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Note from the author

The present manuscript summarizes the findings of the author’s doctoral research
taken place from January 2021 to April 2024. The initial project “Methane seepage
activity of NW Africa during the last deglaciation and its relation with global climate
change; paleoenvironmental multiproxy analysis using foraminifera” was planned to
investigate methane seepage activity off NW Africa during the last 30,000 years, with
special focus on bottom water temperature changes as a potential driver. The doctoral
research was projected to use cores from the Mauritanian shelf initially planned to be
retrieved on October 2021, however due to the COVID pandemic the expedition was

postponed and later cancelled.

The first phase of this research focused on analyzing the benthic foraminifera
taxonomy and distribution, in addition to the trace element concentrations and stable
isotope measurements on benthic foraminifera species from core GeoB9512-5. This
site is located near the area of the original proposed study, and at a similar depth
where methane seepage is known to occur off NW Africa, and the anlyses was started
before the cancellation of the research cruise. The unavailability of the samples from
the original target seep site, led to the joint decision (of the doctoral candidate and
supervisors) to take the project in a slightly different direction, aiming to increase the
coverage of temperature reconstructions based on benthic foraminifera Mg/Ca
measurements. To this end, records from GeoB9506-1, GeoB9508-5 and GeoB9512-
5 provide information of the temperature profile in the eastern North Atlantic off NW
Africa during times of major climatic shifts in the last 30,000 years. In addition, the use
of duplicate species for benthic Mg/Ca in this investigation, confirms that there are
other potential environmental controls on benthic foraminifera Magnesium uptake
besides temperature, making a critical evaluation for past and future paleotemperature

records ever more necessary.

In addition to the normal challenges usually faced in any research, the global
pandemic changed the course of this and many other research projects in the last
years, deeply affecting early career researchers. However, it also offered an
opportunity to take new approaches, for instance using the unexploited potential of



existing material that still holds very valuable information (for example in the GeoB
Core repository) key for climate change studies. In this regard, the oxygen
reconstructions presented here were unanticipated in the original proposal but have
provided important records and contributed significatively to the outcomes of this
doctoral dissertation. The author hopes the forced change of this research focus still

contributes to MARUM’s objectives as the initial proposed was meant to do.



Outline and research questions

This manuscript contains the results of the doctoral thesis “Atlantic Meridional
Overturning Circulation slowdown effects on deglacial tropical eastern Atlantic
paleoceanography recorded by benthic foraminifera”. The foreword is a summary
about benthic foraminifera, and why and how they are used in paleoceanographic
studies. This short article was published in Nature Reviews Earth and Environment as
joint effort between the GeolLatinas organization and Nature Reviews Earth and
Environment to publish multilingual peer-reviewed content increasing science
accessibility for Spanish-speaking individuals. The introduction presents a summary
of the modern oceanographic configuration of the tropical eastern Atlantic area studied

here. A condensed methodology section summarizes the analyzed material,

including the preparation and extraction of microfossil content, as well as the

taxonomical and geochemical analyses carried out.

The first chapter (in preparation for submission) gives an overview of the benthic
foraminifera taxonomy study of the eastern Atlantic, to show how benthic
foraminifera are distributed in the NE Atlantic and what are the main
environmental parameters influencing their diversity. This chapter summarizes
previous benthic foraminifera studies in the area and contrasts the available
information with the benthic foraminifera extracted from surface sediment analyzed for

this research.

On chapter two (in review at Nature Communications), we explore research question
2: what are the effects of AMOC slowdown in the Eastern tropical North Atlantic
Oxygen Minimum Zone (ETNA - OMZ)? From detailed taxonomical and quantitative
analyses of GeoB9512-5 (793 m water depth, 15.33°N, 17.36°W) benthic foraminifera,
we found that in times of deglacial AMOC decline ETNA-OMZ became better
ventilated and oxygenated due to an intensification of the subtropical cell.

This bottom water oxygen decline during AMOC slowdown influenced benthic
foraminifera Mg/Ca, therefore introducing additional uncertainties in paleotemperature
reconstructions. This led to the research question 3: does oxygen availability affect



Mg uptake in Melonis barleeanus? and if so, can this effect be removed from our

temperature calculations? In chapter three (in preparation for submission), |

present a revised temperature calibration for M. barleeanus Mg/Ca and provide
evidence of potential oxygen effects on this species Mg/Ca ratios. Applying the new
calibration to reconstruct the deglacial paleotemperature changes of site GeoB9512-
5, an earlier LGM warming is observed, incompatible with the Uvigerina
paleotemperature record of the same site. This suggests additional controls to the
Mg/Ca signal of M. barleeanus (like microhabitat changes) and prevents a composite
paleotemperature record in our site, exploring vital effects in benthic foraminifera

Mg/Ca paleothermometry.

Chapter four was published in Paleoceanography and Paleoclimatology and contains
the results of benthic foraminifera Magnesium/Calcium (Mg/Ca) ratios from site
GeoB9508-5 (2,384 m water depth, 15.49°N, 17.94°W). In this chapter, we explore
research question 4: how the Atlantic Meridional Overturning Circulation (AMOC)
changes in the last 30,000 years influenced deep ocean heat uptake in the
eastern North Atlantic? Based on these new records, we provide evidence of heat

uptake stagnation in the deep eastern North Atlantic in times of AMOC slowdown.

Finally, in chapter five (in preparation for submission), | present an integrated analysis
of the paleotemperature records based on Uvigerina Mg/Ca of sites GeoB9506-1,
GeoB9508-5 and GeoB9512-5 also concerning research question 4 considering the
upper Atlantic. Our data shows that during the last deglaciation, heat storage shifted
from a shallow mode during the Last Glacial Maximum to a deep mode in the
Holocene. These findings are in line with the results from chapter two and contribute
valuable information to the understanding of AMOC slowdown effects on ocean heat

uptake and storage and oxygen changes in the eastern part of the Atlantic.
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Foreword: Filling the deep-ocean data gap with benthic

foraminifera

Published in Nature Reviews Earth and Environment, formatted to fit the manuscript style
https://doi.org/10.1038/s43017-022-00332-6

S. Barragan-Montilla®

TMARUM - Center for Marine Environmental Sciences and Department of Geosciences, University of
Bremen, Bremen, Germany

Oceans trap around 90% of the excess heat and sequester ~30% of the COzreleased
by anthropogenic activity. However, insufficient information on historic deep-water
temperature still limits the understanding of ocean—climate interactions. To understand
previous ocean conditions and improve future predictions, benthic foraminifera (BF)

are used to reconstruct past changes in bottom waters.

