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Abstract 

 

 

Ceccopieri da Rocha, Milena; Carreira, Renato da Silva (Advisor); Wagener, 
Angela de Luca Rebello (Co-advisor). Investigation of organic 
geochemical proxies as indicators of paleotemperature in the south-
eastern Brazilian continental margin. Rio de Janeiro, 2019. 191p. Tese de 
Doutorado - Departamento de Química, Pontifícia Universidade Católica do 
Rio de Janeiro. 

The reconstruction of past sea surface temperature (SST) using organic 

geochemical proxies has been a central theme of paleoclimatic research in recent 

years. Paleotemperature variability determinations in the South Atlantic are of 

great interest given the SST role in the global heat transport, but still requires 

further studies. The Cabo Frio Upwelling System (CFUS) is a particularly 

interesting study area for being a western boundary upwelling system subject to 

several peculiar oceanographic processes. This thesis aims at using organic 

geochemical proxies as indicators of paleotemperature, namely: the alkenone 

unsaturation index (U37
K′), the tetraether index (TEX86

H ) and the long-chain diols 

index (LDI) as registered in sediments in the south-eastern Brazilian continental 

margin. The methylation of branched tetraether index (MBT’) and the cyclization of 

branched tetraether index (CBT) were also tested as potential indicators of 

continental mean annual air temperature (MAAT) and soil pH. There are two 

focuses: (i) to investigate the applicability of U37
K′, TEX86

H  and MBT’/CBT proxies 

under local and regional environmental conditions in the Campos Basin region 

using 53 surface sediments; (ii) to use a multiproxy approach (U37
K′, TEX86

H  and LDI) 

to reconstruct the paleotemperature during the Holocene period from two sediment 

cores located in the shelves adjacent to Cabo Frio and Rio de Janeiro. The results 

reveal that U37
K′

 and TEX86
H  are suitable temperature proxies for paleoclimate studies 

in regional scale in the SE Brazilian continental margin. Exceptions in the form of 

strong negative biases between reconstructed and observed mean annual SST 

(World Ocean Atlas 2013) were observed in the southern portion of the Campos 

Basin and highlight that, on a local scale, the effects of upwelling must be taken in 

consideration when applying these proxies to the same region. Regarding the 

MBT’/CBT proxies, the results for most of the marine sediments agree with the 

upper range of soil pH and lower range of MAAT found in the adjacent drainage 

basin. However, the spatial distribution of the branched GDGTs points to the 
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existence of different sources and post-depositional effects, e.g. selective 

degradation and in situ production, that compromise the applicability of these 

proxies to the marine sediments in the Campos Basin, especially more offshore. 

When applying the U37
K′, TEX86

H  and LDI proxies to reconstruct the SST for the past 

14.5 kyr in the Rio de Janeiro core and 7.1 kyr in the Cabo Frio core, the variations 

observed agreed with several pre-existing paleoclimatic data for the same region 

and period. In the Rio de Janeiro shelf, a distinct phase before 7.5 cal kyr BP 

coincides with the period when the sea level was low and gradually increased. In 

the Cabo Frio shelf, the transition between mid- and late Holocene is well marked 

by a warming in SST-U37
K′ and SST-LDI, probably related to a more intense Brazil 

Current (BC) activity over the shelf, whereas temp-TEX86
H  showed an opposite 

cooling trend that may be a result of the subsurface upwelling of the cold South 

Atlantic Central Waters. A decrease in reconstructed temperatures after ca 2.5 kyr 

BP may be related to the establishment of the CFUS to modern conditions. 

Differences between Rio de Janeiro and Cabo Frio can be explained by the local 

instabilities of the BC near de CFUS region. Overall, for the entire covered period 

in both sediment cores, SST-LDI was warmer, SST-TEX86
H  was clearly biased 

towards colder subsurface temperatures and SST-U37
K′

 was the most affected by 

the sea level variation and BC flow. The differences between the proxies’ signal 

provided valuable information about the local paleoceanographic changes during 

the Holocene period, contributing to the paleoclimatology studies in the south-

eastern Brazilian margin. 
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Resumo 

 

 

Ceccopieri da Rocha, Milena; Carreira, Renato da Silva (Orientador); 
Wagener, Angela de Luca Rebello (Co-orientadora). Investigação de 
marcadores geoquímicos orgânicos como indicadores de 
paleotemperatura na margem continental sudeste brasileira. Rio de 
Janeiro, 2019. 191p. Tese de Doutorado - Departamento de Química, 
Pontifícia Universidade Católica do Rio de Janeiro. 

A reconstrução da temperatura da superfície do mar (TSM) através de 

proxies geoquímicos orgânicos tem sido um tema central das pesquisas 

paleoclimáticas nos últimos anos. Determinações da variabilidade da 

paleotemperatura no Atlântico Sul são de grande interesse dado o papel da TSM 

no transporte de calor global, mas este tema ainda requer estudos mais 

aprofundados. O sistema de ressurgência de Cabo Frio (SRCF) representa uma 

área de estudo particularmente interessante por ser um sistema de ressurgência 

de contorno oeste sujeito a vários processos oceanográficos peculiares. Este 

projeto tem como objetivo a utilização de proxies geoquímicos orgânicos como 

indicadores de paleotemperatura, tais como: o índice de insaturação das 

alquenonas (U37
K′

), o índice dos tetraéteres (TEX86
H ) e o índice dos diois de cadeira 

longa (LDI) registrados em sedimentos da margem continental sudeste brasileira. 

Também foram testados os índices de metilação e de ciclização dos tetraéteres 

ramificados (MBT e CBT) como indicadores da temperatura média anual do ar 

(TMAA) e do pH do solo. O presente trabalho possui dois focos: (i) investigar a 

aplicabilidade dos índices U37
K′

, TEX86
H  e MBT’/CBT considerando as condições 

ambientais locais e regionais observadas na região da Bacia de Campos utilizando 

53 amostras de sedimento superficiais; (ii) aplicar uma abordagem multiproxy (U37
K′, 

TEX86
H  e LDI) para reconstruir a paleotemperatura durante o período do Holoceno 

a partir de dois testemunhos sedimentares localizados nas plataformas adjacentes 

a Cabo Frio e Rio de Janeiro. Os resultados revelam que U37
K′

 e TEX86
H  são proxies 

de temperatura adequados para estudos paleoclimáticos em escala regional na 

margem continental do sudeste brasileiro. Exceções na forma de desvios 

negativos entre a TSM média anual reconstruída e observada (World Ocean Atlas 

2013) foram observados na porção sul da região estudada e ressaltam que, em 

escala local, os efeitos da ressurgência devem ser levados em consideração ao 

aplicar esses proxies na mesma região. Em relação aos índices MBT'/CBT, os 
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resultados se encaixam na faixa superior do pH do solo e na faixa inferior da TMAA 

encontrados na bacia de drenagem adjacente para a maioria das amostras. No 

entanto, a distribuição dos GDGTs ramificados apontam para a existência de 

diferentes fontes e efeitos pós deposicionais, e.g. degradação seletiva e produção 

in situ, que comprometem a aplicabilidade desses proxies nos sedimentos 

marinhos na Bacia de Campos. Ao aplicar os proxies U37
K′, TEX86

H  e LDI na 

reconstrução da temperatura para os últimos 14,5 kyr no testemunho do Rio de 

Janeiro e 7,1 kyr no testemunho de Cabo Frio, as variações observadas estão em 

acordo com diversos dados paleoclimáticos pré-existentes para a mesma região 

e período. Na plataforma do Rio de Janeiro, uma fase distinta antes de 7,5 cal kyr 

BP coincide com o período em que o nível do mar se encontrava baixo e passou 

a aumentar gradualmente. Na plataforma de Cabo Frio, a transição entre o 

Holoceno médio e o tardio é bem marcada pelo aumento na TSM-U37
K′ e da TSM-

LDI provavelmente relacionados a uma atividade mais intensa da Corrente do 

Brasil (BC) sobre a plataforma, enquanto a temp-TEX86
H  apresentou uma tendência 

oposta de resfriamento que pode ser um resultado da ressurgência das Águas 

Centrais do Atlântico Sul em subsuperfície. Uma diminuição na temperatura 

reconstruída após cerca de 2,0 cal kyr BP pode ser explicada pelo 

estabelecimento do SRCF às condições modernas. Diferenças entre o Rio de 

Janeiro e Cabo Frio provavelmente estão relacionadas às instabilidades locais da 

CB próximo à região do SRCF. De forma geral, para o período investigado em 

ambos os testemunhos, a TSM-LDI mostrou-se mais quente, a TSM-TEX86
H  obteve 

uma clara tendência a temperaturas mais frias de subsuperfície e a TSM-U37
K′

 foi a 

mais afetada pela variação no nível do mar e pelo fluxo da CB. As diferenças entre 

os proxies forneceram informações valiosas sobre as mudanças 

paleoceanográficas locais durante o Holoceno, contribuindo para os estudos 

paleoclimáticos na margem sudeste do Brasil.  
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Kurzfassung 

 

 

Ceccopieri da Rocha, Milena; Carreira, Renato da Silva (Erstgutachter); 
Wagener, Angela de Luca Rebello (Zweitgutachter). Organisch-
geochemische Proxies als Paläotemperatur-Indikatoren am 
südöstlichen Kontinentalrand von Brasilien. Rio de Janeiro, 2019. 191p. 
Tese de Doutorado - Departamento de Química, Pontifícia Universidade 
Católica do Rio de Janeiro. 

Die Rekonstruktion Oberflächenwassertemperaturen in der Vergangenheit 

mit organisch-geochemischen Proxies ist in den vergangenen Jahren ein wichtiges 

Thema der Paläoklimaforschung gewesen. Die Rekonstruktion von 

Paläotemperaturvariabilität im Südatlantik ist hierbei in Anbetracht der wichtigen 

Rolle der Ozeane im globalen Wärmetransport von zentraler Bedeutung, erfordert 

jedoch noch weiterführende Untersuchungen. Das Auftriebssystem von Cabo Frio 

ist in diesem Zusammenhang wegen seiner speziellen Lage auf der westlichen 

Seite eines Ozeanbeckens und der damit zusammenhängenden besonderen 

ozeanographischen Prozesse ein interessantes Arbeitsgebiet. Diese Arbeit hat 

zum Ziel, die organisch-geochemischen Proxies U37
K′ (Alkenon-Untersättigungs-

Index), TEX86
H  (Tetraether-Index an sogenannten GDGTs, Glycerol Dialkyl Glycerol 

Teteraether) und LDI (Langkettige-Diole-Index) aufgezeichnet in Sedimenten des 

südöstlichen brasilianischen Kontinentalrands zu verwenden. Zudem wurden die 

Indices MBT’  und CBT, die die Methylierung bzw. Zyklisierung verzweigter GDGTs 

quantifizieren, als Proxies für die Jahresmitteltemperatur an Land und für den pH-

Wert der Böden getestet. Der Fokus der Arbeit  liegt hierbei einerseits darauf i) die 

Anwendbarkeit der Proxies U37
K′, TEX86

H , MBT’/CBT im unter den lokalen und 

regionalen Umwelteinflüssen des Campos Bessens auf Grundlage von 53 

Oberflächensedimentproben zu überprüfen und ii) eine sogenannte „multi-proxy“ 

Rekonstruktion der Paläoumweltbedingungen anhand der U37
K′, TEX86

H  und LDI 

Proxies an zwei Sedimentkernen vom Schelf vor Cabo Frio und Rio de Janeiro zu 

erstellen. Es zeigt sich, dass sich sowohl U37
K′ als auch TEX86

H  für regionale 

Paläoumweltstudien am südöstlichen brasilianischen Kontinentalrand eignen. 

Ausnahmen in Form von starken negativen Abweichungen zwischen 

rekonstruierter und instrumentell beobachteter (World Ocean Atlas 2013) 

Oberflächenwassertemperatur treten im südlichen Teil des Campos Beckens auf 

und zeigen, dass sehr lokal die Auswirkungen von Auftrieb bei der einer regionalen 
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Anwendung dieser Proxies berücksichtigt werden müssen. Die Ergebnisse der 

MBT’/CBT Proxies an marinen Sedimenten stimmen mit den Gegebenheiten an 

Land weitgehend überein, wobei die pH-Rekonstruktionen im oberen Bereich der 

Beobachtungen im angrenzenden Einzugsgebiet liegen, während die 

Rekonstruktion der Jahresmitteltemperatur an Land zu den niedrigeren Werten der 

Beobachtungen neigen. Die räumliche Verteilung der verzweigten GDGTs in 

deutet zudem auf unterschiedliche Quellen sowie diagenetische Effekte wie 

selektiven Abbau und in-situ Produktion von verzweigten GDGTs hin, die die 

Anwendbarkeit der MBT’/CBT Proxies an marinen Sedimenten des Campos 

Beckens, insbesondere in den küstenfernen Regionen, einschränken. Die 

Rekonstruktion der Paläo-Oberflächenwassertemperaturen mithilfe von U37
K′, TEX86

H  

und LDI für die letzten 14.5 kyr vor Rio de Janeiro und für die letzten 7.1 kyr vor 

Cabo Frio ergab eine Variabilität, die mit Ergebnissen aus mehreren vorherigen 

paläoklimatischen Studien für die Region übereinstimmt. Auf dem Schelf vor Rio 

de Janeiro kann eine Phase vor 7.5 kyr deutlich vom Rest der Zeitreihe 

unterschieden werden, während derer der Meeresspiegel niedriger war und 

allmählich anstieg. Auf dem Schelf vor Cabo Frio ist der Übergang vom mittleren 

ins späte Holozän von deutlichen Anstiegen der U37
K′- und LDI-basierten 

Temperaturrekonstruktionen geprägt, die wahrscheinlich mit der Intensivierung 

des Brasilstroms auf dem Schelf in Verbindung stehen. Im Gegensatz dazu 

verzeichnet die TEX86
H -basierte Temperaturrekonstruktion eine deutliche 

Abkühlung, die das Ergebnis von verstärktem Auftrieb von kaltem südatlantischem 

Zentralwasser sein kann. Eine Abnahme der rekonstruierten Temperaturen nach 

2.5 kyr vor heute deutet auf die Etablierung moderner Bedingungen im Cabo Frio 

Auftriebssystem hin. Unterschiede zwischen den Temperaturrekonstruktionen für 

die Regionen Cabo Frio und Rio de Janeiro können mit lokaler Instabilität des 

Brasil-Stroms im Bereich des Cabo Frio Auftriebssystems zusammenhängen. 

Insgesamt sind über die gesamte Untersuchungsperiode die 

Temperaturrekonstruktionen auf Grundlage von LDI am wärmsten, die auf TEX86
H  

basierenden von kälteren Temperaturen in etwas größeren Wassertiefen 

beeinflusst und diejenigen auf Grundlage von U37
K′ am stärksten von 

Meeresspiegeländerungen und Variabilität im Brasil-Strom betroffen. Diese 

Unterschiede zwischen den einzelnen Proxies liefern wertvolle Informationen über 

die lokalen paläozeanographischen Veränderungen während des Holozäns und 

somit einen Beitrag zum Verständnis des Paläoklimas am südöstlichen 

brasilianischen Kontinentalrand.  
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marked on the study area map (a). 60 
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(Jan-Mar), (c) austral autumn (Apr-Jun), (d) austral winter (Jul-Sep) and (e) 

austral spring (Oct-Dec). Differences between SST-U37
K'  estimates and SST 

(WOA13) for (f) annual mean; (g) austral summer (Jan-Mar), (h) austral 

autumn (Apr-Jun), (i) austral winter (Jul-Sep) and (j) austral spring (Oct-

Dec). 68 

Figure 3.4: (a) SST-TEX86 relationship and (b) RI-TEX86 relationship in the 

global core-top sediments presented in Kim et al. (2010) (grey dots) and in 

the core-top sediments from the present study (red dots). 69 

DBD
PUC-Rio - Certificação Digital Nº 1421587/CA
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Figure 3.6: Depths of agreement between estimated (Kim et al., 2010, 2012) 

and climatological mean temperatures (WOA13) from 0-200 m depth along 

the isobaths. Dots represent the water depth of optimal agreement and 

dashed lines represent minimum and maximum water depth in which the 

residuals are within the standard error of estimates for surface (black) and 

subsurface (grey) calibrations. 78 

Figure 4.1: Chemical structure of brGDGTs and crenarchaeol with the 

correspondent ion masses (m/z). 87 

Figure 4.2: (a) Map of the Campos Basin with locations of the surface (0-2 

cm) sediment sampling stations. Each transect (A, B, G, H and I) was 

sampled on isobaths as follows: 1, 25 m; 2, 50 m; 3, 75 m; 4, 100 m; 5, 150 

m; 6, 400 m; 7, 700 m; 8, 1000 m; 9, 1300 m; 10, 1900 m; 11, 1900 m and 

12, 3000 m. (b) Map showing the three drainage basins adjacent to the 

Campos Basin and their main rivers. (c) Mean annual air temperature, (d) 

annual precipitation (Fick and Hijmans, 2017) and (e) pH of the 30 cm topsoil 

(FAO/IIASA/ISRIC/ISS-CAS/JRC, 2012) in the three drainage basins. PSR 

= Paraíba do Sul River drainage basin; RJ = coastal drainages of the State 

of Rio de Janeiro; ES = coastal drainages of the Espírito Santo State. 88 

Figure 4.3: Contents of (a) total brGDGTs (µg gTOC−1), and (b) crenarchaeol 

(µg gTOC−1), (c) BIT index; (d) CBT-derived pH (Weijers et al., 2007b; 

Peterse et al., 2012), (e) MBT’ (Peterse et al., 2012) and (f) MBT’/CBT 

derived MAAT in the Campos Basin surface sediments (Weijers et al., 

2007b; Peterse et al., 2012). The total brGDGT and crenarchaeol 

normalized by the TOC were not determined in sample H1 because the TOC 

content of this sample was below quantification limit, but the contents in the 

sediment were comparable to sample H2 (Supplementary Table S4.1). 92 

Figure 4.4: Relative abundance of the brGDGTs for each transect and 

sampling depth in the Campos Basin. 93 

DBD
PUC-Rio - Certificação Digital Nº 1421587/CA



 

 

 

Figure 4.5: Distribution of groups using Ward's hierarchical cluster analysis 

based on the brGDGTs relative abundance. See text for details. 96 

Figure 5.1: Map with location of the sediment core sampling stations and 

grain size of the surface sediments in the south-eastern Brazilian margin 

(unpublished sediment grain size data provided by Alberto Figueiredo, 

personal communication; designed by João R. dos Santos Filho). 104 

Figure 5.2: Variation in the (a) TOC (%); (b) bulk δ13C (‰); (c) total isoGDGT 

and total alkenone contents (µg gTOC−1); (d) BIT index; and (e) temperature 

estimates based on U37
K' , TEX86

H  and LDI (°C) along the RJ13-01C core. The 

vertical dashed lines represent the depositional phases as proposed by 

Lazzari et al. (2018), based on sedimentary processes, geochemical and 

geophysical properties. 109 

Figure 5.3: Variation in the (a) TOC (%); (b) bulk δ13C (‰) (Ana L. S. 

Albuquerque, personal communication); (c) total isoGDGT and total 

alkenone contents (µg gTOC−1); (d) BIT index; and (e) temperature 

estimates based on U37
K' , TEX86

H  and LDI (°C) along the CF10-09A core. The 

vertical dashed lines represent the depositional phases as proposed by 

Lessa et al. (2016) based on planktonic foraminifera. 112 

Figure 5.4: Annual mean and seasonal depth profiles of water temperature 

(1955-2012) corresponding to the nearest interpolated 0.25° grid box taken 

from the World Ocean Atlas 2013. Dashed grey lines correspond to the 

proxy-estimated temperatures for the core-top sample from the present 

work. 115 

 

  

DBD
PUC-Rio - Certificação Digital Nº 1421587/CA



 

 

 

List of tables 

Table 2.1: Information of the surface sediment samples of the Campos Basin.

 48 

Table 2.2: Information of the sediment core samples. 50 

Table 3.1: Information and results of alkenone, GDGT and bulk analyses 

from the surface sediment samples of the Campos Basin (n.d. = not 

determined). 71 

Table 3.2: Calibrations used for SST-U37
K′ and temp-TEX86

H  estimates and their 

relationship with the intrumental temperatures obtained from the WOA13. 76 

 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

DBD
PUC-Rio - Certificação Digital Nº 1421587/CA



 

 

 

List of Abbreviations 

ΔR – reservoir effect 

AMOC – Atlantic Meridional Overturning Circulation 

AMS – accelerator mass spectrometry 

ASE – accelerated solvent extraction system 

BC – Brazil Current 

BIT – Branched and Isoprenoid Tetraether 

brGDGTs – branched glycerol dialkyl glycerol tetraethers 

BSTFA – N,O-bis(trimethylsilyl)trifluoroacetamide 

CAPES – Coordination for the Improvement of Higher Education Personnel  

CBT – cyclization of branched tetraether index 

CFUS – Cabo Frio upwelling system 

CNPq – National Council for Scientific and Technological Development  

cren – crenarchaeol  

cren’ – crenarchaeol regio-isomer 

CW – Coastal Water 

DAAD – German Academic Exchange Service 

DWBC – Deep Western Boundary Current 

ENSO – El Niño Southern Oscillation 

GC-FID – gas chromatography with a flame ionization detector 

GC-TOF-MS – gas chromatography-time of flight mass spectrometry 

GDGTs – glycerol dialkyl glycerol tetraethers 

HPLC-MS – high performance liquid chromatography coupled to mass 

spectrometry 

HPLC-APCI-MS – high performance liquid chromatography-atmospheric pressure 

chemical ionization-mass spectrometry 

IEAPM – Instituto de Estudos do Mar Almirante Paulo Moreira 

IPL – intact polar lipids 

IRMS – isotope ratio mass spectrometer 

IPCC – Intergovernmental Panel on Climate Change 

IWBC – Intermediate Western Boundary Current 

isoGDGTs – isoprenoid glycerol dialkyl glycerol tetraethers 

ITCZ – Intertropical Convergence Zone 

kyr – thousand years 

DBD
PUC-Rio - Certificação Digital Nº 1421587/CA



 

 

 

cal kyr BP – calibrated thousand years before present 

LDI – long-chain diol index 

LGM – last glacial maximum 

LIA – Little Ice Age  

Ma – million years before present 

MAAT – mean annual air temperature 

MARUM – Center for Marine Environmental Sciences (University of Bremen) 

MBT – methylation of branched tetraether index 

MBT’ – simplified methylation of branched tetraether index 

MC – Malvinas Current 

MCA – Medieval Climatic Anomaly 

MI – methane index 

MIS – marine isotope stage 

NADW – North Atlantic Deep Water 

NBC – North Brazil Current  

OEA – Organic Elemental Analyzer 

OM – organic matter 

PSR – Paraíba do Sul River  

PUC-Rio – Pontifícia Universidade Católica do Rio de Janeiro 

RI – ring index 

SACW – South Atlantic Central Waters  

SACZ – South Atlantic Convergence Zone 

SAMS – South American Monsoon System 

SASH – South Atlantic Subtropical High 

SIM – single ion monitoring 

SPM – suspended particulate matter 

SST – sea surface temperature 

TEX86 – tetraether index 

TEX86
H  – tetraether index for high temperatures 

TEX86
L – tetraether index for low temperatures 

TOC – total organic carbon 

TW – Tropical Waters  

U37
K  – alkenone unsaturation index 

U37
K′

 – simplified alkenone unsaturation index 

WOA09 – World Ocean Atlas 2009 

WOA13 – World Ocean Atlas 2013 

DBD
PUC-Rio - Certificação Digital Nº 1421587/CA



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“There is no unique picture of reality.” 
Stephen Hawking 

DBD
PUC-Rio - Certificação Digital Nº 1421587/CA



 
 

 

Chapter 1 
Introduction 

1.1. 
General introduction 

1.1.1. 
Global climate and the reconstruction of paleotemperature 

The oceans play a fundamental role in global climate due to the capacity to 

store large amounts of heat and redistribute it from low to high latitudes (Rahmstorf, 

2002; Ganachaud and Wunsch, 2003). The interplay between atmosphere and 

oceans is complex and involves several processes, e.g., release of stored heat 

from the ocean to the atmosphere, effect of the atmospheric wind patterns in ocean 

currents, and influence of air temperatures on sea surface temperature (SST) 

(Rahmstorf, 2002). The ocean also interacts with the atmosphere by exchanging 

gases, influencing its greenhouse gas content. The increase in atmospheric CO2 

causes a positive flux of this gas into the ocean, which can influence, together with 

ocean’s physical and chemical properties, the marine biogeochemical cycles on a 

global scale (Rahmstorf, 2002; IPCC, 2007). 

According to IPCC (2007), climate change is defined as a “change in the 

state of the climate that can be identified (e.g., by using statistical tests) by changes 

in the mean and/or the variability of its properties, and that persists for an extended 

period, typically decades or longer.” Global warming has become evident from the 

observation of increases in global average air and ocean temperatures, which 

leads to melting of ice sheets and rising of global average sea level. Several 

studies have suggested human activities, including burning of fossil fuels, 

industrialization and deforestation, as the main causes of increasing greenhouse 

gases in the atmosphere and the consequent rise in air and ocean water 

temperatures on a global scale. The potential impact of human activities on present 

and future climate has increased the interest in understanding the climate of the 

past. To investigate and predict future climate changes, the reconstruction and 

evaluation of past climate changes over longer time scales in a good resolution 

becomes necessary (IPCC, 2007). 

 

DBD
PUC-Rio - Certificação Digital Nº 1421587/CA



23 
 

 

Paleoclimatology studies are an important contribution to current climate 

modeling because it can reveal the sensitivity of the climate system and the 

frequency at which the climate changes may occur in the future (Schilman et al., 

2001). The Quaternary period (2.6 Ma up to present) is characterized by periodic 

glaciations. The last glacial maximum (LGM, about 20 kyr BP) has been one of the 

main objects of interest in paleoclimatic studies in the last decades because it is 

the most recent period with a climate state much different from the present 

(Rahmstorf and Feulner, 2013). The Quaternary is divided in two periods: the 

Pleistocene (2.6 Ma to 11.7 kyr BP) and the Holocene (11.7 kyr BP to the present) 

(Cohen et al., 2013). To understand the natural variability behind anthropogenic 

climate change, it is important to focus on the climate of the more recent past 

(Mayewski et al., 2004). The Holocene studies made possible to evaluate the 

climatic variability during the current interglacial phase, in which the current climatic 

conditions have developed (Rohling et al., 2002). 

The SST variation is a crucial factor to paleoclimatic research because it 

can provide information about the oceanic and atmospheric dynamics that are 

related to spatial and temporal variation of climatic processes. As the instrumental 

record of global surface temperature only began in the mid-19th century (IPCC, 

2007), temperature reconstructions using proxies records have been a central 

theme of paleoclimatic research in recent years. A climate indicator is a local record 

that, if interpreted using chemical, physical and biological principles, may represent 

climate-related environmental parameters and act as evidence for long-term past 

climatic changes. Proxies can be applied on several environmental records, such 

as pollen, tree rings, speleothems, corals, marine and lake sediments and ice cores 

(IPCC, 2013).  

The recent increase in the number of proxy-reconstructed 

paleotemperature data with a higher resolution and wider spatial coverage can 

improve today's climate models. The several proxies proposed along the last two 

or three decades to reconstruct paleotemperature from marine sedimentary record 

can be divided into two groups, according to the inorganic or organic fossil record 

considered. The inorganic proxies include δ18O (Urey, 1947; Erez and Luz, 1983) 

and Mg/Ca ratio (Nürnberg et al., 1996) of planktonic foraminifera and are based 

on the thermodynamic behavior of isotopes and elements during calcification 

depending on the local temperature. This type of determination can yield 

uncertainties related to the depth inhabited by the species, the preservation of the 

shells, carbonate concentrations and δ18O composition of seawater (Spero et al., 

1997).  
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The organic paleotemperature proxies are based on the ability of several 

microorganisms to adjust the stability of their cell membranes to local temperature 

variations through changes in the structures of specific lipid compounds during cell 

formation (Ray et al., 1971; Oshima and Miyagawa, 1974). Those organic 

molecules derived from a specific animal or vegetal metabolic process and whose 

structure are preserved (or can be traced back to its original composition), are 

known as molecular biomarkers (Meyers, 2003; Peters et al., 2004). The U37
K  index 

from alkenones was the first organic proxy developed to reconstruct past SST 

(Brassell et al., 1986; Prahl and Wakeham, 1987). Later, two other organic proxies 

for SST reconstruction were proposed: the TEX86, based on glycerol dialkyl 

glycerol tetraethers (GDGTs) with 86 carbon atoms (Schouten et al., 2002), and, 

more recently, the LDI (long-chain diols index), based on long-chain diols C28 1,13-

diol, C30 1,13-diol and C30 1,15-diol (Rampen et al., 2012). The GDGTs can also 

be used in marine sediments to reconstruct the soil pH and the mean annual air 

temperature (MAAT) of the adjacent continent (Weijers et al., 2006b). The 

application of each of these organic geochemical proxies in paleoclimatic studies 

will be discussed in detail in the following section. 

 

1.1.2. 
Organic geochemical proxies 

1.1.2.1. 

Alkenones and the 𝐔𝟑𝟕
𝐊′

 index 

The alkenones are long-chain ketones (from C37 to C39) having 2 to 4 

unsaturations in their structures (Figure 1.1). They were first discovered in deep-

sea sediments from the Walvis Ridge by Boon et al. (1978) and later identified by 

Leeuw et al. (1980). Alkenones are synthesized by haptophyte algae, mainly the 

marine coccolithophores Emiliana huxleyi and Gephyrocapsa oceanica (Volkman 

et al., 1980, 1995), and are ubiquitous in marine sediments worldwide (Brassell et 

al., 1986). The E. huxleyi species is particularly abundant and has populated the 

surface of oceanic waters since the middle Pleistocene (Meyers, 1997). 

 

Figure 1.1: Alkenones structures. 
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The role of alkenones on haptophyte physiology is still unclear, but 

experimental evidence show changes in the alkenone composition of these 

organisms in a way that, as water temperature decreases, the number of 

unsaturations of alkenones structures increases (Brassell et al., 1986; Prahl and 

Wakeham, 1987). Based on this principle, the alkenone unsaturation index U37
K  

(Equation 1-1) was first developed by Brassell et al. (1986) through empirical 

equations that provided a linear relationship between di-, tri- and tetra-unsaturated 

alkenones (C37:2, C37:3 and C37:4, Figure 1.1) and the growth temperature of the 

cultivated algae. Later, Prahl and Wakeham (1987) developed the U37
K′

 (Equation 

1-2), a simplified index without the C37:4 because of its distribution restricted at high 

latitudes. 

U37
K =  

(C37:2−C37:4)

(C37:2)+( C37:3)+(C37:4)
   (1-1) 

U37
K′

=  
(𝐶37:2)

(C37:2)+( C37:3)
   (1-2) 

The use of a specific compound ratio as a temperature proxy requires the 

development of an adequate calibration. In the case of U37
K′

, the first calibration was 

performed by cultivating E. huxleyi in the laboratory, where a good correlation 

between the calculated index and the controlled temperatures was observed 

(Equation 1-3) for temperatures between 8 and 25 °C, with an accuracy of less 

than 0.5 °C (Prahl and Wakeham, 1987). Further studies with surface sediments 

and particulate material have confirmed the linearity between U37
K′

 and SST (Conte 

and Eglinton, 1993; Prahl et al., 1993; Sikes and Volkman, 1993; Rosell-Melé et 

al., 1995a; Sikes et al., 1997; Sonzogni et al., 1997; Müller et al., 1998). Müller et 

al. (1998), for example, analyzed alkenones in 149 surface sediment samples and 

developed a regional calibration for tropical to subpolar eastern South Atlantic 

(Equation 1-4; Figure 1.2a,b). The authors also established a global calibration with 

data from a total of 370 sites between 60°S and 60°N in the Atlantic, Indian, and 

Pacific Oceans (Equation 1-5; Figure 1.2a,c) and found a strong linearity between 

U37
K′

 values and global SST annual average for temperatures between 0 and 29 °C, 

with an error of ± 1.5 ºC. Later, a study developed by Benthien and Müller (2000) 

with surface sediment samples collected in the western South Atlantic (between 5 

°N and 50 °S) showed a good correlation between the temperatures calculated 

through the calibration of Müller et al. (1998) and the annual mean SST for regions 

north of 32 °S. 
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T (°C) =  
U37

K′
−0.043

0.033
   (1-3) 

T (°C) =  
U37

K′
−0.069

0.033
   (1-4) 

T (°C) =  
U37

K′
−0.044

0.033
   (1-5) 

 

Figure 1.2: (a) World Ocean Atlas 2013 (WOA13) statistical annual mean SST and the 

locations of the core top samples (n = 518) used for the global calibration of U37
K′

 (black and 

white dots). The white dots (n = 147) represent the samples used in the eastern South 

Atlantic (Müller et al., 1998). (b) Relation between the U37
K′

 and the annual mean SST for 

the eastern South Atlantic and (c) for the global dataset (Müller and Fischer, 2004). 

 

The U37
K′

 is largely used because it shows a strong linear relationship with 

SST and can be determined easily with high precision. However, its use is limited 

in tropical areas at temperatures above 28 °C, where the tri-unsaturated alkenones 

can be below the detection limit (Kim et al., 2008) and in polar oceans, where 

alkenone-producing coccolithophorids do not occur (Sikes and Volkman, 1993). 
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Moreover, they generally cannot be used in sediments older than 6 million years 

(Bard, 2001).  

 

1.1.2.2. 
GDGTs and the TEX86, MBT, CBT and BIT indices 

GDGTs are lipids present in the cell membranes of Archaea and bacteria. 

These molecules occur in the environment in the isoprenoid (isoGDGTs) and 

branched (brGDGTs) forms, whose structures are shown in Figure 1.3. The 

Archaea domain can be divided into two groups: Crenarchaeota (Marine “Group 

I”), which was later renamed as Thaumarchaeota, and Euryarchaeota (Marine 

“Group II”). The isoGDGTs are produced by a variety of Archaea, which are mainly 

comprised by acyclic or cyclic biphytane core lipids (Sinninghe Damsté et al., 

2000). Crenarchaeol is a specific isoGDGT of Thaumarchaeota and was initially 

associated only with non-thermophilic marine organisms of this group. BrGDGTs 

are generally attributed to soil bacteria (Sinninghe Damsté et al., 2000), possibly 

Acidobacteria, recently described as acidophilic (Sinninghe Damsté et al., 2002). 

 

 

Figure 1.3: GDGTs structures and the correspondent ion masses (m/z). 

 

Organisms of the Archaea domain were initially detected and isolated from 

extreme environments. Thus, the first characterizations of the lipids present in their 

membranes were made from extremophiles cultures. After the first isolation and 

characterization of the archaeol, a diphytanyl glycerol diether, from a culture of 

Halobacterium cutirubrum (Kates et al., 1963), several studies were conducted in 

order to investigate new lipids and the isoprenoid glycerol ethers were found to be 

the main constituents of these organisms. The first discovered tetraether was a 

saturated GDGT extracted from thermoacidophilic Archaea (Langworthy, 1977). 
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After the discovery that the Archaea domain is also widely distributed in the water 

column and marine sediments (DeLong, 1992), the research on Archaea lipids 

focused on these non-extreme environments, resulting in the identification of 

several other tetraether structures, notably the isoGDGTs (Hoefs et al., 1997; 

Schouten et al., 2000).  

Thaumarchaeota represents the main source of isoGDGTs and have a 

wide distribution in the oceans, representing up to 20% of picoplankton (Karner et 

al., 2001). They produce GDGTs with a wide variety of structures containing 

cyclopentane rings (n = 0 to 4), and also the crenarchaeol (cren) and its regio-

isomer (cren’), with four cyclopentane rings and one cyclohexane (Sinninghe 

Damsté et al., 2002). Mesocosm studies with Thaumarchaeota showed that the 

increase in number of cyclopentane moieties in the GDGTs of the membrane lipids 

of these organisms changes in response to temperature (Wuchter et al., 2004). 

This physical adaptation occurs because compounds with cyclopentane rings have 

a higher melting point and their presence increase the stability of the cell 

membrane at higher temperatures (Gliozzi et al., 1983). 

By measuring the relative contribution of GDGTs in a marine sediment 

sample, it is possible to determine the temperature the organisms thrive and, 

consequently, produced their membranes. By analyzing a globally distributed 

group of more than 200 marine surface sediment samples, Schouten et al. (2002) 

developed the TEX86 index (Equation 1-6), which considers the isoprenoid 

compounds GDGT-1, GDGT-2, GDGT-3 and cren’ and correlates linearly with the 

annual mean SST (Equation 1-7). The GDGT-0 and Crenarchaeol are excluded 

from the equation, since the first one occurs in many other Archaea groups in 

addition to Thaumarchaeota (Koga et al., 1993b), and the second is much more 

abundant than the other GDGTs and does not show a strong correlation with the 

SST (Schouten et al., 2002; Kim et al., 2010). This index reflects mainly annual 

mean temperature variations between 0 and 30 °C, as would be expected for the 

Brazilian coast.  

TEX86 =  
GDGT-2 + GDGT-3 + cren′

GDGT-1 + GDGT-2 + GDGT-3 + cren′   (1-6) 

T (°C) =  
TEX86+0.27

0.015
   (1-7) 

In the past decade, a few calibration models have been proposed to 

improve SST calculation from TEX86 values. Most of them use linear regression to 

construct the calibration model from a spatially constant relationship between 

modern marine surface sediments and observed instrumental SST (Schouten et 
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al., 2002; Kim et al., 2008, 2010; Liu et al., 2009). The global calibration developed 

by Schouten et al. (2002) was improved by Kim et al. (2008) with a larger data set 

of surface sediments (n = 287). In this new calibration (Equation 1-8), a linear 

correlation between TEX86 and annual mean SST was observed for a temperature 

range between 5 and 30 °C. However, below 5 °C the TEX86 values become less 

sensitive to the variation of temperature in a way that the temperatures become 

overestimated in the polar regions’ samples. Unreasonably high estimated SST 

are also observed for some low-latitude sites (Kim et al., 2008). In an attempt to 

solve this problem, Liu et al. (2009) developed a nonlinear alternative calibration 

using the inverse TEX86 value (Equation 1-9). 

T (°C) = 56.2 (TEX86) −10.78   (1-8) 

T (°C) =  −16.3 (
1

TEX86
) +  50.5   (1-9) 

Based on the finding that the concentration of crenarchaeol regio-isomer 

correlates more strongly with SST at high temperatures, Kim et al. (2010) 

suggested the need for two different logarithmic calibrations for different 

temperature ranges: TEX86
L  for SST below 15 °C (Equations 1-10 and 1-11) and 

TEX86
H  for SST above 15 °C (Equations 1-12 and 1-13). The authors analyzed 116 

new sediment samples, most of which from polar regions, and combined with other 

previously published core-top data, including Red Sea samples analyzed by 

Trommer et al. (2009), totalizing a global dataset of 426 samples (Figure 1.4a). It 

was observed that, like the samples of the polar regions, the samples of the Red 

Sea also behave different from the others (Figure 1.4b), probably because the 

population of Thaumarchaeota present different responses to the temperature 

when subjected to extreme salinity conditions (Trommer et al., 2009). Thus, the 

authors decided to exclude the data from the Red Sea and from the polar oceans 

from the global core-top dataset in this new calibration (Kim et al., 2010). 

TEX86
L =  log (

GDGT-2

GDGT-1 + GDGT-2 + GDGT-3
)   (1-10) 

T (°C) = 67.5 (TEX86
L ) + 46.9    (1-11) 

TEX86
H =  log(TEX86)   (1-12) 

T (°C) = 68.4 (TEX86
H ) + 38.6    (1-13) 
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Figure 1.4: (a) World Ocean Atlas 2013 (WOA13) statistical annual mean SST and the 

locations of the core top samples (n = 426) used for the global calibration of TEX86 (black 

dots). (b) Relation between the TEX86 and the annual mean SST. Red and blue dots 

represent the Red Sea and the samples with SST cooler than 3 °C, respectively (Kim et 

al., 2010). 

 

Motivated by the fact that the depth of GDGTs production may vary in 

function of regional oceanographic dynamics, and that the availability of data used 

in global calibrations varies strongly from a region to another (Figure 1.4a), Tierney 

and Tingley (2014) recently proposed a new calibration model. The authors used 

a Bayesian regression approach that allows model parameters to vary as a function 

of space, which leads to larger uncertainties at locations that are data-poor.  

The development of a new high performance liquid chromatography 

coupled to mass spectrometry (HPLC-MS) technique for the analysis of isoGDGTs 

made possible to also detect the brGDGTs (Hopmans et al., 2000). While the 

isoGDGTs are generally attributed to the aquatic environments, the brGDGTs are 

most likely produced by anaerobic and heterotrophic bacteria present in peat and 

soil (Pancost and Sinninghe Damsté, 2003; Weijers et al., 2006a, 2007b). Hence, 

the brGDGTs may be potentially used in the evaluation of terrestrial organic matter 

(OM) inputs into the marine environment as an alternative to the tracers derived 

from higher plants (Hopmans et al., 2004). The precise origin of the brGDGTs 

remains uncertain, but there is evidence that they are most likely produced by 

Acidobacteria (Weijers et al., 2009; Sinninghe Damsté et al., 2011, 2014).  

 ed Sea
SST   3  C

SST ( C)

S
S
T
 (

 C
)

T
 
 

 
 

(a)

(b)

DBD
PUC-Rio - Certificação Digital Nº 1421587/CA



31 
 

 

In addition to the common source assignment of brGDGTs to terrestrial 

sources, recent studies suggest that these compounds may be produced not only 

in soil and peat, but also in aquatic systems, such as lakes (Damsté et al., 2009; 

Tierney et al., 2010), rivers (Zhu et al., 2011; Yang et al., 2013) and the marine 

environment (Peterse et al., 2009; Zhu et al., 2011; Hu et al., 2012; Zell et al., 

2014a, 2014b). The brGDGTs can even be found in hot spring microbial mats 

(Schouten et al., 2007b). 

The brGDGTs can vary in the degree of methylation (from 4 to 6 methyl 

groups) and cyclization (up to 2 cyclopentane rings) of its structures (Figure 1.3) 

(Weijers et al., 2006b, 2007b). The predominance of one or other form of 

brGDGTs, due to the different environmental conditions, is necessary to maintain 

the cellular structure and its vital functions. To investigate the factors that could be 

affecting the distribution of brGDGTs in different environments, Weijers et al. 

(2006b) analyzed 134 soil samples globally distributed in 90 regions. The authors 

found that the presence of cyclic brGDGTs in the lipid membranes of the organisms 

is related to the pH of the terrestrial material, while the degree of methylation of the 

brGDGTs is associated with both soil pH and mean annual air temperature 

(MAAT). Based on this relation, the authors developed the indices CBT (cyclization 

of branched tetraether, Equation 1-14) and MBT (methylation of branched 

tetraether, Equation 1-15) and proposed specific calibrations to reconstruct the soil 

pH (Equation 1-16) and the MAAT (Equation 1-17) to be applied in 

paleoenvironmental studies at different scales of geological time.  

