XRF)-derived log(Ti/Ca).
Horizontal bars mark the abrupt millennial scale events Heinrich Stadial 1 (HS1;
blue shading), Balling—Allerad (BA; lighter green shading) and Younger Dryas
(YD; darker green shading). Marine isotope stages (MIS) are represented next

to the upper age axis. Green stars represent calibrated radiocarbon ages.
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Figure 5: Paleoclimate records from the western tropical Atlantic and
continental South America compared with a mid-latitude North Atlantic ice-
rafted debris record. (a) Branched and isoprenoid tetraether (BIT) from marine

sediment core SEAL-202300070 (this study). (b) Continental speleothem &'80
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records of the composite PX5 and PX7 speleothems from Paixdo Cave
(northeastern Brazil; black curve, Strikis et al., 2015); LSF15 3'®0 speleothem
record from the Lapa Sem Fim Cave (central-eastern Brazil; red curve, Strikis et
al., 2015); LG1-3 6180 speleothem record from the Lapa Grande Cave (central-
eastern Brazil; orange curve, Strikis et al., 2015). (c) X-ray fluorescence (XRF)
scanner-derived In(Fe/K) from core M125-95-3 (Campos et al., 2019). (d)
Conventional XRF-derived log(Fe/K) at core SEAL-202300070 (this study). (e)
XRF scanner-derived In(Ti/Ca) from core M125-95-3 (Campos et al., 2019). (f)
Conventional XRF-derived log(Ti/Ca) from core SEAL-202300070 (this study).
(g) Ice rafted debris (IRD) record from the Iberian Margin (core MD95-2040)
(Voelker and Abreu, 2013). Vertical bars mark the abrupt millennial scale events
Heinrich Stadial 1 (HS1; blue shading), Beglling—Allerad (BA; lighter green
shading) and the Younger Dryas (YD; darker green shading). Marine isotope

(MIS) stages are represented below the upper age axis.
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Figure 6: Detrended log(Ti/Ca) and log(Fe/Ca) at core SEAL-20230070. (a) X-
rays fluorescence (XRF)-derived linearly detrended log(Ti/Ca) from core SEAL-
202300070. (b) XRF-derived log(Ti/Ca) from core SEAL-202300070. (c) XRF-
derived linearly detrended log(Fe/Ca) from core SEAL-202300070. (d) XRF-
derived log(Fe/Ca) from core SEAL-202300070. Vertical bars mark the abrupt

millennial scale events Heinrich Stadial 1 (HS1; blue shading), Bglling—Allergd
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(BA; lighter green shading) and the Younger Dryas (YD; darker green shading).
Marine isotope (MIS) stages are represented below the upper age axis. Green
stars represent calibrated radiocarbon ages. Detrending was performed with the

software Acycle version 2.0 (Li et al., 2019)
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