BF are unicellular marine microorganisms that live on the seafloor and produce a hard
shell (test) in chemical equilibrium with the surrounding water. The distribution of BF
is controlled by changes in deep-ocean parameters, which can be tracked using
diversity patterns, species distribution and the chemical compositions of BF tests. To
track these changes, seafloor sediments that contain BF microfossils are washed,
dried, sieved, and analyzed under a microscope in the lab to observe the microfossils
content. For each sample, around 300 BF are taxonomically classified, and some tests
are separated to measure 6'®0 and/or 3'3C stable isotopes and elements
concentrations (such as Al, Ca, Mg, Mn, and Sr). Changes in BF distribution usually
indicate fluctuations in bottom water oxygenation and organic matter content, while
bottom water can be reconstructed from 3'3C. BF geochemistry can also be used to
estimate bottom water salinity (based on a combination of 3’80 with Mg/Ca) and

paleotemperatures (based on Mg/Ca ratios).

Multiproxy studies that integrate BF taxonomical and quantitative analyses with
geochemical proxies enable deeper understanding of paleoceanographic changes.
This multiproxy approach sheds light on how changes in Atlantic circulation have
affected the capacity of this ocean to store excess heat, or the impact of primary
productivity changes on ocean CO:2 sequestration. BF research will improve the


https://doi.org/10.1038/s43017-022-00332-6
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understanding of how ocean processes can influence global temperatures and add

context for changes predicted for the future.

Spanish official translation: Descubriendo las profundidades del océano con
foraminiferos bentdnicos

Los océanos capturan alrededor del 90% del exceso de calor de nuestro planeta, y
secuestran ~30% del CO:2 liberado por actividad antropogénica. Sin embargo, la falta
de informacion histérica acerca de las temperaturas del fondo oceanico sigue
limitando nuestro entendimiento sobre las interacciones entre el océano y el clima.
Para entender los cambios del océano en el pasado y mejorar las predicciones del
futuro, se usan los foraminiferos benténicos (FB) para reconstruir las condiciones del

fondo oceanico en el pasado geoldgico.

Los FB son organismos marinos unicelulares que habitan en el suelo oceanico y
producen una concha (caparazon) en equilibrio quimico con el agua donde viven. Su
distribucion, depende de los cambios en los parametros ambientales del fondo
oceanico, los cuales se pueden analizar mediante patrones de diversidad de los FB,
distribucion de las especies y composicion quimica de los caparazones. Con este fin,
se lavan, tamizan y analizan muestras de sedimento del suelo oceanico con alto
contenido microfésil. El analisis se realiza usando un microscopio para extraer y
clasificar taxonémicamente alrededor de 300 FB por muestra. Adicionalmente,
algunos caparazones se separan para medir isotopos estables (como el 380 y §13C)
y concentraciones de elementos quimicos (como Al, Ca, Mg, Mn, y Sr). Los cambios
en la distribucién de FB responden principalmente a variaciones en la oxigenacion y
concentracion de materia organica en las aguas de fondo, mientras que parametros
como la ventilacion pueden reconstruirse analizando el 8'3C. Ademas, mediante la
geoquimica de FB, se pueden estimar otros parametros del fondo oceanico como la
salinidad (combinando 8'80 con Mg/Ca) y las paleo-temperaturas (con base en los
radios Mg/Ca).

Los estudios multiproxy que integran analisis taxondmicos y cuantitativos de FB con
proxies geoquimicas, permiten entender en detalle cambios paleoceanograficos. Este

planteamiento multiproxy ayuda a explicar como los cambios en la circulacién del
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Atlantico afectaron su capacidad de absorber el exceso de calor de la tierra, o cual es
el impacto de las variaciones en la productividad primaria en la extraccion de COz2. La
investigacion de FB mejorara el entendimiento de como los procesos oceanicos
influyen en las temperaturas globales y aportan un contexto clave para las

predicciones del futuro de nuestro planeta.
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Abstract

The Atlantic Ocean is an important component of the global climate system. In this
ocean basin, the Atlantic Meridional Overturning Circulation (AMOC), partially driven
by the formation of North Atlantic Deep Water (NADW) in the northern hemisphere,
uptakes an important percentage of the anthropogenically induced excess heat of our
planet and distributes it around the globe through a complex ocean circulation system
that influences global warming rate (e.g. Cummins et al., 2016; Levitus et al., 2000).

As described in Chapter 2 and Chapter 4, the instrumental record of AMOC strength

provides evidence of a potential decrease or weakening also known as “AMOC
slowdown” in the 19" and 20 centuries, synchronous with the increasing trend of CO2
in the atmosphere, as well as greenhouse gases concentrations (Caesar et al., 2021;
Dima et al., 2021; IPCC, 2022; Rahmstorf et al., 2015). Furthermore, AMOC will very
likely decrease in the 215t century (IPCC, 2023). However, the instrumental AMOC
record is still too short to fully understand the effects of such slowdown in the climate
system, therefore our knowledge must rely on paleoceanographic proxies. Although
controversial, AMOC slowdown has been recorded by different proxies in the last
30,000 years, offering the opportunity to observe the effects of this slowdown in the
deep ocean through the marine fossil record. This is discussed in detail in the

Introduction of Chapter 4.

The last deglaciation period in the Eastern North Atlantic (NE Atlantic) starts after the
end of the Last Glacial Maximum (LGM, ~ 19 kyrs BP). Temporary returns to cold
periods occurred during the Heinrich Stadial 1 (HS1, ~18.3 — 15.4 Kyr BP) and
Younger Dryas (YD, ~12.9 — 11.7 Kyr BP), and between these two cold periods, the
Bolling—Allergd warming (B-A) was a transient warming time in the northern
hemisphere. The record of AMOC, includes kinematic proxies like 23'Pa/230Th (B6hm
et al., 2015; Gherardi et al., 2005; McManus et al., 2004), paleo-circulation proxies like
the radiogenic neodymium (Nd) isotope composition (B6hm et al., 2015; Du et al.,
2020; Roberts et al., 2010) and bottom water ventilation proxies like the benthic
foraminifera 8'3C (e.g., Oppo et al., 2015), that show a consistent AMOC decline
during the HS1 and YD, alternated by a short B-A resumption period.
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In this research, deglacial sedimentary records of gravity cores GeoB9512-5 (15.34
°N, 17.37 °W, 793 m water depth), GeoB9508-5 (15.50 °N, 17.95 °W, 2,384 m WD)
and GeoB9506-1 (15.61 °N, 18.35 °W, 2,956 m WD) were analyzed to extract and
investigate the benthic foraminifera content, and reconstruct the bottom water changes
in the NE Atlantic during the last 27,000 years. Three components of bottom waters
were investigated; (1) bottom water oxygenation reconstructed from the detailed
taxonomic and quantitative analyses of benthic foraminifera (GeoB9512-5 and
GeoB9506-1); (2) bottom water temperatures (BWTs) reconstructed from benthic
foraminifera Magnesium-Calcium (Mg/Ca) ratios (GeoB9512-5, GeoB9508-5 and
GeoB9506-1); and (3) changes in ventilation and salinity inferred from benthic
foraminifera 8'3C and 8'80 respectively (GeoB9512-5, GeoB9508-5 and GeoB9506-
1). The key outcomes of this research are: (1) deep-ocean heat uptake stagnation in
times of reduced AMOC in the NE Atlantic, suggesting AMOC strength sets the
oceanic heat storage depth; (2) a better ventilated and oxygenated deglacial Eastern
Tropical North Atlantic Oxygen Minimum Zone, related to an intensified subtropical
cell due to AMOC slowdown; than in turn (3) affected calcification processes of some
benthic foraminifera at intermediate depths introducing uncertainties on Mg/Ca-based
paleotemperature reconstructions at intermediate depths in the eastern North Atlantic.
Finally, the integrated paleotemperature records show that during the LGM and most
of the last deglacial period, heat storage took place in the intermediate waters in the
tropical eastern Atlantic, and shift to a deep mode in the Holocene as AMOC strength