CBT =  − log (
GDGT-Ib + GDGT-IIb

GDGT-Ia + GDGT-IIa
)   (1-14) 

MBT =  
GDGT-Ia + GDGT-Ib + GDGT-Ic

∑[all branched GDGTs]
   (1-15) 

pH =  −
(CBT − 3.33)

0.38
   (1-16) 

MAAT =
MBT − 0.122− 0.187 (pH)

0.020
   (1-17) 

Recently, Peterse et al. (2012) re-examined the calibrations for both indices 

with an extended data set of 287 globally distributed surface soils and a different 

statistical approach. The authors found that in 63% of the soils, only seven of the 

nine most common brGDGTs were detected and proposed a new simplified MBT’ 

index (Equation 1-18) excluding the GDGT-IIIb and GDGT-IIIc isomers, and new 

calibrations for both pH (Equation 1-19) and MAAT (Equation 1-20) reconstruction. 

MBT′ =  
GDGT-Ia+GDGT-Ib+GDGT-Ic

GDGT-Ia+GDGT-Ib+GDGT-Ic+GDGT-IIa+GDGT-IIb+GDGT-IIc+GDGT-IIIa
   (1-18) 
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pH = 7.9 − 1.97 × CBT   (1-19) 

MAAT = 0.81 − 5.67 × CBT + 31.0 × MBT′   (1-20) 

When applied to marine sediments, in areas with a relatively high amount 

of soil OM input (Peterse et al., 2009), the MBT’/CBT proxy usually corresponds 

well with the MAAT and soil pH of the river drainage basin area (Weijers et al., 

2007b; Rueda et al., 2009). However, the above-mentioned marine in situ 

production can interfere with the use of the MBT’/CBT proxies. 

Based on the fact that brGDGTs occur predominantly in the terrestrial 

environment, while crenarchaeol would be the dominant GDGT in the marine 

environment, Hopmans et al. (2004) proposed the Branched and Isoprenoid 

Tetraether (BIT) index (Equation 1-21), a ratio between the branched and the 

isoprenoidal compounds (brGDGTs/isoGDGTs) applied to determine the 

contributions of terrestrial organic matter in aquatic environments. The BIT index 

is close to 1 in the terrestrial environment and near to 0 in offshore marine 

sediments and a gradient decrease from river to ocean is usually observed 

(Hopmans et al., 2004; Herfort et al., 2006b). It is important to highlight that the BIT 

index might not correlate well with other terrigenous biomarkers (Huguet et al., 

2007b; Walsh et al., 2008) because of their exclusive presence in soil organic 

matter (Weijers et al., 2006b). 

BIT =  
GDGT-I + GDGT-II + GDGT-III

GDGT-I + GDGT-II + GDGT-III + cren
   (1-21) 

The BIT index may also serve as a valuable parameter to verify the 

reliability of the TEX86 index. A common issue with the use of the TEX86 in the 

reconstruction of the SST is the potential contribution of terrestrial organic matter 

containing isoGDGTs derived from Thaumarchaeota (Sinninghe Damsté et al., 

2012) and other Archaea present in the soil (Weijers et al., 2006b). When mixed 

with isoGDGTs produced in situ in the marine environment, these terrigenous 

isoGDGTs can interfere with the TEX86 values and generate significant biases in 

the reconstructed SST. The BIT index consists of a very useful tool to evaluate the 

bias caused in TEX86 by allochthonous isoGDGTs contribution. Zhu et al. (2011), 

for example, observed a better correlation between the TEX86 and the SST in the 

Yangtze River after exclusion of sediment samples with BIT values higher than 0.2. 
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1.1.2.3. 
Long chain diols and the LDI 

Long chain alkyl diols are composed of an alkyl chain containing two hydroxyl 

groups, one bound on the first carbon and another in the middle of the chain (Figure 

1.5). They were first identified in the Black Sea (de Leeuw et al., 1981) and later a 

wide variety of these lipids were found in Quaternary sediments, from low to high 

latitudes, with the size of the chains ranging from C24 to C36 and the second 

hydroxyl group positioned between C11 and C19 (Versteegh et al., 1997, 2000).  

 

 

Figure 1.5: Long chain diol structures. 

 

Previous studies have already suggested a potential application of long 

chain 1,14-diols in climate reconstruction (e.g. Rampen et al., 2008, 2009), but at 

first little was known about the relationship between 1,13 and 1,15-diols and 

environmental parameters and their potential application as paleoclimatic proxies 

as well. Versteegh et al. (2000) were the first to point out that the ratio between C30 

and C32 long chain 1,15-diols was related to salinity, with higher contributions of 

C32 1,15-diol in areas that had a higher riverine input or upwelling conditions. 

More than a decade later, Rampen et al. (2012) analyzed the distribution of 

long-chain diols in a large set of surface sediments collected worldwide, most of 

them from the Atlantic Ocean, and compared these data with environmental 

parameters of the overlying surface waters, such as temperature, salinity and 

nutrient concentration. The authors observed a significant correlation between the 

annual mean SST and the compounds C28 1,13-diol, C30 1,13-diol and C30 1,15-

diol (Figure 1.5). These compounds are ubiquitous in a comprehensive set of 

marine surface sediments and have been reported to be produced by 

eustigmatophytes algae (Volkman et al., 1992, 1999; Gelin et al., 1997; Méjanelle 

et al., 2003). From this correlation, Rampen et al. (2012) proposed the LDI (long 

chain diol index, Equation 1-22) as a new paleotemperature proxy and its first 

calibration for marine surface sediments (Figure 1.6, Equation 1-23) for a 

temperature range between −3 and 27 °C, with a standard error of ± 2 °C.  

 O
C2  1,13 diol

C30 1,13 diol

C30 1,15 diol
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LDI =  
(C301,15-diol)

(C281,13-diol) + (C301,13-diol) + (C301,15-diol)
   (1-22) 

T (°C) =  
LDI−0.095

0.033
   (1-23) 

By analyzing a 43 kyr sediment core collected in the South-eastern Atlantic, 

near the Congo River outflow, Rampen et al. (2012) observed that the LDI shows 

variation patterns, similarly to other SST proxies, that can be linked to known 

climate events. This suggests a promising application of LDI as a new proxy for 

paleotemperature. However, other studies revealed that the records of 

eustigmatophyte algae in the marine environment are rare and the composition of 

the long chain diols in these algae do not coincide with that of the marine sediments 

(Volkman et al., 1992; Versteegh et al., 1997; Rampen et al., 2012). Thereby, the 

actual role of eustigmatophyte algae in producing these compounds and their 

interaction with other parameters in the marine environment remains uncertain.  

 

 

Figure 1.6: (a) World Ocean Atlas 2013 (WOA13) statistical annual mean SST and the 

locations of the core top samples (n = 162) used for the global calibration of LDI (black 

dots). (b) Relation between the LDI and the annual mean SST (Rampen et al., 2012). 

 

1.1.3. 
Proxies uncertainties and the multiproxy approach 

As with any biomarker, the organic geochemical SST proxies carry inherent 

uncertainties that might affect the accuracy of estimates and cause 

misinterpretation of the paleotemperature variations. Although these proxies are 
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calibrated against annual mean SST using core top sediments, the global 

calibrations inevitably contain associated errors that must be considered when 

using the proxy in a regional scale. Biases between the proxy based estimates and 

the actual temperatures were observed in several studies (e.g., Ternois et al., 

1997; Herfort et al., 2006a; Leider et al., 2010; Prahl et al., 2010; Lopes dos Santos 

et al., 2013; Chen et al., 2014) and could be related to parameters other than 

growth temperature, such as seasonal production and preferential depth habitats 

of the source organisms (Sikes et al., 1997; Prahl et al., 2001; Herfort et al., 2006a; 

Popp et al., 2006; Huguet et al., 2007a; Lee et al., 2008), pre- or post-depositional 

lateral transport (Benthien and Müller, 2000; Mollenhauer et al., 2007; Kim et al., 

2009), influence of nutrients and light (Epstein et al., 1998; Versteegh et al., 2001; 

Prahl et al., 2003) or even preferential degradation of a specific compound used in 

the proxy (Conte et al., 1992; Gong and Hollander, 1999). 

A reliable estimation of paleotemperatures is essential to improve the 

understanding of past climate variations. The application of different 

paleotemperature proxies on different records can improve the confidence in large 

scale past climate reconstruction (Mann et al., 1998; IPCC, 2007). For a single 

marine sediment record, it is possible that each of the proxies may provide different 

signals associated with their particular uncertainties. Lopes dos Santos et al. 

(2013), for example, applied multiple SST proxies to a sediment core from the 

Murray Canyons area offshore Australia and observed that the LDI seems to be 

related to the SST of the austral summer, the TEX86
H  with the SST of the austral 

winter and the U37
K′

 to the annual mean SST. Regarding the depth habitat, some 

studies suggest that GDGTs are mainly exported from subsurface waters rather 

than surface waters, as the TEX86 reconstructed temperatures usually agree better 

with colder temperatures measured between 40 and 150 m, while the U37
K′

 and LDI 

better reflect the SST (Huguet et al., 2007a; Lopes dos Santos et al., 2010; Chen 

et al., 2014). Based on the biases and uncertainties associated with each of the 

organic geochemical proxies for SST presented so far, the application of multiple 

proxies to the same samples is often required to bring more insights regarding 

these biases and improve understanding of the proxies’ uncertainties and local 

limitations, thereby enabling a more precise paleotemperature reconstruction. 
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1.1.4. 
Paleoclimatology in the South Atlantic during the Holocene period 

The Holocene was considered a relatively stable period, marked by less 

intense climatic variations when compared to the glacial periods (Mayewski et al., 

2004). Nevertheless, recent high-resolution paleoclimatic records have shown that 

the Holocene presents larger and more frequent climatic variations than was 

previously thought, including changes in scales of hundreds to thousands of years 

(O’Brien et al., 1  5; Alley et al., 1   ; Bond, 1997, 2001; Mayewski et al., 2004). 

Mayewski et al. (2004), for example, made a compilation of ~50 globally distributed 

paleoclimatic records and reported at least six rapid changes, most of them 

characterized by cooling at the poles, dryness in the tropics and significant 

changes in atmospheric circulation. 

The reconstruction of paleotemperature during the Holocene shows 

significant long-term trends in the SST variation that clearly mark the period (Kim 

et al., 2004). Among the climatic oscillations that characterize the Holocene, the 

Little Ice Age (LIA) and the Medieval Climatic Anomaly (MCA) are the best-known 

examples on scales of hundreds of years. The LIA occurred in the period between 

0.55 and 0.25 cal kyr BP and is characterized by lower temperatures in the 

Northern Hemisphere (Mann et al., 2009). It is believed to be the more recent 

among the climate fluctuations events, known as the Bond Events, that took place 

during the Holocene with a cyclicity of ~1.5 kyr (Bond, 1997, 2001), probably 

caused by a decrease in solar irradiance and a weakening in the thermohaline 

circulation (Bond, 2001; Wanner et al., 2011). The MCA occurred earlier, between 

1.0 and 0.7 kyr BP, characterized by relatively higher temperatures in some regions 

of the Northern Hemisphere. It was probably caused by a higher solar irradiance 

and lesser volcanic activity (Crowley, 2000; Mann et al., 2009; Diaz et al., 2011), 

and marked by a tendency for La Niña–like conditions in the tropical Pacific (Mann 

et al., 2009). 

Climatic variations during the Holocene in the South Atlantic Ocean receive 

much less attention and is not constrained as it is for the North Atlantic, especially 

on the western margin of the South Atlantic (Mahiques et al., 2007; Pivel et al., 

2013). The lack of studies for the Holocene with good time-scale resolution raise 

uncertainties about the evolution and the occurrence of important climatic events 

in the South Atlantic during this period (Lessa et al., 2016).  

The Atlantic Meridional Overturning Circulation (AMOC) is considered the 

central mechanism of heat transport between the two hemispheres across the 
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Atlantic Ocean (Buckley and Marshall, 2016 and references therein). Abrupt 

changes in the AMOC dynamics have been considered an important factor in the 

climatic variations along the Holocene (Menary et al., 2012). The Brazil Current 

(BC) and the North Brazil Current (NBC) play an important role in the South Atlantic 

upper level circulation (Peterson and Stramma, 1991). There is evidence 

suggesting alternations in the strengths of these two western boundary currents 

resulted in significant climatic events which affected the AMOC magnitude (Arz et 

al., 1999; Chiessi et al., 2014). Chiessi et al. (2014), for example, observed that 

positive (negative) anomalies in SST and δ18O relate to a stronger (weaker) BC 

and a weaker (stronger) AMOC. These authors also observed that periods of 

strong BC synchronize with periods of weak NBC, negative anomalies of SST in 

the high latitudes of the North Atlantic and positive anomalies of rainfall over the 

Southeastern South America. 

Paleotemperature oscillations in South Atlantic SST may also be related to 

variations in the dynamics of the South Atlantic Convergence Zone (SACZ), the 

South American Monsoon System (SAMS) and, therefore, the south-eastern South 

American climate (Zhou and Lau, 1998; Robertson and Mechoso, 2000; Liebmann 

and Marengo, 2001; Carvalho et al., 2004; Chaves and Nobre, 2004). From a 

compilation of 120 paleoclimatic records, Prado et al. (2013b) observed a less 

intense precipitation in eastern South America during the mid-Holocene relative to 

the late Holocene, relating this feature to a low austral summer insolation (Prado 

et al., 2013a). Bender et al. (2013) demonstrated that paleoclimatic changes during 

the Holocene were related to changes in the intensity and periodicity of the El Niño 

Southern Oscillation (ENSO) in the Southern Hemisphere. Wainer et al. (2014) 

observed changes in the position and intensity of the South Atlantic Subtropical 

High (SASH) that altered the precipitation regime over South America during the 

cooling events of the northern hemisphere in 12.9-11.6 cal kyr BP and 8.6-8.0 cal 

kyr BP. In general, the climate changes identified during the Holocene in South 

America are mostly related to conditions of more or less humidity (Mahiques et al., 

2007; Cordeiro et al., 2008; Bender et al., 2013; Prado et al., 2013b; Razik et al., 

2013; Wainer et al., 2014). 
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1.2. 
Study area 

 

1.2.1. 
Geomorphology 

The Cabo Frio and Rio de Janeiro continental shelves are located in the 

arc-shaped sector of the southeastern Brazilian upper margin, that extends from 

Cabo de Santa Marta in the south (28°30'S–49°00'W) to Cabo Frio in the north 

(23°00'S–42°00'W). The continental shelf in this sector has a width ranging from 

73 to 231 km and declivity between 1:656 and 1:1333. The shelf break is located 

between 120 and 180 m water depth. The isobaths approach the coast towards 

the Cabo Frio region in the north, where the shelf is narrower (Mahiques et al., 

2004). The platform in this region is crossed by narrow, shallow and long channels, 

which generally reach the shelf break and favor sediment transport to deeper 

regions. The most evident ones are the Cabo Frio, Rio de Janeiro, Ilha Grande, 

Cananéia and Itajaí channels (Zembruscki, 1979). 

The Campos Basin extends farther north of Cabo Frio, located between 

20.5°S (Vitoria High) and 24°S (Cabo Frio High), with an area of more than 100,000 

km2 (Viana et al., 1998). The water column is up to 3,000 m, with depths of more 

than 200 m in more than 70% of its area (Carminatti and Scarton, 1991). The 

continental shelf width is on average 100 km, and the shelf break is usually located 

at water depths around 80 to 130 m in the north-south direction. The slope has an 

averaged depth gradient and width of 2.5° and 40 km, respectively (Viana et al., 

1998). A major topographic feature in the slope is the presence of eleven major U-

shaped canyons in the central and southern portions of the basin exhibiting the 

following characteristics: heads starting from 115 to 1022 m water depths, lengths 

from 9.5 to 42.5 km and average widths of the submarine valleys from 1.0 to 8.0 

km (de Almeida and Kowsmann, 2016). The slope is bordered to the east by the 

São Paulo plateau, a low declivity area (0 to 2°) that extends from 2000 to 3500 m 

depth, where the canyons converge into a more expressive drainage system 

(Viana et al., 1998; de Almeida and Kowsmann, 2016). 

The northern area of the basin is influenced by the Paraíba do Sul River 

(Razik et al., 2015) and the slope base is shallower (1500 m water depth) than in 

the south (2000 m) due to the development of a submarine cone connected to the 

Almirante Camara submarine canyon (Brehme, 1993). The Paraíba do Sul River 

is considered a medium-sized river, with a length of 1145 km and a catchment area 
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of 55,400 km2, crossing three of the most industrialized Brazilian states: Minas 

Gerais, São Paulo and Rio de Janeiro (Carvalho et al., 2002). Events of coastal 

upwelling are observed in the southern portion of the basin, as will be presented in 

further details later. 

 

1.2.2. 
Hydrodynamics  

The water circulation pattern on the southeastern Brazilian margin (Figure 

1.7) is mainly controlled by the flow of BC, formed at 10°S as a branch of the South 

Equatorial Current and is highly influenced by the Subtropical Gyre and the South 

Atlantic High (Peterson and Stramma, 1991). At approximately 36ºS, the BC 

converges with the Malvinas Current (MC) flowing northwards from the 

Argentinean shelf. The ocean surface processes in the southern Brazilian 

continental shelf are then characterized by the interaction between northward flows 

of the cold and low salinity sub-Antarctic waters from the Argentinean shelf, which 

are mixed with Rio de la Plata and Patos Lagoon discharge, as well as with the 

southward flow of the BC that transport hot and saline tropical waters (Lima et al., 

1996).  

The BC plays an important role in southward heat transport in the southwest 

Atlantic, whose variability affects the intensity of the South America Monsoon 

System (SAMS), which, in turn, is responsible for precipitation in most of the South 

American continent (Robertson and Mechoso, 2000; Cruz et al., 2005; Zhang and 

Delworth, 2005; Chiessi et al., 2009). According to Chiessi et al. (2014), positive 

SST anomalies have been correlated with increased precipitation over the northern 

sector of southeastern South America. 

 

 

Figure 1.7: Schematic characterization of the circulation in the Subtropical South Atlantic 

Ocean (modified from Peterson and Stramma, 1991, designed by Ilson Silveira). 
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The BC flows southward following the 200 m isobath and transports 

Tropical Waters (TW) from the tropical South Atlantic in its upper levels and South 

Atlantic Central Waters (SACW) between 200 and 700 m water depths (Campos 

et al., 2000). Meandering in the BC flow is caused by changes in the coastline 

orientation. These meanders frequently develop and form strong cyclonic and 

anticyclonic frontal eddies, inducing the intrusion of SACW onto the shelf break 

(Campos et al., 2000; Silveira et al., 2000). Particularly in the Cabo Frio region, the 

sudden change in the shoreline orientation associated with the prevailing NE winds 

is responsible for an intermittent surface upwelling of the SACW (Figure 1.8a) 

(Rodrigues and Lorenzzetti, 2001; Castelao and Barth, 2006). The Cabo Frio 

upwelling system (CFUS) is therefore characterized by a cold SST anomaly during 

the beginning of the austral summer, when the intense NE winds associated with 

the South Atlantic high-pressure cell exerts its highest influence on local 

hydrodynamics (Valentin, 1984a; Rodrigues and Lorenzzetti, 2001; Franchito et 

al., 2008). The summer period also corresponds to the rainy season in SE Brazil 

and, consequently, an increase in the continental runoff to the coastal waters is 

observed (Mahiques et al., 2004). In contrast, during the austral winter, the NE 

winds are weaker and the frequency of cold front SW winds is higher, which inhibits 

the surface upwelling of SACW and increases the influence of warm surface waters 

transported by the BC (Valentin et al., 1987; Lessa et al., 2014). 

In summary, the water mass structure of the CFUS is composed of three 

main water masses: the surface oligotrophic, warm and salty TW, flowing offshore 

carried by the BC; the colder and nutrient-rich SACW, which is almost constantly 

located at the shelf bottom; and the low salinity, warmer, Coastal Water (CW), 

which results from the dilution of oceanic waters with continental fresh water inputs 

(Mahiques et al., 2004). The SACW intrusions onto the shelf increase nutrient 

concentrations and enhance the rates of primary production in the CFUS to 

>0.5 gC m−2 d−1 (Brandini et al., 2018 and references therein; Figure 1.8b). 

Consequently, the regional fisheries (Matsuura, 1996) and the export of biomass 

to adjacent areas (Lorenzzetti and Gaeta, 1996) are also enhanced. This scenario 

contrasts with the overall oligotrophic conditions (<0.04 gC m−2 d−1) in adjacent 

continental shelf and open waters dominated by warm TW (Marone et al., 2010; 

Suzuki et al., 2015; Brandini et al., 2018). 
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Figure 1.8: (a) SST and (b) surface chlorophyll concentration obtained by satellite 

(MODIS sensor, Aqua satellite) in the year 2007 for the Southwestern Atlantic (designed 

by Afonso Paiva). 

 

1.2.3. 
Sedimentology 

Overall, sedimentation patterns on the Brazilian continental shelf are 

defined by the interaction between sediment source, hydrodynamic processes and 

sea-level oscillations in a way that modern sedimentary deposits are concentrated 

in the inner and middle shelf, whereas relict and carbonate sediment deposits are 

concentrated on the outer shelf (Figueiredo Jr. et al., 2016 and references therein). 

During the last regressive event at the end of the Late Pleistocene, the shelf was 

exposed to intense erosion and, therefore, dissected by fluvial valleys that led to 

the direct deposition of sediments on the slope (Kowsmann and Costa, 1979; 

Viana et al., 1998). 

The sedimentation dynamics varies along the south-eastern Brazilian 

platform, resulting in different sedimentation rates from one location to another, 

according to the shelf and slope morphologies and the BC meandering (Mahiques 

et al., 2002; Sanders et al., 2014). According to Mahiques et al. (2004), the 

sedimentation rates in the south-eastern Brazilian shelf and upper slope can vary 

from 5 to 660 mm kyr−1 and is strongly related to the primary productivity, to the 
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continental input and to the flow of the BC. The areas of lower sedimentation rates 

in the south-eastern Brazilian upper margin are correlated with the main flux of the 

BC, whereas pelagic processes associated with meandering of the BC and 

upwelling events create higher rates of sedimentation, as observed in the CFUS 

region (Mahiques et al., 2004). Terrigenous sediment is supplied by small to 

medium size rivers, with the Paraíba do Sul River being the highest contributor 

(Viana et al., 1998; Razik et al., 2015). 

Mahiques et al. (1999) proposed a division of the south-eastern Brazilian 

inner shelf (<100 m depth) in two sectors, as a function of distinct sedimentary, 

geomorphological and organic matter features. To the south of São Sebastião 

Island, in the State of São Paulo (23.76°S and 45.41°W), there is an increase in 

the clay content with depth due to a more effective action of the wave’s energy on 

the bottom in the shallower areas. This hydrodynamic action prevents the 

deposition of fine sediment and organic matter, causing a depositional gradient 

towards the shelf break. In this portion, the highest organic carbon contents occurs 

close to the 100 m isobath. Our region of interest is located northward of São 

Sebastião Island (Figure 1.9), where, even though the clay contents are lower than 

those observed in the south, the geomorphological complexity significantly 

attenuates the hydrodynamic energy, favoring the deposition of fine sediments and 

organic matter, with presence of bioclastic sediment between the isobaths of 75 

and 200 meters (Mahiques et al., 2004; Figure 1.9). 

In the Cabo Frio shelf, the upwelling events increase sedimentation rates 

and contribute to enhanced organic matter accumulation in the sediment 

(Mahiques et al., 2002). Continental inorganic and organic matter delivered by the 

Paraíba do Sul River, whose discharge ranges from 110 to 2600 m3 s−1 over the 

year (Carvalho et al., 2002), must also be considered. Another potential source of 

materials to the CFUS is the coastal plume formed by waters from Guanabara 

(Albuquerque et al., 2014).  

Transport of suspended particulate material and/or resuspended sediments 

on the Cabo Frio shelf is basically controlled by wind-driven circulation (NE trade 

winds) and by coastal currents on the inner shelf, by cross-shelf upwelled coastal 

waters on the mid-shelf and by the meandering of the internal front of the BC on 

the outer shelf (Mendoza et al., 2014 and references therein). 

The distribution of sediment types in the Campos Basin is heterogeneous 

and complex. Lithoclastic sediments predominate in the inner and mid continental 

shelf whereas bioclastic and biolithoclastic sediments are found in the mid and 

outer shelf in the southern portion of the basin and also to the north in the shallow 
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areas nearby the Itapemirim River (Figueiredo Jr. et al., 2016). Fine-grained and 

silty-clay sediments with high contents of total organic carbon (TOC) are observed 

to the south of Cabo Frio (Figure 1.9; Yoshinaga et al., 2008; Cruz et al., 2013; 

Sanders et al., 2014), possibly as a result of high primary production in the water 

under the influence of upwelling and local hydrodynamics (i.e., eddies and lateral 

transport processes; Sanders et al., 2014). This ‘mud bank’ near Cabo Frio has a 

high potential of recording past biogeochemical and oceanic variability at elevated 

time resolution (Cordeiro et al., 2014). Bulk δ13C values observed by Sanders et 

al. (2014) indicate predominance of marine-derived organic carbon in this area.  

 

 

Figure 1.9: Grain size of the surface sediments in the south-eastern Brazilian margin 

(unpublished sediment grain size data provided by Alberto Figueiredo, personal 

communication; designed by João R. dos Santos Filho). 

 

1.3. 
Research background and thesis motivation 

A greater knowledge of paleotemperature variability in the South Atlantic is 

of great interest given the role of SST in the global heat transport. Despite this 

aspect, such studies in the south-western portion of the Atlantic are scarce when 

compared to the south-eastern counterpart or to the northern basin of the Atlantic 

Ocean (Leduc et al., 2010; McGregor et al., 2015). In this context, the continental 

shelf along the State of Rio de Janeiro is a particularly interesting area to study in 

the SW Atlantic because of unique characteristics along the Brazilian coast, 

including: (i) eutrophic conditions supported by upwelling and orthogonal intrusion 

into the photic zone of nutrient-rich waters – which contrasts with an overall 
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oligotrophic condition in the tropical Brazilian shelf; (ii) a complex and dynamic 

current system that favor the accumulation of OM-rich sediments in the inner and 

mid-shelf; (iii) enhanced sedimentation ratios nearby Cabo Frio resulting in areas 

with great potential to archive paleoceanographic variability since the late 

Pleistocene in a high temporal resolution. Because of these aspects, the upwelling 

system of Cabo Frio is usually a target area for paleoceanographic reconstructions 

in Brazil (Mahiques et al., 2004; Nagai et al., 2009; Gyllencreutz et al., 2010; Cruz 

et al., 2013; Cordeiro et al., 2014; Lessa et al., 2016), but the same is not true on 

a regional scale along the  io de  aneiro’s shelf (Lazzari et al., 2018). 

Paleotemperature indicators based on data obtained from foraminifera 

(Pivel et al., 2013; Chiessi et al., 2014; Lessa et al., 2014, 2016; Santos et al., 

2014) and alkenones (Mahiques et al., 2005; Rühlemann and Butzin, 2006; 

Magalhães, 2010; Cordeiro et al., 2014; Evangelista et al., 2014; Lourenço et al., 

2017b) in marine sediments have already been considered in Brazil. However, 

GDGT and long-chain diol determinations are rare in the country (Chiessi et al., 

2015; Crivellari et al., 2018) and the current global calibrations have almost no 

contribution from south-eastern Atlantic sediment samples (Kim et al., 2008, 2010; 

Liu et al., 2009; Pearson et al., 2011; Rampen et al., 2012; Lü et al., 2014; Tierney 

and Tingley, 2014). 

The establishment of a direct correlation between the indication of SST 

based on a particular ratio among selected molecules in surface sediments and 

the actual instrumental SST – in other words, the proxy calibration – is an essential 

aspect in the chemical (organic or inorganic) proxy approach. The main issue here 

is the spatial and seasonal variation that may occur in this relation, and thus the 

knowledge of the potential influence of oceanographic processes upon the 

production of the organic molecules considered in the proxies (i.e., GDGTs, 

alkenones or diols) is essential to constrain the proxy performance and extrapolate 

local data to regional or even global scales. The best approach to cope with this 

issue is to estimate the temperature from surface sediment samples from the study 

area of interest using the pre-existing calibrations and compare it with the 

instrumental SST (Benthien and Müller, 2000; Leider et al., 2010; Chen et al., 

2014). The bias between the proxy-based estimates and instrumental 

temperatures may provide information about parameters affecting the proxies 

other than growth temperature and whether or not the proxy should be applied for 

downcore reconstructions in the region of interest.  

The data scarcity of proxy calibration using sediment samples from the 

south-eastern continental margin, particularly for GDGTs and diols motivated an 
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initial work in this thesis to change this scenario. Based on these results, a 

multiproxy approach was considered to investigate paleoceanographic variability 

during the Holocene as registered in sediment cores from representative regions 

in the continental shelf along the State of Rio de Janeiro.  

 

1.4. 
Objectives of this thesis 

The present thesis aims at using organic geochemical proxies as indicators 

of paleotemperature as registered in shelf sediments of the south-eastern Brazilian 

continental margin, with two foci: (i) to test the applicability of the selected proxies 

under the local and regional environmental conditions of the study area in the 

present; (ii) to apply a multiproxy approach to reconstruct the paleotemperature 

during the Holocene period using two sediment cores retrieved from the Cabo Frio 

and Rio de Janeiro shelves.  

The specific goals are:  

− Investigate the applicability and the uncertainties of the U37
K′

 and TEX86
H  proxies 

in the SST reconstruction in the study region by analyzing surface sediments 

from the Campos Basin shelf and slope; 

− Investigate the applicability and the uncertainties of the MBT’/CBT proxies in 

the reconstruction of the soil pH and MAAT of the adjacent continent by 

analyzing surface sediments from the Campos Basin; 

− Apply three organic geochemical proxies (U37
K′

, TEX86
H  and LDI) to reconstruct 

the paleotemperature in the south-eastern Brazilian margin during the 

Holocene using two sediment cores collected from the continental shelf at 

Cabo Frio and Rio de Janeiro; 

− Compare the data obtained in the present study with the previous results 

observed by Lessa et al. (2016) and Lazzari et al. (2018) for the Cabo Frio and 

the Rio de Janeiro sediment cores, respectively.  

 

1.5. 
Thesis outline 

Chapter 2 provides detailed information on the experimental part of the thesis 

including the applied analytical methods. Chapters 3 to 5 present a discussion of 

the results in the form of three first-author manuscripts having in mind the 

objectives addressed in section 1.4. 
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Chapter 3 describes the applicability of U37
K′

 and TEX86
H  as ocean temperature 

proxies in the Campos Basin (SE Brazilian shelf). The reconstructed temperatures 

obtained from 53 surface sediments along cross-margin transects were compared 

with the modern temperatures from WOA13 and the biases observed were related 

to potential non-thermal factors, such as seasonality, depth habitat of the source 

organisms and lateral transport of particles. The results contribute to the general 

understanding for the use of organic geochemical paleotemperature proxies and 

reveal that, even though U37
K′ and TEX86

H  are suitable for paleoclimate studies, local 

oceanographic processes must be considered. 

In chapter 4, the brGDGTs in marine surface sediment records are used to 

evaluate soil organic matter input by rivers into the marine environment and 

reconstruct the MAAT and soil pH of the nearby land using MBT’ and CBT proxies 

from 51 stations in the Campos Basin. A comparison between the reconstructed 

parameters and the instrumental data from the adjacent drainage basins was made 

to evaluate the influence of local features (e.g. selective degradation and in situ 

production) on the MBT’ and CBT proxies. Our results contribute to the 

understanding of the MBT’/CBT proxies’ applicability to marine sediments and, 

more specific, to the studied region. 

In chapter 5, a multiproxy approach (U37
K′

, TEX86
H  and LDI) was considered to 

reconstruct the paleotemperature during the last 14.5 kyr in two sediment cores 

retrieved from the Cabo Frio and Rio de Janeiro shelves. The study first discusses 

the agreement observed between the proxy-based temperatures reconstructed for 

the core-top samples of each core and the modern observed temperatures from 

WOA. Thereafter, the variation of the reconstructed temperatures throughout the 

Holocene period is interpreted based on previous paleoclimate records. The 

differences between the two locations and between the proxies’ response to the 

local environmental factors are fully discussed. The results contribute to the 

understanding of the paleoclimatic changes during the Holocene in the south-

eastern Brazilian margin. 

Overall, the thesis demonstrates the complexity behind the pre- and post-

depositional processes that may complicate the use of alkenone- and GDGT-

based temperature proxies in the Campos Basin region and describes the 

importance of applying multiple organic geochemical proxies (U37
K′

, TEX86
H  and LDI) 

in marine sediment records retrieved from two different regions under distinct 

hydrodynamic settings in order to obtain more information about the local 

paleoceanographic changes. 
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Chapter 2 
 xp ri  nt   

2.1. 
Sampling 

2.1.1. 
Surface sediments 

The surface sediment samples were collected as part of the Habitats Project 

(CENPES/PETROBRAS) in 2008 and 2009 along 5 cross-margin transects (A, B, 

G, H and I; Figure 2.1) across the Campos Basin. A total of 53 sampling stations 

were distributed along the transects on twelve isobaths at depths of 25, 50, 75, 

100, 150, 400, 700, 1000, 1300, 1900, 2500 and 3000 m. Sediments were collected 

with a large adapted Van Veen sampler at the continental shelf stations and with 

an adapted box corer at the slope stations. Samples represent the top 2 cm layer 

of the sediment and are a composite of three deployments of the sampler. 

 

2.1.2. 
Sediment cores 

The 403 cm long sediment core CF10-09A was collected from the Cabo 

Frio continental shelf at 23.20°S and 41.74°W (Figure 2.1) from aboard the R/V 

Ocean Surveyor in January 2010 as a part of the Upwelling Project (UFF and 

Petrobras Geochemistry Network). The core was collected from 117 m depth using 

a piston corer. The core was sectioned at 1 cm intervals and stored at 4 °C in the 

Paleoenvironmental Studies Laboratory (Geochemistry Department, UFF).  

The 160 cm long sediment core RJ13-01C was recovered from the Rio de 

Janeiro continental shelf at 23.40°S and 43.33°W from aboard the Brazilian Navy 

Vessel AV.Pq.Oc. Diadorim, in December 2013. The core was collected at the 100 

m isobath with a polycarbonate tube using a piston corer sampler. The cores were 

sectioned at 1 cm intervals and stored at 4 °C in the Marine and Environmental 

Studies Laboratory (Chemistry Department, PUC-Rio) until analysis. 
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Figure 2.1: Location of the surface (0-2 cm) sediment sampling stations in the Campos 

Basin (black dots), the sediment core CF10-09A in the Cabo Frio shelf and the RJ13-01C 

in the Rio de Janeiro shelf (red circles). 

 

Table 2.1: Information of the surface sediment samples of the Campos Basin.  

Station  Latitude  Longitude  Water depth  Location 

(0-2 cm) (°S) (°W) (m)   

A01 22.9193 42.0141 25 shelf 

A02 22.9346 41.8979 50 shelf 

A03 23.0603 41.9643 75 shelf 

A04 23.1373 41.8976 100 shelf 

A05 23.6047 41.3587 150 shelf 

A06 23.6327 41.3284 400 upper slope 

A07 23.6561 41.3089 700 upper slope 

A08 23.6867 41.2693 1000 upper slope 

A09 23.7527 41.1972 1300 upper slope 

A10 23.8675 41.0784 1900 down slope 

A11 24.0241 40.9037 2500 down slope 

A12 24.4893 40.3912 3000 down slope 

B1 22.6968 41.8966 25 shelf 

B2 22.7643 41.7598 50 shelf 

B3 22.9970 41.3526 75 shelf 

B4 23.1683 41.0521 100 shelf 

B5 23.1919 41.0142 150 shelf 

B6 23.1734 40.9467 400 upper slope 

B7 23.2176 40.9606 700 upper slope 

B8 23.2307 40.9324 1000 upper slope 

B9 23.2535 40.8987 1300 upper slope 

B10 23.3104 40.7925 1900 down slope 
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Station  Latitude  Longitude  Water depth  Location 

(0-2 cm) (°S) (°W) (m)   

B11 23.4227 40.5990 2500 down slope 

B12 23.7554 39.9995 3000 down slope 

G03 22.0631 40.1670 75 shelf 

G04 22.0443 40.0793 100 shelf 

G05 22.1033 40.0521 150 shelf 

G07 22.1258 39.9018 700 upper slope 

G08 22.1227 39.8733 1000 upper slope 

G09 22.1231 39.8164 1300 upper slope 

G10 22.1232 39.7408 1900 down slope 

G11 22.1727 39.1391 2500 down slope 

G12 22.2063 38.5986 3000 down slope 

H1 21.7234 40.5316 25 shelf 

H2 21.7393 40.2881 50 shelf 

H3 21.7200 40.1923 75 shelf 

H4 21.7154 40.1713 100 shelf 

H5 21.7109 40.1504 150 shelf 

H6 21.7398 40.0888 400 upper slope 

H7 21.7402 40.0398 700 upper slope 

H10 21.6233 39.5956 1900 down slope 

H11 21.6227 39.0516 2500 down slope 

H12 21.6184 38.5413 3000 down slope 

I02 21.3836 40.3289 50 shelf 

I04 21.1534 40.2689 100 shelf 

I05 21.3848 40.2534 150 shelf 

I06 21.2278 40.2499 400 upper slope 

I07 21.1872 40.2149 700 upper slope 

I08 21.1850 40.1533 1000 upper slope 

I09 21.1858 40.0522 1300 upper slope 

I10 21.1850 39.6611 1900 down slope 

I11 21.1883 39.0843 2500 down slope 

I12 21.1875 38.4481 3000 down slope 

 
 

2.2. 
Geochronology of the sediment cores 

The geochronology of the sediment core CF10-09A was determined by 

Lessa et al. (2016). Dating relied on 14C measurements on the organic matter from 

13 samples using accelerator mass spectrometry (AMS) in the Arizona AMS 

Facility (University of Arizona, USA). The AMS 14C ages were calibrated using the 

Clam software (Blaauw, 2010) and the Marine09 curve (Reimer et al., 2009). The 

reservoir effect (Δ ) considered for the region was   ± 1  years (Angulo et al., 

2005), proposed for the south and south-eastern Brazilian continental margin. The 
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Clam software created a statistical chronological model and the ages that 

represented the highest probability in the confidence interval were used in the 

paleotemperature reconstruction. According to Lessa et al. (2016), the CF10-09A 

core encompasses a time range of 1.1–7.1 cal kyr BP, with uncertainties between 

0.15 and 0.33 kyr. 

The geochronology of the sediment core RJ13-01C was determined by 

Lazzari et al. (2018) and is based on four 14C dates of planktonic foraminifera 

(Globigerinoides ruber) determined by AMS in the Laboratory of Ion Beam Physics 

(ETH Zurich, Switzerland). The foraminifera were cleaned following the Barker et 

al. (2003) procedure and the fraction >125 µm was considered. The AMS 14C ages 

were calibrated using the OxCal online program (Ramsey and Lee, 2013) and the 

Marine13 curve (Reimer et al., 2013). The Δ  considered for the region was −127 

± 67 years (Macario et al., 2015). The first centimeters of the RJ13-01C core were 

also dated by the 210Pb method by Lazzari et al. (2018) using instrumental gamma 

ray emission method for 210Pb (46,5 keV), 214Pb (351 keV) and 137Cs (661 keV) 

using a high purity germanium detector (Canberra GCW 4023S) in Professor 

Edward Boyle’s lab (Massachusetts Institute of Technology, USA). According to 

these age models, the RJ13-01C core covers a period of 0.3-14.5 cal kyr BP 

(Lazzari et al., 2018). 

 

Table 2.2: Information of the sediment core samples.  

Station Latitude Longitude Water depth Location Length Age Reference 

 (°S) (°W) (m)  (cm) (cal kyr BP)  

CF10-09A 23.20 41.74 117 
Cabo Frio 

shelf 
403 1.1–7.1 

Lessa et 
al. (2016) 

RJ13-01C 23.40 43.33 100 
Rio de Janeiro 

shelf 
160 0.3–14.5 

Lazzari et 
al. (2018) 

 

2.3. 
TOC and δ13C analysis of the sediment cores 

The sediment was freeze-dried and homogenized. Dry sediment samples 

were weighed (10 mg for TOC and 0.5 mg for δ13C) in silver capsules, acidified 

with a HCl solution (1 mol L−1) and heated at 100 °C to remove carbonate. The 

capsules were kept at this temperature for 6 h. TOC (%) was determined using a 

Flash 2000 model Organic Elemental Analyzer (OEA, Thermo Scientific). The 

quantification was based on a calibration curve of aspartic acid (C = 39.09 %). An 

intermediate amount of the aspartic acid standard (0.2 mg) was analyzed as an 
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unknown sample throughout the sequence for every 10 samples to monitor the 

calibration. The instrumental accuracy was verified trough the analysis of the 

standard reference material NIST 1941B (Organics in Marine Sediments), which 

has a TOC content of 2.99 ± 0.24 %. The TOC of the reference material analyzed 

3 times within the sequence was 3.07 ± 0.05 %. To determine the analytical 

reproducibility, 27 out of the total of 174 samples were analyzed in duplicate, and 

8 in triplicate. The average standard deviation of these analyses was  0.03 %. 

The carbon isotopic composition (δ13C) of the bulk organic matter was 

determined using a Flash 2000 model OEA coupled to Delta V isotope ratio mass 

spectrometer (IRMS, Thermo Scientific) system. Three pulses of the reference gas 

(CO2), previously calibrated with the IAEA USGS40 standard material, were 

introduced at the beginning of each analysis. The δ13C was calculated according 

to the value of the third pulse, and the values reported as the average of two 

injections. Only the results with a deviation of less than 0.4 ‰ were accepted. 

 

2.4. 
Lipids extraction and separation 

The surface samples were extracted and fractionated in Dr. Enno Schefuβ’s 

Laboratory (MARUM, University of Bremen, Germany) and in Prof. Gesine 

Mollenhauer’s Laboratory (Department of Geosciences, University of Bremen, 

Germany), respectively. The sediment core samples were extracted and 

fractionated in the Marine and Environmental Studies Laboratory (PUC-Rio) by 

reproducing the same method, as described below. 

An aliquot of 5 g (± 0.001 g) of dry sediment for the top-core samples and 

the core CF10-09A was extracted, whereas for the RJ13-01C core a higher mass 

of sediment was necessary, because of the low TOC contents of these samples: 

10 g (± 0.001 g) from the top down to 99 cm, and 30 g (± 0.001 g) for the samples 

from 101 to 160 cm in the core. Sediment was extracted by an accelerated solvent 

extraction system (ASE 200, Dionex) with a mixture of dichloromethane:methanol 

(9:1, v:v) at a temperature of 100 ºC and a pressure of 1000 psi. Before extraction, 

1000 ng of C19-ketone and 1000 ng of C46-GDGT were added as internal 

standards. The bulk lipid extracts were concentrated by rotary evaporation and 

saponified for 2h at 80 ºC with 1 mL of KOH (0.1 M) in methanol:H2O (9:1; v:v). 