is restored.
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Zusammenfassung

Der Atlantische Ozean ist ein wichtiger Bestandteil des globalen Klimasystems. In
diesem Ozeanbecken nimmt die Atlantische Meridionale Umwalzbewegung (AMOC),
die teilweise durch die Bildung des Nordatlantischen Tiefenwassers (NADW) in der
nordlichen Hemisphare angetrieben wird, einen bedeutenden Prozentsatz der
anthropogen verursachten Uberschissigen Warme unseres Planeten auf und verteilt
sie Uber ein komplexes Ozeanzirkulationssystem, das die globale Erwarmungsrate
beeinflusst, rund um den Globus (z. B. Cummins et al., 2016; Levitus et al., 2000). Wie

in Kapitel 2 und Kapitel 4 beschrieben, liefert die instrumentelle Aufzeichnung der

AMOC-Intensitat Beweise fur eine mdgliche Abnahme oder Abschwachung, auch
bekannt als "AMOC-Verlangsamung" im 19. und 20. Jahrhundert, synchron mit der
Steigerung von COz2 in der Atmosphére sowie den Konzentrationen von Treibhausgas
(Caesar et al.,, 2021; Dima et al.,, 2021; IPCC, 2022; Rahmstorf et al., 2015).
Tatsachlich wird die AMOC im 21. Jahrhundert sehr wahrscheinlich abnehmen (IPCC,
2023). Der Zeitraum der instrumentellen AMOC-Aufzeichnung ist jedoch noch zu kurz,
um die Auswirkungen einer solchen Verlangsamung im Klimasystem vollstandig zu
verstehen. Die Verlangsamung der AMOC ist zwar umstritten, wurde aber in den
letzten 30 000 Jahren durch verschiedene proxies aufgezeichnet und bietet die
Méoglichkeit, die Auswirkungen dieser Verlangsamung in der Tiefsee anhand der
aufgezeichneten Daten von Meeresfossilien zu beobachten. Dies wird in der

Einleitung von Kapitel 4 ausflihrlich erdrtert.

Die letzte Deglazialperiode im Nordostatlantik (NE-Atlantik) beginnt nach dem Ende
des letzten glazialen Maximums (LGM, ~ 19 kyrs BP). Wiahrend des Heinrich Stadial
1 (HS1, ~18,3 - 15,4 Kyr BP) und der Jingeren Dryas (YD, ~12,9 - 11,7 Kyr BP) kam
es zu einer voribergehenden Umkehr zu kalten Perioden, und zwischen diesen
beiden kalten Perioden war die Bglling-Allergd-Erwarmung (B-A) eine voribergehende
Erwarmung der nordlichen Hemisphare. Die Aufzeichnung der AMOC umfasst
kinematische Proxies wie 231Pa/230Th (Béhm et al., 2015; Gherardi et al., 2005;
McManus et al., 2004), Palao-Zirkulationsproxies wie die radiogene Neodym (Nd)-
Isotopenzusammensetzung (Bohm et al., 2015; Du et al, 2020; Roberts et al., 2010)

und Bodenwasser-Ventilations proxies wie die benthischen Foraminiferen 13C (z. B.
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Oppo et al., 2015), die einen konsistenten AMOC-Ruckgang wahrend der HS1 und

YD zeigen, der von einer kurzen B-A-Wiederaufnahmeperiode abglost wird.

In dieser Forschung, wurden deglaziale Sedimentproben von Schwereloten
GeoB9512-5 (15,34 °N, 17,37 °W, 793 m Wassertiefe), GeoB9508-5 (15,50 °N, 17,95
°W, 2.384 m WD) und GeoB9506-1 (15. 61 °N, 18,35 °W, 2.956 m WD) analysiert, um
den Gehalt an benthischen Foraminiferen zu extrahieren und zu untersuchen und
damit die Veranderungen des Bodenwassers im Nordostatlantik wahrend der letzten

27.000 Jahre zu rekonstruieren.

Drei Komponenten des Bodenwassers wurden untersucht: (1) Sauerstoffgehalt des
Bodenwassers, rekonstruiert aus den detaillierten taxonomischen und quantitativen
Analysen benthischer Foraminiferen (GeoB9512-5 und GeoB9506-1); (2)
Bodenwassertemperaturen, die aus dem Magnesium-Calcium-Verhaltnis (Mg/Ca)
benthischer Foraminiferen rekonstruiert wurden (GeoB9512-5, GeoB9508-5 und
GeoB9506-1); und (3) Veranderungen der Ventilation des Bodenwassers und des
Salzgehalts, die aus 3'3C bzw. 5'80 benthischer Foraminiferen abgeleitet wurden
(GeoB9512-5, GeoB9508-5 und GeoB9506-1). Die wichtigsten Ergebnisse dieser
Forschung sind: (1) Stagnation der Warmeabsorption in der Tiefsee in Zeiten
reduzierter AMOC im Nordostatlantik, was darauf hindeutet, dass die Starke der
AMOC die ozeanische Warmeinhaltstiefe bestimmt; (2) eine besser bellftete und mit
Sauerstoff angereicherte deglaziale Sauerstoffminimumzone im dstlichen tropischen
Nordatlantik, die mit einer verstarkten subtropischen Zelle aufgrund der AMOC-
Verlangsamung zusammenhangt; und (3) beeintrachtigte Kalzifizierungsprozesse
einiger benthischer Foraminiferen in mittleren Tiefen, was zu Unsicherheiten bei
Mg/Ca-basierten Paldo-Temperaturrekonstruktionen in mittleren Tiefen im Ostlichen
Nordatlantik fuhrt. Schlief3lich zeigen die integrierten
Palaotemperaturaufzeichnungen, dass wahrend des LGM und des grofliten Teils der
letzten Deglazialperiode die Warmespeicherung in den mittleren Gewassern des
tropischen Ostatlantiks stattfand und sich im Holozan mit der Wiederherstellung der

AMOC-Intensitat in eine grélere Tiefe verlagerte.
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Resumen

El Océano Atlantico es un componente importante del clima global. En esta cuenca
oceanica, la Circulacién de Retorno Longitudinal (por sus siglas en inglés AMOC de
Atlantic Meridional Overturning Circulation), influenciada en gran parte por la
formacion de las aguas profundas del Atlantico norte (por sus siglas en inglés NADW
de North Atlantic Deep Water) en el hemisferio norte, absorbe un porcentaje
importante del exceso de calor de nuestro planeta (en parte inducido por el
forzamiento antropogénico) y lo distribuye globalmente a través de un sistema de
circulacion complejo que influencia a su vez las tasas de calentamiento global. (e.g.
Cummins et al., 2016; Levitus et al., 2000). Como se describe en los capitulos 2 y 4,
el registro instrumental de la fuerza de la AMOC muestra evidencias de un
debilitamiento conocido como “desaceleracion de la AMOC” durante los siglos 19 y
20, que coinciden temporalmente con el aumento de CO:2 atmosférico y de las
concentraciones de gases de efecto invernadero (Caesar et al., 2021; Dima et al.,
2021; IPCC, 2022; Rahmstorf et al., 2015). De hecho, una potencial desaceleracion
de la AMOC es muy probable en el siglo 21 (IPCC, 2023). Sin embargo, el registro
moderno de la AMOC es todavia muy corto para entender por completo los efectos
de dicha desaceleracion en el sistema climatico, por lo que nuestro conocimiento
depende en gran parte del estudio del registro fésil, particularmente de los ultimos
30,000 anos cuando una desaceleracion de la AMOC ha sido registrada por diferentes

proxies. Esto de discute en mayor detalle en la introduccién del Capitulo 4.

La ultima deglaciacion en el Atlantico Norte Oriental comenzé con la culminacion del
Ultimo Maximo Glacial (por sus siglas en inglés LGM, de Last Glacial Maximum, hace
aproximadamente 19,000 anos). Retornos temporales a periodos frios ocurrieron
durante el evento Heinrich 1 (por sus siglas en inglés HS1, de Heinrich Stadial 1, hace
~18,300 — 15,400 anos) y el Dryas Reciente (por sus siglas en inglés YD, de Younger
Dryas, hace ~12,900 — 11,700 afios), interrumpidos por el calentamiento del Balling—
Allergd (por sus siglas en inglés B-A) en el hemisferio norte. En el pasado geoldgico,
la fuerza de la AMOC se mide con proxies cinematicas como los radios 23'Pa/?3°Th
(B6hm et al., 2015; Gherardi et al., 2005; McManus et al., 2004), proxies de paleo-

circulaciéon como la composicion isotopica del Neodimio radiogénico (¢Nd) (Bohm et
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al., 2015; Du et al., 2020; Roberts et al., 2010), y proxies de ventilacion de las aguas
de fondo como los radios isotdpicos de carbono (5'3C) en foraminiferos (e.g., Oppo
et al., 2015). Todas estas proxies coinciden con una disminucién de la AMOC durante

el HS1 and YD, interrumpidos por un corto periodo de aceleracion durante el B-A.

En esta investigacion, se analizaron los registros sedimentarios de la ultima
deglaciacién, provenientes de los nucleos de gravedad GeoB9512-5 (15,34 °N, 17,37
°W, 793 m de profundidad), GeoB9508-5 (15,50 °N, 17,95 °W, 2384 m de
profundidad) y GeoB9506-1 (15,61 °N, 18,35 °W, 2.956 m de profundidad), para
extraer e investigar el contenido y geoquimica de foraminiferos benténicos con el fin
de reconstruir los cambios en las aguas de fondo del Atlantico nororiental durante los
ultimos 27,000 anos. Se investigaron tres aspectos (1) la paleo-oxigenacion
reconstruida usando analisis taxondmicos y cuantitativos detallados (GeoB9512-5 y
GeoB9506-1); (2) las paleo-temperaturas reconstruidas a partir de los radios
magnesio-calcio (Mg/Ca) de las conchas (GeoB9512-5, GeoB9508-5 y GeoB9506-1);
y (3) los cambios en la ventilaciéon y la salinidad inferidos de los radios isotépicos de
carbono (5'3C) y oxigeno (3'80) de estos microfésiles (GeoB9512-5, GeoB9508-5 y
GeoB9506-1). Los resultados mas importantes de esta investigacion incluyen: (1) un
estancamiento de la absorcion de calor del océano profundo durante los periodos de
desaceleracion AMOC en el Atlantico nororiental, lo que sugiere que la fuerza de
AMOC determina la profundidad de almacenamiento de calor; (2) aumento en la
ventilacion y oxigenacion en la Zona Minima de Oxigeno del Atlantico Norte Tropical
Oriental durante la ultima deglaciacion, debido a una intensificacion de la célula
subtropical relacionada a la desaceleracion de AMOC; que a su vez (3) afecto los
procesos de calcificacion de algunos foraminiferos bentdnicos a profundidades
intermedias, introduciendo incertidumbres en las reconstrucciones de paleo-
temperatura basadas en Mg/Ca. Finalmente, los registros integrados de paleo-
temperatura muestran que, durante el LGM y la mayor parte de la ultima deglaciacion,
el almacenamiento de calor tuvo lugar principalmente en las aguas intermedias del
Atlantico oriental tropical, migrando a mayores profundidades durante el Holoceno a

medida que se restablecia la fuerza de la AMOC.
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Introduction

Modern Oceanography — Hydrography of the studied area

Upwelling and Subtropical Circulation in the Eastern North Atlantic

The Canary and Benguela upwelling systems are one of the four eastern boundary
upwelling systems that currently sustain major fisheries in the tropical eastern Atlantic.
The Canary Current Upwelling System extends between 43°N and 8°N, and from 10°N
and 36°N with seasonal variations. Its features are controlled by wind forcing and the
shape of the coastline (Cropper et al., 2014). Along the coast off NW Africa, wind
blowing moves surface waters offshore and subsurface waters ascend (upwell)
bringing nutrients that enhance biological activity and reduced CO:2 at surface waters
(Lefévre et al., 2023). Although these upwelling systems are seasonal, the areas
between the Canary Islands through the Strait of Gibraltar, as well as between 21°N
and 26°N, experience upwelling all year around, that intensifies during summer due to
the seasonal migration of trade winds (Cropper et al., 2014). These upwelling systems
can be tracked using remote sensing data like average year-round chlorophyll

concentration (e.g. Lefévre et al., 2023).