Neutral lipids were recovered in hexane with 3 successive extractions. The neutral 

extract was fractionated in 3 fractions of different polarity using silica gel column 

chromatography, as follows: n-alkane fraction using 4 mL of hexane; alkenone 
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fraction using 4 mL of dichloromethane:hexane, 2:1 (v:v); and the polar fraction, 

containing the GDGTs and long chain diols, using 4 mL of dichloromethane: 

methanol, 1:1 (v:v). The column was a Pasteur pipette filled with 4 cm of the silica 

gel previously deactivated with 1 % H2O. The fractions were dried under a stream 

of nitrogen at 40 ºC.  

The alkenone fraction was re-dissolved in hexane to be analyzed by gas 

chromatography with a flame ionization detector (GC-FID). The polar fraction was 

re-dissolved in n-hexane:isopropanol 99:1 (v:v), filtered 3 times using a 0.45 µm 

PTFE filter, re-dried, weighted, and re-dissolved again in n-hexane:isopropanol 

99:1 (v:v) to a final concentration of 2 mg mL⁻1 (Schouten et al., 2009) for further 

analysis of the GDGTs by high performance liquid chromatography-atmospheric 

pressure chemical ionization-mass spectrometry (HPLC-APCI-MS). After the 

GDGTs analyses, the remaining polar fraction was dried and derivatized by adding 

100 µL of acetonitrile and 100 µL of N,O-bis(trimethylsilyl)trifluoroacetamide 

(BSTFA) and heating the mixture at 80 °C for 1h, for the analysis of the long chain 

diols using gas chromatography–time of flight mass spectrometry (GC–TOF-MS). 

The analyses of the lipid fractions were performed in Prof. Gesine 

Molenhauer’s Laboratories: in the Department of Geosciences (Bremen University, 

Germany) for the surface sediments and in the Alfred Wegener Institute 

(Bremerhaven, Germany) for the sediment cores. 

 

2.5. 

Alkenone analysis and 𝐔𝟑𝟕
𝐊′

 index 

The alkenone analyses were performed in an Agilent model 7890A GC-FID 

system, equipped with a Agilent J&W DB-5ms column (60 m x 0.25 mm x 0.25 

µm), using the following instrumental conditions: (i) He as carrier gas at a flow rate 

of 2.0 mL min−1; (ii) initial oven temperature at 60 ºC and hold of 1 min; temperature 

ramp of 20 ºC min−1 up to 150 ºC and then of 6 ºC min−1 up to 320 ºC, with a final 

hold of 35 min at this temperature. The di- and tri-unsaturated C37 alkenones (C37:2 

and C37:3) were identified based on the retention times of a reference standard and 

quantified by peak integration relative to the internal standard C19-ketone, which 

was also used to evaluate the recovery of the method. 

The U37
K′

 was calculated using the equation described by Prahl and 

Wakeham (1987, Equation 1-2) and SST values were estimated using the global 

core top calibration of Müller et al. (1998, Equation 1-4) for the tropical to subpolar 

eastern South Atlantic. 
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2.6. 

GDGT analysis, 𝐓𝐄𝐗𝟖𝟔
𝐇 , M  ’, CBT and BIT indices 

GDGTs were analyzed on an Agilent 1200 series HPLC system coupled via 

APCI to a single quadrupole mass spectrometer (Agilent 6120 MSD), using a 

method slightly modified from Hopmans et al. (2000). Separation occurred in a 

Prevail Cyano column (Grace, 3 µm, 150 mm x 2.1 mm) at a temperature of 30 ºC. 

After injection of the sample (20 L) on the column and a 5 min isocratic elution 

with mobile phase A (hexane:2-propanol:chloroform; 98:1:1) at a flow rate of 

0.2 mL min−1, the proportion of mobile phase B (hexane:2-propanol:chloroform; 

89:10:1) was increased in a linear gradient to 10% within 20 min, and thereafter to 

100% within 10 min. After each analysis, the column was cleaned by back flushing 

for 5 min at a flow of 0.6 mL min−1 and re-equilibrated with solvent A (10 min, flow 

0.2 mL min−1). 

The GDGTs were identified using single ion monitoring (SIM) as described 

by Schouten et al. (2007). The ions (m/z) monitored were 1302, 1300, 1298, 1296, 

1292 for isoGDGTs, 1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020, 1018 for 

brGDGTs (Figure 1.3) and 744 for the C46-GDGT standard. Concentrations were 

calculated relative to the peak area of the internal standard (C46-GDGT). The lack 

of appropriate standards hampered the evaluation of individual response factors of 

the different C86 GDGTs relative to the C46 standard, therefore reported 

concentrations should be considered semi-quantitative. 

TEX86 proxy was calculated according to Schouten et al. (2002, Equation 

1-6) converted to TEX86
H

 (Equation 1-12) and to SST estimates (Equation 1-13) 

using the calibration proposed by Kim et al. (2010) for high temperatures (from 15 

to 30 ºC). The CBT and the simplified MBT’ indices were calculated according to 

Weijers et al. (2007) and Peterse et al. (2012), respectively, using the Equations 

1-14 and 1-18. The calculation of pH and MAAT were performed based on the 

global soil calibrations proposed by Peterse et al. (2012), using Equations 1-19 

and 1-20. The BIT index was calculated according to Hopmans et al. (2004), using 

the Equation 1-21. 

To determine the analytical reproducibility of the HPLC-APCI-MS analyses, 

2 of the surface sediment samples and 9 of the sediment core samples were 

randomly selected to be injected in triplicate. The average reproducibility of the 

temp-TEX86
H  estimates was 0.43 °C for the surface sediment samples and 0.20 °C 

for the sediment cores. 
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2.7. 
Long chain diol analysis and LDI index 

The long-chain diols were identified in a GC-TOF-MS system consisting of 

a Leco Pegasus III (Leco Corp., St. Joseph, MI) interfaced to an Agilent model 

6890 GC, equipped with a Restek Rtx-1MS column (10 m x 0.25 mm x 0.14 µm) 

with a 5m integrated precolumn, using the conditions described by Hefter (2008), 

as follows: (i) He as carrier gas at a flow rate of 0.8 mL min−1; (ii) GC oven initially 

held at 60 °C for 1 min, and then heated at a temperature ramp of 50 ºC min−1 up 

to 250 ºC and then of 30 ºC min−1 up to 310 ºC, with a final hold of 2 min at this 

temperature, resulting in an analysis time of 8.8 min. The electron impact ion 

source is operated at a temperature of 220 °C and is connected to the GC by a 

heated transfer line set to 280 °C. The pressure in the flight tube of the TOF-MS 

was 2 x 10−7 Torr. The compounds were identified using characteristic fragment 

ions (Versteegh et al., 1997): m/z 299 (C28:0 1,14-diol), m/z 313 (C28:0 1,13-and C30:0 

1,15-diols), m/z 327 (C28:0 1,12-, C30:1 and C30:0 1,14-diols) and m/z 341 (C30:0 1,13-

diol). The relative abundance among the diols was determined by integration of the 

chromatographic peaks. Since no specific internal standard was added, the long 

chain diol results will be only expressed in terms of temperature reconstruction. 

The LDI index was calculated (Equation 1-22) and converted to SST 

(Equation 1-23) using the calibration described by Rampen et al. (2012). 

 

2.8. 
Instrumental data 

To verify the applicability of the U37
K′

 and TEX86
H  proxies in the Campos Basin 

region, the calculated SST based on the surface sediment samples was compared 

with instrumental observations taken from the World Ocean Atlas 2013 (WOA13, 

Locarnini et al., 2013). Each result was compared with the annual and seasonal 

observed mean (from 1955 to 2012) corresponding to the nearest interpolated 

0.25º gridbox. For the MBT’/CBT proxies, the calculated MAAT and soil pH were 

compared with the data taken from the WorldClim 2 (Fick and Hijmans, 2017) and 

the Harmonized World Soil Database (FAO/IIASA/ISRIC/ISS-CAS/JRC, 2012), 

respectively. 
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Figure 2.2: Flow chart of the laboratory procedures.

  op i i  tion

 xtr ction      

  poni ic tion

    non 

    I 

    

    non     non         I M 

    non     non  on  c  in dio 

    non     non        M 

  utr    r ction 

  p r tion in  i ic 

    co u n

             o    di  nt 

  M   t  no       

     o          M in

  t  no           

Int rn    t nd rd  

      ton           

       M   x n              M   t  no       

 i tr tion

  ri  ti  tion

DBD
PUC-Rio - Certificação Digital Nº 1421587/CA



 
 

 

Chapter 3 
 n t    pp ic tion o      non    nd          d 
t  p r tur  proxi   in t    out     t rn  r  i i n 
contin nt     r in 

Milena Ceccopieri, Renato S. Carreira, Angela L. R. Wagener, Jens Hefter, 
Gesine Mollenhauer 

Published in Organic Geochemistry 

 

Abstract 

The applicability of two organic geochemical proxies (U37
K′

 based on alkenones and TEX86
H  

based on glycerol dialkyl glycerol tetraethers) for ocean temperatures was investigated on 

a regional scale in the SE Brazilian continental margin (Campos Basin) using 53 core-top 

sediments. In 71% of the samples for U37
K′

 and 85% for TEX86
H  the estimated annual mean 

sea surface temperature (SST) is comparable to the climatological annual mean data, with 

deviations within the calibration error. The surface TEX86
H  estimates reflects the surface 

mixed layer, while the depth-integrated (0-200 m) TEX86
H  estimates showed better 

agreement with temperatures at 100–200 m depth. In addition, the SST-U37
K′

 results were 

more consistent (73% of the samples) using a winter rather than annual mean calibration. 

This seasonal effect might be ascribed to an increase in the abundance of Haptophytes in 

the region under winter conditions. Exceptions for these general trends were observed for 

both proxies as a strong cold bias in reconstructed temperature in few samples in the 

southern portion of the studied region, which may be related to (i) a predominant 

subsurface habitat of Thaumarchaeota combined with enhanced primary production and 

flux of particles during upwelling and (ii) alkenones being laterally transported from adjacent 

colder waters. Effects of river input of terrestrially sourced GDGTs on TEX86
H  are not evident. 

Overall, our findings show that U37
K′

 and TEX86
H  are suitable temperature proxies for 

paleoclimate studies in regional scale in the SE Brazilian continental margin, but on a local 

scale the effects of upwelling must be taken in consideration. 
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3.1. 
Introduction  

The most common organic-geochemical proxy currently in use to infer past 

sea surface temperatures is the U37
K′

 (Brassell et al., 1986; Prahl and Wakeham, 

1987) based on the relative abundance of di- and tri-unsaturated alkenones (C37:2 

and C37:3), which are mainly produced by haptophyte algae and are particularly 

abundant in the coccolithophore Emiliania huxleyi (Volkman et al., 1980; Brassell 

et al., 1986; Prahl and Wakeham, 1987). More recently, the TEX86 index was 

developed based on the relative distribution of isoprenoidal glycerol dialkyl glycerol 

tetraethers (isoGDGTs) with 86 carbon atoms (Schouten et al., 2002), a group of 

compounds found abundantly in marine Thaumarchaeota (Sinninghe Damsté et 

al., 2000). 

The major challenge in the proxy-approach is the capacity of making 

accurate assignments between the value of a particular proxy obtained from the 

sedimentary record and the environmental variable intended to be reconstructed. 

The lipid-based proxy-SST relationship can be obtained by comparison of 

instrumental SST and proxy data from modern marine sediments distributed 

globally (Sikes et al., 1991, 1997; Müller et al., 1998; Schouten et al., 2002; Conte 

et al., 2006; Kim et al., 2008, 2010; Liu et al., 2009) and/or mesocosm experiments 

(Prahl and Wakeham, 1987; Prahl et al., 1988; Volkman et al., 1995). In the past 

two decades, several calibration studies using core-top sediments proposed 

models to improve SST calculation from U37
K′

 (Müller et al., 1998; Conte et al., 2006; 

Tierney and Tingley, 2018) and TEX86 values (Kim et al., 2008, 2010; Liu et al., 

2009; Tierney and Tingley, 2014). Kim et al. (2010), for example, proposed two 

different logarithmic calibrations – TEX86
L  and TEX86

H  – to be used for water 

temperatures below and above 15 ºC, respectively. 

Nonetheless, several studies still report biases between the SST estimates 

and instrumental temperatures for both proxies. The parameters other than growth 

temperature of the source organisms that may impair proxy performance include: 

(i) seasonal production and preferential depth habitats of the source organisms 

(Prahl et al., 2001; Herfort et al., 2006a; Huguet et al., 2007a; Lee et al., 2008; 

Leider et al., 2010); (ii) lateral transport of sediments (Benthien and Müller, 2000; 

Mollenhauer et al., 2007; Kim et al., 2009); (iii) differential resistance to bacterial 

degradation of a particular molecule (Conte et al., 1992; Gong and Hollander, 

1999); and (iv) influence of nutrients and light (Epstein et al., 1998; Versteegh et 

al., 2001; Hurley et al., 2016). In addition, as isoGDGTs are produced by a large 
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group of archaea, different archaeal communities may influence the TEX86 

parameter dependent on environmental conditions (e.g., Schouten et al., 2012; 

Basse et al., 2014; Elling et al., 2015). One example is the anaerobic oxidation of 

methane by mesophilic Euryarchaeota, characterized by a large production of 

GDGTs with 1–3 cyclopentane rings (Pancost et al., 2001; Blumenberg et al., 

2004), whose presence and potential to interfere with TEX86 can be investigated 

by the Methane Index (MI, Zhang et al., 2011). Methanogenic archaea can also 

affect the TEX86 proxy by their exclusive production of GDGTs with no 

cyclopentane rings, which can be potentially identified by a higher input of GDGT-

0 relative to crenarchaeol (Koga et al., 1993a; Blaga et al., 2009). Moreover, the 

input of terrigenous organic material containing isoGDGTs may bias the TEX86 

signal on continental shelves under the influence of river discharge (Weijers et al., 

2006b). The Branched and Isoprenoid Tetraether (BIT) index, proposed by 

Hopmans et al. (2004) to determine the relative contributions of terrigenous organic 

matter (OM) in aquatic environments, is commonly applied to evaluate potential 

TEX86 biases caused by allochthonous isoGDGT contributions. Considering that 

branched GDGTs (brGDGTs) are generally attributed to soil bacteria, while 

crenarchaeol would be the dominant GDGT in the marine environment, the BIT 

index can be near to 0 in sediments from the open ocean and around 1 in inner 

continental systems (Hopmans et al., 2004). However, even though the brGDGTs 

sources are predominantly terrestrial, it has been shown that they can also be 

derived from in situ production in the marine environment (Peterse et al., 2009; 

Zhu et al., 2011; Hu et al., 2012; Zell et al., 2014b, 2014a), which can complicate 

the BIT index. An alternative tool to evaluate the effect of parameters other than 

temperature on TEX86 estimates is the weighted number of cyclopentane rings 

proposed by Zhang et al. (2015) as the Ring Index (RI). According to the authors, 

deviations from the global RI-TEX86 relationship may indicate that the GDGT 

distributions are influenced by non-thermal factors. 

Considering the factors described above, regional oceanographic 

influences on both U37
K′

 and TEX86 proxies can lead to a proxy-temperature 

relationship different from the globally averaged values. In some specific regions, 

Thaumarcheota may present different responses to temperature when subjected 

to particular or extreme conditions (Kim et al., 2010). In the Red Sea, for example, 

TEX86 data behave differently when compared to the open ocean (Trommer et al., 

2009; Kim et al., 2010). This may be related to the presence of a singular 

Crenarchaeotal population, adapted to the extreme local salinity conditions, that 

responds differently to sea water temperature variations (Qian et al., 2010). 
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Limitations in the TEX86 applicability were also found in polar regions, related to a 

lower proxy sensitivity to the variation of temperature below 5 °C (Kim et al., 2008, 

2010). Calibrations that have been developed until now for both alkenones and 

GDGTs (Müller et al., 1998; Schouten et al., 2002; Conte et al., 2006; Kim et al., 

2008, 2010; Tierney and Tingley, 2014, 2018) include relatively few data from sites 

in the south-western Atlantic. Moreover, while downcore variation in alkenones 

have been used for paleotemperature reconstructions in subtropical south-western 

Atlantic (Mahiques et al., 2005; Rühlemann and Butzin, 2006; Magalhães, 2010; 

Cordeiro et al., 2014), GDGT-based temperature reconstructions in this region 

have not been published yet. 

The Campos Basin is characterized by the presence of a western boundary 

upwelling system, a relatively low river input and a complex pattern of OM 

deposition. As the Southwest Atlantic in general and the Brazilian margin in 

particular are interesting target sites for paleoclimate studies reconstructing past 

ocean temperatures, the applicability of the organic geochemical proxies U37
K′

 and 

TEX86
H  on a regional scale needs to be investigated in further detail. In this study 

we analyzed alkenones and GDGTs in core top sediments collected along cross-

margin transects (25 m to 3000 m water depths) in the Campos Basin and 

compared the reconstructed water temperatures based on the U37
K′

 and TEX86
H  

proxies to the objectively analyzed mean temperatures as provided by the World 

Ocean Atlas 2013 (WOA13, Locarnini et al., 2013). 

 

3.2. 
Study area and regional setting 

The Campos Basin (Figure 3.1) is located between 20.5ºS (Vitoria High) 

and 24ºS (Cabo Frio High), with an area of more than 100,000 km2. The average 

width of the continental shelf is 100 km, whereas the water depth at the shelf-break 

varies from 80 m to 130 m going from north to the south. The slope has an average 

gradient and width of 2.5° and 40 km, respectively (Viana et al., 1998). The 

circulation on the south-eastern Brazilian Shelf is mainly controlled by the Brazil 

Current (BC), which flows southward along the most external part of the continental 

shelf (Peterson and Stramma, 1991). The Intermediate Western Boundary Current 

(IWBC) flows in the opposite direction underlying the BC along the continental 

slope (500-1,200 m depth). Below the IWBC, the slower Deep Western Boundary 

Current (DWBC) flows towards the pole (Reid, 1989; Boebel et al., 1999; Stramma 

and England, 1999; Schmid et al., 2000).  
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Figure 3.1: Location of the core top (0-2 cm) sediment sampling stations from the Habitats 

Project (a). Each transect (A, B, G, H and I) is divided by isobaths as follows: 1, 25 m; 2, 

50 m; 3, 75 m; 4, 100 m; 5, 150 m; 6, 400 m; 7, 700 m; 8, 1000 m; 9, 1300 m; 10, 1900 m; 

11, 1900 m and 12, 3000 m. Color map (b) shows the peak upwelling conditions and the 

meandering of the Brazil Current with SST taken from the Modis Aqua satellite, and the 

location of the two sections (c) and (d). The sections illustrate the intrusion of the South 

Atlantic Central Water under non-upwelling and coastal upwelling conditions, respectively, 

with water temperatures taken from the World Ocean Database (Boyer et al., 2013). 

Seasonal depth profiles of water temperature (e-h) taken from the World Ocean Atlas 2013 

(Locarnini et al., 2013). Each profile corresponds to the nearest interpolated gridboxes of 

the stations according to the symbol colors of the stations: blue (around Cabo Frio), gray 

(transects A and B) and black (transects G, H, and I), as marked on the study area map 

(a). 

The BC transports the oligotrophic warm Tropical Water (TW, T >20 °C) in 

its upper levels and the nutrient-rich and cold South Atlantic Central Water (SACW, 

T <20 °C) between 200 and 700 m. The coastal region is occupied by the Coastal 

Water (CW), which has a temperature range similar to the TW, but lower salinity 

due to the fluvial input (Campos et al., 2000; Silveira et al., 2000; Castro Filho et 

al., 2017). The changes in the coastline orientation affect the BC flow, resulting in 

the formation of meandering and strong cyclonic and anticyclonic frontal eddies, 
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which induces the mid-shelf and shelf-break upwelling of SAWC into the euphotic 

zone (Campos et al., 2000; Silveira et al., 2000). Those meanders can be clearly 

observed by satellite SST image (MODIS sensor, Aqua satellite, Figure 3.1b) near 

Cabo de São Tomé and Cabo Frio.  

In the Cabo Frio coast, the coastal morphology associated with prevailing 

NE winds is responsible for the offshore Ekman transport of surface waters (CW 

and TW) that result in an intermittent coastal upwelling of SACW (Rodrigues and 

Lorenzzetti, 2001; Castelao and Barth, 2006). Even though occurring all year 

round, the coastal upwelling is seasonally variable. During austral summer and 

spring, when NE winds are usually more intense, the SACW advances towards the 

coast (Figure 3.1e,h). This process can be traced by the 18 °C isotherm position 

at 15–25 m depth off Cabo Frio (Figure 3.1d). By contrast, during the austral 

autumn and winter, the NE winds are weaker and the frequency of cold front SW 

winds is higher. Thus, the 18 °C isotherm retreats to 45–55 m depth and the 

influence of warm surface waters from the BC in the region increases (Valentin et 

al., 1987; Franchito et al., 2008; Cerda and Castro, 2014; Figure 3.1f,g). Less 

intense coastal upwelling can be observed near Cabo de São Tomé, especially 

during summer, which may extend as an independent filament southwestward 

reaching the outer shelf off Cabo Frio (Rodrigues and Lorenzzetti, 2001; Figure 

3.1b).  

The thermohaline structure in the Campos Basin shelf is defined by the 

degree of intrusion of the TW and the SACW towards the coast and on the 

extension and physical characteristics of the CW. In the southern portion (south of 

Cabo de São Tomé), the volume of SACW is relatively large in the bottom layers 

(Figure 3.1d), while in the northern portion (Figure 3.1c) the TW generally prevails 

(Castro Filho et al., 2017). The subsurface presence of SACW on the shelf 

enriches the water column with nutrients, contrasting with the overall oligotrophic 

conditions in adjacent continental shelf and open waters dominated by warm TW 

(Souza et al., 2011; Suzuki et al., 2015). This enrichment significantly affects the 

productivity of regional fisheries (Matsuura, 1996) and also contributes to the 

fertilization and the export of biomass to southwestern adjacent areas (Lorenzzetti 

and Gaeta, 1996). The period of intermittent upwelling events also corresponds to 

the rainy season in SE Brazil and, consequently, to an increase of the terrigenous 

flux to the coastal waters (Mahiques et al., 2004).  

The Paraíba do Sul River, located in the northern part of the Campos Basin 

(Figure 3.1a) is a medium-sized river with discharges between 110 m3 year−1 

(winter) and 2600 m3 year−1 (summer) but even so it is considered the main source 
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of terrigenous materials to the shelf (Carvalho et al., 2002). The influence of the 

Paraíba do Sul plume is observed on a regional scale over the continental shelf, 

as demonstrated by isotopic markers (Souza et al., 2010), production and export 

of OM to sediments (Carreira et al., 2015), dissolved black carbon (Dittmar et al., 

2012) and metals (Lacerda et al., 1993; Carvalho et al., 2002; Araujo et al., 2017), 

among others. Most of the river’s discharged suspended sediment is transported 

southward by the BC (Gyllencreutz et al., 2010). 

Sediment transport patterns in the southern basin near Cabo Frio on the 

inner shelf is controlled by wind-driven circulation (NE trade winds) and by coastal 

current remobilization and transport, whereas sediment dispersal on the outer shelf 

is dominated by the meandering of the internal front of the BC (Mahiques et al., 

2002). On the mid-shelf the sediment transport is primarily controlled by cross-

shelf upwelled coastal waters (Belem et al., 2013). The contribution of material to 

the southern part of the Campos Basin from Guanabara Bay, at a distance of more 

than 150 km from Cabo Frio, cannot be ruled out (Albuquerque et al., 2014).  

 

3.3. 
Material and methods 

3.3.1. 
Sampling 

The core-top sediments were collected as part of the Habitats Project 

(CENPES/PETROBRAS) in 2008 and 2009 along 5 cross-margin transects (A, B, 

G, H and I; Figure 3.1a, Table 3.1) across the Campos Basin. The sampling 

stations along each transect were distributed on twelve isobaths at depths of 25, 

50, 75, 100, 150, 400, 700, 1000, 1300, 1900, 2500 and 3000 m. Undisturbed 

sediments were collected with an adapted Van Veen sampler at the continental 

shelf stations and with a box corer at the slope stations. Samples represent the top 

2 cm layer of the sediment and are a composite of three deployments of the 

sampler. 

 

3.3.2. 
Lipid extraction and separation 

An aliquot of 5 g (± 0.01 g) of freeze-dried and homogenized sediment was 

extracted by an accelerated solvent extraction system (ASE 200, Dionex) with a 

mixture of dichloromethane:methanol (9:1, v:v) at a temperature of 100 ºC and a 
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pressure of 1000 psi. Before extraction, known amounts of C19-ketone and 

C46-GDGT were added as internal standards (samples from transects B and H only 

C46-GDGT was added). The bulk extracts were concentrated by rotary evaporation 

and saponified for 2h at 80 ºC with 1 mL of KOH (0.1 M) in methanol:H2O (9:1; v:v). 

Neutral lipids were recovered in n-hexane and further fractionated using silica gel 

column chromatography as follows: n-alkane fraction using n-hexane; alkenone 

fraction using dichloromethane:n-hexane, 2:1 (v:v); and GDGT fraction using 

dichloromethane:methanol, 1:1 (v:v). The fractions were dried under a stream of 

nitrogen at 40 ºC. The alkenone fraction was re-dissolved in n-hexane and 

analyzed by gas chromatography with a flame ionization detector (GC-FID). The 

GDGT fraction was filtered using a 0.45 µm PTFE filter, weighed, and re-dissolved 

in n-hexane:isopropanol 99:1 (v:v) to a final concentration of 2 mg/mL (Schouten 

et al., 2009) for further analysis by high performance liquid chromatography-

atmospheric pressure chemical ionization-mass spectrometry (HPLC-APCI-MS). 

The lipids extraction, separation and instrumental analysis were performed at the 

University of Bremen. 

 

3.3.3. 

Alkenone analysis and 𝐔𝟑𝟕
𝐊′

 index 

The alkenone analyses were performed on an Agilent model 6870 GC-FID 

system, equipped with a Agilent J&W DB-5ms column (60m x 0.25mm x 0.25µm), 

using the following conditions: (i) He as carrier gas at a flow rate of 2.0 mL min−1; 

(ii) initial oven temperature at 60 ºC and hold of 1 min; temperature ramp of 20 ºC 

min−1 up to 150 ºC and then of 6 ºC min−1 up to 320 ºC, with a final hold of 35 min 

at this temperature. The di- and tri-unsaturated C37 alkenones (C37:2 and C37:3) were 

identified based on the retention times of a reference standard and quantified by 

peak integration relative to the internal standard C19-ketone, which was also used 

to evaluate the recovery of the method. 

The U37
K′

 was calculated using the equation described by Prahl and 

Wakeham (1987, Equation 3-1) and SST values were estimated using the annual 

mean core top calibration of Müller et al. (1998, Equation 3-2) for tropical to 

subpolar eastern South Atlantic. This calibration is suitable for temperatures 

between 0 and 27 °C, with a standard error of ±1.0 ºC. 

 

U37
K′

=  
(𝐶37:2)

(C37:2)+( C37:3)
   (3-1) 
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SST =  
U37

K′
−0.069

0.033
   (3-2) 

 SST-U37
K′

 values were also estimated using the seasonal (austral) 

calibration curves from Müller et al. (1998, Equation 3-6). Summer, winter and 

spring calibrations have a standard error of ±1.1 ºC. The autumn calibration has a 

standard error of ±1.0 ºC. 

Summer SST =  
U37

K′
−0.056

0.031
   (3-3) 

Autumn SST =  
U37

K′
−0.080

0.031
   (3-4) 

Winter SST =  
U37

K′
−0.129

0.034
   (3-5) 

Spring SST =  
U37

K′
−0.099

0.033
   (3-6) 

 

3.3.4. 

GDGT analysis and related indexes (𝐓𝐄𝐗𝟖𝟔
𝐇 , BIT, MI and RI) 

GDGTs were analyzed on an Agilent 1200 series HPLC system coupled via 

APCI to a single quadrupole mass spectrometer (Agilent 6120 MSD), using a 

method slightly modified from Hopmans et al. (2000). Separation was achieved on 

a Prevail Cyano column (Grace, 3µm, 150mm x 2.1mm) at a temperature of 30 ºC. 

After injection of the sample (20 L) on the column and a 5 min isocratic elution 

with mobile phase A (n-hexane:2-propanol:chloroform; 98:1:1) at a flow rate of 

0.2 mL/min, the proportion of mobile phase B (n-hexane:2-propanol:chloroform; 

89:10:1) was increased in a linear gradient to 10% within 20 min, and thereafter to 

100% within 10 min. After each analysis, the column was cleaned by back flushing 

for 5 min at a flow of 0.6 mL/min and re-equilibrated with solvent A (10 min, flow 

0.2 mL/min). 

The identification of GDGTs was performed using single ion monitoring 

(SIM) as described by Schouten et al. (2007). The ions (m/z) monitored were 1302, 

1300, 1298, 1296, 1292 for isoGDGTs, 1050, 1048, 1046, 1036, 1034, 1032, 1022, 

1020, 1018 for brGDGTs and 744 for the C46-GDGT standard. Contents were 

calculated relative to the peak area of the internal standard (C46-GDGT). The lack 

of appropriate standards hampered the evaluation of individual response factors of 

the different C86 GDGTs relative to the C46 standard, therefore reported contents 

should be considered semi-quantitative. 
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TEX86 proxy was calculated according to Schouten et al. (2002, Equation 

3-7) and converted to SST estimates using the calibrations (Equation 3-8,9) 

proposed by Kim et al. (2010) for high temperatures from 15 to 30 ºC, with a 

standard error of ±2.5 ºC.  

TEX86 =  
iGDGT-2 + iGDGT-3 + cren′

iGDGT-1 + iGDGT-2 + iGDGT-3 + cren′   (3-7) 

TEX86
H = log(TEX86)   (3-8) 

T (°C) = 38.6 + 68.4 (TEX86
H )   (3-9) 

Temp-TEX86
H  values were also calculated using the subsurface calibration 

from Kim et al. (2012, Equation 3-10). The calibration has a standard error of ±1.1 

ºC.  

T (°C) = 30.7 + 54.7 (TEX86
H )   (3-10) 

BIT index was calculated according to Hopmans et al. (2004, Equation 3-

11), MI was calculated after Zhang et al. (2011, Equation 3-12) and RI was 

calculated using the equation proposed by Zhang et al. (2015, Equation 3-13). 

BIT =  
bGDGT-I + bGDGT-II + bGDGT-III

bGDGT-I + bGDGT-II + bGDGT-III + cren
   (3-11) 

MI =  
iGDGT-1 + iGDGT-2 + iGDGT-3

iGDGT-1 + iGDGT-2 + iGDGT-3 + cren+ cren’
   (3-12) 

RI = 0 x (iGDGT-0) + 1 x (iGDGT-1) + 2 x (iGDGT-2) + 3 x (iGDGT-3) + 4 x (cren) + 4 x 

(cren’)   (3-13) 

 

3.3.5. 
Climatological mean temperature data 

To verify the applicability of each paleotemperature proxy applied in this 

study, the calculated temperatures based on surface sediment data were 

compared with the objectively interpolated mean temperature taken from the 

WOA13. The proxy-estimated temperatures were compared with the annual mean 

and seasonal temperatures (from 1955 to 2012) corresponding to the nearest 

interpolated 0.25º gridbox (Supplementary Table S3.2).  
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3.4. 
Results 

3.4.1. 
Alkenone and GDGT distributions 

The distribution of both alkenones and GDGTs in the sediments are quite 

similar to other lipids analyzed in the Campos Basin (Oliveira et al., 2013; Cordeiro 

et al., 2018), with higher contents on the slope for all transects and in the middle 

of the shelf in the Cabo Frio upwelling system (CFUS) region, where accumulation 

of OM is observed. To compensate for the effect of the local circulation and 

sedimentation patterns on the distribution of these compounds, the contents were 

normalized to the total organic carbon (TOC) content reported by Cordeiro et al. 

(2018, Table 3.1).  

The alkenones were quantified in the samples from transects A, G and I. 

The total content of the di- and tri-unsaturated C37 alkenones varied between 15 

and 320 µg gTOC−1 (Figure 3.2a). The GDGTs were determined in all samples 

(transects A, B, G, H and I). The total content of isoGDGTs varied between 7 and 

319 µg gTOC−1 (Figure 3.2b). A typical marine profile of the isoGDGTs distribution 

(Schouten et al., 2002) was observed in all samples with predominance of 

crenarchaeol (40-60% of total isoGDGT), followed by GDGT-0 (21-40% of total 

isoGDGT) and lower amounts of GDGT-1, GDGT-2, GDGT-3, and the 

crenarchaeol regio-isomer. The total brGDGTs contents varied from 5 to 30 

µg gTOC−1 with a rapid decrease from the coastal to the deeper waters (Figure 

3.2c). 
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Figure 3.2: Contents of (a) total alkenones per gram TOC (µg gTOC−1), (b) total isoGDGTs 

per gram TOC (µg gTOC−1), (c) total brGDGTs per gram TOC (µg gTOC−1), and (d) BIT 

index. PSR = Paraíba do Sul River; CST = Cabo de São Tomé; CF = Cabo Frio. The letters 

A-I represent the transects. 

 

3.4.2. 

𝐔𝟑𝟕
𝐊′

 and alkenone-based temperatures 

The U37
K′

 index varied between 0.70 and 0.95, resulting in a calculated SST 

using the annual mean Müller et al. (1998) calibration for South Atlantic (SST-U37
K′

 

hereafter) ranging from 19.2 ºC to 26.6 ºC (Figure 3.3a, Table 3.1). SST-U37
K′

 

ranges from 20.9-23.9°C at the shelf sites (A1-A4, B1-B4) located in the CFUS, 

which agree to previously reported data for the same region (Cordeiro et al., 2014). 

The lowest values are observed on transect B, with SST-U37
K′

 up to 5.3 °C lower 

compared to observed annual mean SST (Figure 3.3f). 
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Figure 3.3: SST estimates based on U37
K′

 proxy using South Atlantic core-top calibrations 

(Müller et al., 1998) for (a) annual mean; (b) austral summer (Jan-Mar), (c) austral autumn 

(Apr-Jun), (d) austral winter (Jul-Sep) and (e) austral spring (Oct-Dec). Differences 

between SST-U37
K′

 estimates and SST (WOA13) for (f) annual mean; (g) austral summer 

(Jan-Mar), (h) austral autumn (Apr-Jun), (i) austral winter (Jul-Sep) and (j) austral spring 

(Oct-Dec). 
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3.4.3. 

𝐓𝐄𝐗𝟖𝟔
𝐇  and GDGT-based temperatures 

TEX86 values varied between 0.49 and 0.68. A comparison of our TEX86 

values and data used by Kim et al. (2010) as a function of the climatological annual 

mean SST highlights that the results of the present study fit within the global 

calibration curve (Figure 3.4a). 

TEX86
H -based temperatures (temp-TEX86

H ) range from 17.4 ºC to 27.3 ºC 

(Figure 3.5a, Table 3.1) when the annual mean SST calibration is used (Kim et al., 

2010). Lowest temp-TEX86
H  are observed in near-coastal upwelling sites (transects 

A and B), with temperature estimates up to 5.3 °C lower compared to annual mean 

SST (Figure 3.5c) and 5.9 ºC lower compared to SST-U37
K′

. TEX86
H  estimations 

based on annual mean depth-integrated (0-200 m) calibration (Kim et al., 2012) 

present colder values between 13.8 °C and 21.7 °C (Figure 3.5b). 

 

 

 

Figure 3.4: (a) SST-TEX86 relationship and (b) RI-TEX86 relationship in the global core-top 

sediments presented in Kim et al. (2010) (grey dots) and in the core-top sediments from 

the present study (red dots). 
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Figure 3.5: Temperature estimates based on TEX86
H  using (a) SST calibration (Kim et al., 

2010) and (b) subsurface calibration for 0-200 m (Kim et al., 2012). Differences between 

reconstructed and climatological mean (WOA13) temperatures for (c) TEX86
H  surface 

temperature estimates minus annual mean SST and (d) TEX86
H  subsurface temperature 

estimates minus annual mean depth-integrated (100-200 m) temperature. 

 

3.4.4. 
BIT, GDGT-0/cren, MI and RI 

The BIT value was ≤0.20 for all samples (except for station  12, the most 

offshore station on transect H), with a mean value of 0.13 ± 0.05 (Table 3.1). No 

trend in the BIT values with distance was observed (Figure 3.2d). Due to the low 

content of isoGDGTs and the high BIT value of 0.46, the sample H12 was 

considered an outlier and excluded from the temperature calibration discussion. 

GDGT-0/cren ratios varied from 0.35 to 0.86. The MI ranged from 0.17 to 0.33, with 

lowest values found in the CFUS area. The RI varied from 2.10 to 2.77 and its 

correlation with TEX86 fit within the global RI-TEX86 relationship for all samples 

(Figure 3.4b).  
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Table 3.1: Information and results of alkenone, GDGT and bulk analyses from the surface sediment samples of the Campos Basin (n.d. = not determined). 

Station Latitude Longitude 
Water 
depth 

Location TOCa ∑alkenones ∑isoGDGT ∑brGDGT UK'
37 

SST-
UK'

37
b 

TEX86 
Temp-

TEX86
Hc 

BIT 
index 

GDGT-
0/cren 

MI RI 

(0-2 cm) (ºS) (ºW) (m)  (%) (µg gTOC−1) (µg gTOC−1) (µg gTOC−1)  (ºC)  (ºC)     

A01 −22.9193 −42.0141 25 shelf 0.07 91.79 212.31 25.06 0.84 23.37 0.50 17.82 0.11 0.78 0.17 2.19 

A02 −22.9346 −41.8979 50 shelf 0.17 111.06 207.63 23.64 0.86 23.87 0.50 18.00 0.13 0.86 0.22 2.10 

A03 −23.0603 −41.9643 75 shelf 1.31 129.43 135.06 16.89 0.86 23.98 0.51 18.58 0.13 0.80 0.23 2.16 

A04 −23.1373 −41.8976 100 shelf 1.36 139.43 183.07 22.68 0.86 23.94 0.55 20.75 0.12 0.81 0.23 2.17 

A05 −23.6047 −41.3587 150 shelf 0.40 319.52 125.68 11.00 0.88 24.57 0.59 22.84 0.08 0.65 0.27 2.32 

A06 −23.6327 −41.3284 400 slope 0.52 193.13 215.10 17.63 0.90 25.05 0.61 23.76 0.08 0.69 0.26 2.29 

A07 −23.6561 −41.3089 700 slope 1.26 202.60 156.72 11.68 0.87 24.14 0.65 25.57 0.08 0.68 0.25 2.32 

A08 −23.6867 −41.2693 1000 slope 1.01 136.61 166.43 9.46 0.90 25.09 0.64 25.29 0.07 0.70 0.26 2.30 

A09 −23.7527 −41.1972 1300 slope 0.64 213.60 105.87 6.69 0.91 25.41 0.62 24.49 0.07 0.73 0.28 2.25 

A10 −23.8675 −41.0784 1900 slope 0.68 59.72 81.30 5.79 0.91 25.53 0.63 24.96 0.12 0.76 0.29 2.22 

A11 −24.0241 −40.9037 2500 slope 0.45 46.84 94.82 7.45 0.91 25.35 0.63 25.10 0.14 0.78 0.30 2.20 

A12 −24.4893 −40.3912 3000 slope 0.29 43.96 102.78 8.88 0.92 25.81 0.63 24.81 0.20 0.81 0.33 2.16 

B1 −22.6968 −41.8966 25 shelf 1.26 n.d. 126.13 25.04 0.79 21.74 0.49 17.41 0.18 0.71 0.19 2.26 

B2 −22.7643 −41.7598 50 shelf 0.22 n.d. 228.97 24.55 n.d. n.d. 0.51 18.80 0.10 0.83 0.22 2.13 

B3 −22.9970 −41.3526 75 shelf 0.18 n.d. 139.24 19.41 0.76 20.90 0.57 21.66 0.12 0.64 0.22 2.35 

B4 −23.1683 −41.0521 100 shelf 0.44 n.d. 67.27 11.93 0.79 21.92 0.62 24.45 0.11 0.54 0.26 2.46 

B5 −23.1919 −41.0142 150 shelf 0.41 n.d. 63.49 11.93 0.73 19.95 0.63 24.76 0.11 0.53 0.27 2.47 

B6 −23.1734 −40.9467 400 slope 1.64 n.d. 111.05 14.82 0.78 21.55 0.62 24.24 0.10 0.64 0.26 2.35 

B7 −23.2176 −40.9606 700 slope 1.57 n.d. 111.80 14.06 0.84 23.23 0.61 24.15 0.10 0.67 0.25 2.31 

B8 −23.2307 −40.9324 1000 slope 1.63 n.d. 131.16 14.69 0.84 23.26 0.63 24.99 0.09 0.68 0.27 2.31 

B9 −23.2535 −40.8987 1300 slope 1.16 n.d. 97.60 10.92 0.81 22.40 0.65 25.74 0.10 0.70 0.29 2.29 

B10 −23.3104 −40.7925 1900 slope 0.71 n.d. 45.84 5.52 0.70 19.19 0.66 26.18 0.13 0.69 0.27 2.31 

B11 −23.4227 −40.5990 2500 slope 0.39 n.d. 73.46 8.53 0.89 25.00 0.68 27.31 0.15 0.67 0.27 2.33 

B12 −23.7554 −39.9995 3000 slope 0.21 n.d. 83.84 7.70 n.d. n.d. 0.68 27.33 0.14 0.65 0.28 2.35 

G03 −22.0631 −40.1670 75 shelf 0.24 75.07 156.83 25.20 0.93 26.07 0.59 23.06 0.12 0.56 0.27 2.43 

G04 −22.0443 −40.0793 100 shelf 0.28 n.d. 150.61 25.72 n.d. n.d. 0.60 23.42 0.14 0.62 0.29 2.35 

G05 −22.1033 −40.0521 150 shelf 0.20 76.05 117.89 16.59 0.93 25.95 0.60 23.45 0.12 0.60 0.29 2.37 
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Station Latitude Longitude 
Water 
depth 

Location TOCa ∑alkenones ∑isoGDGT ∑brGDGT UK'
37 

SST-
UK'

37
b 

TEX86 
Temp-

TEX86
Hc 

BIT 
index 

GDGT-
0/cren 

MI RI 

(0-2 cm) (ºS) (ºW) (m)  (%) (µg gTOC−1) (µg gTOC−1) (µg gTOC−1)  (ºC)  (ºC)     

G07 −22.1258 −39.9018 700 slope 0.34 197.68 130.67 11.36 0.91 25.57 0.60 23.35 0.11 0.72 0.27 2.25 

G08 −22.1227 −39.8733 1000 slope 0.79 101.55 113.25 8.05 0.90 25.16 0.64 25.33 0.11 0.73 0.28 2.26 

G09 −22.1231 −39.8164 1300 slope 0.57 126.90 94.59 6.80 0.91 25.60 0.62 24.56 0.10 0.76 0.27 2.22 

G10 −22.1232 −39.7408 1900 slope 0.59 88.47 53.80 5.22 0.92 25.64 0.62 24.47 0.15 0.62 0.27 2.37 

G11 −22.1727 −39.1391 2500 slope 0.38 28.62 77.62 5.66 0.93 26.20 0.68 27.03 0.15 0.77 0.29 2.22 

G12 −22.2063 −38.5986 3000 slope 0.12 15.36 87.70 5.99 0.94 26.32 0.59 22.88 0.14 0.79 0.24 2.20 

H1 −21.7234 −40.5316 25 shelf n.d. n.d. n.d. n.d. 0.89 24.98 0.65 25.79 0.11 0.62 0.25 2.39 

H2 −21.7393 −40.2881 50 shelf 0.27 n.d. 318.66 29.65 0.90 25.03 0.66 26.05 0.10 0.62 0.26 2.40 

H3 −21.7200 −40.1923 75 shelf 0.37 n.d. 97.02 25.54 0.86 24.04 0.61 23.74 0.14 0.46 0.23 2.59 

H4 −21.7154 −40.1713 100 shelf 0.32 n.d. 78.69 20.64 0.85 23.69 0.63 24.93 0.13 0.49 0.24 2.55 

H5 −21.7109 −40.1504 150 shelf 0.32 n.d. 96.42 24.14 0.89 24.81 0.62 24.62 0.15 0.51 0.23 2.53 

H6 −21.7398 −40.0888 400 slope 0.66 n.d. 96.30 18.87 0.90 25.21 0.64 25.52 0.13 0.56 0.25 2.46 

H7 −21.7402 −40.0398 700 slope 0.92 n.d. 79.62 11.38 0.90 25.17 0.66 26.43 0.12 0.61 0.25 2.40 

H10 −21.6233 −39.5956 1900 slope 0.54 n.d. 44.45 5.61 0.91 25.48 0.65 25.93 0.15 0.65 0.26 2.34 

H11 −21.6227 −39.0516 2500 slope 0.26 n.d. 49.14 5.77 0.92 25.67 0.68 27.34 0.16 0.66 0.28 2.34 

H12 −21.6184 −38.5413 3000 slope 0.08 n.d. 7.38 7.08 0.81 22.60 0.62 24.58 0.46 0.35 0.22 2.77 

I02 −21.3836 −40.3289 50 shelf 0.34 46.21 98.52 21.43 0.93 26.20 0.62 24.47 0.14 0.49 0.24 2.55 

I04 −21.1534 −40.2689 100 shelf 0.44 45.03 88.02 17.69 0.93 26.10 0.63 25.07 0.16 0.51 0.24 2.53 

I05 −21.3848 −40.2534 150 shelf 0.61 91.21 128.72 20.94 0.92 25.69 0.62 24.56 0.16 0.50 0.23 2.54 

I06 −21.2278 −40.2499 400 slope 1.36 98.22 150.97 21.24 0.93 25.98 0.59 22.97 0.14 0.67 0.29 2.30 

I07 −21.1872 −40.2149 700 slope 1.13 145.59 127.31 18.98 0.93 25.97 0.63 24.82 0.16 0.74 0.27 2.24 

I08 −21.1850 −40.1533 1000 slope 1.02 129.11 113.90 11.35 0.91 25.44 0.63 25.07 0.12 0.65 0.25 2.35 

I09 −21.1858 −40.0522 1300 slope 0.87 99.72 91.09 7.93 0.91 25.56 0.62 24.61 0.11 0.74 0.27 2.25 

I10 −21.1850 −39.6611 1900 slope 0.47 52.40 58.05 5.80 0.92 25.84 0.65 25.77 0.16 0.71 0.28 2.28 

I11 −21.1883 −39.0843 2500 slope 0.24 38.06 104.44 6.44 0.94 26.41 0.65 25.73 0.10 0.75 0.30 2.23 

I12 −21.1875 −38.4481 3000 slope 0.11 29.20 188.97 n.d. 0.95 26.59 0.63 24.66 0.08 0.75 0.27 2.22 
a TOC (%) published by Cordeiro et al. (2018). 

b SST-U37
K′

 calculated with the calibration of Müller et al. (1998). 

c Temp-TEX86
H  calculated with the calibration of Kim et al. (2010). 
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3.5. 
Discussion 

3.5.1. 
Spatial distribution of alkenones and GDGTs 

The complex hydrodynamics of the Campos Basin directly influence the 

biogeochemistry of OM on a regional scale (Yoshinaga et al., 2008; Oliveira et al., 

2013). Contents of both alkenones and isoGDGTs are higher in the southern 

portion of the Campos Basin when compared with the northern portion (Figure 

3.2a,b) due to the high productivity in the Cabo Frio region caused by the upwelling 

of SACW. Thaumarchaeota are chemolithoautotrophic organisms that obtain 

energy from oxidizing ammonia regenerated from organic material of 

phytoplankton origin (Könneke et al., 2005; Hurley et al., 2016) and thereby tend 

to increase in abundance at high productivity environments. When comparing 

between the isobaths, alkenone contents in transect A were expressly higher on 

the outer shelf (150 m depth), where the influence of the upwelled waters is lower. 

By analyzing surface sediments across the Cabo Frio shelf, Cordeiro et al. (2014) 

also observed an increase in the TOC-normalized alkenones further offshore on 

the outer shelf. In a study on pigment signatures in the Campos Basin, Rodrigues 

et al. (2014) found that diatoms dominated the inner shelf region, whereas 

haptophytes and Prasinophyceae were predominant in the outer shelf and shelf-

break regions over the dry season. Also, Yoshinaga et al. (2008) observed 

significantly higher concentrations of diatom derived lipids as compared to 

alkenones in the inner and mid-shelf in sediments from the CFUS region. 

Considering the existence of a complex ecological community in this coastal 

system (Valentin, 1984b; Gonzalez-Rodriguez et al., 1992), the higher alkenone 

content in sediments of the outer shelf may be related to a phytoplankton 

succession typically observed in upwelling systems. This is characterized by 

diatom prevalence in coastal upwelled waters and dense coccolithophorid 

communities found further offshore, towards the more nutrient depleted and 

stratified surface waters (Schiebel et al., 2004; Henderiks et al., 2012). 

The highest isoGDGTs contents in the southern portion of the basin 

(transects A and B) were found in the continental shelf area directly affected by the 

coastal and shelf-break intrusion of the nutrient-rich SACW. This may be related to 

a higher Thaumarchaeota production and/or export as a response to the increased 

fertilization of the upper water column layer, as detailed below. 
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As expected, brGDGT contents are higher in the inner shelf samples and 

gradually decrease with the distance from the terrestrial sources in all transects. 

The same rapid land-sea decline is observed in other regions (Hopmans et al., 

2004; Kim et al., 2006; Walsh et al., 2008; Zhu et al., 2011; Hu et al., 2012; Zell et 

al., 2014a, 2014b; Sinninghe Damsté, 2016) and is related to the fact that 

brGDGTs are primarily produced in soil, transported to the ocean by rivers and 

diluted from the river estuary to the open ocean (Hopmans et al., 2004).  

 

3.5.2. 
Effects of the terrestrial input and methane metabolism upon GDGTs 
indices 

The low BIT values (< 0.20) suggest that all samples contain relatively low 

amounts of brGDGTs when compared to crenarchaeol and the contribution of 

terrestrial isoGDGTs may not be considered to interfere with the TEX86
H

 marine 

signal. However, the BIT index presents a better correlation with the crenarchaeol 

(R = 0.36) than with the brGDGTs contents (R = 0.04). As the BIT index is more 

influenced by crenarchaeol, it does not show the same land-sea decline observed 

for the brGDGTs and thus the BIT index should not be used as indicator for 

estimating riverine influence in the region. These results are consistent with the 

overall autochthonous nature of the sedimentary OM in the shelf and slope of 

Campos Basin (Yoshinaga et al., 2008; Oliveira et al., 2013; Carreira et al., 2015; 

Cordeiro et al., 2018).  

To verify if the TEX86
H

 signal may also be affected by members of archaea 

that participate in the methane cycle, the GDGT-0/crenarchaeol ratio and the MI 

were evaluated. Relatively higher GDGT-0/crenarchaeol ratios (>2) can be 

indicative of significant contribution from methanogenic archaea (Blaga et al., 

2009). Our GDGT-0/cren values are ≤0.86 (Table 3.1) and, therefore, suggest that 

the GDGT-0 in the Campos Basin may originate mainly from marine 

Thaumarchaeota. MI values between 0 and 0.3 are related to normal marine 

conditions, i.e., without anaerobic oxidation of methane by methanotrophic 

archaea (Zhang et al., 2011). The results reveal that only one sample (A12) has a 

MI >0.3 (Table 3.1). However, the MI value of this sample is not expressly higher 

(0.33) and the temp-TEX86
H  estimate agrees well with the observed SST (ΔT   

−0.07; Supplementary Table S3.4), which means that the contribution of 

methanotrophic archaea can be considered negligible to bias the TEX86 signal in 

the study region. The agreement of our RI-TEX86 results within the global RI-TEX86 
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relationship (Figure 3.4b) support the assumption that the influence of non-

temperature parameters on the TEX86 signal may be neglected. 

 

3.5.3. 
Temperature calibrations and residuals 

As the range of sea water temperature among the stations in the Campos 

Basin is relatively small, the present study does not intend to develop new local 

calibrations, but rather test the applicability of the pre-existing ones. SST-U37
K′

 

estimates will be discussed based on the annual mean and seasonal calibrations 

of Müller et al. (1998) for the eastern South Atlantic and respectively compared 

with annual mean and seasonal SST from WOA13 (Figure 3.3, Table 3.2). Temp-

TEX86
H  estimates will be discussed based on the global SST calibration of Kim et 

al. (2010) for high temperatures and on the global subsurface (0-200 m) 

temperature calibration from Kim et al. (2012), and respectively compared with the 

annual mean SST and depth-integrated water temperatures from WOA13 (Figure 

3.5, Table 3.2). These calibrations were found to be more suitable to the 

geographic location of the study area. Other annual mean global calibrations were 

also tested for both proxies (Schouten et al., 2002; Conte et al., 2006; Kim et al., 

2008, 2010; Liu et al., 2009; Tierney and Tingley, 2014, 2018) and revealed 

qualitatively similar discrepancies when compared to the WOA13 temperatures 

(Supplementary Table S3.5), with colder/warmer biases varying systematically 

even for the non-linear calibrations (Kim et al., 2010; Tierney and Tingley, 2014, 

2018). Quantitatively, however, the biases variation among the calibrations tested 

were either very expressive or very slightly, depending on the sample. The 

preference was to use the calibration methods that showed a better fit and the 

highest number of proxy-estimated temperatures within the calibration error was 

the criteria considered to define a particular calibration to estimate seawater 

temperatures.  

Previous studies on surface sediments from the South Atlantic (e.g., 

Benthien and Müller, 2000; Cordeiro et al., 2014) showed a strong correlation 

between the estimated temperatures using the global calibration of Müller et al. 

(1998) and the annual mean SST for the region influenced by the BC. For TEX86
H , 

however, there is only sparse data from the western South Atlantic, which are 

included in the global core-top calibrations (Figure 3.4a, Kim et al., 2008, 2010). 

When compared with the annual mean SST-WOA13 (Figure 3.5c, Table 3.2), most 

of the temp-TEX86
H  estimated with the global SST calibration (85%) remain within 
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the calibration error (Kim et al., 2010) in the Campos Basin region. For the annual 

mean SST-U37
K′

 (Figure 3.3f, Table 3.2), 71% of the estimated temperatures agree 

with the annual mean SST-WOA13. A significant discrepancy is observed in two 

main areas of the southern portion of the basin: the coastal upwelling region and 

the outer shelf and slope of transect B, where cold bias can be observed for the 

TEX86
H  and U37

K′
 temperatures, respectively. The transects from the northern area, 

located outside the CFUS (transects G, H and I), however, showed minor 

deviations from the expected value, except for the sample closest to the Paraíba 

do Sul River (transect H, 25 m depth), which presented a warm discrepancy for 

both proxies. Discrepancies between the two proxies have been reported in 

several previous studies (e.g., Huguet et al., 2006b; Leider et al., 2010; Lopes dos 

Santos et al., 2013; Chen et al., 2014) which the authors usually attribute to the 

combined factors that control productivity of the organisms synthesizing the 

compounds used as proxies and environmental factors such as water circulation 

patterns, sedimentation processes and degradation of OM. These biases will be 

discussed in further detail in the next sub-sections.  

 

Table 3.2: Calibrations used for SST-U37
K′

 and temp-TEX86
H  estimates and their relationship 

with the intrumental temperatures obtained from the WOA13. 

Calibration Reference 
Standard 

error 
Instrumental 

temperature (WOA13) 

Pearson 
correlation 

(r)  

Samples 
within 

the error 
(%) 

n 

𝑈37
𝐾′

 
      

Annual mean South 
Atlantic (0 m) 

Muller et al., 1998 1.0 annual mean SST 0.63 71 49 

Summer South Atlantic 
(0-10 m) 

Muller et al., 1998 1.1 summer SST 0.64 51 49 

Autumn South Atlantic 
(0-10 m) 

Muller et al., 1998 1.0 autumn SST 0.63 22 49 

Winter South Atlantic 
(0-10 m) 

Muller et al., 1998 1.1 winter SST 0.62 73 49 

Spring South Atlantic 
(0-10 m) 

Muller et al., 1998 1.1 spring SST 0.57 69 49 

𝑇𝐸𝑋86
𝐻  

 

     

Global calibration  
(0m) 

Kim et al., 2010 2.5 annual mean SST 0.77 85 52 

Global calibration  
(0-200 m) 

Kim et al., 2012 2.2 annual mean depth-
integrated (0-200 m) 

0.80 68 41 

Global calibration  
(0-200 m) 

Kim et al., 2012 2.2 annual mean depth-
integrated (100-150 m) 

0.51 93 41 

Global calibration  
(0-200 m) 

Kim et al., 2012 2.2 annual mean depth-
integrated (100-200 m) 

0.76 95 41 
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3.5.3.1. 
Depth habitats of the source organisms 

In general, U37
K′

 reconstructed annual mean temperatures seem to agree 

better with observed SST than temp-TEX86
H , despite the biases observed in transect 

B (Figure 3.3f and Figure 3.5c, Table 3.2). As Haptophytes are photoautotrophic 

algae thriving in the photic zone (Prahl and Wakeham, 1987; Conte and Eglinton, 

1993), U37
K′

 reflects very likely the temperature in the upper 6 to 75 m of the water 

column in the working area (Rodrigues et al., 2014). On the other hand, TEX86-

based temperatures need a more careful interpretation regarding the water depth 

in which the source organisms are thriving. Even though most of the global 

calibrations are based on the correlation between TEX86 and annual mean SST, it 

is known that Thaumarchaeota grow at different depths in the water column. 

According to Karner et al. (2001), although widely distributed, Thaumarchaeota 

tend to achieve their maximum abundance around <250 m, with relative increase 

occurring between 100 and 150 m in the open ocean. Several studies suggest that 

GDGTs are mainly exported to the sediments from subsurface waters at ca. 40-

150 m depth (Huguet et al., 2007a; Lee et al., 2008; Lopes dos Santos et al., 2010; 

Kim et al., 2012; Chen et al., 2014). It is believed that the sedimentary TEX86 signal 

is primarily derived from the upper part of the water column due to the existence of 

an active food web that generates fast sinking large particles (e.g., fecal pellets 

and marine snow) (McCave, 1984; Wuchter et al., 2005). This may be related to a 

possible predominant habitat below the mixed layer (Lee et al., 2008; Lopes dos 

Santos et al., 2010), where the NH4
+ regenerated from organic detritus derived 

from primary producers is more available to the ammonia-oxidizing archaea 

(Könneke et al., 2005; Beman et al., 2010; Pitcher et al., 2011a).  

In the South Atlantic off Brazil, rates of assimilation of nitrogen indicate that 

the primary production is dominated by regenerated production (Metzler et al., 

1997). To verify if the TEX86
H  signal recorded in the marine sediments of the 

Campos Basin relates better to the subsurface temperatures than the SST, the 

temperatures estimated with the surface and subsurface calibrations (Kim et al., 

2010, 2012) were compared with the WOA13 temperatures for all available depths 

from 0 to 200 m. The water depths that showed the lowest deviations between 

estimated and observed temperatures and the minimum and maximum water 

depths where the residual fits within the calibration error are shown in Figure 3.6. 

For most of the samples, the estimated surface temp-TEX86
H  (Kim et al., 2010) 

seems to show better agreement within the surface mixed layer, which is about 16-

DBD
PUC-Rio - Certificação Digital Nº 1421587/CA



78 
 

 

55 m deep throughout the Campos Basin continental shelf (Suzuki et al., 2015; 

Figure 3.1e-h).  

 

 

Figure 3.6: Depths of agreement between estimated (Kim et al., 2010, 2012) and 

climatological mean temperatures (WOA13) from 0-200 m depth along the isobaths. Dots 

represent the water depth of optimal agreement and dashed lines represent minimum and 

maximum water depth in which the residuals are within the standard error of estimates for 

surface (black) and subsurface (grey) calibrations. 

 

In the coastal upwelling region (transect A, 25-75 m depth; transect B, 25-

50 m depth; Figure 3.6), the agreement between 20 and 70 m depth, with an 

optimal fit from 35 to 65 m depth, suggest a predominant subsurface habitat for 

Thaumarchaeota in this area. Chen et al. (2014) suggest that TEX86
H  may often 

reflect temperatures from 30–50 m depth in the upwelling area off the Lesser 

Sunda Islands, while U37
K′

 correlates well to SST. For the coastal upwelling stations, 

strong cold biases are observed between the surface calibration estimates and 
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observed annual mean SST (Figure 3.5c). The influence of the upwelling on the 

Thaumarchaeota production and TEX86
H  signal will be further discussed.  

The estimated subsurface temp-TEX86
H  (Kim et al., 2012) shows optimal 

agreement with the temperatures from water depths below the mixed layer (75 to 

200 m depth, Figure 3.6). In view of the observed results from Figure 3.6, the TEX86
H  

estimated subsurface temperatures were tested against the annual mean WOA13 

depth-integrated temperatures (Kim et al., 2008) from 0–200 m, 100-150 m and 

100-200 m (Table 3.2). A strong linear correlation (r = 0.80) was found for the 0–

200 m water depth, however, the best agreement is observed between 100-200 m 

(Figure 3.5d), with a higher number of samples within the calibration error (95 %). 

The inner-shelf stations with water depths below 100 m were not considered for 

the subsurface calibration.  

 

3.5.3.2. 
Seasonality of the source organisms 

In general, both U37
K′

 and TEX86
H

 proxies in surface sediments show a strong 

relationship with annual mean SST, a prerequisite for the development of the 

several above mentioned global calibrations. However, it has been reported that 

the abundances of prymnesiophyte algae and Thaumarchaeota are seasonal 

(Murray et al., 1998; Wuchter et al., 2006; Pitcher et al., 2011b; Rosell-Melé and 

Prahl, 2013) and both proxies can be biased toward the temperature of the high 

production periods (e.g., Harada et al., 2006; Herfort et al., 2006; Yamamoto et al., 

2007, 2012; Turich et al., 2013; Chen et al., 2016; Park et al., 2018). 

Satellite observations indicate blooms of the coccolithophore Emiliania 

huxleyi on the shelf and shelf break off the south-eastern coast of South America 

during the late austral spring and summer (Brown and Podestá, 1997). In the 

Campos Basin region, Rodrigues et al. (2014) observed predominance of pigments 

associated with haptophytes in the outer shelf and shelf break during the dry 

season, i.e. August and September. To test if the U37
K′

 signal may be biased due to 

seasonality, seasonal SST-U37
K′

 estimates were compared to seasonal SST-

WOA13. Our results show that, in terms of number of samples within the calibration 

error, U37
K′

-temperatures agree better with observed SST using the winter 

calibration (from July to September, Figure 3.3g-j, Table 3.2), which corresponds 

to the period of the maximum abundance of haptophytes observed in the region 

(Rodrigues et al., 2014). Studies in the northeastern Atlantic (Rosell-Melé et al., 

1995b), Adriatic Sea (Leider et al., 2010) and Mediterranean Sea (Emeis et al., 
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2000) also observed a better relation of U37
K′

 with winter temperatures, reflecting a 

higher haptophyte production during the colder season for these regions. 

Thaumarchaeotal abundance and GDGTs fluxes to the sediments can be 

higher in certain periods of the year, usually associated with nutrient enrichment of 

surface waters (Wuchter et al., 2005). In the North Sea, for example, the TEX86 

signal registered in sediments reflected winter temperatures, which is the season 

with higher abundance of Thaumarchaeota (Herfort et al., 2006a). However, only 

annual mean calibrations are available for TEX86
H  and our results for surface temp-

TEX86
H  de facto show better agreement with the annual mean SST rather than with 

the seasonal SST. An exception to this observation is the colder bias observed in 

the southern portion of the basin for the TEX86
H -reconstructed temperatures in the 

coastal stations, which are probably related to the seasonal peak of upwelling 

events. 

 

3.5.3.3. 
Influence of hydrodynamics on the source organisms 

In the southern region, the CFUS area has a very peculiar oceanographic 

setting not considered in global calibrations that may complicate the lipid-based 

temperature reconstruction. Temp-TEX86
H  are up to 5.3 ºC lower than the annual 

mean SST in the first isobaths of transects A and B, where the coastal upwelling 

is located. A similar cold-bias in the TEX86 signal was found for other upwelling 

areas (e.g., Kim et al., 2008; Lee et al., 2008; Chen et al., 2014). Because 

Thaumarchaeota may be more abundant in certain periods of the year, 

temperature biases based on TEX86 signal are likely to occur in the high production 

season (Wuchter et al., 2005; Herfort et al., 2006a). The intrusion of the SACW on 

the Cabo Frio shelf is responsible for an increase in nutrient availability and a 

decrease in temperature of the water column (Souza et al., 2011; Suzuki et al., 

2015). For being an intermittent process, the colder temperatures of peak 

upwelling in austral summer are likely smoothed by the spatial (gridded data sets) 

and temporal (annual and seasonal statistical mean values) resolution of the 

climatological mean temperature from WOA13. The WOA13 data therefore likely 

overestimate the true temperatures at the sites affected by upwelling. Thus, other 

than a possible subsurface habitat for Thaumarchaeota in the coastal upwelling 

region (Figure 3.6), the colder TEX86
H  signal in relation to the annual mean SST 

could be caused by a higher Thaumarchaeota production during the cooler 
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upwelling events as a response to the increased fertilization of the upper layer (Lee 

et al., 2008). 

However, marine Thaumarchaeota are generally considered more 

abundant in surface waters when the primary production is low (Murray et al., 1998; 

Wuchter et al., 2005; Herfort et al., 2006a). Taking into account that 

Thaumarchaeota cells are too small to sink through the water column, GDGTs can 

only reach the sediment after aggregation with phytoplankton and other suspended 

matter, i.e. marine snow or fecal pellets (Huguet et al., 2006a). Alternatively, 

instead of an actual increase in Thaumarchaeota abundance and GDGT 

production itself, the TEX86 signal could be primarily controlled by the increase in 

surface phytoplankton production and a subsequent increased amount of 

aggregates, which could, in turn, increase the GDGT flux and a seasonally 

increased export efficiency to the sediment during the upwelling events (Wuchter 

et al., 2005; Huguet et al., 2007a; Kim et al., 2008).  

Phytoplankton blooming during a coastal upwelling event at Cabo Frio is 

dominated by diatoms (Coelho-Souza et al., 2017) and responsible for the 

development of a zooplanktonic community characterized by high abundance and 

low diversity of species (Valentin and Moreira, 1978; Valentin and Monteiro-Ribas, 

1993). The high zooplanktonic grazing rates are the main cause of a decrease in 

phytoplankton biomass after the upwelling (Valentin and Moreira, 1978; Gonzalez-

Rodriguez et al., 1992). Thereby, the zooplankton plays an important role in the 

vertical flux of phytoplankton-derived OM to the surface sediments of the CFUS by 

increasing the production of aggregates (Yoshinaga et al., 2008). The cold temp-

TEX86
H  may actually reflect colder waters from peak coastal upwelling conditions 

because of a more efficient export of GDGTs to the sediment during these events. 

In contrast, the SST-U37
K′

 are in agreement with the annual mean SST and 

do not reflect the low temperatures during peak upwelling in the CFUS samples. A 

plausible scenario to explain the difference between the two proxies is the above-

mentioned typical phytoplankton succession, where the alkenone producers are 

outcompeted by the diatoms during the upwelling events, while the export of 

GDGTs is generally tied to diatom-dominated fluxes as previously suggested by 

Mollenhauer et al. (2015). Thereby, the dominance of diatoms during peak 

upwelling could support the GDGT fluxes and restrict the alkenone production at 

the same time. 

Another peculiar feature can be observed for transect B in the shelf-break 

and slope samples (from 150 to 1900 m depth) with SST-U37
K′

 up to 5.9 °C lower 
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compared to annual mean SST, while temp-TEX86
H  agrees well with annual mean 

SST (Figure 3.5a,c). There is evidence from compound specific radiocarbon 

analyses that GDGTs are more labile than alkenones and better reflect local 

conditions, whereas alkenones are usually more affected by lateral transport 

(Mollenhauer et al., 2007; Shah et al., 2008). The alkenones deposited on the outer 

shelf and upper slope near transect B may be reflecting colder temperatures of 

adjacent colder waters, as they are more susceptible to lateral transport, while the 

GDGTs register local temperature signals. In the same samples of this transect 

considered here, higher contents of TOC (Oliveira et al., 2013) and lipids (Cordeiro 

et al., 2018) relative to the adjacent transects were observed and attributed to the 

lateral transport from shallow shelf waters to the upper slope. However, the source 

area where the advected material originates and the reason why the adjacent 

transect A is not affected are not clear and further evidence is still necessary to 

constrain this hypothesis.  

 

3.6. 
Conclusions 

The estimated annual mean SST calculated by the two proxies in surface 

sediments in cross-margin transects samples agreed well (71% for U37
K′

 and 85% 

for TEX86
H ) with the interpolated annual mean SST from WOA13, with minor 

deviations that are within the calibration error. Overall, the subsurface and 

seasonal calibrations also showed strong correlations for TEX86
H  and U37

K′
, 

respectively. While the temp-TEX86
H  using the surface calibration (Kim et al., 2010) 

reflects the surface mixed layer, the subsurface temp-TEX86
H  using the depth-

integrated calibration for 0-200 m (Kim et al., 2012) agrees with the observed 

depth-integrated temperatures at 100-200 m (95% of the estimates, not including 

the inner shelf samples). In relation to the seasonal calibrations, SST-U37
K′

 shows a 

better agreement with SST-WOA13 for winter (73% of the estimates), which may 

be related to a maxima abundance of haptophytes in the region during this period. 

However, the proxy-based temperature estimates are biased towards 

colder temperatures in two main southern areas: the CFUS inner-shelf and the 

outer shelf and slope of transect B. In the CFUS inner-shelf area, the cold-biased 

TEX86
H  record is probably caused by the coastal SACW intrusion that increases the 

fertilization and primary production leading to a maximum export and/or a 

predominant subsurface habitat of Thaumarcheota in comparison to the 
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oligotrophic adjacent waters. In the transect B, the cold-biased U37
K′

 signal may be 

caused by lateral transport, but further investigation regarding the advected 

material origin is needed. 

Besides showing agreement between reconstructed and observed SST for 

most samples, the colder offsets observed for a few samples located inside or near 

the CFUS area show that care must be taken when using both U37
K′

 and TEX86
H  in 

paleoclimate studies in the Campos Basin. Our results reinforce that alkenone and 

GDGT ratios are correlated with annual mean SST, but U37
K′

 and TEX86
H  proxies still 

contain uncertainties and limitations that must be considered when applied to 

areas with exceptional oceanographic settings. 
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Abstract 

Branched glycerol dialkyl glycerol tetraethers (brGDGTs) in marine sediment records can 

be used to infer inputs of terrigenous organic matter and also to reconstruct the mean 

annual air temperature (MAAT) and soil pH of the nearby land areas using the methylation 

of branched tetraethers (MBT’) and cyclization of branched tetraethers (CBT) indices. In 

this study, we considered these proxies obtained from 51 core-top sediments collected in 

the Campos Basin (southeast Brazil) and compared these data with instrumental data of 

MAAT and soil pH measured in the adjacent drainage basins. The Paraíba do Sul River is 

confirmed as the main source of brGDGTs to the study region. The results for most of the 

marine sediments fit in the upper range of soil pH and lower range of MAAT found in the 

adjacent drainage basin. However, selective compound degradation and in situ production 

of brGDGTs clearly seems to exert an additional influence on the proxies obtained here. 

The first effect leads to a decrease of both the CBT-based p  and MBT’/CBT-based MAAT 

values with distance from the coast, and the latter resulted in an overestimation of the CBT-

based p  and MBT’/CBT-based MAAT in the mid and outer shelf.  
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4.1. 
Introduction  

Glycerol dialkyl glycerol tetraethers (GDGTs) are lipids present in the cell 

membranes of Archaea and bacteria that occur in the environment in the 

isoprenoid (isoGDGTs) and branched (brGDGTs) forms (Schouten et al., 2013b). 

While the isoGDGTs are most likely to occur in the aquatic and terrestrial 

environments, the brGDGTs are attributed to anaerobic and heterotrophic bacteria 

present in peat and soil (Pancost and Sinninghe Damsté, 2003; Weijers et al., 

2006a, 2007b). Therefore, to evaluate the input and distribution of terrigenous OM 

in the continental margin, the brGDGTs can be used as alternative proxies to the 

more common tracers derived from higher plants (Hopmans et al., 2004).  

BrGDGT structures vary in the degree of methylation (4-6) and cyclization 

(up to 2 cyclopentane rings) (Weijers et al., 2006a, 2007, Figure 4.1). The relative 

abundance of the individual forms of brGDGTs in the lipid membranes varies as a 

function of different environmental conditions, which is necessary to maintain the 

bacterial cellular structure and its vital functions. Weijers et al. (2007) found a 

significant correlation between the cyclic brGDGTs and the pH of the terrestrial 

material, and between the methylation of the brGDGTs and both soil pH and the 

mean annual air temperature (MAAT), leading to the definition of the cyclization of 

branched tetraethers (CBT) and methylation of branched tetraethers (MBT) 

indices. The MBT was later simplified by Peterse et al. (2012) to the MBT’ index. 

Both indices are widely used in paleoenvironmental studies to evaluate soil pH and 

MAAT, based on specific calibrated equations. When applied to marine sediments, 

brGDGT-reconstructed MAAT usually corresponds well with the nearby land 

(Weijers et al., 2007b; Rueda et al., 2009) in areas with a relatively high amount of 

terrestrial OM input (Peterse et al., 2009). However, even though the brGDGTs are 

predominantly terrigenous, it was demonstrated that they can also derive from in 

situ production in the marine realm (Peterse et al., 2009; Zhu et al., 2011; Hu et 

al., 2012; Zell et al., 2014b, 2014a), which may constrain the use of the MBT’/CBT 

proxies.  

The BIT index (Hopmans et al., 2004) was proposed to infer the 

contributions of soil OM to the ocean. It is based on the ratio of the continentally-

derived brGDGTs and the marine crenarchaeol, an isoprenoid GDGT produced by 

Thaumarchaeota. In addition to the characterization of soil OM, the BIT index also 

provides information about the applicability of the GDGT-derived proxies in a 

particular region (Zhu et al., 2011). As there is evidence for limited terrestrial 
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sources of crenarchaeol, confidence in the BIT values requires evaluation of the 

relative contributions of allochthonous and autochthonous sources to the total 

isoprenoid GDGTs, which are derived from archaea, in continental margin 

sediments (Weijers et al., 2006b). 

The Campos Basin, in the south-eastern Brazilian continental margin, is 

influenced by large to meso-scale hydrodynamic fronts (Brandini et al., 2018) 

resulting in diverse pelagic and benthic ecosystems with latitudinal and 

bathymetrical gradients, which make this region of great ecological and 

biogeochemical significance (Falcão et al., 2017). A coastal and shelf break 

upwelling system at Cabo Frio (~23º S; Figure 4.2a) results in one of the highest 

rates of primary production in the Brazilian margin, with ranges from 0.04 to 0.45 

mgC m−2 d−1 on the shelf (Gonzalez-Rodriguez et al., 1992; Metzler et al., 1997; 

Brandini et al., 2014), contrasting with the overall oligotrophic conditions along the 

margin caused by the influence of the nutrient-poor Brazil Current (Silveira et al., 

2017). The occurrence of these zones of enhanced primary production results in a 

predominance of autochthonous OM in the basin’s sediments on a regional scale 

(Yoshinaga et al., 2008; Carreira et al., 2010; Cordeiro et al., 2018), a scenario 

also favored by a relatively low input of allochthonous OM (Carreira et al., 2015). 

The major contributor to continentally-derived materials to the Campos Basin is the 

Paraíba do Sul river, located to the north of the basin (Figure 4.2a), as evidenced 

by isotopic and molecular markers (Souza et al., 2010; Albuquerque et al., 2014; 

Carreira et al., 2015), dissolved black carbon (Dittmar et al., 2012) and metals 

(Lacerda et al., 1993; Carvalho et al., 2002; Araujo et al., 2017). Even though the 

Paraíba do Sul River plays a minor role as source of material to the global oceans 

when compared to other rivers, the influence of Paraíba do Sul River is relevant 

on a regional scale (Carvalho et al., 2002). 

 Here we considered crenarchaeol and the brGDGTs found in core-top 

sediments collected along cross-margin transects (25-3000 m water depths) in the 

Campos Basin (Figure 4.2a). The aims were to evaluate the applicability of the 

GDGT-based proxies to marine sediments of the basin, to reconstruct the soil pH 

and MAAT of the adjacent continental areas, and to contribute for the 

characterization of the OM in the region. 
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Figure 4.1: Chemical structure of brGDGTs and crenarchaeol with the correspondent ion 

masses (m/z). 

 

4.2. 
Study area 

The Campos Basin (Figure 4.2a) extends over an area of 100,000 km2, in 

the south-eastern Brazilian continental margin between 20.5°S (Vitoria High) and 

24°S (Cabo Frio High). The continental shelf has an average width of 100 km and 

the shelf break water depth varies from 80 m in the northern area to 130 m in the 

south. The slope, marked by the presence of several submarine canyons and 

channels, extends over 40 km with an average gradient of 2.5 ° (Viana et al., 1998).  

The circulation in the Campos Basin is mainly controlled by the BC, formed 

at 10°S as a branch of the South Equatorial Current (Peterson and Stramma, 

1991). The BC flows southward following the 200 m isobath and transports the 

oligotrophic warm Tropical Waters in its upper levels and the nutrient-rich and cold 

South Atlantic Central Water (SACW) between 200 and 700 m (Campos et al., 

2000). In the southern portion of the basin, south of Cabo de São Tomé (22°S), 

changes in the coastline orientation affects the BC flow, resulting in the formation 

of strong cyclonic and anticyclonic frontal eddies. Those features induce the 

intrusion of SACW into the photic zone on the shelf break and the uppermost slope 

(Campos et al., 2000; Calado et al., 2010). Near Cabo Frio, wind-driven intrusions 

of SACW occur through the Ekman system during austral spring and summer, 

when NE winds prevail (Rodrigues and Lorenzzetti, 2001; Castelao and Barth, 

2006).  

In the northern Campos Basin, the Paraíba do Sul River (Figure 4.2), a 

medium sized river with approximately 1,145 km of extension, flows into the ocean 

and is the major source of terrestrial material to the basin. The river drains an area 

of 55,400 km2 (Figure 4.2b,c,d,e), crossing three of the most industrialized states 

of Brazil: Minas Gerais, São Paulo and Rio de Janeiro (Carvalho et al., 2002). 

Crenarcheol (12 2)

Ia (1022)
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Other rivers bring in additional terrigenous material to the Campos Basin 

throughout the coastal drainage basins of Rio de Janeiro and Espírito Santo States 

(Figure 4.2b) but drain much smaller catchments than the Paraíba.  

 

 

Figure 4.2: (a) Map of the Campos Basin with locations of the surface (0-2 cm) sediment 

sampling stations. Each transect (A, B, G, H and I) was sampled on isobaths as follows: 1, 

25 m; 2, 50 m; 3, 75 m; 4, 100 m; 5, 150 m; 6, 400 m; 7, 700 m; 8, 1000 m; 9, 1300 m; 10, 

1900 m; 11, 1900 m and 12, 3000 m. (b) Map showing the three drainage basins adjacent 

to the Campos Basin and their main rivers. (c) Mean annual air temperature, (d) annual 

precipitation (Fick and Hijmans, 2017) and (e) pH of the 30 cm topsoil 

(FAO/IIASA/ISRIC/ISS-CAS/JRC, 2012) in the three drainage basins. PSR = Paraíba do 

Sul River drainage basin; RJ = coastal drainages of the State of Rio de Janeiro; ES = 

coastal drainages of the Espírito Santo State. 

The climate in the Paraíba do Sul River drainage area is subtropical with a 

well-defined precipitation regime. The MAAT varies from 10.1 °C in the upper basin 

to 24.1 °C (Figure 4.2b) in the lower basin, with an average of 20.1 °C (Fick and 

Hijmans, 2017). The average rainfall in the river basin is 54.2 inches year−1 (Figure 

4.2d) with higher precipitation in the upper and middle sectors of the drainage basin 

(maxima of 91.0 inches year−1) and less humidity in the lower basin (minimum of 

39.3 inches year−1, Fick and Hijmans, 2017). Half of the annual rainfall occurs 

between November and January, while the period between June and August is the 
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driest of the year (Carvalho and Torres, 2002; Dittmar et al., 2012). Several studies 

in the Paraíba do Sul River have shown a strong dependence of the river water 

discharge and transported material on the rainfall regime (Carvalho et al., 2002; 

Souza and Knoppers, 2003; Souza et al., 2010; Figueiredo et al., 2011; Ovalle et 

al., 2013). A maximum river flow of 4380 m3 s−1 is observed during the rainy 

season, when more than 80% of the total annual load is transported, decreasing 

to 180 m3 s−1 in the dry season (Carvalho et al., 2002; Souza et al., 2010).  

The vegetation in the drainage area of the Paraíba do Sul River is 

approximately 70% pastures, 27% agriculture and reforestation areas, and only 

3% of the original Atlantic Forest (Ovalle et al., 2013), which is distributed over 

small patches (Dittmar et al., 2012). The river serves as an important water source 

for agriculture, industry and human use for approximately 13 million people and 

5000 industries especially in the State of Rio de Janeiro (Ovalle et al., 2013), but 

also receives back the waste, generally without efficient treatment (Carvalho et al., 

2002). Most of the industries are located in the middle and upper basin sectors, 

while extensive sugarcane plantations occupy the lower basin (Dittmar et al., 2012; 

Ovalle et al., 2013).  

The texture of the soil along the Paraíba do Sul River basin is mainly 

silt/clay, with predominance of clay and sand/clay in the upper basin and clay/sand 

and clay/silt organic sediments (turf) in the flood-plain areas (Carvalho and Torres, 

2002). The soil p  varies from 4.  in the river’s upper basin to  .0 in the lower 

basin. The average soil pH across the entire drainage area adjacent to the Campos 

Basin is 6.1 (Figure 4.2e; FAO/IIASA/ISRIC/ISS-CAS/JRC, 2012). 

 
4.3. 
Material and methods 

4.3.1. 
Sampling 

Surface sediment samples (0-2 cm) were collected from 5 cross-shelf 

transects (A, B, G, H and I) along 12 isobaths (25, 50, 75, 100, 150, 400, 700, 

1000, 1300, 1900, 2500 and 3000 m) in the Campos Basin as a part of the Habitats 

Project (CENPES/PETROBRAS) in 2008 and 2009 (Figure 4.2a). Undisturbed 

sediments were collected with an adapted large volume Van Veen sampler at the 

continental shelf stations and with a box corer at the slope stations.   
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4.3.2. 
Lipid extraction and GDGTs analysis 

Fractions of about 5 g ( 0.01 g) of freeze-dried and homogenized samples 

were extracted by use of an accelerated solvent extraction system (ASE 200, 

Dionex), with a mixture of dichloromethane:methanol 9:1 (v:v) at a temperature of 

100 °C and a pressure of 1000 psi. A known amount of C46-GDGT was added as 

internal standard prior to the extraction. The volume of the bulk extracts was rotary 

evaporated under vacuum and saponified for 2h at 80 °C with 1 mL of KOH (0.1 M) 

in methanol:H2O (9:1; v:v). The extracts were fractionated into three polarity 

fractions using silica gel column chromatography. The polar fraction containing the 

GDGTs was obtained by eluting with dichloromethane:methanol 1:1 (v:v) and dried 

under a stream of nitrogen at 40 °C.  

The GDGT fractions were filtered to remove particles and analyzed using 

an Agilent 1200 series high performance liquid chromatography system coupled 

via an atmospheric pressure chemical ionization interface to an Agilent 6120 mass 

spectrometry (HPLC–APCI-MS), with a method slightly modified from Hopmans et 

al. (2000). The GDGTs were separated on a Prevail Cyano column (Grace, 3µm, 

150mm x 2.1mm) maintained at a temperature of 30 °C. After injection of the 

sample on the column (20 µL), the compounds were eluted isocratically in mobile 

phase A (hexane:2-propanol:chloroform; 98:1:1) at a flow rate of 0.2 mL min−1, 

followed by an increase with a linear gradient in the proportion of mobile phase B 

(hexane:2-propanol:chloroform; 89:10:1) to 10% within 20 min, and thereafter to 

100% within 10 min.  

The identification of the GDGTs was performed using single ion monitoring 

(SIM) as described by Schouten et al. (2007). The ion masses (m/z) monitored 

were 1050, 1048, 1046, 1036, 1034, 1032, 1022, 1020, 1018 for brGDGTs, 1292 

for crenarchaeol and 744 for the C46-GDGT standard. Contents were calculated by 

comparing the peak areas of the GDGTs analyzed relative to the peak area of the 

internal standard (C46-GDGT). Due to the lack of appropriate standards, the 

individual response factors of the analyzed C86-GDGTs relative to the C46-GDGTs 

standard was not evaluated and the reported contents should be considered semi-

quantitative. 
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4.3.3. 
   cu  tion o       M  ’  nd BIT indices 

The BIT index was calculated according to Hopmans et al. (2004), using 

the Equation 4-1 as follows: 

BIT =  
Ia + IIa + IIIa

Ia + IIa + IIIa + cren
    (4-1) 

The CBT and the simplified MBT’ indices were calculated according to 

Weijers et al. (2007) and Peterse et al. (2012), respectively, using the Equations 

4-2 and 4-3, below: 

CBT =  − log (
Ib+IIb

Ia+IIa
)    (4-2)  

MBT′ =  
Ia+Ib+Ic

Ia+Ib+Ic+IIa+IIb+IIc+IIIa
    (4-3) 

The calculation of pH and MAAT were performed based on the global soil 

calibrations proposed by Peterse et al. (2012), using Equations 4-4 and 4-5, 

respectively: 

pH = 7.9 − 1.97 × CBT    (4-4) 

MAAT = 0.81 − 5.67 × CBT + 31.0 × MBT′   (4-5) 

 

4.4. 
Results  

4.4.1. 
GDGT distribution and BIT index 

The bulk contents of total brGDGTs showed a geographic distribution 

similar to the total isoGDGTs (Ceccopieri et al., 2018) and to other lipid biomarkers 

analyzed in the Campos Basin sediments (Oliveira et al., 2013; Cordeiro et al., 

2018). Higher contents of total brGDGTs were found in the slope samples in all 

transects and in the middle shelf samples of the CFUS region, which are areas 

where preferential accumulation of OM was already demonstrated (Oliveira et al., 

2013; Albuquerque et al., 2014; Cordeiro et al., 2018).  