Water masses in the area include the Eastern North Atlantic Central Water (ENACW)
and Eastern South Atlantic Central Water (ESACW) that feed the nutrient rich
ecosystems of NW Africa. The ENACW forms during winter subduction between 39
and 48°N (Poole and Tomczak, 1999; Liu and Tanhua, 2021), and the ESACW,
originates southwest of South Africa where Indian Ocean waters are introduced by the
Agulhas Current and are mixed with the western South Atlantic Current (Liu and
Tanhua, 2021) that flows northward form the South Atlantic Subtropical Gyre. These

central water masses are described in the oceanographic setting of Chapter 2.

Subtropical circulation in the eastern Atlantic is mainly driven by wind stress, related
to the meridional temperature gradients controlled by energy distribution between the
subtropical and subpolar gyres (Poole and Tomczak, 1999). Our area of study,
specifically site GeoB9512-5 is located between the North and South Atlantic

Subtropical Gyres, where older water masses form shadow zones, poorly ventilated
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areas (Poole and Tomczak, 1999) that forms the Eastern Tropical North Atlantic

Oxygen Minimum Zone (ETNA).

The Eastern North Atlantic upwelling systems and subtropical circulation play a key
role in sustaining the unique and rich ecosystems off the coast of NW Africa. In fact,
Marine Protected Areas (MPA) ecosystems that depend on these upwelling systems,
are in the Atlantic Oxygen Minimum Zones. These ecosystems host a wide range of
marine biodiversity, relevant for fisheries resources and other species that support
ecosystems (e.g. seagrass, corals and other invertebrates). Here, different MPAs have
been delineated to protect not only marine diversity, but also fisheries resources that
are vital for human subsistence (Assis et al., 2021). However, ocean warming, and
deoxygenation has already led to a decline in the diversity and size of these

ecosystems in MPAs (Bruno et al., 2018), as well as in large fishes within nekton

ecosystems, limiting the accessibility of commercially fished species (Stramma et al.,
2012; Gilly et al., 2013).

3000

- GeoB9S506

4000

5000

2°5 EQ 20°H

Figure 1. Geographic Location of the studied surface sediments and gravity cores GeoB9512-5,
GeoB9508-5, and GeoB9506-1. a. Surface currents were modified from Talley (2011), Brandt et al. (2015) and
Pelegri and Pefia-lzquierdo (2015). Approximate Chlorophyll a concentration (mg/m?3) zones were sketched based
on the Aqua-Modis data set consulted for November 2019 with a 4 km resolution (https://oceancolor.gsfc.nasa.gov/,
consulted November 2023). Surface currents: North Brazil Current (NBC), North Equatorial Counter Current /
Under Current (NECC/NEUC), Equatorial Under Current (EUC), Guinea Current (GC), Mauritania Current (MC),
North Equatorial Current (NEC), Canary Current (CC), Azores Current (AC), and Canary Upwelling Current (CUC);
b. Salinity profile of the studied area, showing the water depth of the studied cores. Deep-water masses are
approximately delineated. Antarctic Intermediate Water (AAIW), North Atlantic Deep Water (NADW),
Mediterranean Outflow Water (MOW), Eastern North Atlantic Central Water (ENACW), and Eastern South Atlantic
Central Water (ESACW). The salinity section was plotted using Ocean Data View (Schlitzer, 2023) with data from
WOA 2018 (Boyer et al., 2018; Garcia et al., 2019).

The North Atlantic Oxygen Minimum Zones (OMZs) have been expanding in the last
decades (Stramma and Schmidtko, 2021; Schmidtko et al., 2017) due to the increased

coastal eutrophication (Malone and Newton, 2020) and ocean warming (Stramma et
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al., 2008). However, the effect of ocean circulation changes in de-oxygenation trends
is not clear, and a potential decline of Atlantic Meridional Overturning Circulation
(AMOC) strength by the end of this century (e.g. IPCC, 2022; Liu et al., 2020; Weijer
et al., 2020; Zhang et al., 2019) makes it necessary to understand how AMOC strength

can influence Eastern Atlantic OMZs. This research question is explored in Chapter 2.

Deep ocean circulation: Atlantic Meridional Overturning Circulation lower limb

At North Atlantic intermediate depths, the South Atlantic Antarctic Intermediate Water
(AAIW) is a high oxic (> 260 pmol/kg), low temperature (~ 3.5°C) water mass formed
in the Southern Ocean east of the Drake Passage extending as far north as 30°N (Liu
and Tanhua, 2021). Also found at intermediate depths to the North, the Mediterranean
Overflow Water (MOW) flows into the eastern north Atlantic through the Strait of
Gibraltar, bringing warm high salinity waters that rapidly mix with the ENACW (Figure
xb).

The upper North Atlantic Deep Water (UNADW) originates from the mixing of high oxic
- low salinity Labrador Sea Water (LSW) -formed by winter deep convection in the
Labrador Sea Region- and low oxic-nutrient rich Iceland—Scotland Overflow Water
(ISOW) (Liu and Tanhua, 2021). These water masses make the uNADW a relatively
warm, low oxic — nutrient-rich water mass. The lower portion of the NADW (INADW),
is regarded as a mixing of the ISOW and the Denmark Strait Overflow Water (DSOW),
the coldest and densest water mass in the North Atlantic, that results from intense
mixing of water masses from the Arctic Ocean and Nordic Seas flowing through the
Denmark Strait (Liu and Tanhua, 2021).

The formation of NADW is a main component of the overturning cell in the Atlantic that
transports energy away from the sea surface and distributes heat to the south in the
ocean interior as part of the lower limb of the AMOC, potentially influencing the rate of
global warming (e.g., Muschitiello et al., 2019; Talley et al., 2003; Talley, 2013; Zhang
et al., 2019). The limited instrumental record of AMOC hinders our understanding of
its influence on deep ocean heat uptake, therefore limiting our understanding of

potential effects on global warming rates. A view of ocean heat uptake changes related
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to AMOC strength variability is presented in Chapter 4 to contribute to this research

question.

Atlantic Meridional Overturning Circulation strength variability during the last
deglaciation

The AMOC is an important part of global climate, it transports a significant amount of
heat, salt, nutrients, and COz2 globally (e.g. Nurnberg et al., 2021. For this reason,
changes in the strength of this global circulation are critical in climate dynamics, that
are still not fully understood. According to the latest IPCC reports (e.g. IPCC, 2023)
and available research (e.g. Liu et al., 2020; Zhang et al., 2019), AMOC is projected
to slowdown in the future, making it relevant to improve our understanding of the
effects of such slowdown in the Atlantic Ocean and in global climate. Since the
instrumental record of AMOC strength remains limited to constrain such effects,
interpretation must rely for now in paleoceanographic records, specifically from time
periods where AMOC strength changes are relatively well recorded. This is the case
of the sedimentary record of the last deglaciation in the Atlantic Ocean during the last
30,000 years. During this time, AMOC changes are registered by the kinematic proxy
231Pa/?30Th (e.g. McManus et al., 2004; Bohm et al., 2015), one of the best tools to
reconstruct AMOC strength changes. Other evidence supporting such changes are
provided by northern-southern hemisphere bipolar seesaw pattern (Marino et al.,
2015), or partially by the registered southern meridional shift of the Intertropical
Convergence Zone that is also predicted by climate models (e.g. Broccoli et al., 2006;
Dupont et al., 2010, Mulitza et al. 2017). Evidence of AMOC strength variability, and
current controversies around this are further discussed in the Introduction of Chapter
4.

From the available proxy data, a significant AMOC decline is consistently recorded
during the Heinrich Stadial 1 (HS1, 18.3 -15.4 kyrs BP). Subsequently, during the
Balling—Allerad (B-A), records show a period of temporary AMOC reinvigoration, that
was followed by a less pronounced slowdown in the Younger Dryas (12.9 - 11.7 kyrs
BP). For the Holocene, a restored AMOC is inferred from the 23'Pa/?%°Th (e.g.
McManus et al., 2004; Béhm et al., 2015). Another proxy of AMOC decline, can be

benthic foraminifera &'3C, particularly drop of the carbon isotopes of epifaunal
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foraminifera from deep-ocean records have been seen in the western North Atlantic
during HS1 and YD. These drops are interpreted as ventilation decrease compatible
with a slowdown of AMOC (e.g., Oppo et al., 2015), and can therefore be used to
observed ventilation changes in our eastern North Atlantic record (Chapter 4, section
4.1).

During this research, a study of deep-ocean (GeoB9508-5 Chapter 4; GeoB9506-1
Chapter 5) and intermediate waters (GeoB9512-5, Chapter 2, Chapter 3, Chapter 4

and Chapter 5) sedimentary deglacial records was carried out to reconstruct
paleoceanographic changes in times of AMOC slowdown. This research focused on
the benthic foraminifera taxonomy and distribution to observe oxygenation changes,
and benthic ecosystems response; stable isotopes to infer changes in bottom water
ventilation 8'3C and salinity 5'®0; and Mg/Ca to reconstruct paleotemperature
changes. This record provided the opportunity to study the effects of AMOC variations
in (1) North Atlantic deep water heat uptake (Chapter 4 and Chapter 5), (2) ETNA OMZ
changes related to subtropical subsurface circulation (Chapter 2), and (3) benthic

foraminifera Mg/Ca palaeothermometry at the eastern North Atlantic at intermediate

waters (Chapter 3).
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Methods

Core materials and location

The material used for this research came from surface sediment samples of 32 core
tops from the eastern North Atlantic, and 16 core tops of the eastern South Atlantic
(Figure 11a and b). Three gravity cores (GeoB9506-1, GeoB9508-5, and GeoB9512-
5) from off the Northwestern African Margin were analyzed (Figure 11a and b). Gravity
core GeoB9512-5 (15.34 °N, 17.37 °W, 793 m water depth) is in the mixing zone of
the SACWs and the NACW (Figure 11b). Here, bottom water temperature (BWT) is
approximately 7.1°C and has low oxic conditions (dissolved oxygen concentrations ~
78 pmol/kg) (Lauvset et al., 2022). Gravity cores GeoB9508-5 (15.50 °N, 17.95 °W,
2,384 m WD) and GeoB9506-1 (15.61 °N, 18.35 °W, 2,956 m WD) correspond to the
NADW, that at the studied sites, has temperatures of ~ 3.8°C and ~ 2.7°C respectively,
and oxygen concentrations of ~ 227 and ~ 237 ymol/kg (Lauvset et al., 2022).

Samples from cores GeoB9506-1 and GeoB9512-5, were recovered from working and
in some cases archive halves at the GeoB Core Collection at the MARUM — Center
for Marine Environmental Sciences, University of Bremen. A total of 110 samples from
core GeoB9512-5 and 104 samples of core GeoB9506-1 were washed and dry sieved
in the UFT laboratories. The samples were initially washed with deionized water
through a 63 pm sieve to remove mud content and then dried for less than 24 hours
at 45°C. The remaining material was dry sieved through 63 pm, 125 ym, 150 ym and
250 uym. Washed and dry sediment from the fraction >150 ym was analyzed to extract
at least 250 specimens of benthic foraminifera for taxonomical analyses and
geochemical measurements. The remaining number of analyzed samples from the
gravity core GeoB9506-1 and core tops included in this research were provided by the
GeoB Core Repository collection and consisted of washed sediments >150 um. Stable
isotopes and Mg/Ca data from site GeoB9508-5 was available and were obtained by
the coauthors of Chapter 4. Additional data from GeoB9506-1 was taken from Multiza
et al. (2021). A detailed summary of the number of samples analyzed is included in
tables M1 -M3.
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Table M1 Stable isotopes sample data used produced during this research

Stable Isotopes

Uvigerina Cibicidoides
Sites Interval (cm) Interval (cm)
Spp. Spp.
GeoB9506-1 142 17.5-978 76 2.5-260
GeoB9508-5 - - 345 5.5 -955.5
GeoB9512-5 27 12.5-547.5 208 25-547.5
Total 169 284
Table M2 Element-calcium ratios data produced during this research
Trace Elements
Sites Uvigerina spp.  Interval (cm) Melonis Interval (cm)
barleeanus
GeoB9506-1 95 5-260 - -
GeoB9508-5 92 3-793 - -
GeoB9512-5 78 2.5-547.5 35 52.5 467.5
Surface samples NE ) ) 07 )
Atlantic
Surface samples SE ) ) 5 )
Atlantic
Total 265 67

Table M3 Planktic foraminifera for AMS radiocarbon dating and benthic foraminifera for taxonomy and
paleoenvironmental interpretation

Planktic
o Benthic Foraminifera Taxonomy
Foraminifera
No.
Sites C14 Samples Interval (cm) ]
Specimens
GeoB9506-1 12 64 25 260 15,587
Mulitza et al.,
GeoB9508-5 - - - -
2008
GeoB9512-5 16 100 25 547.5 24,340
Surface samples NE
0 10 - - 3,639
Atlantic
Surface samples SE
0 17 - - 5,036
Atlantic
Total 28 191 48,602
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Deglacial Chronology