Based on the sediment TOC contents reported by Cordeiro et al. (2018), 

the total brGDGTs contents varied from 5 to 30 µg gTOC−1, with a sharply 

decreasing gradient in contents from the coastal to deeper waters (Figure 4.3a). 

The relative contribution of the analyzed brGDGTs (Figure 4.4) showed that the 

isomers without cyclopentane rings in the structure (Ia, IIa and IIa) are the most 
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abundant for almost all the samples. With a few exceptions, especially in the inner- 

and mid-shelf areas, the relative abundance of the isomers with no rings increased 

with distance from the coast. The content of crenarchaeol varied between 21 and 

153 µg gTOC−1 (Figure 4.3b) and higher values were measured in the Cabo Frio 

costal upwelling area and in the proximities of the Paraíba do Sul River mouth. BIT 

index values ranged from 0.07 to 0.20 with no clear bathymetric gradient and only 

the low values from the slope samples of transect A is noticeable (Figure 4.3c). 

 

 

Figure 4.3: Contents of (a) total brGDGTs (µg gTOC−1), and (b) crenarchaeol (µg gTOC−1), 

(c) BIT index; (d) CBT-derived pH (Weijers et al., 2007b; Peterse et al., 2012), (e) MBT’ 

(Peterse et al., 2012) and (f) MBT’/CBT derived MAAT in the Campos Basin surface 

sediments (Weijers et al., 2007b; Peterse et al., 2012). The total brGDGT and crenarchaeol 

normalized by the TOC were not determined in sample H1 because the TOC content of 

this sample was below quantification limit, but the contents in the sediment were 

comparable to sample H2 (Supplementary Table S4.1). 
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Figure 4.4: Relative abundance of the brGDGTs for each transect and sampling depth in 

the Campos Basin. 
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4.4.2. 
CBT and M  ’ indices 

The CBT values varied between −0.12 and 0.78, resulting in a CBT-based 

estimated pH range from 6.4 to 8.1 with an average of 7.4 ± 0.46 (Figure 4.3d). 

The MBT’ ranged from 0.2  to 0. 0 (Figure 4.3e), resulting in MBT’/CBT-based 

estimated MAAT varying from 5.0 to 19.9 °C (Figure 4.3f) with an average of 14.0 

± 3.4 °C. The lowest values for both pH and MAAT were found for the slope 

samples (> 400 m depth) and the highest values are in the mid and outer shelf (75 

to 150 m depth). 

 

4.5. 
Discussion  

4.5.1. 
Sources and fate of GDGTs in the marine environment 

Because of their production in soils and further dilution with marine-derived 

material, a decreasing concentration gradient in brGDGTs is commonly observed 

along the river-estuary-coastal ocean continuum (Hopmans et al., 2004; Kim et al., 

2006; Walsh et al., 2008; Zhu et al., 2011; Hu et al., 2012; Zell et al., 2014a, 2014b; 

Sinninghe Damsté, 2016). Consistent with this trend, the brGDGTs contents in the 

Campos Basin are higher in the inner shelf samples (depth < 75 m) and gradually 

decrease towards deeper stations on the slope and rise in all transects (Figure 

4.3a). Two samples with the highest brGDGTs contents are close to the Paraíba 

do Sul River mouth (25 and 50 m depths, transect H), which confirm the role of this 

river as the main source of these compounds to the Campos Basin. In addition, 

relatively high contents of brGDGTs were also found near the Cabo Frio coast 

(transects A and B). This is consistent with the potential transport of allochthonous 

OM from small rivers and the Paraíba do Sul River by coastal currents 

(Albuquerque et al., 2014).  

Regarding the distribution of the brGDGTs isomers, a general trend of 

decreasing contribution of the isomers with one or two cyclopentane rings (i.e., Ib, 

IIb, IIIb and Ic, IIc and IIIc) can be seen in the upper slope samples (Figure 4.4). At 

deeper stations (1900-3000 m water depths), the no-cyclopentane moiety isomers 

(Ia, IIa and IIIa) represent more than 70% of the total brGDGTs. This suggests a 

higher relative rate of degradation of the brGDGTs with cyclopentane rings, which 

may be attributed to a lower stability of carbon bonds in the cyclic structure 

(Wiberg, 1986). Two samples enriched in brGDGTs close to the Paraíba do Sul 
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River mouth stand out (Supplementary Table S4.2), in which the acyclic 

compounds were the most abundant even at these shallow stations, possibly 

reflecting a local influence of the river discharge.  

Our data also revealed in the mid- and outer shelf samples of all transects 

a predominance of cyclic over acyclic brGDGTs, especially for the II and III 

compounds, when compared to the river-influenced samples close to the Paraíba 

do Sul River (Figure 4.4). A higher abundance of cyclic brGDGTs in marine 

sediments, when compared to the counterpart distribution in fluvial sediments, has 

been attributed to in situ production of cyclic brGDGTs under elevated pH of marine 

waters (Peterse et al., 2009; Zhu et al., 2011; Hu et al., 2012; Zell et al., 2014b, 

2014a; Sinninghe Damsté, 2016). Zell et al. (2014b) proposed an indicator of 

recent in situ marine production of cyclic brGDGTs based on marine samples from 

the Amazon shelf. Notwithstanding specific data for brGDGTs composition of 

fluvial sediments from the Paraíba do Sul River drainage basin are still lacking, our 

data suggest the same process of marine production of brGDGTs is also occurring 

in the shelf of the Campos Basin. On the other hand, further offshore, on the shelf-

break and slope, the brGDGTs distribution is likely influenced by selective 

degradation of cyclic compounds, as suggested above.  

Based on the relative distribution of brGDGT, the samples were divided in 

four groups (Figure 4.5) using Ward's hierarchical clustering method (Ward, 1963). 

The different groups and their spatial distribution agree with the previous 

description of the observed distributional pattern, as follows: group 1 is composed 

by the coastal upwelling samples of transect A and B, and by the inner-shelf 

samples of transect I; group 2 represents all the samples that contains a 

predominance of cyclic over acyclic brGDGTs and are probably affected by in situ 

production; group 3 is characterized by the samples that are more influenced by 

the riverine input; group 4 includes the slope and rise samples (>1900 m) that 

contain a predominance of non-cyclic brGDGTs because of a possible preferential 

degradation of the cyclic compounds with increasing distance from the coast. 

The BIT index represents the ratio between the sum of Ia, IIa and IIIa 

branched compounds and crenarchaeol, and provides information on soil OM 

contributions to the marine sediments. The BIT is expected to be near 0 in 

sediments from the open ocean and near 1 in soils (Hopmans et al., 2004), and 

thus a decreasing trend in the BIT values is usually observed with distance from 

the river mouth (Hopmans et al., 2004; Zell et al., 2014a, 2014b; Sinninghe 

Damsté, 2016). The data for the Campos Basin showed no such trend, as all 

samples exhibited low (<0.20) BIT values (Figure 4.3c). Similar behavior was 
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observed in several systems (Herfort et al., 2006b; Schmidt et al., 2010; Fietz et 

al., 2011; Smith et al., 2012) and were attributed to a higher influence of in situ 

production of crenarchaeol than the continental input of brGDGTs upon the BIT 

values, which in turn limit the application of this index to trace soil organic carbon 

in the ocean. In fact, the TOC-normalized crenarchaeol contents are higher at the 

shelf stations of both the transects influenced by upwelling (A and B) and by the 

Paraíba do Sul River flow (H and I). This process is favored by aggregation of the 

small cells of Traumarchaeota with phytoplankton and other suspended matter 

(Wuchter et al., 2005; Huguet et al., 2006a, 2007a; Kim et al., 2008), which seems 

to also occur in our study region as discussed in a related previous paper 

(Ceccopieri et al., 2018). More data on the composition of brGDGTS in soil and 

river suspended particle is necessary to better constrain the limitation of the BIT 

index in the Campos basin. 

 

Figure 4.5: Distribution of groups using Ward's hierarchical cluster analysis based on the 

brGDGTs relative abundance. See text for details. 

 

4.5.2. 
I p ic tion   or      nd M  ’ indic   in t      po     in 
sediments 

The brGDGTs in the marine sediments were first assumed to represent an 

integrated signal of the entire river basin from where the soil brGDGTs derive 

(Weijers et al., 2007a). However, it has been shown that the reconstructed MAAT 

and soil pH can be biased towards a certain area and/or period of increased input 
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of brGDGTs to the river (Freymond et al., 2017). In addition, the hydrodynamics 

and microbial activity during fluvial transport might influence the distribution of 

brGDGTs along the river (Zell et al., 2013a, 2013b, 2014a, De Jonge et al., 2014b, 

2016). These effects must be considered in the evaluation of whether or not the 

MBT’/CBT proxies reflect the MAAT and soil p  of the ad acent drainage basins.  

The CBT-based pH values in the Campos Basin (6.4 to 8.1, Figure 4.3d) fit 

in the range of the topsoil pH measured along the Paraíba do Sul River, RJ and 

ES drainage basins (4.8 to 8.0, Figure 4.2e) for all the analyzed samples. The 

estimated pH of 7.2 for the samples H1 and H2, the nearest to the Paraíba do Sul 

River, seems to reflect the soil pH from the lower basin of this river. The magnitude 

of the Paraíba do Sul River flow and the associated transport of terrigenous/riverine 

materials is marked by a seasonal rainfall regime, with most of the precipitation 

measured in the summer in the middle-upper lands (Carvalho and Torres, 2002; 

Ovalle et al., 2013). Therefore, our data suggest that other factors, in addition to 

the flow regime, including erosional patterns along the river bank and intermediate 

storage of materials, may have a role on the final transport of terrigenous/riverine 

material along the Paraíba do Sul River drainage basin and final export to the 

coastal ocean. In addition, the evidences of in situ brGDGTs production affecting 

the samples clustered in the group 2 (Figure 4.5) also resulted in positive biased 

CBT-pH values. 

The map of MBT’/CBT-based estimated MAAT for the Campos Basin 

shows a large range of values (5.0 to 19.9 °C; Figure 4.3f), which is not fully 

consistent with the instrumental MAAT available for the adjacent drainage basin 

(average = 20.7 °C; range = 9.3 and 24.1 °C; Figure 4.2c), but both negative and 

positive bias can be pointed out. Detailed comparison of such inconsistencies 

between estimated and instrumental MAAT is hindered because our analytical 

procedure does not separated the 5- and 6-methyl isomers of brGDGTs, which 

allows exclusion of potential production of riverine in situ brGDGTs and 

consequently reduce residual mean error of the global calibration for both the 

MAAT and pH (De Jonge et al., 2013, 2014a; Hopmans et al., 2016). Despite this 

limitation, a clear cross-shelf trend in the MBT’/CBT based values is observed, with 

MAAT estimates in the inner shelf samples (Figure 4.3f) with a lower bias 

compared to instrumental data (Figure 4.2e). Until more research is need to 

constrain the MBT’/CBT-based estimated MAAT, including collection of soil and 

river water samples in the catchment and the use of the new analytical protocol, 

our brGDGTs data and associated proxies provided useful information regarding 
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the transport and distribution of terrigenous biomarkers in the continental margin 

sediments of the studied region.  

 Finally, the MBT’ and CBT proxies show an inverse gradient with distance 

from the coast (Supplementary Table S4.1), with the former slightly decreasing 

with depth whereas the latter increases abruptly seaward of the mid and outer shelf 

(>100 m depth). Schouten et al. (2013) compiled data from artificial maturation 

tests showing a similar trend with increasing water temperature, which was 

attributed to the lower stability of the brGDGTs containing cyclopentane moieties. 

Thus, distinct degradation rates among the groups of brGDGTs during the 

transport of OM in the river – shelf – deep ocean gradient may limit the applicability 

of the MBT’ and CBT proxies with distance from the continental sources. This same 

effect was already previously observed for high latitude systems (Peterse et al., 

2009) and our data support the same effect in sediments from a tropical – sub-

tropical transition zone  

 

4.6. 
Conclusions 

The highest brGDGTs contents were found near the Paraíba do Sul River 

outflow, which confirms this river as the main source of soil brGDGTs to the study 

region. The BIT seems to be more strongly influenced by the contents of 

crenarchaeol rather than brGDGTs and no trend from coast to open ocean was 

observed, which limits the use of brGDGTs as proxy for input of soil organic carbon 

in the study region. The spatial heterogeneity observed for our brGDGTs highlights 

the existence of different sources and post-depositional effects that compromise 

the use of brGDGTs to reconstruct the soil pH and MAAT of the nearby land area. 

Overall, our results show a strong variation in the estimated pH and MAAT 

along the cross-margin transects, which might be ascribed to selective degradation 

of the brGDGTs from the shallow to deep-waters as well as to in situ marine 

production of brGDGTs in the middle and outer shelf. Therefore, our data 

contribute to the general observation that the interpretation of brGDGTs-estimated 

MAAT and soil pH in marine sediments must consider the limitations of the proxies. 

Finally, analyses of soil and water samples from the Paraíba do Sul River drainage 

basin and the use of the new method to resolve the 5 and 6-methyl isomers could 

provide new insights of the possible in situ production of brGDGTs and contribute 

to a better understanding of the MBT’/CBT proxies’ applicability to the region.  
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Chapter 5 
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𝐇   nd   I  

Milena Ceccopieri, Renato S. Carreira, Angela L. R. Wagener, Jens Hefter, Ana 
L. S. Albuquerque, Gesine Mollenhauer 

In preparation for Continental Shelf Research 

 

Abstract 

A multi-proxy (U37
K′

, TEX86
H  and LDI) approach using sediment cores from the shelf off Cabo 

Frio and Rio de Janeiro was considered to reconstruct the paleotemperature over the last 

14.5 kyr off SE Brazil. The core-top estimates of temperature agree with the recent 

instrumental annual mean SST for two proxies (U37
K′

 and LDI), whereas for TEX86
H  a negative 

bias was observed, especially in the Cabo Frio region. This disconformity in the TEX86
H  

values seems to be related to the influence of upwelling and orthogonal intrusion of nutrient-

rich and cold waters combined with subsurface habitat of Thaumarchaeota. Regarding the 

paleotemperature variation, the transition between mid- and late Holocene is well marked 

by a warming in SST-U37
K′ and SST-LDI, probably related to a more intense Brazil Current 

(BC) activity over the shelf, whereas temp-TEX86
H  showed an opposite cooling trend that 

may be a result of the subsurface upwelling of the cold South Atlantic Central Waters. The 

core off Rio de Janeiro presents a distinct phase before 7.5 cal kyr BP that is consistent 

with low sea level stands in the early Holocene. A decrease in reconstructed temperatures 

after ca 2.5 cal kyr BP in both records may be explained by the upwelling enhancement, 

more pronounced in Cabo Frio. Differences in the reconstructed temperatures between the 

two cores are observed, probably related to the local instabilities of the BC near de Cabo 

Frio upwelling system region. Notwithstanding, for the entire covered period in both 

sediment cores, SST-LDI correlate better with summer temperatures, SST-TEX86
H  is clearly 

biased towards subsurface temperatures and SST-U37
K′

 was more affected by the sea level 

variations and/or the BC flow. Oscillations in SST-TEX86
H  may be related to variations in the 

thermocline depth. Our data showed the influence of thermal and non-thermal effects upon 

performance of each paleotemperature proxy and these factors must be considered when 

using the same approach in other continental margins with similar influence as those 

observed in the SE Brazil shelf.   
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5.1. 
Introduction  

All the temperature proxies have uncertainties that could affect the 

interpretation of the results. Although they are calibrated against annual mean SST 

using core top sediments, several studies observed biases that might be related to 

different seasonal production and/or depth habitats of the source organisms (e.g., 

Ternois et al., 1997; Herfort et al., 2006a; Leider et al., 2010; Prahl et al., 2010; 

Chen et al., 2014; Ceccopieri et al., 2018). For example, in a sediment core from 

the Murray Canyon (southeast Australia), Lopes dos Santos et al. (2013) observed 

a better agreement of LDI with the austral summer SST and TEX86
H  with the austral 

winter SST, while the U37
K′

 better reflects the annual mean SST. In terms of the 

source depth, previous studies suggest that GDGTs are mainly exported to the 

sediments from subsurface waters rather than surface waters, as the TEX86-based 

temperatures are more related to the temperatures measured between 40 and 150 

m depth in the water column, usually at the chlorophyll maximum or the thermocline 

depths (Karner et al., 2001; Wuchter et al., 2005; Huguet et al., 2007a; Lee et al., 

2008; Lopes dos Santos et al., 2010; Chen et al., 2014). The input of terrigenous 

organic material containing isoGDGTs can also bias the TEX86 signal on 

continental shelves under the influence of river discharge (Weijers et al., 2006b). 

The Branched and Isoprenoid Tetraether (BIT) index, proposed by Hopmans et al. 

(2004) to determine the relative contributions of soil organic matter in the marine 

environment, is commonly applied to evaluate potential TEX86 biases caused by 

terrigenous isoGDGT contributions. This BIT index can be close to 0 in sediments 

from the open ocean and near 1 in inner continental systems (Hopmans et al., 

2004), as it relies on previous observations that brGDGTs are generally attributed 

to soil bacteria, while crenarchaeol would be the dominant GDGT in the marine 

environment. The application of multiple proxies to the same samples can bring 

more information regarding these biases and lead to the achievement of a more 

accurate paleotemperature reconstruction in a particular region (Lopes dos Santos 

et al., 2013; Becker et al., 2015; Rodrigo-Gámiz et al., 2015; Jonas et al., 2017). 

Moreover, the differences between the proxies can reveal additional 

paleoceanographic information. 

Despite the recent increase in the number of paleoclimatic studies in the 

South Atlantic, the scarcity of high resolution records for the Holocene in 

comparison with the North Atlantic, especially in the western margin, leads to 

uncertainties about the events that marked the subtropical southwest Atlantic 
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variability during this period (Mahiques et al., 2007; Pivel et al., 2013; Lessa et al., 

2016). SST anomalies during the Holocene can be related to variations in the 

strengthening of the Atlantic meridional overturning circulation (AMOC), to the 

dynamics of the South Atlantic Convergence Zone (SACZ), to the South American 

monsoon system (SAMS) and, hence, on the climate of south-eastern South 

America (Chiessi et al., 2014). Overall, the climate during the Holocene over the 

southeastern South America seems to have oscillated between periods of higher 

and lower humidity conditions (Mahiques et al., 2007; Cordeiro et al., 2008; Bender 

et al., 2013; Prado et al., 2013b; Wainer et al., 2014). 

In the studied region, data obtained from foraminifera (Pivel et al., 2013; 

Chiessi et al., 2014; Lessa et al., 2014, 2016) and alkenones (Mahiques et al., 

2005; Rühlemann and Butzin, 2006; Magalhães, 2010; Cordeiro et al., 2014; 

Evangelista et al., 2014) have been previously used in paleoclimatic studies. No 

information for GDGTs and long-chain diol in the same region is available. Here, 

we considered a multiproxy approach in two sediment cores retrieved off the Cabo 

Frio upwelling system (CFUS) and Rio de Janeiro shelves to reconstruct the 

paleotemperature during the last 14.5 kyr. The main goals were to investigate how 

each independent organic proxy (U37
K′

, TEX86
H  and LDI) is affected by the local 

environmental conditions in these two different areas, compare with pre-existing 

data from both sediment cores (Lessa et al., 2016; Lazzari et al., 2018) and 

contribute to paleoceanographic and paleoclimatic studies in the south-western 

Atlantic. 

 

5.2. 
Study area and oceanographic settings 

The Cabo Frio and Rio de Janeiro continental shelves are located in the 

northernmost portion of the south-eastern Brazilian continental margin (Figure 5.1) 

that extends from Cabo de Santa Marta in the south (28° 30' S, 49°00' W) to Cabo 

Frio in the north (23° 00' S, 42° 00' W). The continental shelf width in this sector 

varies from 73 to 231 km, with slope ratios between 1:656 and 1:1333 (Mahiques 

et al., 2004). The current system in the shelf is determined by the flow of the BC 

towards the south (Peterson and Stramma, 1991). The BC has a total thickness of 

400-500 m and transport the nutrient-poor Tropical Water (TW, T > 20 °C; S > 36; 

core depth at 20 m depth) and the nutrient-rich South Atlantic Central Water 

(SACW, T = 6–20 °C, S = 34.6–36; core depth at 300 m) (Silveira et al., 2017).  
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In response to morphology and bathymetric variations along the coast, 

meandering and eddies of the BC are observed in the study region, causing the 

SACW intrusion onto the mid-shelf and shelf-break (Campos et al., 2000; Silveira 

et al., 2000). In addition, in the Cabo Frio region, an abrupt change in the coastline 

orientation associated with prevailing NE winds induces the intermittent coastal 

upwelling of SACW, which is more pronounced during the austral summer 

(Rodrigues and Lorenzzetti, 2001; Castelao and Barth, 2006; Franchito et al., 

2008). This period also corresponds to the rainy season in southeast Brazil and, 

consequently, to an increase in the flow of continental material to the coastal 

waters (Mahiques et al., 2004). The upwelled SACW – both near the coast and/or 

in the mid-shelf and shelf break – and its associated nutrients enhance the rates 

of primary production in these localities to >0.5 gC m−2 d−1, which contrasts with 

the overall oligotrophic conditions (<0.04 gC m−2 d−1) observed along the south-

eastern Brazilian continental margin (Brandini et al., 2018 and references therein). 

Under fertilized conditions caused by SACW upwelling, the export of biomass to 

the oligotrophic adjacent continental shelf and offshore areas is observed 

(Lorenzzetti and Gaeta, 1996; Marone et al., 2010).  

The dynamics of sediment transport and accumulation on the shelf is 

coupled to bottom topography and hydrodynamic fronts, like the BC meandering, 

resulting in a complex and heterogeneous array of sedimentary provinces over the 

shelf and slope (Mahiques et al., 2002 and references therein). The sedimentation 

rates recorded in these distinct sedimentary provinces also varies largely, ranging 

from ca 5 mm kyr−1 on the lower slope up to 184 mm kyr−1 in the vicinity of the 

CFUS (Mahiques et al., 2002). The flow of the Paraíba do Sul River, located to the 

north of our study sites (Figure 5.1), is the main source of continental material in 

the region, but other smaller rivers also have to be considered (Razik et al., 2015). 

The terrestrial material delivered by these rivers is transported to the south and 

reaches the location of our cores (Gyllencreutz et al., 2010; Albuquerque et al., 

2014). In addition, the Guanabara Bay may also contribute with dissolved and 

particulate matter to the shelf (Albuquerque et al., 2014). The modern surface 

sediment in this sector is composed of very thin siliciclastic sands and silts, while 

coarser sediments and carbonate gravel are generally derived from sediments 

deposited under low sea level conditions (Mahiques et al., 2002 and references 

therein). 

The two cores were collected in two areas of fine sediment accumulation 

around the 100 m isobath between 23 and 23.5 ºS (Figure 5.1). The core CF10-

09A (117 m water depth) is representative of a large deposit of muddy sediments 
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near the CFUS. This deposit has been extensively studied in the last years with 

respect to the major physical and biogeochemical processes responsible for the 

accumulation of OM over the Holocene (Gyllencreutz et al., 2010; Souto et al., 

2011; Cruz et al., 2013; Mendoza et al., 2014; Lessa et al., 2016), including past 

SST estimates using alkenones (Mahiques et al., 2005; Cordeiro et al., 2014; 

Evangelista et al., 2014; Lourenço et al., 2017b). The core RJ13-01C represents 

another muddy deposit – apparently not connected to that of CFUS – that extends 

as a relatively narrow belt along the 100 m isobath to the west (Figure 5.1). 

Information about the OM accumulation in this second mud belt is available to 

modern or very recently deposited sediments (Carreira et al., 2012; Lourenço et 

al., 2017a).  

 

Figure 5.1: Map with location of the sediment core sampling stations and grain size of the 

surface sediments in the south-eastern Brazilian margin (unpublished sediment grain size 

data provided by Alberto Figueiredo, personal communication; designed by João R. dos 

Santos Filho). 

 

5.3. 
Material and methods 

5.3.1. 
Sampling and geochronology 

The sediment core RJ13-01C (23.40° S, 43.34° W, Figure 5.1), with 160 

cm length, was recovered from the mid-shelf off Rio de Janeiro city, at 100 m depth 

onboard of the Brazilian Navy Vessel AV.Pq.Oc. Diadorim in December 2013. The 

geochronology was determined by Lazzari et al. (2018). The 14C dates in planktonic 

foraminifera (Globigerinoides ruber) from 4 samples were determined by 
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accelerator mass spectrometry (AMS). The conventional 14C ages were calibrated 

using the OxCal program (Ramsey and Lee, 2013) and the Marine13 curve 

(Reimer et al., 2013). The reservoir effect (ΔR) considered for the region was −127 

± 67 years (Macario et al., 2015). For the first centimeters of the RJ13-01C core, 

210Pb dating was also performed by the gamma spectrometry method using a high 

purity germanium detector. 

The sediment core CF10-09A, which is 403 cm long, was collected on the 

Cabo Frio continental shelf (23.20° S, 41.74° W, Figure 5.1) at 117 m water depth 

using the Ocean Surveyor vessel in January 2010. The geochronology of the core 

was determined and described in details by Lessa et al. (2016). In summary, it was 

performed by quantification of 14C in organic matter from 13 samples by AMS and 

the ages obtained were calibrated using the Clam software (Blaauw, 2010) and the 

Marine09 curve (Reimer et al., 2009). The ΔR considered for the region was 8 ± 

17 years (Angulo et al., 2005). 

 

5.3.2. 
Total organic carbon (TOC) and δ13C analyses 

The sediments were freeze-dried and weighed (10  0.1 mg for TOC and 

0.5  0.01 mg for δ13C) directly in silver capsules. Carbonates were removed by 

acid treatment (HCl 0,1 M) and heating (100 °C/6 h). The contents of TOC (%) 

were determined in an organic elemental analyzer (Flash 2000, Thermo). 

Calibration was based on a calibration curve of aspartic acid (C = 39.09 %). An 

intermediate amount of the aspartic acid standard (0.2 mg) was analyzed as an 

unknown sample throughout the sequence for every 10 samples to monitor the 

calibration. The instrumental accuracy was verified using the NIST 1941B standard 

(Organics in Marine Sediments). The results of triplicate analyses in each 

sequence was 3.07 0.05 %, comparable to the certified value (2.99 ± 0.24 %). 

Replicate analyses of selected samples (27 in duplicate and 8 in triplicate from a 

total of 174 analyses) revealed an analytical precision of  0.03% of TOC.  

The δ13C of the bulk OM for sediment core RJ13-01C was determined using 

isotope ratio mass spectrometry (Flash 2000 model OEA coupled to a Delta V 

IRMS, Thermo). Three pulses of the reference gas (CO2), previously calibrated 

with the IAEA USGS40 standard material, were introduced at the beginning of each 

analysis. The δ13C was calculated according to the value of the third pulse. The 

δ13C values are reported as the average of two injections. Only values that showed 

a standard deviation of less than 0.3‰ were accepted. The δ13C values for 
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sediment core CF10-09A were provided by Ana L. S. Albuquerque (personal 

communication). 

 

5.3.3. 
Lipid extraction and separation 

An aliquot of 5 g (± 0.001 g) of freeze-dried and homogenized sediment 

was extracted for the core CF10-09A, whereas for the RJ13-01C core a higher 

mass of sediment was necessary, because of the low TOC contents of these 

samples: 10 g (± 0.001 g) from the top down to 99 cm, and 30 g (± 0.001 g) for the 

samples from 101 to 160 cm in the core. Sediments were extracted by an 

accelerated solvent extraction system (ASE 200, Dionex) with a mixture of 

dichloromethane:methanol (9:1, v:v) at a temperature of 100 ºC and a pressure of 

1000 psi. Before extraction, known amounts of C19-ketone and C46-GDGT were 

added as internal standards. The bulk extracts were concentrated by rotary 

evaporation and saponified for 2h at 80 ºC with 1 mL of KOH (0.1 M) in 

methanol:H2O (9:1; v:v). Neutral lipids were recovered in hexane and further 

fractionated using silica gel column chromatography as follows: n-alkane fraction 

using hexane (stored); alkenone fraction using dichloromethane:hexane, 2:1 (v:v); 

and the polar fraction, containing the GDGTs and long chain diols, using 

dichloromethane:methanol, 1:1 (v:v). The fractions were dried under a stream of 

nitrogen at 40 ºC. The alkenone fraction was re-dissolved in hexane and analyzed 

by gas chromatography with a flame ionization detector (GC-FID). The polar 

fraction was filtered using a 0.45 µm PTFE filter, weighed, and re-dissolved in 

n-hexane:isopropanol 99:1 (v:v) to a final concentration of 2 mg mL−1 (Schouten et 

al., 2013a) for further analysis of the GDGTs by high performance liquid 

chromatography-atmospheric pressure chemical ionization-mass spectrometry 

(HPLC-APCI-MS). After the GDGT analyses, the remaining polar fraction was 

dried and derivatized for the analysis of the long chain diols using gas 

chromatography–time of flight mass spectrometry (GC-TOF-MS). 

 

5.3.4. 

Alkenone analysis and 𝐔𝟑𝟕
𝐊′

 index 

The alkenone analyses were performed on an Agilent model 6870 GC-FID 

system, using the following conditions: (i) He as carrier gas at a flow rate of 2.0 mL 

min−1; (ii) initial oven temperature at 60 ºC and hold of 1 min; temperature ramp of 

20 ºC min−1 up to 150 ºC and then of 6 ºC min−1 up to 320 ºC, with a final hold of 
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35 min at this temperature. The di- and tri-unsaturated C37 alkenones (C37:2 and 

C37:3) were identified based on the retention times of a reference standard and 

quantified by peak integration relative to the internal standard C19-ketone, which 

was also used to evaluate the recovery of the method. 

The U37
K′

 was calculated using the equation described by Prahl and 

Wakeham (1987, Equation 5-1) and SST values were estimated using the global 

core top calibration of Müller et al. (1998, Equation 5-2) for tropical to subpolar 

eastern South Atlantic: 

U37
K′

=  
(C37:2)

(C37:2)+( C37:3)
   (5-1) 

SST =  
U37

K′
−0.069

0.033
   (5-2) 

 

5.3.5. 

GDGT analysis, 𝐓𝐄𝐗𝟖𝟔
𝐇  and BIT indices 

GDGTs were analyzed on an Agilent 1200 series HPLC system coupled via 

APCI to a single quadrupole mass spectrometer (Agilent 6120 MSD), using a 

method slightly modified from Hopmans et al. (2000). Separation was achieved on 

a Prevail Cyano column (Grace, 3 µm, 150 mm x 2.1 mm) at a temperature of 

30 ºC. After injection of the sample (20 L) on the column and a 5 min isocratic 

elution with mobile phase A (hexane:2-propanol:chloroform; 98:1:1) at a flow rate 

of 0.2 mL min−1, the proportion of mobile phase B (hexane:2-propanol:chloroform; 

89:10:1) was increased in a linear gradient to 10% within 20 min, and thereafter to 

100% within 10 min. After each analysis, the column was cleaned by back flushing 

for 5 min at a flow of 0.6 mL min−1 and re-equilibrated with solvent A (10 min, flow 

0.2 mL min−1). 

The identification of GDGTs was performed using single ion monitoring 

(SIM) as described by Schouten et al. (2007). The ions (m/z) monitored were 1302, 

1300, 1298, 1296, 1292 for isoprenoid GDGTs (isoGDGTs), 1050, 1036, 1022 for 

branched GDGTs (brGDGTs) and 744 for the C46-GDGT standard. Concentrations 

were calculated relative to the peak area of the internal standard (C46-GDGT). The 

lack of appropriate standards hampered the evaluation of individual response 

factors of the different C86-GDGTs relative to the C46-GDGT standard, therefore 

reported concentrations should be considered semi-quantitative. 

TEX86 and BIT proxies are calculated according to Schouten et al. (2002, 

Equation 5-3) and Hopmans et al. (2004, Equation 5-4), respectively.  
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TEX86 =  
iGDGT-2 + iGDGT-3 + cren′

iGDGT-1 + iGDGT-2 + iGDGT -3 + cren′   (5-3) 

BIT =  
bGDGT-I + bGDGT-II + bGDGT-III

bGDGT-I + bGDGT-II + bGDGT-III + cren
   (5-4) 

TEX86 values were converted to SST estimates using the calibrations 

(Equations 5-5 and 5-6) proposed by Kim et al. (2010) for high temperatures (from 

5 to 30 ºC): 

TEX86
H = log(TEX86)   (5-5) 

T (°C) = 38.6 + 68.4 (TEX86
H )   (5-6) 

 

5.3.6.Long-chain diol analysis and LDI index 

The identification of the long-chain diols was conducted on a GC-TOF-MS 

system consisting of a Leco Pegasus III (Leco Corp., St. Joseph, MI) interfaced to 

an Agilent model 6890 GC, equipped with a Restek Rtx-1MS column (10 m x 0.25 

mm x 0.14 µm) with a 5 m integrated pre-column, using the conditions described 

by Hefter (2008), as follows: (i) He as carrier gas at a flow rate of 0.8 mL min−1; (ii) 

GC oven initially held at 60 °C for 1 min, and then heated at a temperature ramp 

of 50 ºC min−1 up to 250 ºC and then of 30 ºC min−1 up to 310 ºC, with a final hold 

of 2 min at this temperature, resulting in an analysis time of 8.8 min. The electron 

impact ion source is operated at a temperature of 220 °C and is connected to the 

GC by a heated transfer line set to 280 °C. The pressure in the flight tube of the 

TOF-MS was 2 x 10−7 Torr. The compounds were identified using characteristic 

fragment ions (Versteegh et al., 1997): m/z 299 (C28:0 1,14-diol), 313 (C28:0 1,13-

and C30:0 1,15-diols), 327 (C28:0 1,12-, C30:1 and C30:0 1,14-diols) and 341 (C30:0 1,13-

diol). The relative abundance among the diols was determined by integration of the 

chromatographic peaks. Since no specific internal standard was added, the long 

chain diols results were only used in the temperature reconstruction. 

The LDI index was calculated (Equation 5-7) and converted to SST 

(Equation 5-8) using the calibration described by Rampen et al. (2012). 

LDI =  
(C301,15−diol)

(C301,15−diol)+(C281,13−diol)+(C301,13−diol)
    (5-7) 

SST (°C) =  
LDI−0.095

0.033
    (5-8) 
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5.4. 
Results  

5.4.1. Core RJ13-01C, off Rio de Janeiro shelf 

Figure 5.2 presents the variation of the dataset obtained for the core RJ13-

01C, covering the last 14.5 cal kyr BP. In this figure, three depositional periods as 

proposed by Lazzari et al. (2018) can be seen. 

 

Figure 5.2: Variation in the (a) TOC (%); (b) bulk δ13C (‰); (c) total isoGDGT and total 

alkenone contents (µg gTOC−1); (d) BIT index; and (e) temperature estimates based on 

U37
K′

, TEX86
H  and LDI (°C) along the RJ13-01C core. The vertical dashed lines represent the 

depositional phases as proposed by Lazzari et al. (2018), based on sedimentary 

processes, geochemical and geophysical properties. 
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5.4.1.1. 
Total organic carbon and  u   δ13C  

The TOC averaged 0.70  0.36 %, with a range from 0.13 % to 1.15 %. The 

TOC profile is marked by relatively constant TOC of ~0.2 % from 14.3 to 11.2 ky 

BP, followed by a rise up to 1.13 % TOC at 4.0 ky BP, with a stabilization at these 

level until the present (Figure 5.2a). Abrupt changes in the TOC profile can also be 

seen, like the rise at 11.0 cal kyr BP and three drops at 8.9-9.1 cal kyr BP, 4.9 cal 

kyr BP and 1.5 cal kyr BP.  

The profile of δ13C (Figure 5.2b) in this core is marked by a narrow range 

of values from −25.0 to −27.4 ‰ in the period from 14.3 to 11.2 cal kyr BP, 

matching with the period of low and constant values of TOC (see above). After 10.8 

cal kyr BP, the δ13C constantly increased to more positive values, around −23 ‰ 

in the late  olocene. Finally, the δ13C profile also exhibited abrupt changes, with 

values 2 or 3 ‰ above or below the general trend. As will be discussed in detail 

later, most of these abrupt changes in the δ13C are coincident with the TOC 

changes. 

 

5.4.1.2. 

Alkenone contents and 𝐔𝟑𝟕
𝐊′

 temperature estimates 

The TOC-normalized contents of total alkenones (sum of C37:2 and C37:3) 

ranged from 44 to 125 µg gTOC−1, with a mean of 75  15 µg gTOC−1 (Figure 5.2c). 

The maximum and minimum values in the alkenone profile were measured in 

abrupt ‘events’, in the same dates as mentioned for the TOC and δ13C distributions 

in 11.0 cal kyr BP, 8.9 cal kyr BP and 4.9 cal kyr BP. The highest contents of 107 

and 125 µg gTOC−1 are found in early Holocene, at 9.7 cal kyr BP and 8.3 cal kyr 

BP, respectively. 

The calculated U37
K′

 values resulted in estimated temperatures ranging from 

21.3 °C to 25.4 °C (Figure 5.2e). During the late Pleistocene and early Holocene 

(14.3 to ~8.0 ky BP), the SST-U37
K′

 increased from 21.5 °C to around 24.5 ºC. In the 

late Holocene (4.2 kyr BP to the present), the mean SST-U37
K′

 averaged above 24.5 

ºC. All over the profile of SST-U37
K′

, several temperature excursions to positive 

values before 10.0 cal kyr BP and three abrupt cooling events at 9.1 cal kyr BP, 

4.9 cal kyr BP and 1.5 cal kyr BP, can be observed. 
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5.4.1.3.  

GDGT contents, 𝐓𝐄𝐗𝟖𝟔
𝐇  temperature estimates and BIT index  

The TOC-normalized total contents of isoGDGTs varied from 60 to 151 

µg gTOC−1, with a mean of 121  16 µg gTOC−1 (Figure 5.2c). Overall, this profile 

resembles that of the total alkenones, including an abrupt drop to 60 µg gTOC−1 

observed at 11.0 cal kyr BP. 

The BIT index varied from 0.12 to 0.24, with an average of 0.15  0.02 

(Figure 5.2d). These values suggest a relatively low contribution of soil OM over 

the entire core that may be considered not to interfere with the TEX86
H

 marine signal 

(Hopmans et al., 2004). The variation is very slight over the entire period analyzed, 

except for a decrease at 13.6 cal kyr BP and a relatively high value found at 11.0 

cal kyr BP.  

The depth profile of TEX86
H -based temperature estimates varied from 20.1 

to 22.6 °C, a much smaller range than the SST-U37
K′

 (Figure 5.2e). Highest temp-

TEX86
H  are found at 11.9 cal kyr BP and 5.6 cal kyr BP. The lowest values are found 

at 7.7 cal kyr BP and 0.2 cal kyr BP. Temp-TEX86
H  are very similar to U37

K′
 estimates 

during the late Pleistocene and the early Holocene, but the values didn’t follow the 

U37
K′

 increase starting in the mid Holocene to the present, and an up to 4.1 °C lower 

TEX86
H  than U37

K′
 estimates were obtained.  

 

5.4.1.4. 
LDI temperature estimates  

From the 78 samples from core RJ13-01C, 65 contained sufficient long 

chain diols that allowed obtaining a LDI-based temperature estimate 

(Supplementary Table S5.2). The SST-LDI varied from 23.5 to 25.0 °C, with a 

mean of 24.4  0.3 ºC (Figure 5.2e). The LDI values are consistently higher than 

the U37
K′

 before 8.0 ky BP and at least 2-3 ºC higher than the TEX86
H  over the period 

covered by the core RJ13-01C.  

 

5.4.2. Core CF10-09A, off Cabo Frio shelf 

Figure 5.3 presents the variation of the dataset obtained for the core CF10-

09A, covering the period from 7.1 to 1.1 cal kyr BP. In this figure, four depositional 

periods as proposed by Lessa et al. (2016) can be seen. 
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Figure 5.3: Variation in the (a) TOC (%); (b) bulk δ13C (‰) (Ana L. S. Albuquerque, personal 

communication); (c) total isoGDGT and total alkenone contents (µg gTOC−1); (d) BIT index; 

and (e) temperature estimates based on U37
K′

, TEX86
H  and LDI (°C) along the CF10-09A core. 

The vertical dashed lines represent the depositional phases as proposed by Lessa et al. 

(2016) based on planktonic foraminifera. 

 

5.4.2.1. 
Total organic carbon and  u   δ13C  

The TOC contents of the core CF10-09A varied from 1.01 % to 1.82 %, with 

a mean of 1.40  0.17 % (Figure 5.3a). The TOC contents in this core, located in 

the core of the Cabo Frio upwelling system, were higher than those measured off 
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Rio de Janeiro (Figure 5.2a). An increase in the TOC contents between 7.1 and ~6 

cal kyr BP was observed during Unit II in this core, reaching values around 1.5 %, 

and a slight decrease to 1.3% was measured in the most recent sediment layers. 

Finally, superimposed on the general trend at least two abrupt changes in TOC 

contents during the late Holocene are evident.  

The δ13C of the bulk OM ranges between −21.5 and −20.  ‰ in the core 

CF10-09A (Figure 5.3b). Therefore, the shelf sediments in the Cabo Frio region 

are enriched in 13C compared to those off Rio, core RJ13-01C (Figure 5.2b). 

 

5.4.2.2. 

Alkenones contents and 𝐔𝟑𝟕
𝐊′

 temperature estimates 

The total alkenones varied from 139 to 283 µg gTOC−1. The highest 

contents are observed between 7.1 and ~6 cal kyr BP, with values around 250 

µg gTOC−1 (Figure 5.3c). The total alkenones gradually decrease until around 4 

cal kyr BP, with an abrupt change in 5.31 cal kyr BP. In the period between 4.0 and 

3.4 cal kyr BP there is an increase in the total alkenone content, but after that there 

is little variation up to the present.  

The U37
K′

-based temperature estimates ranged from 23.1 °C to 25.2 °C. 

From 7.1 cal kyr BP to 5.2 cal kyr BP, the SST-U37
K′

 variation is very similar to the 

total contents of alkenones (Figure 5.3e). An abrupt decrease to 23.1 °C can be 

later observed at 4.0 cal kyr BP. In general, the SST-U37
K′

 seems to increase until 

its maximum in the late Holocene (2.1 cal kyr BP), followed by a gradual decrease 

toward the present day.  

 

5.4.2.3.  

GDGT contents, 𝐓𝐄𝐗𝟖𝟔
𝐇  temperature estimates and BIT index  

Total isoGDGTs contents in the core CF10-09A varied between 71 and 220 

µg gTOC−1. Although in the same range of contents, the depth-distribution of total 

isoGDGTs seems to mirror that of the alkenones, particularly in the periods of 7.1-

6.0 cal kyr BP and 4.0-3.4 cal kyr BP (Figure 5.3c).  