Downcore ages and uncertainty were modelled using the R-Package Bacon (Blaauw
and Christen, 2011) on RStudio version 2.5. and the MarineCal20 calibration curve
(Heaton et al., 2020). The AMS radiocarbon ages used in this model were measured
on G. sacculifer and G. bulloides from 16 samples from core GeoB9512-5 and 12
samples from core GeoB9506-1, for site GeoB9508-5 the available radiocarbon dates
were employed (Mulitza et al., 2008). The measurements were carried out at the
MICADAS laboratory from the Alfred Wegener Institute (AWI)-Bremerhaven
(Mollenhauer et al., 2021). In addition, the uncalibrated XRF Fe/Ca ratios of the three
gravity cores were visually correlated with the resulting age models (Mulitza and Zabel,
2009; Volpel et al., 2019; Itambi, 2010;) allowing to calibrate the timing of Heinrich
stadial events. Elemental ratios like Fe/Ca, are useful for this as they are synchronous
in areas restricted geographically and are mostly driven by dust deposition changes
related to continental aridity (e.g. VOlpel et al., 2019). The resulting age models from
sites GeoB9512-5, GeoB9508-5 and GeoB9506-1 show a deglacial sedimentary
sequence with no apparent reversals deposited in the last ~27.000 years (Figure 2).
The studied intervals then include the Last Glacial Maximum interval (LGM), Heinrich
Stadial 2 (HS2), Heinrich Stadial 1 (HS1), the Bglling—Allerad warming (B-A) and the
Younger Dryas (YD). Data from older sediments was also obtained for GeoB9506-1
and GeoB9508-5 deployed in the PANGAEA database, however this research focused
on the last 27.000 years of the record.
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Figure M1. Uncalibrated Fe/Ca records from Gravity Cores GeoB9512-5, GeoB9508-5, and GeoB9506-1.
Upper panel showing the geographic position of the studied cores. Uncalibrated XRF Fe/Ca ratios from GeoB9508-

5 (Mulitza and Zabel, 2009), GeoB9506-1 (ltambi, 2010), and GeoB9512-5 (Volpel et al., 2019) with the updated
age models, used to calibrate Heinrich Stadials periods.

Benthic Foraminifera: deglacial paleoenvironmental and paleoceanographic

changes of the NE Atlantic

Benthic foraminifera are single celled organisms that live on the ocean floor (epifaunal)
or buried in the first centimeters of the sediment (infaunal). These microorganisms
produce a hard test around their cell in relative chemical equilibrium with the
surrounding waters (e.g. Murray, 2006). This allows paleoceanographers to use this

abundant microfossil group to reconstruct paleoceanographic and paleoenvironmental
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changes of bottom waters in the geological record, improving our understanding of the
ocean-atmosphere dynamics that shape global climate.

Taxonomical and quantitative analyses of benthic foraminifera are also a valuable tool
for paleoenvironmental reconstructions. Their diversity and distribution are highly
sensitive to changes in bottom water conditions like oxygenation, organic matter (food)
content, and bathymetry. This means that by investigating the changes in their
distribution, we can reliably reconstruct these environmental conditions in the past
(e.g. Alegret et al., 2021; Murray, 1991; Murray 2006). Furthermore, this allows a
better understanding of the effect of global and regional phenomena on benthic

ecosystems and the implications of climate change in this part of the biosphere.

During this research, 100 samples of core GeoB9512-5, 64 samples of GeoB9506-1,
9 samples for core tops of the NE Atlantic and 19 core top samples of the SE Atlantic
were analyzed to extract the benthic foraminifera content. The size fraction used was
>150 um, and for each sample at least 250 specimens of benthic foraminifera were
recovered. Over 50,000 benthic foraminifera were recovered for taxonomic and
geochemistry analyses. All specimens were taxonomically classified in most cases to
a species level, and a total of 236 taxonomical units were identified, including 115

genus and 194 species.

Stable Isotopes: deglacial paleoceanography of the NE Atlantic

Stable isotope measurements, including 8'3C and &'®0 were made on benthic
foraminifera tests to infer changes in bottom water ventilation, and salinity in the NE
Atlantic. This analysis relied primarily in the recovery and preservation state of some
species of Uvigerina and Cibicidoides. Cibicidoides wuellerstorfi was extracted for
stable isotopes in cores GeoB9508-5 and GeoB9506-1, while specimens from
Cibicidoides pachyderma, Cibicidoides robertsonianus and Lobatula lobatula were
used in GeoB9512-5 for 5'3C and 5'80 measurements. Additional tests from Uvigerina
peregrina were analyzed on site GeoB9506-1 integrated with previous data (Multiza
et al.,, 2022). In addition, stable isotope measurements were made for surface
sediments of C. pachyderma, C. robertsonianus, M. barleeanus, U. peregrina and

Uvigerina mediterranea.
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The measurements were made using a ThermoFisher Scientific 253 plus gas isotope
ratio mass spectrometer, with a Kiel IV automated carbonate preparation device, at
MARUM- Center for Marine Environmental Sciences of the University of Bremen. The
instruments were calibrated against the house standard (ground Solnhofen
limestone), also calibrated against the NBS 19 calcite. The house standard deviation
over the measurement period is reported in each chapter, and data is reported in the
delta-notations versus V-PDB. A detailed assessment of stable isotope corrections

and uncertainty is included in each chapter accordingly.

Benthic foraminifera Mg/Ca ratios: paleothermometry of bottom waters

Paleothermometry using foraminifera Mg/Ca is a very widely used tool to reconstruct
changes in surface (using planktic foraminifera) and bottom water (using benthic
foraminifera) temperatures. Here, we reconstructed bottom water temperatures during
the last deglaciation in the NE Atlantic using benthic foraminifera Mg/Ca of
intermediate (GeoB9512-5 -5) and deep waters (GeoB9508-5 and GeoB9506-1). On
site GeoB9512-5 we integrated this proxy with other paleoenvironmental
reconstructions obtained from benthic foraminifera taxonomy, to identify potential
external (environmental) and internal (vital effects) parameters affecting Mg uptake
(Chapter 3). The data comes from: (1) tests of shallow infaunal U. peregrina from
GeoB9508-5 and GeoB9506-1, and of U. mediterranea of coreGeoB9512-5; and (2)
intermediate infaunal M. barleeanus of GeoB9506-1 and GeoB9512-5. Additionally,
M. barleeanus and Uvigerina spp. from surface sediment samples of the NE Atlantic

was also measured to revise M. barleeanus temperature calibrations.