The calculated BIT values ranged from 0.16 to 0.29, with an average of 

0.20  0.02 (Figure 5.3d). Along the core, oscillations with positive BIT values 

during the middle of section IV (3.5 to 2.0 cal kyr BP) and in the sediments 

deposited in the upper layers of the core (1.5-1.0 cal kyr BP) can be identified. 

Notwithstanding these features, the BIT values are typically in the range 
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suggesting low input of terrigenous OM (Hopmans et al., 2004), which is consistent 

with observations in the core RJ13-01C (this study) and in core-top sediment 

samples regionally collected in the Campos Basin (Ceccopieri et al., 2018).  

The TEX86
H  temperature estimates ranged from 20.7 to 23.1 °C, with a 

general trend of decreasing values towards modern sediments (Figure 5.3e). The 

offset between estimated temperature by TEX86
H  and U37

K′
 proxies are relatively 

lower in the mid-Holocene (~1 ºC; 7.0 to 5.5 cal kyr BP), but in the sector V of this 

core (2.0 to 1.0 cal kyr BP) the difference increase. A negative offset of 3.9 ºC is 

reached during the late-Holocene, a period with the lowest estimated temp-TEX86
H  

values.  

 

5.4.2.4. 
LDI temperature estimates  

From a total of 96 samples analyzed from CF10-09A core, 83 contained 

sufficient long chain diols for quantification and further LDI-based temperature 

estimate (Supplementary Table S5.4). The SST-LDI ranged from 22.6 to 25.4 °C, 

with a depth-profile variation in the estimated temperature that is distinct from those 

based on isoGDGTs and alkenones (Figure 5.3e). With the exception of some 

samples in the period 6.0-5.5 cal kyr BP, all the LDI-estimated temperatures in the 

sections II and III of this core are above the other estimates, but after 3.5 cal kyr 

BP (sections IV and V), the LDI and U37
K′

-based temperatures are similar, around 

24.5 ºC, and decrease to the core-top. In general, SST-LDI values are up to 4.7 °C 

higher than temp-TEX86
H . 

 

5.5. 
Discussion  

The data obtained by organic paleotemperature proxies are usually 

considered to reflect the annual mean SST, but a number of factors can influence 

the proxy’s performance and cause bias in the estimates provided by each group 

of molecules (Huguet et al., 2006b; Lopes dos Santos et al., 2013; Smith et al., 

2013; Becker et al., 2015; Jonas et al., 2017). Factors other than water temperature 

where the organisms thrive – the rationale common to all temperature proxy – have 

been suggested to cause inconsistencies in proxy estimates, including seasonal 

production and preferential depth habitats of the source organisms (Sikes et al., 

1997; Prahl et al., 2001; Herfort et al., 2006a; Popp et al., 2006; Huguet et al., 
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2007a; Lee et al., 2008), lateral transport (Benthien and Müller, 2000; Mollenhauer 

et al., 2007; Kim et al., 2009), influence of nutrients and light (Epstein et al., 1998; 

Versteegh et al., 2001; Prahl et al., 2003) and selective degradation under oxic 

conditions (Conte et al., 1992; Hoefs et al., 1998; Gong and Hollander, 1999; 

Huguet et al., 2009). Differences between the proxies’ estimates may also be 

related to the calibration associated errors of ± 1.0 °C for U37
K′

 (Müller et al., 1998), 

± 2.5 °C for TEX86
H  (Kim et al., 2010) and ± 2 °C for LDI (Rampen et al., 2012), and 

have to be taken in account.  

In the following sections we will initially evaluate the consistency of the 

temperature data set obtained by the proxies considered and, in the following, the 

implication of these results to reconstruct the oceanographic and sedimentary 

conditions over the Holocene in a shelf region under the influence of a non-

conventional westerly upwelling system.  

 

5.5.1. 
Influence of seasonal factors and water depth on temperature 
estimates 

To investigate possible bias of the organic proxies considered in the 

present study towards a specific season or water depth temperature, we compared 

the SST estimated for the uppermost core sample with the recent depth profiles of 

water temperature (0-100 m) taken from the WOA13. As can be seen from Figure 

5.4, the observed modern annual mean SST (WOA13) in the region of the two 

cores are very similar, around 23.2 (off Rio de Janeiro) and 23.4 ºC (off Cabo Frio).  

 

Figure 5.4: Annual mean and seasonal depth profiles of water temperature (1955-2012) 

corresponding to the nearest interpolated 0.25° grid box taken from the World Ocean Atlas 

2013. Dashed grey lines correspond to the proxy-estimated temperatures for the core-top 

sample from the present work.  
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The upper sample of the Cabo Frio sediment core, dated to 1.09 cal kyr 

BP, showed proxy-based temperatures of 23.9 °C for U37
K′

, 20.7 °C for TEX86
H  and 

24.3 °C for LDI. When compared to the observed annual mean SST, the estimated 

temperature values for the SST-U37
K′

 show a warm bias of 0.50 °C, which is within 

the calibration error of this proxy (Müller et al., 1998). The single value for the 

alkenone-based estimate is consistent with previous data of core-tops along the 

CFUS shelf and its associated muddy deposit (Cordeiro et al., 2014; Lourenço et 

al., 2017b, 2017a; Ceccopieri et al., 2018). Overall, there is consensus that the 

alkenone-based temperatures for the muddy deposit where the core CF10-09A is 

located is not significantly biased by non-temperature effects. Regarding the LDI-

estimated temperatures, our data are the first reported for the south-eastern 

Brazilian continental margin. In the top sample of the Cabo Frio core, the SST-LDI 

was 24.3 ºC and a warm bias of 0.93 °C relative to the annual mean SST was 

observed, also within the error of the calibration model. The similarity between the 

diol- and alkenone-based temperatures – at least in the last 3.5 cal kyr BP (see 

later) – are attributed to the fact that they are both produced by photosynthetic 

eukaryotes thriving in the euphotic zone (Prahl and Wakeham, 1987; Rampen et 

al., 2012).  

The TEX86
H -based temperature estimates for the top sample of core CF10-

09A revealed a negative bias of 2.7 °C when compared to the annual mean SST-

WOA13. In fact, the TEX86
H  estimates seem to reflect the temperature of waters at 

30-40 m (Figure 5.4). The same bias in the GDGTs-based temperature estimates 

was measure in surface sediment (0-2 cm) samples in the same region (Ceccopieri 

et al., 2018), and was attributed to a possible preferential habitat for the 

Thaumarchaeota at ca. 35 m depth and/or a maximum export of GDGTs during 

upwelling events. Moreover, the BIT values <0.3 measured in our samples exclude 

any relevant influence of soil-derived isoGDGTs that may cause bias on 

TEX86
H  estimates (Weijers et al., 2006b). 

The core-top off Rio de Janeiro, located ca 200 km to the west of CFUS, 

has an age of 0.024 cal kyr BP and showed proxy-based temperatures of 23.3 °C 

for U37
K′

, 21.6 °C for TEX86
H  and 23.4 °C for LDI. Compared to the annual mean SST-

WOA13 (Figure 5.4), the Rio de Janeiro estimates were slightly warmer for SST-

U37
K′

 and SST-LDI (ΔT   0.15  C and 0.68 °C, respectively) but colder for temp-

TEX86
H  (ΔT = −1.5 °C). Contrary to the observations at Cabo Frio, here the 

differences between the proxies’ estimates for alkenones and long-chain diols are 

subtle and for GDGTs is within the calibration error. It is noteworthy the SST-TEX86
H  
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of the core-top at the Rio de Janeiro is equivalent to the WOA13 annual mean 

temperature at around 20 m water depth. If here the TEX86
H  signal also represent 

temperature of sub-surface waters, like in the CFUS, the shallow thermocline off 

Rio de Janeiro might suggest a gradient of environmental conditions with distance 

from the main area of the upwelling events in the shelf.  

 

5.5.2. 
Environmental changes registered in the Rio de Janeiro and Cabo 
Frio shelves 

In the Rio de Janeiro core, from the Late Pleistocene to the mid-Holocene 

(14.3 to 7.5 cal kyr BP), lower values and a gradual increase in SST-U37
K′

, TOC and 

δ13C is observed. This period coincides with phase I (Figure 5.2), characterized by 

Lazzari et al. (2018) as a period marked by low sea level conditions, low continental 

input, medium to coarse sediments, high %Si and %Ca and predominance of dry 

climate. During the transition from the Pleistocene to the Holocene, the relative sea 

level in the Rio de Janeiro coast was about 4.5 m below the current level. After the 

transition, the sea level rose relatively fast reaching the contemporary level at 

about 7.5 cal kyr BP (Castro et al., 2014). In this core, the sand contents changed 

from 60 % to 0.25 % from the core bottom upwards (14.5 cal kyr BP to ~3.3 cal kyr 

BP), in a strong correlation with the sea level variation (Lazzari et al., 2018). 

Consistent with the predominance of sandy sediments, the low TOC contents 

during phase I of the Rio de Janeiro core could be ascribed to a stronger 

hydrodynamic system that preclude TOC accumulation and/or to a lower 

productivity regime at lower sea levels (Nagai et al., 2009). The relatively constant 

TOC-normalized contents of alkenones and isoGDGTs throughout the core (Figure 

5.2c) are noteworthy, suggesting the low stands of sea level during phase I did not 

change the general pattern of organic matter production, only its rate of 

accumulation in the sediment.  

The lower SST-U37
K′

 in the Rio de Janeiro core during the period of low sea 

level might be related to an intensified AMOC and a weaker BC during the early 

Holocene (Lessa et al., 2016 and references therein). Also, the low sea-level 

conditions may promote an offshore displacement of the BC, favoring the presence 

of colder water over the shelf (Mahiques et al., 2007). The gradual increase in SST-

U37
K′

 along phase I and the relative stability during phases II and III (Figure 5.2e) 

could be related to a return of the BC flow over the shelf with the rising of the sea 

level. Contrary to the alkenone-based temperature estimates, the TEX86
H  and LDI 
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did not exhibit significant variation during phase I in the Rio de Janeiro core, but 

the reasons for this behavior are not clear with the available information. A possible 

hypothesis for the difference between U37
K′

, TEX86
H  and LDI will be discussed in the 

next section. 

The core CF10-09A represents the sedimentation of the last 7.1 cal kyr BP 

(Figure 5.3), and therefore did not register the sea level low stand during the 

Pleistocene-Holocene transition, as observed for the core RJ13-01C. Moreover, 

the sedimentation phases from the mid-Holocene up to 1.0 cal kyr BP (core-top 

sample) present at Cabo Frio, proposed by Lessa et al. (2016) based on planktonic 

foraminifera, differ from those proposed by Lazzari et al. (2018) for the core off Rio 

de Janeiro.  

The mid-Holocene is characterized by changes in the circulation of the 

AMOC because of a weakening in the NADW in the subpolar North Atlantic (Hall 

et al., 2004; Hoogakker et al., 2011). In the Cabo Frio region, between 7.0 to 5.0 

cal kyr BP, multiple proxies (foraminifera, δ18O of carbonate shells, alkenones) 

suggested the gradual approach of the BC over the shelf with low intensity, a 

relatively stronger local oceanic circulation and high productivity linked to the mid-

shelf upwelling of the cold and nutrient enriched SACW (Nagai et al., 2009; Lessa 

et al., 2016). Accordingly, in our core a trend of increasing SST-U37
K′

 mirrored by a 

decreasing of temp-TEX86
H  can be observed, which may be the result from a 

combination between SST warming caused by the increasing TW influence on the 

shelf with deepening of the mixed layer caused by the subsurface upwelling. The 

period between 7.1 and and 4.0 presented lower SST-U37
K′

 values for Cabo Frio 

than Rio de Janeiro, which may be related to the combination of BC instabilities 

and bottom topography that would favor upwelling of nutrient rich and cold SACW 

in Cabo Frio, whereas a prevalence of warmer waters occurs in the Rio de Janeiro 

shelf (Pivel et al., 2013; Lessa et al., 2016).  

At the end of the mid-Holocene, at 4.9 cal kyr BP, an abrupt decrease in 

TOC, δ13C and SST-U37
K′

 is observed in the Rio de Janeiro core (Figure 5.2a,b,e). 

Temp-TEX86
H  and alkenone content also decreases, but at a smaller scale. 

Changes at ca 5 cal kyr BP were previously observed at Cabo Frio (Lessa et al., 

2016) and in other paleoclimate records in the South America (Mahiques et al., 

2002; Scheel-Ybert et al., 2003; Cruz et al., 2009; Nagai et al., 2009; Lazzari et al., 

2018), and are usually attributed to changes in the hydrological regime. Even 

though the displacement of ITCZ may act as an indirect cause for increasing 

humidity in southeast Brazil (Sifeddine et al., 2001; Cruz et al., 2009), it does not 
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explain our minimum TOC value at this period when an opposite trend would be 

expected. According to the sea level curve of the Rio de Janeiro coast, a maximum 

transgression occurred between 4.8 and 4.5 kyr BP (Castro et al., 2014). However, 

it is also not clear how a higher sea level would bring SST-U37
K′

, TOC and δ13C to 

expressively lower values at 4.9 cal kyr BP, especially considering that low values 

are observed during Phase I, when the lowest sea level is stablished. Besides that, 

this punctual abrupt variation is not observed in the Cabo Frio record. 

The transition from middle to late Holocene is clearly marked in the Cabo 

Frio core by abrupt variations in TOC, δ13C, BIT, SST-U37
K′

 and temp-TEX86
H  from 

4.2 to 3.8 cal kyr BP. From 5.13 to 3.71 cal kyr BP, higher SST-LDI temperatures 

and an increase in SST-U37
K′

 are observed, except for the above mentioned rapid 

decrease around 4 cal kyr BP. Lessa et al. (2016) observed a transition phase 

between 5.0 and 3.5 cal kyr BP, which the authors defined as the period when the 

BC became more intense because of a less intense AMOC, especially between 

5.0 and 4.0 cal kyr BP, resulting in higher reconstructed SST. In fact, a compilation 

of globally distributed records described the period from 4.2 to 3.8 cal kyr BP as 

having a weak NADW production and ITCZ southward migration (Mayewski et al., 

2004 and references therein). In this period, the temp-TEX86
H  kept the cooling trend 

opposite to the U37
K′

 signal, probably caused by the return of cold waters from the 

SACW in subsurface after 4.0 cal kyr BP in the Cabo Frio region (Mahiques et al., 

2005; Nagai et al., 2009, 2016; Lessa et al., 2016). In the Rio de Janeiro core, this 

transition is marked by an increase in isoGDGTs and alkenones contents between 

4.5 and 3.4 cal kyr BP, which agrees with findings of high productivity events during 

the same period reported by Lazzari et al. (2018).  

BIT values increased between 3.8 and 3.1 cal kyr BP, and again after 1.8 

cal kyr BP in the Cabo Frio record. A higher BIT may be indicative of a more humid 

period, with more precipitation leading to a higher input of soil organic material to 

the shelf. According to Lessa et al. (2016), the climate in the Cabo Frio region 

became more humid after 4.5 cal kyr BP. The seasonal displacement of the ITCZ 

promote the intensification of the SAMS and the consequent expansion of the 

tropical rainforest vegetation, conveying humidity to the southeast of Brazil trough 

the intensification of the SACZ (Gan et al., 2004; Marengo et al., 2004; Chiessi et 

al., 2009; Cruz et al., 2009; Ledru et al., 2009). Variations between dry and humid 

climate during the late Holocene were previously observed in South America and 

attributed to the SAMS fluctuations (Cruz et al., 2009; Bernal et al., 2016). The 

increase in BIT co-occurs with decrease in TOC, alkenones and isoGDGTs 
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contents, indicating a decrease in local productivity and possibly a less intense 

upwelling, which corroborates the weakening in coastal and mid-shelf upwelling 

observed by Lessa et al. (2016) between 3.5 and 2.5 cal kyr BP. Alternatively, 

variations in the terrestrial input of brGDGTs may be irrelevant and the BIT ratio is 

more affected by the crenarchaeol contents, varying in function of the autochthone 

production only (Ceccopieri et al., 2018). 

At Cabo Frio, from 3.6 to 2.1 cal kyr BP, both SST-U37
K′

 and SST-LDI 

increased until SST-U37
K′

 achieved its highest temperature of the Holocene (25.2 

°C). The warmest SST-U37
K′

 in Rio de Janeiro (25.4 °C) is observed around the 

same period, at 2.5 cal kyr BP. From 3.5 to 2.5 kyr B.P, Ingólfsson et al. (1998) 

observed conditions warmer than today in discontinuous lake sediment records 

from Antarctica and attributed them to increased southern summer insolation.  

In the Cabo Frio core, from 2.1 to 1.1 cal kyr BP, SST-U37
K′

 and SST-LDI 

decreased to temperatures more similar to the present-day SST. Temp-TEX86
H , 

however, maintained its general cooling pattern, but presented more expressive 

oscillations. According to Lessa et al. (2016), the BC reached its modern dynamics 

after 3.5 cal kyr BP, with intense flow offshore, and the interval 2.5–0.8 cal kyr BP 

(Phase V, Figure 5.3) is marked by the establishment of the current CFUS 

oceanographic condition. Evidences of stronger hydrodynamic and higher 

productivity related to an upwelling enhancement during this period has been 

recorded by other previous studies in the Cabo Frio region (Mahiques et al., 2005; 

Nagai et al., 2009, 2016). Thus, the overall cooling trend registered by all three-

organic geochemical paleotemperature proxies after 2.1 cal kyr BP is another 

strong evidence of the return of cold water from the SACW to the region. Because 

the BC strength and position became stable, the temperature oscillations after 3.5 

cal kyr BP are probably related to local action of NE winds (Lessa et al., 2016). In 

the core off Rio de Janeiro, a decreasing pattern in SST-U37
K′

 and SST-LDI was also 

observed after 2.5 cal kyr BP and again after 400 cal yr BP, which may be an 

evidence that, even though less pronounced, the upwelling also intensified in this 

region in the same period.    

Overall, the differences between the two cores are likely related to the 

different oceanographic features of each area. For instance, while the BC 

instabilities near de CFUS region favors mid-shelf and coastal SACW upwelling, 

more stable hydrodynamics are observed on the Rio de Janeiro shelf (Lessa et al., 

2016). Apart from the above-mentioned events, the distinct characteristics in terms 

of local productivity between the two regions is evident. For instance, the δ13C 
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values vary from −21.5 to −20.  ‰ at Cabo Frio, which means that the organic 

carbon comes mainly from primary production. Off Rio de Janeiro, a higher 

amplitude is observed (−2 .4 to −20.5 ‰) and values achieve a minimum of −2 .  

‰ within the same period covered by the Cabo Frio core ( .1 cal kyr BP), pointing 

to a more significant terrestrial influence in this area, especially at lower sea level 

conditions.  

As the paleotemperature proxies are based on lipid compounds produced 

by primary producers, differences in the provenance of autochthone and 

allochthone material can be intimately connected to the organism’s production. In 

fact, the contents of alkenones in Cabo Frio (mean value of 194 ± 30 µg gTOC−1) 

are almost three times higher than in Rio de Janeiro (mean value of 75 ± 15 

µg gTOC−1), which may be related to the local more eutrophic conditions caused 

by SACW upwelling. In contrast, contents of isoGDGTs are on the same order for 

the two regions, suggesting that Thaumarchaeota production is less affected by 

the BC instabilities in the Cabo Frio region, while Emiliania huxleyi production might 

be favored.  

 

5.5.3.  

Comparison between 𝐔𝟑𝟕
𝐊′

, 𝐓𝐄𝐗𝟖𝟔
𝐇  and LDI records 

Differences between U37
K′

, TEX86
H  and LDI are evident in both sediment cores 

throughout the entire Holocene period and possibly resulted from the physiological 

differences of the source organisms and how each of them responds to the local 

environmental changes (Lopes dos Santos et al., 2013; Becker et al., 2015; 

Rodrigo-Gámiz et al., 2015; Jonas et al., 2017). For some periods, the difference 

between the SST estimates are within the calibration errors of the proxies (Müller 

et al., 1998; Kim et al., 2010; Rampen et al., 2012). However, the discrepancies 

between the proxies are not always systematic, as they vary differently along the 

analyzed period, and sometimes are higher than the calibration error, which 

suggest they may also result from the local water column structure or seasonality 

of the source organisms. 

Because TEX86
H  probably reflect subsurface water temperatures instead of 

SST (e.g. Huguet et al., 2007a; Lee et al., 2008; Lopes dos Santos et al., 2010; 

Kim et al., 2012; Chen et al., 2014), temp-TEX86
H  is lower than SST-U37

K′
 and SST-

LDI during the entire Holocene period in both cores. In the Rio de Janeiro shelf 

waters, temp-TEX86
H  can be up to 4.1 °C colder than SST-U37

K′
 and SST-LDI. At 

Cabo Frio, temp-TEX86
H  can be up to 3.9 °C colder than SST-U37

K′
 and up to 4.7 °C 
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colder than SST-LDI. Oscillations in temp-TEX86
H  are possibly related to variations 

in the thermocline position and the consequent vertical migration of 

Thaumarchaeota (Lopes dos Santos et al., 2013; Jonas et al., 2017).  

The difference between U37
K′

 and TEX86
H  signals is small in the late 

Pleistocene and gradually increases until ca 7.5 cal kyr BP in Rio the Janeiro. The 

same happens at Cabo Frio from 7.1 to ca 3.5 cal kyr BP. The earlier compatibility 

between the two proxies could be ascribed to a possible upward migration of 

pelagic Thaumarchaeota to habitat depths closer to the phototrophic haptophytes 

caused by a thermocline shoaling combined to a weaker and more offshore BC 

and a consequent reduction in export of warm surface waters to the study region 

(Jonas et al., 2017). A subsequent gradual approximation of the BC to the coast 

may have increased the TW influence and, consequently, the local SST, which 

may explain the SST-U37
K′

 becoming warmer, whereas the temp-TEX86
H  remained 

colder because of a preferential depth habitats of Thaumarchaeota below the 

thermocline (Huguet et al., 2007a; Lee et al., 2008; Lopes dos Santos et al., 2010; 

Kim et al., 2012; Chen et al., 2014).  

 SST-LDI were warmer and less variable throughout the entire Holocene, 

except for two periods of abrupt cooling at 6.0 and 5.7 cal kyr BP at Cabo Frio. The 

expressive disagreement between SST-U37
K′

 and SST-LDI before 7.5 cal kyr BP off 

Rio de Janeiro and before 3.5 cal kyr BP at Cabo Frio is probably related to 

differences in the seasonality of production of haptophytes and eustigmatophytes 

(Lopes dos Santos et al., 2013; Becker et al., 2015; Rodrigo-Gámiz et al., 2015; 

Jonas et al., 2017). Warm bias in SST-LDI was also observed in previous studies 

(Lopes dos Santos et al., 2013; Becker et al., 2015; Rodrigo-Gámiz et al., 2015; 

Jonas et al., 2017) and the authors related this to a maximum productivity of 

eustigmatophytes algae during summer. In fact, when analyzing globally 

distributed core-top sediments, Rampen et al. (2012) observed a higher correlation 

between LDI and late summer and early autumn temperatures, suggesting a 

preferential production of the source organisms during the warmest months. 

Notwithstanding, the correlation between LDI and temperature, the exact biological 

source and its physiology still requires further investigation (Rampen et al., 2012). 

U37
K′

 seems to be the only organic paleotemperature proxy that responds to 

changes in upper water column hydrography triggered by changes in sea level in 

our study area. It is also the one that better correlates with the SST reconstructed 

from Globigerinoides ruber Mg/Ca on the outer shelf of Cabo Frio (Lessa et al., 

2016). From a global compilation of sediment trap data, Rosell-Melé and Prahl 
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(2013) observed that the U37
K′

 in some locations may be seasonally biased, but 

sedimentary U37
K′

 most significantly correspond to the annual mean SST. This may 

suggest that, even though all three proxies are providing valuable information 

about the local processes, U37
K′

 may be the more reliable in reconstructing the local 

annual mean SST. 

 

5.6. 
Conclusions 

The core-top estimates of SST-U37
K′

 and SST-LDI agree with the modern 

annual mean SST in both Cabo Frio and Rio de Janeiro records. Temp-TEX86
H , 

however, presented colder bias, especially at Cabo Frio, probably reflecting the 

peak upwelling events and/or a preferential subsurface habitat for 

Thaumarchaeota. 

The reconstructed paleotemperature from U37
K′

, TEX86
H  and LDI proxies in 

the Rio de Janeiro and Cabo Frio shelves presented variations that agree with 

previous paleoclimate studies in the region. A distinct period from the Late 

Pleistocene to 7.5 cal kyr BP is observed on the Rio de Janeiro shelf, where lower 

values of SST-U37
K′

, TOC and δ13C are found and gradually increase, influenced by 

the gradual increase in sea level and the approach of the BC. In the Cabo Frio 

shelf, the transition between mid- and late Holocene is well marked by the proxy-

based reconstructed temperatures. After ca 4.0 cal kyr BP, warmer SST-U37
K′

 in 

both cores coincides with a more intense BC activity. A decrease in U37
K′

-SST and 

SST-LDI after ca 2.5 cal kyr BP is possibly related to the return of cold water from 

the SACW to the region and the establishment of the current CFUS oceanographic 

condition. 

Differences between Rio de Janeiro and Cabo Frio are probably related to 

the local BC instabilities near de CFUS region, which favors SACW upwelling, 

while more stable hydrodynamics are observed on the Rio de Janeiro shelf. But, 

overall, for the entire covered period in both cores, SST-LDI was warmer, SST-

TEX86
H  was clearly biased towards subsurface temperatures and SST-U37

K′
 was 

more affected by the sea level variation and/or the BC flow over the shelf. 

Oscillations in TEX86
H  are possibly be related to variations in the thermocline depth. 

The differences between the three SST proxies are derived from a combination of 

thermal and non-thermal parameters, which provided more insights about the local 

paleoceanographic changes, such as variation in the sea level, thermocline depth, 
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BC flow and upwelling enhancement during the Holocene period in the south-

eastern Brazilian margin. 
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Chapter 6 
 onc u ion  

The application of three-existing organic-geochemical SST proxies was 

investigated in modern and past marine sediments from the south-eastern 

Brazilian continental margin. When testing the applicability of alkenone- and 

GDGT-based temperature proxies in the Campos Basin, our results showed a 

strong correlation between the U37
K′

 and TEX86
H  with annual mean SST. In more 

detail, the temp-TEX86
H  using the surface calibration (Kim et al., 2010) reflects the 

surface mixed layer, while the subsurface temp-TEX86
H  using the depth-integrated 

calibration for 0-200 m (Kim et al., 2012) agrees with the observed depth-integrated 

temperatures at 100-200 m. In relation to the alkenone’s seasonal calibrations, 

SST-U37
K′

 shows a better agreement with SST-WOA13 for winter, which may be 

related to a higher production of haptophytes in the region during this period. 

However, both TEX86
H  and U37

K′
 proxies can be biased towards colder temperatures 

inside or near the CFUS region. The first occurs on the inner shelf and is probably 

caused by the coastal upwelling that increases the fertilization and primary 

production leading to a maximum export and/or a predominant subsurface habitat 

of Thaumarcheota in comparison to the oligotrophic adjacent waters. The second 

occurs in the mid and outer shelf and may be caused by pre- or post-depositional 

lateral transport, but further investigation regarding the advected material’s origin 

is needed. These biases must be considered when applying TEX86
H  and U37

K′
 in 

sediment records in the same study area. 

Higher contents of soil brGDGTs were observed in the inner shelf, with a 

gradual decrease towards the open ocean, which confirms the Paraíba do Sul 

River as the main terrigenous source to the Campos Basin. However, no trend in 

the BIT index from coast to open ocean was observed, which possibly indicates 

that the proxy is more influenced by crenarchaeol contents rather than the 

brGDGTs content in the region. The spatial distribution of the brGDGTs points to 

the occurrence of selective degradation and in situ production that compromise the 

use of brGDGTs to reconstruct the soil pH and MAAT of the nearby land area. The 

selective degradation increases with distance from the coast and seems to affect 

the MAAT more strongly than the pH estimates. The in situ production of brGDGTs 
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is less clear, but seems to occur in the mid and outer shelf overestimating both pH 

and MAAT. For a better evaluation of the possible in situ production, the separation 

of the 5 and 6-methyl isomers should be pursued. Notwithstanding, these results 

agree with previous observation that the MBT/CBT proxy should only be applied in 

marine sediments with a relatively high contribution of terrigenous OM. Analyses 

of soil samples from the main source river’s catchment could improve the 

understanding of the brGDGTs sources and distribution in the studied region. 

The paleotemperature reconstructed from U37
K′

, TEX86
H  and LDI and the bulk 

parameters analyzed in the Cabo Frio and Rio de Janeiro shelves for the past 14.5 

kyrs agreed with several paleoclimatic events described in the region. In the Rio 

de Janeiro shelf, a distinct phase where SST-U37
K′

, TOC and δ13C values gradually 

increase from Late Pleistocene to 7.5 cal kyr BP is consistent with the gradual 

increase of sea level within the same period. In the Cabo Frio shelf, the transition 

between mid- and late Holocene is well marked by warmer SST-U37
K′

 and SST-LDI 

that coincides with a more intense BC activity. A decrease in reconstructed 

temperatures after ca 2.5 cal kyr BP on both the Cabo Frio and Rio de Janeiro 

shelves is probably related to a well stablished upwelling enhancement during this 

period. 

Differences between Rio de Janeiro and Cabo Frio are probably related to 

the local BC instabilities near de CFUS region, while more stable hydrodynamics 

are observed on the Rio de Janeiro shelf. The differences among the SST proxies 

within a single core were also clearly observed. In general, SST-LDI was warmer, 

SST-TEX86
H  was colder and SST-U37

K′
 gradually increase throughout the Holocene, 

which means that the U37
K′

 is probably more affected by the oceanographic changes 

during the Holocene period, such as sea level variations and BC approach over 

the shelf. These discrepancies between the SST proxies’ are attributed to local 

oceanographic parameters other than temperature combined with the seasonality 

and depth habitat of the source organisms. 

In summary, our surface sediments data provide information on the 

applicability of U37
K′

 and TEX86
H  proxies in the Campos Basin and the limitations that 

must be considered in future research studies in the region, and our downcore 

records emphasizes the relevance of a multi-proxy approach (U37
K′

, TEX86
H  and LDI) 

to bring more insights about local environmental changes in two distinct 

oceanographic settings, leading to a better understanding of the paleoclimatic 

changes during the Holocene in the south-eastern Brazilian margin. 
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Table S3.1: Results of each analyzed isoGDGT and alkenone per gram of TOC 

(µg gTOC-1) in the sediment core RJ13-01C (n.d. = not determined). 

Station 

(0-2 cm) 
GDGT-0 GDGT-1 GDGT-2 GDGT-3 cren cren’ C37:2 C37:3 

A01 82.44 12.27 7.16 3.01 105.50 1.94 77.13 14.66 

A02 82.23 14.98 9.18 3.03 95.45 2.76 95.16 15.90 

A03 50.33 10.52 6.75 2.02 63.27 2.17 111.35 18.08 

A04 68.53 13.67 8.60 3.59 84.26 4.42 119.79 19.64 

A05 38.77 11.14 9.98 2.54 59.85 3.41 281.16 38.36 

A06 69.39 17.87 16.11 3.92 100.27 7.53 172.96 20.17 

A07 50.11 11.78 12.76 2.35 73.42 6.30 175.40 27.21 

A08 53.92 12.89 13.00 2.91 76.81 6.91 122.53 14.08 

A09 34.64 8.96 9.15 1.62 47.53 3.97 193.84 19.76 

A10 26.78 7.06 7.50 1.25 35.34 3.37 54.42 5.29 

A11 31.31 8.55 9.37 1.38 40.11 4.10 42.42 4.43 

A12 33.79 10.17 11.12 1.32 41.61 4.77 40.48 3.48 

B1 45.51 8.51 5.07 1.86 63.92 1.24 n.d. n.d. 

B2 88.28 16.53 11.21 3.39 106.72 2.84 n.d. n.d. 

B3 45.28 10.24 7.99 2.27 70.39 3.07 n.d. n.d. 

B4 18.49 5.62 5.58 1.66 33.96 1.96 n.d. n.d. 

B5 17.07 5.33 5.49 1.67 32.10 1.83 n.d. n.d. 

B6 34.49 8.83 8.57 2.15 53.52 3.48 n.d. n.d. 

B7 35.86 8.78 8.34 2.01 53.15 3.65 n.d. n.d. 

B8 41.39 10.59 11.07 2.40 60.96 4.74 n.d. n.d. 

B9 30.63 8.11 9.26 1.76 43.88 3.96 n.d. n.d. 

B10 14.36 3.62 4.34 0.68 20.90 1.95 n.d. n.d. 

B11 22.66 5.45 7.34 1.08 33.58 3.37 n.d. n.d. 

B12 25.16 6.40 8.91 1.04 38.42 3.91 n.d. n.d. 

G03 43.82 14.14 12.64 3.86 78.31 4.06 69.75 5.32 

G04 43.64 14.43 13.17 3.93 70.90 4.54 n.d. n.d. 

G05 33.85 11.17 9.95 3.07 56.07 3.78 70.36 5.68 

G07 42.92 11.27 10.22 2.36 59.67 4.22 180.42 17.26 

G08 36.88 9.37 9.92 1.99 50.35 4.73 91.34 10.21 

G09 32.16 7.62 7.76 1.44 42.19 3.41 115.95 10.95 

G10 16.00 4.60 4.64 0.81 25.66 2.10 80.96 7.51 

G11 25.78 5.99 8.16 1.04 33.27 3.38 26.72 1.90 

G12 31.35 6.84 5.76 0.81 39.71 3.24 14.40 0.96 

H1a n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
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Station 

(0-2 cm) 
GDGT-0 GDGT-1 GDGT-2 GDGT-3 cren cren’ C37:2 C37:3 

H2 94.41 24.42 27.62 5.16 153.37 13.69 n.d. n.d. 

H3 24.52 7.58 7.03 2.21 53.25 2.44 n.d. n.d. 

H4 20.49 5.88 6.10 1.93 42.25 2.04 n.d. n.d. 

H5 26.41 6.92 6.87 2.08 51.58 2.56 n.d. n.d. 

H6 27.28 7.25 7.77 1.95 48.66 3.39 n.d. n.d. 

H7 23.74 5.72 6.73 1.45 38.85 3.12 n.d. n.d. 

H10 13.62 3.47 4.06 0.60 20.85 1.86 n.d. n.d. 

H11 14.95 3.69 5.09 0.70 22.51 2.20 n.d. n.d. 

H12 1.52 0.55 0.59 0.17 4.39 0.16 n.d. n.d. 

I02 26.06 7.35 6.79 2.94 53.05 2.33 43.14 3.07 

I04 23.69 6.46 6.60 2.32 46.67 2.28 41.89 3.14 

I05 34.58 9.44 9.12 3.12 69.07 3.40 83.61 7.60 

I06 46.37 14.46 12.12 3.61 69.28 5.14 90.99 7.23 

I07 42.82 9.98 9.93 2.59 57.59 4.39 134.80 10.78 

I08 35.16 8.88 9.37 1.70 54.48 4.31 117.31 11.80 

I09 30.30 7.46 7.25 1.46 40.92 3.70 91.00 8.72 

I10 18.47 4.70 5.46 0.78 26.17 2.46 48.29 4.11 

I11 33.65 9.18 10.78 1.49 44.68 4.66 35.80 2.26 

I12 64.01 14.77 17.07 1.91 85.53 5.68 27.63 1.57 

aThe isoGDGTs normalized by the TOC were not determined in sample H1 because the TOC content 

of this sample was below quantification limit. 
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Table S3.2 : Instrumental annual mean and seasonal temperatures (from 1955 to 2012) corresponding to the nearest interpolated 0.25º gridbox obtained from 

the WOA13 (n.a. = not available). 

Station annual mean SST (°C) summer SST (°C) autumn SST (°C) winter SST (°C) spring SST (°C) 

annual mean 

depth-integrated 

(0-200 m, °C) 

annual mean 

depth-integrated 

(100-150 m, °C) 

annual mean 

depth-integrated 

(100-200 m, °C) 

A01 22.93 23.96 23.34 21.88 22.55 19.95 n.a. n.a. 

A02 22.93 23.96 23.34 21.88 22.55 19.95 n.a. n.a. 

A03 23.36 24.54 23.77 22.11 23.02 19.78 16.65 16.65 

A04 23.36 24.54 23.77 22.11 23.02 19.78 16.65 16.65 

A05 24.24 25.74 24.75 22.67 23.81 20.93 18.71 18.71 

A06 24.24 25.74 24.75 22.67 23.81 20.93 18.71 18.71 

A07 24.24 25.74 24.75 22.67 23.81 20.93 18.71 18.71 

A08 24.24 25.74 24.75 22.67 23.81 20.93 18.71 18.71 

A09 24.43 26.00 24.94 22.80 23.97 20.42 19.27 18.33 

A10 24.57 26.26 25.13 22.84 24.07 20.84 19.71 18.73 

A11 24.79 26.72 25.35 22.90 24.17 21.48 20.46 19.41 

A12 24.88 27.15 25.36 22.90 24.10 21.97 21.07 19.97 

B1 22.69 23.60 23.09 21.80 22.27 21.20 n.a. n.a. 

B2 22.69 23.60 23.09 21.80 22.27 21.20 n.a. n.a. 

B3 23.37 24.48 23.80 22.24 22.96 20.59 n.a. n.a. 

B4 24.03 25.35 24.52 22.66 23.59 21.41 18.90 18.90 

B5 24.03 25.35 24.52 22.66 23.59 21.41 18.90 18.90 

B6 24.33 25.74 24.84 22.90 23.84 20.50 19.54 18.71 

B7 24.33 25.74 24.84 22.90 23.84 20.50 19.54 18.71 

B8 24.33 25.74 24.84 22.90 23.84 20.50 19.54 18.71 
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Station annual mean SST (°C) summer SST (°C) autumn SST (°C) winter SST (°C) spring SST (°C) 

annual mean 

depth-integrated 

(0-200 m, °C) 

annual mean 

depth-integrated 

(100-150 m, °C) 

annual mean 

depth-integrated 

(100-200 m, °C) 

B9 24.49 26.03 25.01 22.92 24.00 20.65 19.59 18.68 

B10 24.49 26.03 25.01 22.92 24.00 20.65 19.59 18.68 

B11 24.70 26.34 25.24 23.07 24.15 21.11 20.04 19.11 

B12 25.02 27.12 25.59 23.08 24.29 22.02 21.12 20.01 

G03 24.87 26.39 25.46 23.57 24.06 23.25 19.82 19.82 

G04 24.87 26.39 25.46 23.57 24.06 23.25 19.82 19.82 

G05 24.87 26.39 25.46 23.57 24.06 23.25 19.82 19.82 

G07 25.08 26.72 25.71 23.66 24.26 21.94 21.09 20.00 

G08 25.08 26.72 25.71 23.66 24.26 21.94 21.09 20.00 

G09 25.08 26.72 25.71 23.66 24.26 21.94 21.09 20.00 

G10 25.25 27.00 25.91 23.73 24.36 22.13 21.27 20.10 

G11 25.47 27.37 26.20 23.76 24.56 22.58 21.78 20.58 

G12 25.56 27.54 26.33 23.71 24.68 22.83 22.09 20.90 

H1 24.38 25.69 24.86 23.39 23.59 23.95 n.a. n.a. 

H2 24.68 26.14 25.18 23.53 23.86 24.28 n.a. n.a. 

H3 24.94 26.52 25.45 23.66 24.14 21.47 20.82 19.56 

H4 24.94 26.52 25.45 23.66 24.14 21.47 20.82 19.56 

H5 24.94 26.52 25.45 23.66 24.14 21.47 20.82 19.56 

H6 24.94 26.52 25.45 23.66 24.14 21.47 20.82 19.56 

H7 24.94 26.52 25.45 23.66 24.14 21.47 20.82 19.56 

H10 25.33 27.09 25.93 23.84 24.46 21.99 21.09 19.83 

H11 25.54 27.41 26.20 23.89 24.67 22.47 21.57 20.32 
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Station annual mean SST (°C) summer SST (°C) autumn SST (°C) winter SST (°C) spring SST (°C) 

annual mean 

depth-integrated 

(0-200 m, °C) 

annual mean 

depth-integrated 

(100-150 m, °C) 

annual mean 

depth-integrated 

(100-200 m, °C) 

I02 24.76 26.29 25.25 23.57 23.92 24.47 n.a. n.a. 

I04 24.90 26.50 25.38 23.64 24.07 24.63 n.a. n.a. 

I05 24.76 26.29 25.25 23.57 23.92 24.47 n.a. n.a. 

I06 24.90 26.50 25.38 23.64 24.07 24.63 n.a. n.a. 

I07 25.14 26.80 25.63 23.77 24.35 21.45 20.63 19.43 

I08 25.14 26.80 25.63 23.77 24.35 21.45 20.63 19.43 

I09 25.14 26.80 25.63 23.77 24.35 21.45 20.63 19.43 

I10 25.47 27.22 25.99 23.96 24.70 21.80 20.66 19.36 

I11 25.65 27.45 26.27 24.02 24.86 22.24 21.16 19.86 

I12 25.72 27.53 26.43 23.95 24.98 22.61 21.72 20.41 
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Table S3.3: SST-U37
K′

 and temp-TEX86
H  estimates (n.d. = not determined).  

  SST-UK'
37 Temp-TEX86

H 

Station 
annual mean South 

Atlantic (0 m, °C)a 

summer South 

Atlantic (0-10 m, °C)a 

autumn South 

Atlantic (0-10 m, °C)a 

winter South Atlantic 

(0-10 m, °C)a 

spring South Atlantic 

(0-10 m, °C)a 

global calibration 

(0m, °C)b 

global calibration 

(0-200 m, °C)c 

A01 23.37 25.30 24.53 20.92 22.46 17.82 14.08 

A02 23.87 25.83 25.06 21.41 22.96 18.00 14.23 

A03 23.98 25.95 25.17 21.51 23.07 18.58 14.69 

A04 23.94 25.91 25.13 21.47 23.03 20.75 16.43 

A05 24.57 26.58 25.80 22.09 23.66 22.84 18.10 

A06 25.05 27.08 26.31 22.55 24.14 23.76 18.83 

A07 24.14 26.12 25.35 21.67 23.23 25.57 20.28 

A08 25.09 27.13 26.35 22.59 24.18 25.29 20.06 

A09 25.41 27.47 26.69 22.90 24.50 24.49 19.42 

A10 25.53 27.59 26.82 23.01 24.62 24.96 19.79 

A11 25.35 27.40 26.63 22.84 24.44 25.10 19.90 

A12 25.81 27.90 27.12 23.29 24.90 24.81 19.67 

B1 21.74 23.56 22.79 19.34 20.83 17.41 13.75 

B2 n.d. n.d. n.d. n.d. n.d. 18.80 14.87 

B3 20.90 22.67 21.89 18.52 19.99 21.66 17.15 

B4 21.92 23.76 22.98 19.52 21.02 24.45 19.38 

B5 19.95 21.66 20.89 17.60 19.04 24.76 19.63 

B6 21.55 23.36 22.59 19.15 20.64 24.24 19.21 

B7 23.23 25.15 24.38 20.79 22.32 24.15 19.14 

B8 23.26 25.18 24.40 20.81 22.35 24.99 19.82 

B9 22.40 24.26 23.49 19.97 21.49 25.74 20.42 
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  SST-UK'
37 Temp-TEX86

H 

Station 
annual mean South 

Atlantic (0 m, °C)a 

summer South 

Atlantic (0-10 m, °C)a 

autumn South 

Atlantic (0-10 m, °C)a 

winter South Atlantic 

(0-10 m, °C)a 

spring South Atlantic 

(0-10 m, °C)a 

global calibration 

(0m, °C)b 

global calibration 

(0-200 m, °C)c 

B10 19.19 20.85 20.07 16.86 18.28 26.18 20.77 

B11 25.00 27.04 26.26 22.50 24.09 27.31 21.67 

B12 n.d. n.d. n.d. n.d. n.d. 27.33 21.69 

G03 26.07 28.17 27.39 23.53 25.16 23.06 18.27 

G04 n.d. n.d. n.d. n.d. n.d. 23.42 18.56 

G05 25.95 28.04 27.27 23.42 25.04 23.45 18.58 

G07 25.57 27.64 26.86 23.05 24.66 23.35 18.50 

G08 25.16 27.21 26.43 22.66 24.25 25.33 20.09 

G09 25.60 27.67 26.89 23.08 24.69 24.56 19.47 

G10 25.64 27.71 26.94 23.12 24.73 24.47 19.40 

G11 26.20 28.31 27.53 23.66 25.29 27.03 21.45 

G12 26.32 28.44 27.67 23.78 25.41 22.88 18.13 

H1 24.98 27.01 26.24 22.48 24.07 25.79 20.46 

H2 25.03 27.07 26.29 22.53 24.12 26.05 20.67 

H3 24.04 26.01 25.23 21.57 23.13 23.74 18.82 

H4 23.69 25.64 24.86 21.23 22.78 24.93 19.77 

H5 24.81 26.83 26.06 22.32 23.90 24.62 19.52 

H6 25.21 27.26 26.49 22.71 24.31 25.52 20.24 

H7 25.17 27.21 26.44 22.66 24.26 26.43 20.96 

H10 25.48 27.54 26.77 22.97 24.57 25.93 20.57 

H11 25.67 27.75 26.97 23.15 24.76 27.34 21.70 

I02 26.20 28.31 27.53 23.66 25.29 24.47 19.40 
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  SST-UK'
37 Temp-TEX86

H 

Station 
annual mean South 

Atlantic (0 m, °C)a 

summer South 

Atlantic (0-10 m, °C)a 

autumn South 

Atlantic (0-10 m, °C)a 

winter South Atlantic 

(0-10 m, °C)a 

spring South Atlantic 

(0-10 m, °C)a 

global calibration 

(0m, °C)b 

global calibration 

(0-200 m, °C)c 

I04 26.10 28.20 27.43 23.57 25.19 25.07 19.88 

I05 25.69 27.76 26.99 23.17 24.78 24.56 19.47 

I06 25.98 28.08 27.30 23.45 25.07 22.97 18.20 

I07 25.97 28.06 27.29 23.44 25.06 24.82 19.68 

I08 25.44 27.50 26.73 22.93 24.53 25.07 19.88 

I09 25.56 27.63 26.86 23.05 24.65 24.61 19.51 

I10 25.84 27.92 27.15 23.31 24.93 25.77 20.44 

I11 26.41 28.54 27.76 23.87 25.51 25.73 20.41 

I12 26.59 28.72 27.95 24.04 25.68 24.66 19.55 

a SST-U37
K′

 calculated with the calibrations of Müller et al. (1998). 

b Temp-TEX86
H  calculated with the surface calibration of Kim et al. (2010). 

c Temp-TEX86
H  calculated with the subsurface calibration of Kim et al. (2012). 
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Table S3.4: SST-U37
K′

 and temp-TEX86
H  estimates minus instrumental temperatures from the WOA13 (nd = not determined). 

  SST-UK'
37 minus SST-WOA13a Temp-TEX86

H minus temp-WOA13b 

Station 

annual mean 

South Atlantic 

(0 m) minus 

annual mean 

SST (°C)  

summer South 

Atlantic (0-10 

m) minus 

summer SST 

(°C) 

autumn South 

Atlantic (0-10 

m) minus 

autumn SST 

(°C) 

winter South 

Atlantic (0-10 

m) minus 

winter SST 

(°C) 

spring South 

Atlantic (0-10 

m) minus 

spring SST 

(°C) 

global 

calibration 

(0m) minus 

annual mean 

SST (°C) 

global calibration 

(0-200 m) minus 

annual mean 

depth integrated 

(0-200 m, °C) 

global calibration 

(0-200 m) minus 

annual mean 

depth integrated 

(100-150 m, °C) 

global calibration 

(0-200 m) minus 

annual mean 

depth integrated 

(100-200 m, °C) 

A01 0.44 1.34 1.19 -0.96 -0.09 -5.12 -5.87 n.d. n.d. 

A02 0.94 1.87 1.72 -0.47 0.41 -4.93 -5.72 n.d. n.d. 

A03 0.62 1.40 1.40 -0.60 0.05 -4.78 -5.09 -1.95 -1.95 

A04 0.58 1.37 1.36 -0.64 0.02 -2.61 -3.35 -0.22 -0.22 

A05 0.34 0.84 1.06 -0.58 -0.14 -1.40 -2.83 -0.61 -0.61 

A06 0.81 1.35 1.56 -0.12 0.33 -0.48 -2.10 0.12 0.12 

A07 -0.10 0.39 0.60 -1.00 -0.57 1.34 -0.65 1.57 1.57 

A08 0.85 1.39 1.61 -0.08 0.37 1.05 -0.88 1.35 1.35 

A09 0.98 1.46 1.75 0.10 0.53 0.07 -1.01 0.14 1.09 

A10 0.95 1.33 1.69 0.18 0.55 0.39 -1.05 0.08 1.06 

A11 0.56 0.68 1.28 -0.07 0.27 0.31 -1.58 -0.56 0.49 

A12 0.93 0.75 1.76 0.38 0.80 -0.07 -2.30 -1.40 -0.30 

B1 -0.95 -0.04 -0.31 -2.47 -1.44 -5.28 -7.45 n.d. n.d. 

B2 n.d. n.d. n.d. n.d. n.d. -3.89 -6.34 n.d. n.d. 

B3 -2.47 -1.81 -1.91 -3.73 -2.97 -1.71 -3.43 n.d. n.d. 

B4 -2.10 -1.59 -1.53 -3.14 -2.57 0.42 -2.03 0.48 0.48 

B5 -4.07 -3.69 -3.63 -5.06 -4.54 0.73 -1.78 0.73 0.73 

B6 -2.78 -2.37 -2.25 -3.74 -3.19 -0.09 -1.28 -0.33 0.50 
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  SST-UK'
37 minus SST-WOA13a Temp-TEX86

H minus temp-WOA13b 

Station 

annual mean 

South Atlantic 

(0 m) minus 

annual mean 

SST (°C)  

summer South 

Atlantic (0-10 

m) minus 

summer SST 

(°C) 

autumn South 

Atlantic (0-10 

m) minus 

autumn SST 

(°C) 

winter South 

Atlantic (0-10 

m) minus 

winter SST 

(°C) 

spring South 

Atlantic (0-10 

m) minus 

spring SST 

(°C) 

global 

calibration 

(0m) minus 

annual mean 

SST (°C) 

global calibration 

(0-200 m) minus 

annual mean 

depth integrated 

(0-200 m, °C) 

global calibration 

(0-200 m) minus 

annual mean 

depth integrated 

(100-150 m, °C) 

global calibration 

(0-200 m) minus 

annual mean 

depth integrated 

(100-200 m, °C) 

B7 -1.09 -0.58 -0.46 -2.11 -1.51 -0.18 -1.36 -0.40 0.43 

B8 -1.07 -0.56 -0.44 -2.09 -1.49 0.66 -0.68 0.27 1.10 

B9 -2.09 -1.77 -1.52 -2.94 -2.51 1.25 -0.23 0.83 1.73 

B10 -5.30 -5.18 -4.94 -6.06 -5.71 1.69 0.12 1.18 2.09 

B11 0.30 0.69 1.02 -0.56 -0.06 2.61 0.57 1.63 2.57 

B12 n.d. n.d. n.d. n.d. n.d. 2.31 -0.33 0.57 1.68 

G03 1.19 1.78 1.93 -0.04 1.10 -1.81 -4.98 -1.55 -1.55 

G04 n.d. n.d. n.d. n.d. n.d. -1.45 -4.68 -1.26 -1.26 

G05 1.08 1.65 1.81 -0.15 0.98 -1.42 -4.67 -1.24 -1.24 

G07 0.48 0.92 1.16 -0.61 0.40 -1.74 -3.44 -2.59 -1.50 

G08 0.08 0.49 0.73 -1.00 0.00 0.25 -1.85 -1.00 0.09 

G09 0.51 0.95 1.19 -0.58 0.43 -0.52 -2.47 -1.62 -0.53 

G10 0.39 0.71 1.03 -0.61 0.37 -0.78 -2.72 -1.87 -0.70 

G11 0.73 0.94 1.33 -0.10 0.73 1.56 -1.13 -0.33 0.87 

G12 0.76 0.90 1.34 0.07 0.73 -2.68 -4.69 -3.96 -2.77 

H1 0.60 1.32 1.38 -0.91 0.48 1.41 -3.49 n.d. n.d. 

H2 0.36 0.93 1.11 -1.00 0.26 1.38 -3.61 n.d. n.d. 

H3 -0.90 -0.51 -0.22 -2.09 -1.01 -1.20 -2.65 -2.00 -0.74 

H4 -1.25 -0.88 -0.59 -2.43 -1.36 -0.01 -1.69 -1.04 0.21 
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  SST-UK'
37 minus SST-WOA13a Temp-TEX86

H minus temp-WOA13b 

Station 

annual mean 

South Atlantic 

(0 m) minus 

annual mean 

SST (°C)  

summer South 

Atlantic (0-10 

m) minus 

summer SST 

(°C) 

autumn South 

Atlantic (0-10 

m) minus 

autumn SST 

(°C) 

winter South 

Atlantic (0-10 

m) minus 

winter SST 

(°C) 

spring South 

Atlantic (0-10 

m) minus 

spring SST 

(°C) 

global 

calibration 

(0m) minus 

annual mean 

SST (°C) 

global calibration 

(0-200 m) minus 

annual mean 

depth integrated 

(0-200 m, °C) 

global calibration 

(0-200 m) minus 

annual mean 

depth integrated 

(100-150 m, °C) 

global calibration 

(0-200 m) minus 

annual mean 

depth integrated 

(100-200 m, °C) 

H5 -0.13 0.31 0.60 -1.34 -0.24 -0.32 -1.94 -1.29 -0.04 

H6 0.27 0.74 1.03 -0.95 0.17 0.57 -1.23 -0.58 0.68 

H7 0.23 0.70 0.99 -0.99 0.12 1.49 -0.50 0.15 1.40 

H10 0.15 0.45 0.84 -0.87 0.11 0.60 -1.43 -0.52 0.73 

H11 0.13 0.33 0.77 -0.74 0.10 1.80 -0.77 0.13 1.37 

I02 1.44 2.02 2.29 0.10 1.37 -0.29 -5.07 n.d. n.d. 

I04 1.20 1.70 2.04 -0.07 1.12 0.18 -4.74 n.d. n.d. 

I05 0.93 1.47 1.74 -0.40 0.86 -0.19 -5.00 n.d. n.d. 

I06 1.08 1.58 1.92 -0.19 1.01 -1.93 -6.43 n.d. n.d. 

I07 0.83 1.27 1.66 -0.33 0.71 -0.32 -1.76 -0.95 0.25 

I08 0.30 0.71 1.10 -0.84 0.18 -0.07 -1.57 -0.75 0.45 

I09 0.43 0.84 1.23 -0.73 0.30 -0.53 -1.93 -1.12 0.08 

I10 0.37 0.70 1.16 -0.64 0.23 0.30 -1.36 -0.22 1.08 

I11 0.76 1.09 1.49 -0.14 0.64 0.08 -1.83 -0.76 0.54 

I12 0.86 1.19 1.51 0.09 0.69 -1.06 -3.06 -2.17 -0.86 

a SST-U37
K′

 calculated with the calibrations of Müller et al. (1998). 

b Temp-TEX86
H  calculated with the surface calibration of Kim et al. (2010) and subsurface calibration of Kim et al. (2012). 
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Table S3.5: Alkenone- and GDGT-based estimates from different calibrations minus instrumental temperatures from the WOA13 (n.d. = not determined). 

  Alkenone-based estimates minus annual mean SST-WOA13 GDGT-based estimates minus anual mean SST-WOA13 

Station 

Muller et al. (1998) 

– Southeastern 

Atlantic 

Muller et al. (1998) 

– Global 

Conte et al. 

(2006) 

Tierney and 

Tingley (2018) 

Schouten et 

al. (2002) 

Kim et al. 

(2008) 

Liu et al. 

(2009) 

Kim et al. 

(2010) -TEX86
H  

Kim et al. 

(2010) -TEX86
𝐿  

Tierney and 

Tingley (2014) 

A01 0.44 1.20 0.84 -0.95 -8.48 -5.80 -5.81 -5.12 -9.50 -7.75 

A02 0.94 1.70 1.33 -0.38 -8.28 -5.62 -5.60 -4.93 -7.86 -7.56 

A03 0.62 1.38 1.01 -0.70 -8.04 -5.49 -5.39 -4.78 -7.24 -7.38 

A04 0.58 1.34 0.97 -0.73 -5.47 -3.32 -3.14 -2.61 -8.75 -5.25 

A05 0.34 1.09 0.72 -0.88 -3.68 -1.95 -2.00 -1.40 -2.64 -3.74 

A06 0.81 1.57 1.18 -0.34 -2.46 -0.92 -1.15 -0.48 -2.41 -2.56 

A07 -0.10 0.66 0.29 -1.38 0.10 1.23 0.44 1.34 0.81 -0.38 

A08 0.85 1.61 1.22 -0.27 -0.31 0.89 0.20 1.05 -0.67 -0.69 

A09 0.98 1.74 1.35 -0.05 -1.63 -0.25 -0.68 0.07 -0.05 -1.88 

A10 0.95 1.71 1.32 -0.08 -1.12 0.15 -0.42 0.39 0.47 -1.50 

A11 0.56 1.32 0.93 -0.49 -1.14 0.10 -0.52 0.31 0.93 -1.48 

A12 0.93 1.69 1.30 -0.01 -1.64 -0.33 -0.86 -0.07 1.23 -1.93 

B1 -0.95 -0.19 -0.53 -2.37 -8.69 -5.94 -6.02 -5.28 -8.43 -7.84 

B2 n.d. n.d. n.d. n.d. -7.12 -4.61 -4.49 -3.89 -5.73 -6.53 

B3 -2.47 -1.72 -2.04 -3.90 -4.34 -2.37 -2.25 -1.71 -4.10 -4.11 

B4 -2.10 -1.34 -1.68 -3.54 -1.29 0.09 -0.32 0.42 -1.59 -1.51 

B5 -4.07 -3.32 -3.63 -5.50 -0.86 0.46 -0.05 0.73 -1.25 -1.29 

B6 -2.78 -2.02 -2.35 -4.18 -1.89 -0.45 -0.81 -0.09 -1.61 -2.09 

B7 -1.09 -0.34 -0.69 -2.49 -2.01 -0.56 -0.89 -0.18 -1.76 -2.20 

B8 -1.07 -0.31 -0.67 -2.46 -0.83 0.44 -0.15 0.66 -0.18 -1.12 
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  Alkenone-based estimates minus annual mean SST-WOA13 GDGT-based estimates minus anual mean SST-WOA13 

Station 

Muller et al. (1998) 

– Southeastern 

Atlantic 

Muller et al. (1998) 

– Global 

Conte et al. 

(2006) 

Tierney and 

Tingley (2018) 

Schouten et 

al. (2002) 

Kim et al. 

(2008) 

Liu et al. 

(2009) 

Kim et al. 

(2010) -TEX86
H  

Kim et al. 

(2010) -TEX86
𝐿  

Tierney and 

Tingley (2014) 

B9 -2.09 -1.33 -1.68 -3.50 0.09 1.19 0.34 1.25 1.13 -0.40 

B10 -5.30 -4.54 -4.84 -6.74 0.73 1.73 0.71 1.69 2.22 0.24 

B11 0.30 1.06 0.68 -0.82 2.23 2.95 1.42 2.61 3.56 1.50 

B12 n.d. n.d. n.d. n.d. 1.93 2.66 1.12 2.31 4.09 2.40 

G03 1.19 1.95 1.56 0.35 -4.03 -2.35 -2.43 -1.81 -3.92 -4.00 

G04 n.d. n.d. n.d. n.d. -3.54 -1.93 -2.09 -1.45 -3.56 -3.53 

G05 1.08 1.84 1.44 0.22 -3.51 -1.91 -2.07 -1.42 -4.02 -3.53 

G07 0.48 1.24 0.85 -0.51 -3.86 -2.23 -2.37 -1.74 -3.04 -2.79 

G08 0.08 0.84 0.45 -1.02 -1.10 0.09 -0.61 0.25 -0.56 -0.27 

G09 0.51 1.27 0.88 -0.46 -2.19 -0.83 -1.28 -0.52 -0.86 -1.36 

G10 0.39 1.15 0.76 -0.58 -2.48 -1.10 -1.52 -0.78 -1.02 -1.78 

G11 0.73 1.48 1.08 -0.10 1.02 1.81 0.42 1.56 3.21 1.50 

G12 0.76 1.52 1.12 0.00 -4.96 -3.24 -3.28 -2.68 -3.44 -3.86 

H1 0.60 1.36 0.97 -0.54 0.27 1.35 0.49 1.41 0.87 -0.22 

H2 0.36 1.11 0.73 -0.79 0.36 1.38 0.41 1.38 0.88 -0.11 

H3 -0.90 -0.14 -0.51 -2.22 -3.18 -1.64 -1.87 -1.20 -3.62 -3.26 

H4 -1.25 -0.49 -0.86 -2.64 -1.52 -0.24 -0.81 -0.01 -2.19 -1.83 

H5 -0.13 0.63 0.25 -1.30 -1.96 -0.61 -1.08 -0.32 -2.59 -2.23 

H6 0.27 1.03 0.65 -0.84 -0.69 0.46 -0.31 0.57 -0.96 -1.03 

H7 0.23 0.99 0.60 -0.88 0.64 1.58 0.46 1.49 0.69 0.16 

H10 0.15 0.91 0.52 -0.90 -0.48 0.58 -0.35 0.60 1.23 0.19 
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  Alkenone-based estimates minus annual mean SST-WOA13 GDGT-based estimates minus anual mean SST-WOA13 

Station 

Muller et al. (1998) 

– Southeastern 

Atlantic 

Muller et al. (1998) 

– Global 

Conte et al. 

(2006) 

Tierney and 

Tingley (2018) 

Schouten et 

al. (2002) 

Kim et al. 

(2008) 

Liu et al. 

(2009) 

Kim et al. 

(2010) -TEX86
H  

Kim et al. 

(2010) -TEX86
𝐿  

Tierney and 

Tingley (2014) 

H11 0.13 0.88 0.49 -0.84 1.42 2.15 0.60 1.80 3.14 1.94 

I02 1.44 2.20 1.80 0.62 -1.99 -0.61 -1.03 -0.29 -4.89 -2.22 

I04 1.20 1.96 1.56 0.34 -1.28 -0.03 -0.65 0.18 -2.80 -1.58 

I05 0.93 1.69 1.30 -0.03 -1.86 -0.50 -0.95 -0.19 -3.24 -2.03 

I06 1.08 1.84 1.44 0.22 -4.18 -2.47 -2.54 -1.93 -4.75 -4.12 

I07 0.83 1.59 1.19 -0.04 -1.88 -0.57 -1.10 -0.32 -2.21 -2.07 

I08 0.30 1.06 0.67 -0.74 -1.53 -0.28 -0.89 -0.07 -0.39 -1.77 

I09 0.43 1.18 0.79 -0.56 -2.18 -0.83 -1.29 -0.53 -1.75 -2.40 

I10 0.37 1.13 0.73 -0.57 -0.85 0.24 -0.62 0.30 1.04 -0.13 

I11 0.76 1.52 1.12 0.04 -1.09 0.01 -0.83 0.08 1.09 -0.34 

I12 0.86 1.62 1.22 0.24 -2.69 -1.35 -1.83 -1.06 1.20 -1.80 
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Table S4.1: Results of total brGDGT and crenarchaeol contents; and the brGDGT-based 

proxies and the estimated pH and MAAT in the Campos Basin surface sediments (n.d. = 

not determined). 

Station ∑brGDGT ∑brGDGT Crenarchaeol Crenarchaeol CBTa MBT'b pHb MAATb 

(0-2 cm) (ng g-1) (µg gTOC-1) (ng g-1) (µg gTOC-1)       (°C) 

A01 17.03 25.06 71.67 105.50 0.15 0.48 7.60 14.79 

A02 39.72 23.64 160.38 95.45 0.26 0.47 7.39 13.89 

A03 221.33 16.89 829.01 63.27 0.22 0.47 7.47 14.24 

A04 309.37 22.68 1149.27 84.26 0.17 0.45 7.57 13.80 

A05 43.93 11.00 238.94 59.85 0.01 0.49 7.87 15.77 

A06 91.32 17.63 519.29 100.27 0.05 0.43 7.80 13.93 

A07 147.62 11.68 927.83 73.42 0.16 0.44 7.58 13.47 

A08 95.65 9.46 776.49 76.81 0.27 0.47 7.36 13.86 

A09 42.94 6.69 304.91 47.53 0.34 0.45 7.24 12.89 

A10 39.46 5.79 240.86 35.34 0.45 0.42 7.01 11.36 

A11 33.76 7.45 181.81 40.11 0.55 0.37 6.82 9.24 

A12 25.30 8.88 118.60 41.61 0.69 0.30 6.53 6.32 

B1 315.68 25.04 805.80 63.92 0.30 0.57 7.31 16.83 

B2 54.08 24.55 235.05 106.72 0.19 0.48 7.53 14.62 

B3 35.35 19.41 128.22 70.39 0.13 0.46 7.64 14.22 

B4 52.50 11.93 149.50 33.96 0.01 0.52 7.89 16.81 

B5 48.47 11.93 130.44 32.10 -0.04 0.54 7.97 17.85 

B6 242.45 14.82 875.74 53.52 0.15 0.45 7.61 13.97 

B7 220.54 14.06 833.92 53.15 0.18 0.48 7.54 14.72 

B8 239.97 14.69 995.96 60.96 0.16 0.46 7.59 14.24 

B9 126.41 10.92 507.92 43.88 0.23 0.48 7.45 14.29 

B10 39.49 5.52 149.43 20.90 0.46 0.42 7.00 11.31 

B11 33.22 8.53 130.77 33.58 0.54 0.37 6.83 9.05 

B12 16.03 7.70 80.03 38.42 0.70 0.34 6.52 7.40 

G03 59.62 25.20 185.31 78.31 -0.05 0.57 8.01 18.85 

G04 73.15 25.72 201.64 70.90 -0.02 0.54 7.93 17.70 

G05 32.77 16.59 110.72 56.07 -0.12 0.55 8.13 18.46 

G07 38.75 11.36 203.54 59.67 0.30 0.51 7.30 14.78 

G08 63.71 8.05 398.44 50.35 0.12 0.57 7.67 17.82 

G09 38.69 6.80 239.89 42.19 0.38 0.48 7.16 13.43 

G10 31.04 5.22 152.58 25.66 0.51 0.47 6.89 12.38 

G11 21.77 5.66 127.96 33.27 0.70 0.37 6.51 8.39 

G12 7.43 5.99 49.26 39.71 0.78 0.28 6.36 5.04 

H1 89.77 n.d.c 415.74 n.d.c 0.34 0.51 7.23 14.55 

H2 80.06 29.65 414.11 153.37 0.35 0.48 7.21 13.61 

H3 94.13 25.54 196.27 53.25 -0.05 0.60 8.01 19.86 

H4 65.38 20.64 133.85 42.25 -0.07 0.58 8.03 19.09 

H5 78.24 24.14 167.15 51.58 0.06 0.50 7.79 15.87 

H6 124.18 18.87 320.27 48.66 0.07 0.45 7.77 14.46 
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Station ∑brGDGT ∑brGDGT Crenarchaeol Crenarchaeol CBTa MBT'b pHb MAATb 

(0-2 cm) (ng g-1) (µg gTOC-1) (ng g-1) (µg gTOC-1)       (°C) 

H7 104.51 11.38 356.97 38.85 0.27 0.50 7.38 14.79 

H10 30.08 5.61 111.90 20.85 0.53 0.44 6.85 11.41 

H11 15.19 5.77 59.29 22.51 0.66 0.38 6.61 8.88 

I02 72.06 21.43 178.35 53.05 0.01 0.60 7.88 19.40 

I04 78.22 17.69 206.29 46.67 0.11 0.54 7.68 16.99 

I05 127.97 20.94 422.09 69.07 0.14 0.53 7.62 16.46 

I06 289.59 21.24 944.59 69.28 0.20 0.52 7.51 15.72 

I07 214.19 18.98 649.84 57.59 0.18 0.50 7.55 15.33 

I08 116.05 11.35 556.84 54.48 0.33 0.53 7.25 15.52 

I09 68.95 7.93 355.59 40.92 0.39 0.50 7.14 14.17 

I10 27.33 5.80 123.40 26.17 0.58 0.45 6.76 11.40 

I11 15.71 6.44 108.95 44.68 0.67 0.41 6.57 9.71 

a CBT calculated with the calibration of Weijers et al. (2007)  

b MBT’, p  an.d. MAAT calculated with the calibrations of Peterse et al. (2012) 

c The total brGDGT an.d. crenarchaeol normalized by the TOC were not determined in sample H1 

because the TOC content of this sample was below quantification limit.  
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Table S4.2: Results of each analyzed brGDGT per gram of TOC (µg gTOC-1) in the Campos 

Basin surface sediments (n.d. = not determined). 

Station 

(0-2 cm) 

GDGT-

Ia 

GDGT-

Ib 

GDGT-

Ic 

GDGT-

IIa 

GDGT-

IIb 

GDGT-

IIc 

GDGT-

IIIa 

GDGT-

IIIb 

GDGT-

IIIc 

A01 4.93 3.94 2.96 5.44 3.33 1.08 3.02 0.26 0.09 

A02 5.34 3.35 2.29 5.84 2.78 0.84 2.94 0.22 0.05 

A03 3.57 2.56 1.75 4.03 2.07 0.61 2.07 0.19 0.05 

A04 4.32 3.34 2.40 5.23 3.14 1.04 2.90 0.26 0.06 

A05 2.08 1.79 1.36 1.81 1.97 0.67 1.11 0.17 0.06 

A06 3.28 2.51 1.66 3.05 3.13 1.29 2.31 0.30 0.09 

A07 2.57 1.42 0.99 2.12 1.83 0.62 1.82 0.23 0.08 

A08 2.49 1.13 0.72 1.90 1.22 0.37 1.40 0.17 0.06 

A09 1.78 0.70 0.45 1.39 0.76 0.22 1.19 0.16 0.04 

A10 1.59 0.49 0.30 1.20 0.49 0.13 1.42 0.14 0.03 

A11 1.95 0.48 0.26 1.45 0.47 0.13 2.47 0.20 0.03 

A12 2.08 0.34 0.19 1.58 0.41 0.10 3.88 0.26 0.05 

B1 8.09 3.73 2.34 4.98 2.82 0.89 1.93 0.20 0.06 

B2 5.07 3.79 2.74 5.41 3.04 0.92 3.23 0.25 0.09 

B3 3.67 2.95 2.10 4.17 2.81 1.05 2.33 0.22 0.10 

B4 1.99 2.21 1.88 2.02 1.74 0.63 1.27 0.13 0.05 

B5 2.04 2.42 1.92 1.79 1.74 0.67 1.16 0.14 0.05 

B6 2.93 2.15 1.47 2.97 2.06 0.70 2.23 0.21 0.09 

B7 3.18 2.10 1.38 2.83 1.86 0.65 1.82 0.17 0.07 

B8 3.09 2.14 1.42 2.78 1.95 0.68 2.33 0.20 0.09 

B9 2.69 1.47 0.94 2.15 1.38 0.43 1.62 0.18 0.06 

B10 1.53 0.46 0.28 1.17 0.48 0.11 1.34 0.12 0.03 

B11 2.17 0.54 0.30 1.68 0.56 0.13 2.85 0.29 0.02 

B12 2.07 0.28 0.17 1.39 0.40 0.10 3.00 0.24 0.05 

G03 4.08 5.50 4.68 3.86 3.49 1.46 1.86 0.20 0.06 

G04 4.19 5.33 4.25 4.32 3.52 1.43 2.39 0.22 0.07 

G05 2.66 3.44 2.84 2.07 2.77 1.16 1.38 0.22 0.07 

G07 3.42 1.38 0.82 2.23 1.43 0.44 1.40 0.18 0.05 

G08 2.62 1.16 0.69 0.48 1.20 0.42 1.27 0.14 0.06 

G09 2.02 0.70 0.44 1.36 0.72 0.21 1.18 0.14 0.03 

G10 1.69 0.42 0.24 1.06 0.42 0.11 1.09 0.16 0.03 

G11 1.62 0.26 0.15 1.05 0.27 0.08 2.00 0.21 0.03 

G12 1.36 0.18 0.09 1.11 0.23 0.08 2.78 0.13 0.03 

H1a n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

H2 8.56 3.22 2.03 6.01 3.28 0.98 4.88 0.55 0.13 

H3 4.66 5.76 4.92 3.40 3.36 1.47 1.78 0.09 0.08 

H4 3.48 4.23 4.06 2.73 3.00 1.36 1.51 0.21 0.06 

H5 4.48 4.14 3.14 4.04 3.36 1.50 3.05 0.32 0.12 

H6 3.90 2.69 1.76 3.08 3.28 1.37 2.37 0.31 0.11 

H7 3.30 1.42 0.84 2.15 1.53 0.48 1.40 0.19 0.05 

DBD
PUC-Rio - Certificação Digital Nº 1421587/CA



175 
 

 

Station 

(0-2 cm) 

GDGT-

Ia 

GDGT-

Ib 

GDGT-

Ic 

GDGT-

IIa 

GDGT-

IIb 

GDGT-

IIc 

GDGT-

IIIa 

GDGT-

IIIb 

GDGT-

IIIc 

H10 1.76 0.39 0.22 1.10 0.45 0.11 1.36 0.18 0.03 

H11 1.69 0.27 0.13 1.06 0.33 0.07 1.94 0.24 0.03 

I02 17.15 19.41 17.53 14.30 11.25 4.70 5.57 0.67 0.25 

I04 4.88 4.26 3.33 4.37 2.88 1.23 2.03 0.22 0.06 

I05 6.66 5.12 3.42 5.50 3.65 1.30 2.98 0.23 0.08 

I06 12.09 7.62 4.49 9.33 5.96 1.96 5.33 0.46 0.15 

I07 4.13 2.19 1.36 2.69 2.32 0.76 1.88 0.27 0.11 

I08 3.35 1.31 0.74 1.97 1.19 0.35 1.18 0.14 0.04 

I09 2.12 0.73 0.45 1.37 0.71 0.20 1.00 0.14 0.03 

I10 1.04 0.20 0.11 0.63 0.24 0.05 0.73 0.12 0.02 

I11 1.04 0.18 0.10 0.63 0.18 0.05 1.04 0.11 0.01 

aThe brGDGTs normalized by the TOC were not determined in sample H1 because the TOC content 

of this sample was below quantification limit. 
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Table S5.1: Results of each analyzed GDGT and alkenone per gram of TOC (µg gTOC-1) in the sediment core RJ13-01C. 

Sample GDGT-0 GDGT-1 GDGT-2 GDGT-3 cren cren’ GDGT-Ia GDGT-IIa GDGT-IIIa C37:2 C37:3 

S004LE_0114 45.55 10.12 7.14 2.26 63.85 3.72 3.28 3.59 3.30 66.67 12.88 

S005LE_0114 40.02 9.04 6.15 1.93 50.80 3.80 3.08 3.39 3.09 49.95 9.21 

S006LE_0114 33.35 7.62 5.14 1.61 43.76 2.70 2.94 3.05 2.92 55.92 9.98 

S007LE_0114 38.11 8.34 5.63 1.74 47.37 3.09 3.17 3.56 3.14 60.19 9.80 

S009LE_0114 43.55 9.55 6.07 1.94 50.13 3.13 3.62 4.02 3.55 47.26 7.92 

S011LE_0114 48.04 9.94 6.25 2.00 54.00 3.74 3.81 4.26 3.88 60.10 7.91 

S013LE_0114 41.25 8.68 5.74 1.81 49.35 2.81 3.46 3.94 3.52 55.93 7.57 

S015LE_0114 35.95 7.64 5.07 1.59 43.41 3.00 2.93 3.11 2.70 52.67 7.60 

S017LE_0114 45.56 9.69 6.69 2.09 51.99 3.41 3.64 3.67 3.27 64.82 8.58 

S019LE_0114 46.66 9.66 6.54 2.06 54.58 3.48 3.62 3.57 3.46 54.35 6.73 

S021LE_0114 42.19 9.19 6.39 2.00 50.53 3.26 3.74 3.92 3.79 56.40 7.04 

S023LE_0114 47.85 9.23 5.99 2.06 55.89 3.31 3.22 3.19 2.70 56.09 13.99 

S025LE_0114 37.87 7.68 5.28 1.64 43.82 3.12 2.91 2.78 2.55 55.49 8.00 

S027LE_0114 35.63 7.26 4.89 1.55 42.79 2.75 2.78 2.73 2.20 62.76 8.03 

S029LE_0114 42.76 8.88 5.81 1.85 52.39 3.46 3.54 3.69 3.46 60.73 7.29 

S031LE_0114 37.07 7.88 5.22 1.63 44.38 2.84 3.19 3.26 3.03 57.32 7.03 

S033LE_0114 38.53 8.51 5.91 1.77 47.64 3.25 3.12 3.11 3.02 54.48 7.23 

S035LE_0114 34.91 7.60 5.13 1.65 41.30 2.82 2.82 2.84 2.73 88.24 9.07 

S037LE_0114 33.85 7.28 4.96 1.56 39.36 2.55 2.60 2.58 2.50 67.46 8.77 

S039LE_0114 36.21 7.64 5.30 1.59 42.84 3.17 2.88 2.79 2.65 64.12 8.55 

S041LE_0114 40.74 8.80 5.92 1.86 46.59 3.07 3.28 3.21 3.03 64.21 8.41 

S044LE_0114 47.29 10.44 7.63 2.31 57.17 3.70 3.56 3.58 3.42 78.53 11.29 
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Sample GDGT-0 GDGT-1 GDGT-2 GDGT-3 cren cren’ GDGT-Ia GDGT-IIa GDGT-IIIa C37:2 C37:3 

S045LE_0114 48.04 10.75 7.35 2.26 53.89 4.06 3.53 3.87 3.52 68.41 9.75 

S047LE_0114 43.23 10.05 6.73 2.10 50.10 3.98 3.15 3.27 3.18 63.98 9.17 

S049LE_0114 40.27 8.57 5.89 1.81 46.65 3.00 3.04 3.13 2.69 68.62 10.87 

S051LE_0114 55.48 13.19 8.98 2.70 63.44 4.65 3.88 4.49 3.95 59.14 8.50 

S053LE_0114 52.93 12.71 8.64 2.72 64.45 4.52 3.79 4.30 3.84 76.06 10.43 

S055LE_0114 52.03 11.63 8.15 2.44 59.93 4.27 3.56 3.74 3.77 73.82 10.94 

S056LE_0114 55.72 12.96 9.04 2.75 66.08 4.65 3.97 4.20 3.94 78.69 12.17 

S058LE_0114 43.74 10.00 6.76 2.09 52.20 3.73 3.12 3.60 3.16 78.85 10.95 

S060LE_0114 51.79 9.21 5.79 2.07 58.64 3.59 3.90 3.27 2.64 46.46 11.69 

S063LE_0114 45.70 10.25 7.21 2.21 52.64 3.81 3.21 3.42 3.24 61.95 10.01 

S065LE_0114 46.15 10.23 7.38 2.23 53.20 3.88 3.14 3.34 3.23 62.95 7.96 

S067LE_0114 43.40 9.67 6.69 2.13 48.67 4.78 3.37 3.42 3.12 67.68 9.01 

S069LE_0114 40.75 8.89 6.25 1.93 47.78 3.36 3.19 3.39 3.15 69.28 9.26 

S071LE_0114 44.98 9.68 6.83 2.13 51.20 3.80 3.47 3.60 3.36 80.05 12.26 

S073LE_0114 38.58 8.30 5.74 1.79 47.99 3.36 3.12 2.87 2.56 60.87 10.10 

S075LE_0114 41.28 9.63 6.54 2.02 48.76 3.47 3.15 3.16 2.90 71.11 10.11 

S077LE_0114 49.07 10.58 7.49 2.31 58.20 3.83 3.26 3.38 3.08 58.92 8.11 

S080LE_0114 41.70 9.64 6.60 2.04 45.94 3.66 3.01 3.28 3.07 54.29 7.74 

S081LE_0114 42.96 10.09 7.10 2.15 48.48 3.73 3.19 3.35 3.18 75.67 10.48 

S083LE_0114 44.98 10.49 7.53 2.31 48.79 4.35 3.18 3.42 3.10 80.00 11.66 

S085LE_0114 48.87 11.61 7.93 2.52 52.90 4.04 3.36 3.67 3.22 76.92 11.44 

S086LE_0114 56.49 12.99 8.86 2.86 65.11 6.06 3.53 3.83 3.40 69.71 10.83 

S087LE_0114 49.78 11.87 8.29 2.60 56.18 4.70 3.26 3.44 3.19 77.08 11.33 
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Sample GDGT-0 GDGT-1 GDGT-2 GDGT-3 cren cren’ GDGT-Ia GDGT-IIa GDGT-IIIa C37:2 C37:3 

S089LE_0114 56.71 12.88 8.94 2.64 59.18 3.74 3.19 3.13 3.29 82.83 12.81 

S091LE_0114 51.65 11.29 8.20 2.65 56.31 4.38 3.03 3.39 3.07 69.87 10.30 

S093LE_0114 51.48 11.27 7.78 2.42 53.32 4.36 2.87 3.29 2.98 94.32 15.95 

S095LE_0114 54.96 11.76 8.28 2.52 57.73 4.54 3.04 3.43 3.08 106.11 18.65 

S096LE_0114 49.75 11.02 7.57 2.39 54.79 4.82 2.69 3.07 2.69 95.14 15.96 

S099LE_0114 56.10 11.95 8.24 2.65 59.83 4.65 3.24 3.55 2.99 81.64 14.94 

S101LE_0114 46.88 9.06 5.86 1.94 53.05 3.55 3.32 3.10 2.61 47.04 10.90 

S104LE_0114 49.48 9.85 6.29 2.07 54.38 3.92 3.13 3.12 2.96 57.45 13.44 

S107LE_0114 50.52 10.72 7.28 2.34 55.50 4.18 2.82 3.07 2.78 75.82 12.03 

S108LE_0114 51.78 11.19 7.52 2.47 59.04 5.03 3.04 3.25 3.01 81.49 15.93 

S110LE_0114 55.09 10.89 7.33 2.46 63.30 4.53 2.98 3.40 3.00 87.38 19.90 

S113LE_0114 52.15 10.36 6.53 2.24 62.11 4.90 3.00 3.19 2.87 80.71 18.46 

S115LE_0114 53.56 9.72 6.21 2.11 59.98 4.13 3.06 3.29 2.91 75.71 17.22 

S117LE_0114 58.36 10.19 6.68 2.40 64.50 4.21 3.52 3.49 3.09 62.12 15.71 

S119LE_0114 47.74 8.48 5.51 1.94 54.38 3.35 2.89 3.09 2.58 59.36 15.03 

S121LE_0114 56.69 10.36 6.53 2.23 63.47 3.87 3.58 3.53 3.01 65.70 17.87 

S123LE_0114 22.92 5.18 3.53 1.12 24.54 2.00 2.56 2.63 2.54 39.10 5.15 

S125LE_0114 55.52 9.92 6.27 2.15 64.06 3.90 3.43 3.60 3.01 61.39 16.10 

S128LE_0114 50.25 9.86 6.12 2.15 55.26 4.05 3.57 3.57 2.98 19.31 1.95 

S130LE_0114 45.17 8.41 5.55 1.81 50.85 3.21 2.79 2.88 2.46 50.85 11.97 

S133LE_0114 49.92 8.85 5.91 2.01 54.10 4.45 3.50 3.11 2.83 50.38 11.53 

S135LE_0114 49.62 9.05 5.85 1.96 56.64 3.56 3.25 3.31 2.79 59.34 14.61 

S137LE_0114 50.92 9.40 5.82 2.03 55.53 3.77 3.47 3.29 2.76 47.57 12.18 
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Sample GDGT-0 GDGT-1 GDGT-2 GDGT-3 cren cren’ GDGT-Ia GDGT-IIa GDGT-IIIa C37:2 C37:3 

S139LE_0114 43.13 7.94 5.05 1.64 49.33 3.36 3.30 2.93 2.57 44.58 13.26 

S141LE_0114 46.79 8.59 5.38 1.84 52.89 3.78 3.53 3.28 2.78 45.16 12.96 

S143LE_0114 53.78 9.54 6.19 2.05 58.83 3.84 3.61 3.27 2.82 50.69 14.06 

S145LE_0114 48.74 9.35 5.70 1.98 51.41 4.31 3.49 3.35 2.87 43.35 8.48 

S148LE_0114 47.21 9.04 5.50 1.93 52.98 3.67 3.30 3.26 2.59 50.97 13.55 

S150LE_0114 54.16 9.02 5.59 1.93 65.72 3.89 3.28 2.91 2.60 51.40 14.48 

S153LE_0114 47.67 9.00 5.61 1.93 53.74 3.40 3.49 3.07 2.65 46.43 11.86 

S155LE_0114 50.45 9.32 5.95 2.01 54.03 4.14 3.66 3.41 2.81 49.79 12.89 

S157LE_0114 45.51 8.85 5.45 1.90 51.25 3.55 3.30 2.89 2.48 46.96 13.36 

S160LE_0114 39.00 8.63 5.80 1.81 46.35 3.14 2.94 3.14 2.92 65.43 10.38 
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Table S5.2: Bulk analyses and results of alkenone, GDGT and long chain diols from the sediment core RJ13-01C (n.d. = not determined). 

Sample Depth Age TOC δ13C ∑alkenones ∑isoGDGT BIT index UK'
37 SST-UK'

37
b TEX86 Temp-TEX86

H c LDI SST-LDId 

 (cm) (cal kyr BP)a (%) (‰) (µg gTOC-1) (µg gTOC-1)   (ºC)  (ºC)   

S004LE_0114 -4 0.024 0.84 -22.70 79.54 132.19 0.14 0.84 23.31 0.56 21.61 0.88 23.84 

S005LE_0114 -5 0.029 0.95 -22.70 59.16 111.02 0.16 0.84 23.39 0.57 21.79 0.88 23.67 

S006LE_0114 -6 0.2 1.02 -23.37 65.90 94.41 0.17 0.85 23.62 0.55 21.03 0.88 23.82 

S007LE_0114 -7 0.2 1.04 -22.72 69.99 104.37 0.17 0.86 23.97 0.56 21.18 n.d. n.d. 

S009LE_0114 -9 0.2 1.13 -22.91 55.18 114.87 0.18 0.86 23.86 0.54 20.06 n.d. n.d. 

S011LE_0114 -11 0.3 1.08 -22.66 68.01 124.04 0.18 0.88 24.69 0.55 20.68 0.90 24.43 

S013LE_0114 -13 0.4 0.96 -22.75 63.50 110.28 0.18 0.88 24.60 0.54 20.53 0.89 24.11 

S015LE_0114 -15 0.6 1.05 -22.72 60.27 96.59 0.17 0.87 24.39 0.56 21.30 0.89 24.22 

S017LE_0114 -17 0.8 1.01 -23.00 73.40 119.65 0.17 0.88 24.67 0.56 21.22 0.88 23.83 

S019LE_0114 -19 1 1.02 -20.50 61.08 123.12 0.16 0.89 24.87 0.56 21.16 n.d. n.d. 

S021LE_0114 -21 1.1 0.98 -23.01 63.44 114.04 0.18 0.89 24.85 0.56 21.32 0.89 24.07 

S023LE_0114 -23 1.3 0.24 -25.29 70.08 124.24 0.14 0.80 23.64 0.55 20.93 0.90 24.30 

S025LE_0114 -25 1.5 1.15 -23.15 63.49 99.20 0.16 0.87 24.39 0.57 21.72 0.91 24.57 

S027LE_0114 -27 1.7 1.13 -23.38 70.79 94.89 0.15 0.89 24.78 0.56 21.31 0.90 24.42 

S029LE_0114 -29 1.9 1.02 -23.38 68.02 115.22 0.17 0.89 24.96 0.56 21.16 0.92 25.02 

S031LE_0114 -31 2.1 1.02 -23.24 64.35 99.37 0.18 0.89 24.90 0.55 20.93 0.90 24.31 

S033LE_0114 -33 2.3 1.07 -23.59 61.70 105.48 0.16 0.88 24.66 0.56 21.49 0.88 23.86 

S035LE_0114 -35 2.5 1.03 -23.41 97.31 93.42 0.17 0.91 25.39 0.56 21.28 0.89 24.12 

S037LE_0114 -37 2.7 0.99 -23.57 76.23 89.61 0.16 0.88 24.73 0.55 21.09 0.89 24.17 

S039LE_0114 -39 2.9 1.00 -23.49 72.67 96.47 0.16 0.88 24.65 0.57 21.81 0.90 24.27 

S041LE_0114 -41 3.1 0.98 -23.41 72.61 107.17 0.17 0.88 24.70 0.55 20.96 0.90 24.31 

S044LE_0114 -44 3.4 1.06 -23.51 89.82 128.40 0.16 0.87 24.40 0.57 21.71 0.87 23.54 

S045LE_0114 -45 3.5 1.09 -23.15 78.16 125.83 0.17 0.88 24.43 0.56 21.36 0.90 24.36 

S047LE_0114 -47 3.7 1.13 -23.81 73.15 115.37 0.16 0.87 24.41 0.56 21.39 n.d. n.d. 

S049LE_0114 -49 3.8 1.03 -23.56 79.50 106.23 0.16 0.86 24.07 0.56 21.12 0.91 24.55 

S051LE_0114 -51 4 1.13 -23.42 67.64 147.67 0.16 0.87 24.40 0.55 21.02 0.92 25.02 

S053LE_0114 -53 4.2 1.06 -23.36 86.49 145.24 0.16 0.88 24.56 0.56 21.14 0.91 24.68 
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Sample Depth Age TOC δ13C ∑alkenones ∑isoGDGT BIT index UK'
37 SST-UK'

37
b TEX86 Temp-TEX86

H c LDI SST-LDId 

 (cm) (cal kyr BP)a (%) (‰) (µg gTOC-1) (µg gTOC-1)   (ºC)  (ºC)   

S055LE_0114 -55 4.4 1.08 -23.14 84.76 137.75 0.16 0.87 24.30 0.56 21.42 0.91 24.63 

S056LE_0114 -56 4.5 1.04 -23.05 90.86 150.53 0.16 0.87 24.15 0.56 21.40 0.89 24.14 

S058LE_0114 -58 4.7 1.02 -23.49 89.80 117.91 0.16 0.88 24.52 0.56 21.23 0.90 24.27 

S060LE_0114 -60 4.9 0.16 -26.84 58.15 131.39 0.14 0.80 22.12 0.55 21.07 n.d. n.d. 

S063LE_0114 -63 5.2 0.88 -23.92 71.97 121.22 0.16 0.86 24.00 0.56 21.55 0.90 24.54 

S065LE_0114 -65 5.4 0.97 -23.68 70.91 122.34 0.15 0.89 24.81 0.57 21.83 0.89 24.03 

S067LE_0114 -67 5.6 0.91 n.d. 76.69 113.93 0.17 0.88 24.65 0.58 22.64 0.91 24.74 

S069LE_0114 -69 5.8 0.90 -24.36 78.54 108.79 0.17 0.88 24.64 0.56 21.64 0.90 24.52 

S071LE_0114 -71 6 0.81 n.d. 92.31 118.30 0.17 0.87 24.19 0.57 21.83 0.91 24.66 

S073LE_0114 -73 6.2 0.85 -23.88 70.98 105.53 0.15 0.86 23.90 0.57 21.78 0.92 24.98 

S075LE_0114 -75 6.4 0.85 n.d. 81.22 111.38 0.16 0.88 24.44 0.56 21.14 0.91 24.65 

S077LE_0114 -77 6.5 0.86 -24.60 67.04 130.92 0.14 0.88 24.54 0.56 21.54 0.91 24.55 

S080LE_0114 -80 6.8 0.84 n.d. 62.04 108.94 0.17 0.88 24.43 0.56 21.41 0.91 24.75 

S081LE_0114 -81 6.9 0.83 -23.50 86.15 113.97 0.17 0.88 24.53 0.56 21.51 0.92 24.90 

S083LE_0114 -83 7.1 0.88 -23.51 91.66 117.29 0.17 0.87 24.36 0.58 22.16 0.91 24.70 

S085LE_0114 -85 7.3 0.83 -24.16 88.36 127.19 0.16 0.87 24.29 0.56 21.11 0.90 24.39 

S086LE_0114 -86 7.4 0.86 -23.66 80.54 149.83 0.14 0.87 24.14 0.58 22.31 0.92 24.92 

S087LE_0114 -87 7.5 0.81 -23.89 88.42 131.99 0.15 0.87 24.33 0.57 21.78 n.d. n.d. 

S089LE_0114 -89 7.7 0.67 -24.27 95.64 143.54 0.14 0.87 24.15 0.54 20.48 0.91 24.61 

S091LE_0114 -91 7.9 0.74 n.d. 80.17 133.13 0.14 0.87 24.32 0.57 22.12 0.90 24.45 

S093LE_0114 -93 8.1 0.74 n.d. 110.28 129.15 0.15 0.86 23.83 0.56 21.58 0.91 24.56 

S095LE_0114 -95 8.3 0.63 -23.81 124.76 138.30 0.14 0.85 23.68 0.57 21.69 0.92 25.00 

S096LE_0114 -96 8.4 0.64 n.d. 111.10 128.21 0.13 0.86 23.86 0.57 22.04 0.90 24.48 

S099LE_0114 -99 8.7 0.52 -24.32 96.58 142.01 0.14 0.85 23.52 0.57 21.66 0.90 24.54 

S101LE_0114 -101 8.9 0.13 n.d. 57.95 120.11 0.15 0.81 22.51 0.56 21.17 0.91 24.70 

S104LE_0114 -104 9.1 0.15 n.d. 70.90 125.21 0.14 0.81 22.47 0.56 21.11 0.90 24.53 

S107LE_0114 -107 9.4 0.37 -24.24 87.85 129.18 0.14 0.86 24.06 0.56 21.58 0.91 24.72 

S108LE_0114 -108 9.5 0.42 -24.57 97.42 135.03 0.14 0.84 23.26 0.57 22.06 0.91 24.71 

S110LE_0114 -110 9.7 0.29 -25.10 107.28 142.05 0.13 0.81 22.59 0.57 21.80 0.89 24.06 
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Sample Depth Age TOC δ13C ∑alkenones ∑isoGDGT BIT index UK'
37 SST-UK'

37
b TEX86 Temp-TEX86

H c LDI SST-LDId 

 (cm) (cal kyr BP)a (%) (‰) (µg gTOC-1) (µg gTOC-1)   (ºC)  (ºC)   

S113LE_0114 -113 10 0.26 -24.93 99.17 136.39 0.13 0.81 22.57 0.57 21.85 0.91 24.65 

S115LE_0114 -115 10.2 0.25 -25.21 92.92 134.64 0.13 0.81 22.60 0.56 21.47 0.90 24.44 

S117LE_0114 -117 10.4 0.23 -26.51 77.83 145.65 0.14 0.80 22.10 0.57 21.70 0.88 23.88 

S119LE_0114 -119 10.6 0.26 -26.60 74.39 120.93 0.14 0.80 22.09 0.56 21.39 0.89 24.13 

S121LE_0114 -121 10.8 0.19 -25.52 83.56 142.86 0.14 0.79 21.73 0.55 20.80 0.91 24.75 

S123LE_0114 -123 11 1.02 -22.95 44.25 59.85 0.24 0.88 24.68 0.56 21.50 0.90 24.37 

S125LE_0114 -125 11.2 0.21 -25.85 77.49 141.35 0.14 0.79 21.91 0.55 21.04 0.90 24.39 

S128LE_0114 -128 11.5 0.20 n.d. n.d. 127.20 0.15 n.d. n.d. 0.56 21.13 0.89 24.04 

S130LE_0114 -130 11.7 0.25 -25.81 62.82 114.58 0.14 0.81 22.44 0.56 21.21 0.90 24.24 

S133LE_0114 -133 11.9 0.24 -25.02 61.91 124.28 0.15 0.81 22.57 0.58 22.56 0.89 24.15 

S135LE_0114 -135 12.1 0.25 n.d. 73.95 126.37 0.14 0.80 22.23 0.56 21.21 0.89 24.12 

S137LE_0114 -137 12.3 0.22 -25.46 59.75 127.16 0.15 0.80 22.04 0.55 20.98 0.89 24.15 

S139LE_0114 -139 12.5 0.19 -26.87 57.83 110.38 0.15 0.77 21.27 0.56 21.30 0.90 24.28 

S141LE_0114 -141 12.7 0.19 -26.21 58.12 119.03 0.15 0.78 21.46 0.56 21.46 0.91 24.68 

S143LE_0114 -143 12.9 0.19 -26.29 64.75 134.00 0.14 0.78 21.63 0.56 21.31 n.d. n.d. 

S145LE_0114 -145 13.1 0.19 -26.37 51.83 120.67 0.16 0.84 22.86 0.56 21.48 n.d. n.d. 

S148LE_0114 -148 13.4 0.21 -27.40 64.53 119.95 0.15 0.79 21.85 0.55 20.89 n.d. n.d. 

S150LE_0114 -150 13.6 0.20 -26.86 65.88 139.70 0.12 0.78 21.55 0.56 21.29 n.d. n.d. 

S153LE_0114 -153 13.9 0.23 -25.93 58.29 121.44 0.15 0.80 22.05 0.55 20.75 n.d. n.d. 

S155LE_0114 -155 14.1 0.21 -26.35 62.68 125.42 0.15 0.79 21.98 0.56 21.63 n.d. n.d. 

S157LE_0114 -157 14.3 0.21 n.d. 60.32 116.24 0.14 0.78 21.50 0.55 20.94 n.d. n.d. 

S160LE_0114 -160 14.5 0.97 -23.07 75.81 104.52 0.16 0.86 24.06 0.55 21.07 0.90 24.29 

S004LE_0114 -4 0.024 0.84 -22.70 79.54 132.19 0.14 0.84 23.31 0.56 21.61 0.88 23.84 

S005LE_0114 -5 0.029 0.95 -22.70 59.16 111.02 0.16 0.84 23.39 0.57 21.79 0.88 23.67 
aAge model developed by Lazzari et al. (2018). 
b SST-U37

K′
 calculated with the calibration of Müller et al. (1998). 

c Temp-TEX86
H  calculated with the calibration of Kim et al. (2010). 

d SST-LDI calculated with the calibration of (Rampen et al., 2012). 
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Table S5.3: Results of each analyzed GDGT and alkenone per gram of TOC (µg gTOC-1) in the sediment core CF10-09A (n.d. = not determined). 

Sample GDGT-0 GDGT-1 GDGT-2 GDGT-3 cren cren’ GDGT-Ia GDGT-IIa GDGT-IIIa C37:2 C37:3 

S044MC_0816 31.77 7.38 5.09 1.60 31.51 2.21 4.30 4.49 4.27 209.31 35.07 

S045MC_0816 48.40 11.90 7.89 2.62 57.38 4.00 5.44 5.61 5.70 163.70 28.32 

S046MC_0816 38.08 8.71 5.99 1.87 40.95 2.76 4.07 4.15 4.32 154.96 24.80 

S047MC_0816 49.63 11.59 8.00 2.60 54.14 3.63 5.30 5.73 5.84 n.d. n.d. 

S048MC_0816 53.21 11.59 8.33 2.66 56.94 4.10 5.67 6.04 5.67 167.64 24.71 

S049MC_0816 28.04 6.40 4.37 1.41 30.24 2.07 3.01 3.15 3.08 180.97 26.42 

S050MC_0816 67.27 16.62 12.04 3.94 72.39 5.68 6.55 6.47 5.37 180.28 23.68 

S051MC_0816 50.24 12.00 8.52 2.73 56.83 3.86 5.68 6.08 4.78 n.d. n.d. 

S052MC_0816 55.10 12.82 9.16 2.98 61.16 4.37 6.00 5.25 4.77 142.90 18.59 

S053MC_0816 49.58 11.64 8.17 2.64 57.78 4.08 4.89 4.61 4.11 127.80 15.82 

S054MC_0816 64.87 14.86 10.61 3.41 73.78 5.08 6.54 6.05 5.30 186.55 24.76 

S055MC_0816 62.38 13.77 10.24 3.21 71.46 5.46 6.69 6.87 5.86 151.56 19.49 

S056MC_0816 65.52 15.05 10.98 3.43 73.90 5.21 6.70 6.28 5.94 176.72 22.30 

S057MC_0816 63.08 14.50 10.41 3.35 67.72 4.96 6.30 6.00 5.34 161.96 19.86 

S058MC_0816 64.46 15.59 11.44 3.73 70.03 5.05 5.83 5.51 4.85 150.29 18.11 

S059MC_0816 72.69 17.06 12.14 3.81 78.43 5.61 6.76 6.50 5.64 186.00 20.64 

S060MC_0816 72.53 16.81 11.90 3.84 80.96 5.49 6.50 6.11 5.21 135.25 17.43 

S061MC_0816 68.16 15.37 11.44 3.59 77.03 5.47 5.80 5.66 4.91 142.60 20.46 

S062MC_0816 65.51 14.59 10.79 3.47 73.08 5.58 5.85 5.57 4.93 139.82 18.82 

S063MC_0816 68.16 15.76 11.11 3.54 78.91 5.17 6.24 6.02 5.17 162.53 21.05 

S064MC_0816 57.45 12.71 8.95 2.83 66.84 4.36 5.50 5.33 4.76 n.d. n.d. 

S065MC_0816 68.37 15.27 10.99 3.55 79.75 5.10 6.20 5.98 5.47 154.82 22.22 
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Sample GDGT-0 GDGT-1 GDGT-2 GDGT-3 cren cren’ GDGT-Ia GDGT-IIa GDGT-IIIa C37:2 C37:3 

S066MC_0816 66.51 14.38 10.30 3.31 75.18 4.89 6.47 6.47 6.09 146.03 20.43 

S067MC_0816 65.09 16.24 11.60 3.80 72.47 5.81 7.06 7.41 6.83 161.26 21.40 

S068MC_0816 49.35 10.55 7.47 2.41 57.25 3.23 5.15 4.76 4.75 n.d. n.d. 

S069MC_0816 44.91 9.26 6.54 2.02 52.32 2.83 4.77 5.62 4.61 122.84 15.85 

S070MC_0816 56.96 12.30 8.66 2.78 65.44 4.16 5.99 6.42 5.92 161.46 19.80 

S071MC_0816 62.19 14.13 10.14 3.26 71.08 4.92 6.27 6.71 6.41 172.22 23.60 

S072MC_0816 48.84 10.59 7.77 2.47 55.84 3.88 5.46 6.28 5.09 155.38 20.81 

S073MC_0816 59.27 13.59 9.74 3.05 65.05 4.58 5.84 6.39 5.74 176.48 23.00 

S074MC_0816 61.14 13.55 9.62 3.07 70.12 4.86 6.42 6.40 6.11 155.76 20.62 

S075MC_0816 52.42 11.30 7.99 2.54 61.63 3.92 5.54 5.52 5.39 160.17 21.45 

S076MC_0816 51.79 11.94 8.65 2.78 61.49 4.14 5.87 5.92 5.57 170.59 22.32 

S077MC_0816 53.16 12.35 9.02 2.87 61.00 4.47 6.34 6.40 5.54 n.d. n.d. 

S078MC_0816 42.96 9.55 7.10 2.24 48.93 3.22 5.66 5.20 4.43 169.24 22.41 

S079MC_0816 57.45 12.92 9.24 2.96 64.45 4.36 7.04 7.05 6.36 171.20 22.21 

S080MC_0816 51.74 11.61 8.63 2.76 58.54 3.88 5.96 5.89 5.17 149.32 21.29 

S081MC_0816 50.24 11.04 7.97 2.52 59.30 3.97 5.55 5.05 4.65 n.d.   n.d. 

S082MC_0816 66.56 15.90 11.62 3.75 80.37 5.64 7.19 7.08 6.12 n.d.   n.d. 

S083MC_0816 65.19 15.26 11.30 3.72 72.57 5.37 6.70 6.83 5.96 213.42 32.39 

S084MC_0816 69.45 16.87 12.49 3.93 76.45 6.04 7.29 7.27 6.67 195.73 28.00 

S085MC_0816 57.46 13.30 9.74 3.12 62.65 4.58 5.87 5.92 5.10 180.93 25.78 

S086MC_0816 36.32 8.68 6.33 2.08 40.55 3.08 3.79 3.76 3.50 195.43 28.26 

S087MC_0816 65.08 14.77 10.74 3.48 76.72 4.88 6.00 5.11 5.09 194.09 30.66 

S088MC_0816 47.93 10.24 7.78 2.53 59.15 3.70 4.09 4.65 4.10 189.07 28.35 
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Sample GDGT-0 GDGT-1 GDGT-2 GDGT-3 cren cren’ GDGT-Ia GDGT-IIa GDGT-IIIa C37:2 C37:3 

S089MC_0816 66.65 15.97 12.23 3.88 80.63 6.05 5.61 5.50 4.97 n.d.   n.d. 

S090MC_0816 n.d.  n.d.  n.d.  n.d.  n.d.  n.d.   n.d. n.d.  n.d.  n.d.   n.d. 

S091MC_0816 51.46 11.58 8.44 2.69 62.48 3.95 6.09 6.29 5.13 168.58 27.23 

S092MC_0816 45.61 10.46 7.80 2.46 54.84 3.73 4.48 5.02 3.90 127.99 25.64 

S093MC_0816 29.20 6.09 4.32 1.32 33.86 1.73 3.70 3.57 3.09 104.95 17.60 

S094MC_0816 76.62 15.42 11.33 3.60 107.46 5.52 6.88 7.00 6.49 143.12 21.09 

S095MC_0816 57.62 13.71 10.36 3.31 67.91 4.91 5.61 5.72 4.97 141.10 22.04 

S096MC_0816 60.27 14.22 10.50 3.33 70.46 5.45 6.05 5.77 4.96 151.40 23.74 

S097MC_0816 58.15 13.04 9.53 3.02 67.56 4.91 5.55 5.34 4.53 n.d.   n.d. 

S098MC_0816 51.86 12.04 8.88 2.86 60.81 4.44 5.14 5.06 4.59 147.01 26.39 

S099MC_0816 61.30 14.21 10.34 3.24 71.23 5.25 5.54 5.47 4.88 148.26 23.76 

S100MC_0816 59.60 14.63 10.90 3.54 68.23 5.45 5.46 5.32 4.96 139.62 21.86 

S101MC_0816 68.79 16.66 12.39 3.94 77.32 5.85 5.88 5.92 5.31 147.25 24.46 

S102MC_0816 60.39 15.08 11.12 3.52 70.73 5.63 5.76 5.79 5.32 141.99 23.94 

S103MC_0816 50.48 11.96 8.79 2.86 57.63 4.06 5.36 5.44 5.01 141.15 23.30 

S104MC_0816 62.66 15.19 10.85 3.39 71.30 4.97 6.04 6.04 5.43 172.94 27.65 

S105MC_0816 61.92 15.32 11.25 3.66 69.68 5.54 6.07 6.00 5.38 163.41 26.34 

S106MC_0816 63.95 15.62 11.65 3.73 71.71 5.77 6.30 6.00 5.52 153.45 24.33 

S107MC_0816 57.22 13.95 10.36 3.38 64.87 4.11 6.02 6.07 5.50 192.82 28.58 

S108MC_0816 57.41 13.59 10.10 3.12 64.72 5.08 5.75 6.08 5.57 142.07 21.52 

S109MC_0816 49.52 11.36 8.41 2.64 55.23 3.97 5.33 5.45 5.10 n.d.   n.d. 

S110MC_0816 52.84 11.56 8.93 2.84 59.04 4.48 5.31 5.06 4.41 147.57 24.98 

S111MC_0816 49.92 11.45 8.30 2.62 55.65 3.79 5.27 4.85 4.32 160.33 27.63 
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Sample GDGT-0 GDGT-1 GDGT-2 GDGT-3 cren cren’ GDGT-Ia GDGT-IIa GDGT-IIIa C37:2 C37:3 

S112MC_0816 26.23 5.76 4.17 1.30 31.19 1.94 2.69 2.42 2.29 n.d.   n.d. 

S113MC_0816 53.92 12.19 8.91 2.79 65.23 4.37 5.53 5.62 5.41 164.36 27.61 

S114MC_0816 49.07 10.37 7.69 2.37 58.68 3.48 5.50 5.72 5.76 n.d.   n.d. 

S115MC_0816 43.58 9.08 6.64 2.07 50.76 3.06 4.69 4.94 5.20 250.52 32.85 

S116MC_0816 47.46 10.51 7.64 2.41 56.10 3.69 4.84 5.16 4.65 140.20 22.47 

S117MC_0816 56.77 12.50 9.26 2.93 67.47 4.36 5.46 5.74 5.24 142.59 23.39 

S118MC_0816 63.62 14.24 10.51 3.35 73.55 5.03 5.98 7.94 6.33 182.61 32.78 

S119MC_0816 34.43 8.14 6.19 2.00 39.30 3.25 3.09 3.05 2.96 163.90 28.96 

S120MC_0816 69.22 15.60 11.52 3.76 78.06 6.12 6.03 6.42 6.30 n.d.   n.d. 

S121MC_0816 56.68 12.73 9.40 3.06 63.54 5.03 5.21 5.43 5.23 180.77 27.76 

S122MC_0816 70.24 15.48 11.61 3.67 83.53 6.04 6.05 6.17 5.98 161.79 26.93 

S123MC_0816 69.31 14.91 10.85 3.50 78.21 4.92 5.64 6.23 5.44 148.74 25.64 

S124MC_0816 66.50 14.77 10.87 3.52 73.35 5.60 5.84 6.26 5.96 173.36 31.05 

S125MC_0816 57.95 12.86 9.35 3.00 62.91 4.39 5.03 5.10 4.99 174.46 30.70 

S126MC_0816 53.11 11.72 8.71 2.81 58.54 4.58 5.46 5.78 5.34 159.01 28.28 

S127MC_0816 50.08 10.98 8.24 2.63 57.36 4.39 4.96 5.09 5.14 175.42 31.66 

S128MC_0816 51.43 10.50 7.76 2.47 59.40 3.60 4.86 5.08 5.03 189.40 32.59 

S129MC_0816 55.54 12.23 9.46 3.02 66.04 4.63 4.97 5.04 4.88 198.17 37.11 

S130MC_0816 55.05 12.19 9.03 2.95 58.69 4.06 4.57 4.97 4.75 194.99 35.07 

S131MC_0816 48.52 10.31 7.76 2.51 54.45 3.49 4.60 4.84 5.05 206.94 37.64 

S132MC_0816 44.90 9.48 7.16 2.25 49.29 3.19 4.18 4.38 4.21 205.99 38.23 

S133MC_0816 44.23 9.59 7.12 2.29 49.71 3.18 4.15 4.38 4.14 203.97 38.46 

S134MC_0816 49.77 10.70 8.05 2.54 55.35 3.95 4.56 4.80 4.62 187.33 34.46 
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Sample GDGT-0 GDGT-1 GDGT-2 GDGT-3 cren cren’ GDGT-Ia GDGT-IIa GDGT-IIIa C37:2 C37:3 

S135MC_0816 54.06 11.95 8.92 2.87 60.29 3.97 5.05 5.34 5.11 214.92 40.18 

S136MC_0816 39.03 7.92 5.95 1.87 45.07 2.58 3.66 4.02 3.85 226.56 41.70 

S137MC_0816 48.54 10.24 7.76 2.47 55.10 3.50 4.39 4.77 4.59 n.d.   n.d. 

S138MC_0816 46.10 9.37 7.23 2.25 53.02 4.26 3.85 3.98 4.11 222.71 42.92 

S139MC_0816 58.22 12.32 8.97 2.82 70.06 5.04 5.47 5.58 5.56 224.48 41.82 
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Table S5.4: Bulk analyses and results of alkenone, GDGT and long chain diols from the sediment core CF10-09A (n.d. = not determined). 

Sample Depth Age TOC δ13Cb ∑alkenones ∑isoGDGT BIT index UK'
37 SST-UK'

37
c TEX86 Temp-TEX86

H d LDI SST-LDIe 

 (cm) (cal kyr BP)a (%) (‰) (µg gTOC-1) (µg gTOC-1)   (ºC)  (ºC)   

S044MC_0816 -1 1.09 1.38 n.d. 157.35 120.07 0.29 0.86 23.86 0.55 20.66 0.90 24.29 

S045MC_0816 -2 1.11 1.35 n.d. 192.02 132.18 0.23 0.85 23.74 0.55 20.81 0.88 23.83 

S046MC_0816 -3 1.13 1.31 n.d. 179.76 98.36 0.23 0.86 24.03 0.55 20.80 0.88 23.94 

S047MC_0816 -4 1.15 1.33 n.d. n.d. 129.59 0.24 n.d. n.d. 0.55 20.90 n.d. n.d. 

S048MC_0816 -5 1.17 1.40 -20.92 192.35 136.83 0.23 0.87 24.32 0.57 21.67 0.90 24.36 

S049MC_0816 -10 1.28 1.46 -20.94 207.39 72.53 0.23 0.87 24.35 0.55 20.88 0.86 23.22 

S050MC_0816 -15 1.37 1.49 -20.99 203.96 177.96 0.21 0.88 24.69 0.57 21.48 0.90 24.48 

S051MC_0816 -20 1.47 1.54 -20.97 n.d. 134.18 0.23 n.d. n.d. 0.56 21.24 0.90 24.51 

S052MC_0816 -25 1.56 1.52 -20.89 161.49 145.60 0.21 0.88 24.72 0.56 21.53 0.91 24.65 

S053MC_0816 -30 1.64 1.81 -20.89 143.62 133.89 0.19 0.89 24.87 0.56 21.45 n.d. n.d. 

S054MC_0816 -35 1.72 1.56 -20.88 211.31 172.61 0.20 0.88 24.66 0.56 21.51 0.92 25.08 

S055MC_0816 -40 1.81 1.25 -20.90 171.06 166.52 0.21 0.89 24.76 0.58 22.34 0.92 24.96 

S056MC_0816 -45 1.88 1.49 -20.90 199.02 174.08 0.20 0.89 24.82 0.57 21.69 0.91 24.70 

S057MC_0816 -50 1.96 1.54 -20.87 181.81 164.03 0.21 0.89 24.90 0.56 21.56 0.91 24.55 

S058MC_0816 -55 2.03 1.56 -20.97 168.40 170.30 0.19 0.89 24.95 0.56 21.14 0.92 24.93 

S059MC_0816 -57 2.06 1.62 n.d. 206.65 189.73 0.19 0.90 25.19 0.56 21.29 0.91 24.71 

S060MC_0816 -59 2.09 1.64 n.d. 152.68 191.54 0.18 0.89 24.75 0.56 21.28 0.91 24.59 

S061MC_0816 -61 2.12 1.57 n.d. 163.06 181.07 0.18 0.87 24.41 0.57 21.98 0.92 24.93 

S062MC_0816 -63 2.15 1.61 n.d. 158.64 173.03 0.18 0.88 24.62 0.58 22.22 n.d. n.d. 

S063MC_0816 -65 2.17 1.49 -21.05 183.57 182.65 0.18 0.89 24.74 0.56 21.22 0.91 24.80 

S064MC_0816 -70 2.24 1.52 -21.06 n.d. 153.14 0.19 n.d. n.d. 0.56 21.34 0.91 24.66 

S065MC_0816 -75 2.30 1.42 -21.20 177.04 183.04 0.18 0.87 24.41 0.56 21.52 0.91 24.78 

S066MC_0816 -80 2.35 1.34 -21.05 166.46 174.57 0.20 0.88 24.49 0.56 21.52 0.89 24.21 

S067MC_0816 -85 2.40 1.45 -21.14 182.66 175.01 0.23 0.88 24.66 0.57 21.71 0.91 24.67 

S068MC_0816 -90 2.45 1.48 -20.97 n.d. 130.25 0.20 n.d. n.d. 0.55 21.06 0.92 25.05 

S069MC_0816 -95 2.50 1.82 -21.11 138.69 117.88 0.22 0.89 24.75 0.55 20.94 0.92 24.88 

S070MC_0816 -100 2.56 1.34 -21.07 181.26 150.29 0.22 0.89 24.90 0.56 21.33 0.91 24.83 
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Sample Depth Age TOC δ13Cb ∑alkenones ∑isoGDGT BIT index UK'
37 SST-UK'

37
c TEX86 Temp-TEX86

H d LDI SST-LDIe 

 (cm) (cal kyr BP)a (%) (‰) (µg gTOC-1) (µg gTOC-1)   (ºC)  (ºC)   

S071MC_0816 -105 2.61 1.40 -21.16 195.82 165.72 0.21 0.88 24.56 0.56 21.62 0.91 24.81 

S072MC_0816 -110 2.67 1.47 -21.11 176.19 129.38 0.23 0.88 24.63 0.57 21.98 0.91 24.81 

S073MC_0816 -115 2.74 1.57 -21.03 199.48 155.27 0.22 0.88 24.72 0.56 21.43 0.91 24.85 

S074MC_0816 -120 2.81 1.28 -21.11 176.38 162.36 0.21 0.88 24.67 0.56 21.60 0.91 24.79 

S075MC_0816 -125 2.88 1.36 -21.12 181.62 139.80 0.21 0.88 24.63 0.56 21.43 0.91 24.77 

S076MC_0816 -130 2.95 1.44 -21.12 192.91 140.79 0.22 0.88 24.71 0.57 21.69 0.91 24.73 

S077MC_0816 -135 3.03 1.37 -21.15 n.d. 142.86 0.23 n.d. n.d. 0.57 21.89 0.91 24.66 

S078MC_0816 -140 3.11 1.27 -21.15 191.65 114.00 0.24 0.88 24.67 0.57 21.80 n.d. n.d. 

S079MC_0816 -145 3.19 1.33 -21.21 193.41 151.38 0.24 0.89 24.73 0.56 21.46 0.91 24.59 

S080MC_0816 -150 3.27 1.35 -21.04 170.61 137.16 0.23 0.88 24.43 0.57 21.80 0.92 25.01 

S081MC_0816 -155 3.36 1.42 -21.17 n.d. 135.03 0.20 n.d. n.d. 0.57 21.74 0.90 24.42 

S082MC_0816 -157 3.39 1.41 n.d. n.d. 183.84 0.20 n.d. n.d. 0.57 21.86 0.91 24.66 

S083MC_0816 -159 3.43 1.60 n.d. 245.81 173.41 0.21 0.87 24.22 0.57 21.90 0.88 23.92 

S084MC_0816 -161 3.46 1.51 n.d. 223.73 185.22 0.22 0.87 24.42 0.57 21.96 0.91 24.61 

S085MC_0816 -163 3.50 1.56 n.d. 206.72 150.84 0.21 0.88 24.43 0.57 21.76 0.92 24.93 

S086MC_0816 -165 3.53 1.29 -21.14 223.70 97.03 0.21 0.87 24.38 0.57 21.87 0.88 23.85 

S087MC_0816 -170 3.62 1.53 -21.31 224.76 175.67 0.17 0.86 24.08 0.56 21.58 0.89 23.99 

S088MC_0816 -175 3.71 1.45 -21.24 217.42 131.34 0.18 0.87 24.26 0.58 22.30 0.92 25.05 

S089MC_0816 -180 3.80 1.59 -21.24 n.d. 185.41 0.17 n.d. n.d. 0.58 22.48 n.d. n.d. 

S090MC_0816 -185 3.88 n.d. -21.17 n.d. n.d. 0.19 0.87 24.36 0.58 22.51 0.93 25.19 

S091MC_0816 -190 3.97 1.48 -21.03 195.81 140.60 0.22 0.86 24.00 0.57 21.67 0.93 25.15 

S092MC_0816 -195 4.05 1.82 -21.22 153.63 124.90 0.20 0.83 23.15 0.57 22.01 0.92 25.08 

S093MC_0816 -200 4.12 1.06 -21.21 175.33 122.12 0.23 0.86 23.86 0.55 20.70 0.93 25.36 

S094MC_0816 -205 4.20 1.26 -21.01 164.21 219.95 0.16 0.87 24.32 0.57 21.90 n.d. n.d. 

S095MC_0816 -210 4.26 1.56 -21.13 163.14 157.82 0.19 0.86 24.12 0.58 22.18 0.92 24.91 

S096MC_0816 -215 4.32 1.58 -21.31 175.14 164.22 0.19 0.86 24.11 0.58 22.18 0.93 25.36 

S097MC_0816 -220 4.38 1.41 -21.13 n.d. 156.22 0.19 n.d. n.d. 0.57 22.02 0.93 25.26 

S098MC_0816 -225 4.44 1.39 -21.13 173.40 140.88 0.20 0.85 23.60 0.57 22.07 0.92 24.94 

S099MC_0816 -230 4.50 1.50 -21.11 172.03 165.57 0.18 0.86 24.03 0.57 21.90 0.92 25.04 
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Sample Depth Age TOC δ13Cb ∑alkenones ∑isoGDGT BIT index UK'
37 SST-UK'

37
c TEX86 Temp-TEX86

H d LDI SST-LDIe 

 (cm) (cal kyr BP)a (%) (‰) (µg gTOC-1) (µg gTOC-1)   (ºC)  (ºC)   

S100MC_0816 -235 4.55 1.42 -21.20 161.48 162.34 0.19 0.86 24.11 0.58 22.22 n.d. n.d. 

S101MC_0816 -240 4.61 1.45 -21.15 171.72 184.95 0.18 0.86 23.90 0.57 21.95 0.92 25.12 

S102MC_0816 -245 4.66 1.43 -21.08 165.93 166.48 0.19 0.86 23.84 0.57 22.11 0.90 24.28 

S103MC_0816 -250 4.73 1.38 -21.13 164.45 135.78 0.22 0.86 23.92 0.57 21.79 0.90 24.52 

S104MC_0816 -255 4.79 1.44 -20.67 200.59 168.36 0.20 0.86 24.04 0.56 21.29 0.93 25.35 

S105MC_0816 -257 4.82 1.37 n.d. 189.75 167.38 0.20 0.86 24.01 0.57 21.99 0.93 25.41 

S106MC_0816 -259 4.84 1.41 n.d. 177.78 172.44 0.20 0.86 24.06 0.58 22.17 0.92 25.12 

S107MC_0816 -261 4.87 1.31 n.d. 221.39 153.90 0.21 0.87 24.30 0.56 21.45 0.91 24.83 

S108MC_0816 -263 4.90 1.34 n.d. 163.59 154.01 0.21 0.87 24.23 0.57 22.10 0.92 24.99 

S109MC_0816 -265 4.92 1.27 -21.19 n.d. 131.12 0.22 n.d. n.d. 0.57 21.87 0.92 24.89 

S110MC_0816 -270 4.99 1.39 -21.15 172.55 139.70 0.20 0.86 23.83 0.58 22.64 0.92 25.04 

S111MC_0816 -275 5.06 1.36 -21.07 187.96 131.73 0.21 0.85 23.76 0.56 21.50 0.92 24.93 

S112MC_0816 -280 5.13 1.36 -21.16 n.d. 70.60 0.19 n.d. n.d. 0.56 21.52 0.93 25.24 

S113MC_0816 -285 5.19 1.33 -21.18 191.98 147.43 0.20 0.86 23.85 0.57 21.83 0.92 25.08 

S114MC_0816 -290 5.25 1.30 -21.19 n.d. 131.65 0.22 n.d. n.d. 0.57 21.69 0.91 24.83 

S115MC_0816 -295 5.31 1.40 -21.13 283.36 115.19 0.23 0.88 24.70 0.56 21.62 0.91 24.75 

S116MC_0816 -300 5.37 1.35 -21.29 162.67 127.81 0.21 0.86 24.03 0.57 21.72 0.91 24.79 

S117MC_0816 -305 5.43 1.42 -21.07 165.98 153.28 0.20 0.86 23.94 0.57 21.88 0.91 24.77 

S118MC_0816 -310 5.48 1.31 -21.04 215.38 170.29 0.22 0.85 23.60 0.57 21.91 n.d. n.d. 

S119MC_0816 -315 5.54 1.44 -21.08 192.86 93.32 0.19 0.85 23.66 0.58 22.63 0.90 24.53 

S120MC_0816 -320 5.59 1.42 -20.90 n.d. 184.28 0.19 n.d. n.d. 0.58 22.33 n.d. n.d. 

S121MC_0816 -325 5.65 1.55 -20.96 208.54 150.43 0.20 0.87 24.18 0.58 22.34 n.d. n.d. 

S122MC_0816 -330 5.71 1.43 -21.03 188.73 190.57 0.18 0.86 23.89 0.58 22.39 0.84 22.57 

S123MC_0816 -335 5.78 1.59 -20.98 174.37 181.69 0.18 0.85 23.76 0.56 21.57 0.91 24.69 

S124MC_0816 -340 5.85 1.48 -21.03 204.41 174.61 0.20 0.85 23.61 0.58 22.17 0.90 24.43 

S125MC_0816 -345 5.93 1.53 -21.01 205.16 150.46 0.19 0.85 23.68 0.57 21.67 0.91 24.66 

S126MC_0816 -350 6.02 1.40 -20.96 187.29 139.47 0.22 0.85 23.64 0.58 22.35 0.87 23.53 

S127MC_0816 -355 6.11 1.30 -20.99 207.08 133.68 0.21 0.85 23.58 0.58 22.49 n.d. n.d. 

S128MC_0816 -360 6.21 1.10 -21.19 221.98 135.15 0.20 0.85 23.76 0.57 21.82 0.90 24.38 
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Sample Depth Age TOC δ13Cb ∑alkenones ∑isoGDGT BIT index UK'
37 SST-UK'

37
c TEX86 Temp-TEX86

H d LDI SST-LDIe 

 (cm) (cal kyr BP)a (%) (‰) (µg gTOC-1) (µg gTOC-1)   (ºC)  (ºC)   

S129MC_0816 -365 6.32 1.22 -21.10 235.29 150.92 0.18 0.84 23.43 0.58 22.58 0.93 25.39 

S130MC_0816 -370 6.42 1.31 -21.20 230.06 141.97 0.20 0.85 23.59 0.57 21.81 0.91 24.74 

S131MC_0816 -375 6.54 1.16 -21.05 244.58 127.05 0.21 0.85 23.55 0.57 21.99 n.d. n.d. 

S132MC_0816 -380 6.65 1.04 -21.15 244.22 116.26 0.21 0.84 23.47 0.57 21.94 n.d. n.d. 

S133MC_0816 -385 6.77 1.11 -21.48 242.44 116.11 0.20 0.84 23.40 0.57 21.78 0.92 24.94 

S134MC_0816 -387 6.82 1.06 n.d. 221.79 130.37 0.20 0.84 23.50 0.58 22.25 0.92 25.02 

S135MC_0816 -389 6.86 1.06 n.d. 255.09 142.06 0.20 0.84 23.44 0.57 21.83 0.91 24.55 

S136MC_0816 -391 6.91 1.03 n.d. 268.26 102.42 0.20 0.84 23.50 0.57 21.77 0.91 24.60 

S137MC_0816 -393 6.96 1.03 n.d. n.d. 127.62 0.20 0.88 24.47 0.57 22.05 0.91 24.60 

S138MC_0816 -395 7.01 1.06 -21.11 265.63 122.22 0.18 0.84 23.32 0.59 23.15 0.90 24.41 

S139MC_0816 -400 7.13 1.01 -21.16 266.30 157.42 0.19 0.84 23.45 0.58 22.28 0.93 25.32 

S044MC_0816 -1 1.09 1.38 n.d. 157.35 120.07 0.29 0.86 23.86 0.55 20.66 0.90 24.29 

S045MC_0816 -2 1.11 1.35 n.d. 192.02 132.18 0.23 0.85 23.74 0.55 20.81 0.88 23.83 

S046MC_0816 -3 1.13 1.31 n.d. 179.76 98.36 0.23 0.86 24.03 0.55 20.80 0.88 23.94 

S047MC_0816 -4 1.15 1.33 n.d. n.d. 129.59 0.24 n.d. n.d. 0.55 20.90 n.d. n.d. 

S048MC_0816 -5 1.17 1.40 -20.92 192.35 136.83 0.23 0.87 24.32 0.57 21.67 0.90 24.36 

S049MC_0816 -10 1.28 1.46 -20.94 207.39 72.53 0.23 0.87 24.35 0.55 20.88 0.86 23.22 
aAge model developed by (Lessa et al., 2016) 

b δ13C data given by Ana L. S. Albuquerque (personal communication). 

c SST-U37
K′

 calculated with the calibration of Müller et al. (1998). 

d Temp-TEX86
H  calculated with the calibration of Kim et al. (2010). 

e SST-LDI calculated with the calibration of (Rampen et al., 2012). 
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