Trace element concentrations were measured with an Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES)—Agilent Technologies 700 Series with
Cetac ASX-520 autosampler. The spectral lines and calibration standards used are
described accordingly in each chapter, and linear regressions were used to calibrate
the measurements in all cases. Uncertainties of the geochemical proxies used in this

study are described in each chapter.
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1. Introduction

Benthic foraminifera are one of the most abundant soft bodied meiofauna on the
seafloor (e.g. Gooday, 2001). Their striking abundance and diversity have become a
key tool in reconstructing past environmental changes of bottom waters, utilizing our
knowledge of their distribution in modern seas (Gooday, 2001; Murray, 2006). The in-
depth study of this extant-fossil microscopic group goes back to the early 17th century,
with the extensive studies of d’Orbigny (e.g. d’Orbigny, 1839 in Webb et al., 1836)
whose definition of several benthic foraminifera species has held up until modern times
(Vénec-Peyré, 2002).

Recent benthic foraminifera of the eastern North Atlantic: earlier studies

In the Atlantic Ocean, benthic foraminifera have been extensively and a vast record of
benthic foraminifera taxonomy and distribution (Cushman, 1923; Cushman, 1931;
Tikhonova et al., 2019) has shaped our knowledge of their distribution in recent times.
A robust compilation of the occurrence of benthic foraminifera species in the Atlantic
Ocean by Murray (1991), documented marginal marine associations from marshes
and mangrove swamps to deeper settings from shelves, slope and deep seas.
However, significant gaps in the knowledge of extant benthic foraminifera in large
areas of the eastern North Atlantic and South Atlantic (particularly in shallow areas,
Figure 1.1b), still limited our understanding of the ocean dynamics of bottom waters

that are key in palaeoceanographic studies.
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From the early studies, Lutze and Coulbourn (1980) defined four major faunal
provinces in the eastern North Atlantic off NW Africa. The main control on such
provinces is related to water depth, conditioning the occurrence of species like
Cibicides lobatulus (today accepted as Lobatula lobatula), Trifarina foranisinii,
Planulina ariminensis, Uvigerina finisterrenses and Cibidoides wuellerstorfi. This study
found that other environmental parameters like coarse subtrate (Cancris auriculus),
oxygen decrease (Bolivina subaenariensis) and/or low organic carbon concentration
(Hoeglundina elegans and Cibicidoides kullenbergi — accepted as C. mundulus), also
influence benthic foraminifera distribution. Additionally, the well-known
palaeoceanographic tool Uvigerina peregrina is found confined to the continental
slope of Cape Blanc probably due to the high organic carbon concentration and fine
grain size sediment. The provinces reported were (1) shelf — upper slope C. auriculus
— L. lobutula; (2) northern mid slope U. finisterrensis; (3) southern mid — lower slope
restricted south of 22°N U. peregrina (4) lower slope and rise province below 1,000 m

C. mundulus — wuellerstoffi.

This depth dependence was also observed by Haake (1980), in gravity cores off
Senegal/Gambia in NW Africa. They identified five zones based on the benthic
foraminifera content: (1) Upper Shelf Zone between 30 — 300 m; (2) Lower Shelf Zone
between 80 and 300 m; (3) Upper Shelf and Slope Zone between 80 and > 2,000 m;
(4) Upper Slope Zone between 200 and > 2,000 m; and (5) Lower Slope Zone between
900 and > 2,000 m. The assemblage of zone 1 is made up of Textulariids, Miliolids,
Nouria polymorphinoides, Bulimina gibba, Rectuvigerina phlegeri and Nonionella
cordiformis; zone 2 of Cribrostomoides cff. (triangularis, Bolivina striatula,
Globobulimina cff. glabra and Trifarina fornasinii: zone 3 Reophax scorpiurus, Bolivina
dilitata dilitatissima, and Uvigerina sp.; zone 4 Eggerella arctica, Bulimina aculeata,
Uvigerina peregrina dirupta and Trifarina elongatastriata; and zone 5 by Reophax
aduncus, Ammobaculites agglutinans, Globobulimina turgida, Cibicidoides

wuellerstorfi and Melonis barleeanus.
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Figure 1.1 Compilation of eastern Atlantic recent Foraminifera data published in PANGAEA
(https:llwww.pangaea.del). a. Geographic location of sites reporting living and dead benthic foraminifera recent

occurrences; b. Data published before 1992 (purple diamonds); c. Living and dead benthic foraminifera recent
occurrences published after 1992 (white circles), including the dead benthic foraminifera data reported in this study

(red squares).

Studies after 1992: an improved understanding of benthic foraminifera distribution
environmental controls in the NE Atlantic

Since 1992, numerous research studies have focused on the recent benthic
foraminifera distribution off NW Africa and its controls (Figure 1.1c), making significant
contributions to the afore mentioned research and filling significant gaps. This has
provided evidence of organic matter quantity/quality control on benthic foraminifera
distribution, in addition to the clear depth dependence of certain species observed
(Haake, 1980; Lutze and Coulbourn, 1980). In the eastern North Atlantic, benthic
foraminifera densities were found to reflect surface primary productivity, and abundant
Epistominella exigua was found dominating areas with abundant phytodetrital organic
matter at the Porcupine Abyssal plain (48°N, 16°W, Gooday, 1996). Further south
(around 21.5°N) benthic foraminifera assemblages’ evidence that benthic ecosystems
at a station at 1200 m WD are permanently influenced by upwelling, while at deeper
settings (stations at 3010 and 2530 m WD) ocean bottom experiences significant

organic matter fluxes exclusively in summer (Jorissen et al., 1998).
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In the South Atlantic, research suggests that deep sea foraminifera distribution is
controlled by factors like bottom water ventilation, primary productivity and organic
matter content, carbonate corrosiveness and benthic boundary level energetic state
(Mackensen et al.,, 1995). A strong control of productivity regimes on benthic
foraminifera assemblages was also clearly observed between 2°N and 12°S off NW
Africa in an area heavily influenced by coastal and ocean upwelling. Licari et al. (2003),
found that (1) epifaunal and shallow infauna benthic foraminifera colonized
oxygenated sediments with labile organic matter; (2) intermediate infauna like M.
barleeanus was related to nitrate reduction sediments, feeding probably off bacterial
biomass or on particles from bacterial degradation of refractory organic matter; and
(3) deep infauna is most abundant in anoxic sediments with complex metabolizable

organic matter.

This preference on the type/quality of organic matter is also inferred in the north
Atlantic. Bartels-Jonsdottir et al. (2006) observed that in the Tagus Prodelta and
Estuary in Portugal, epifaunal — shallow infaunal like Rectuvigerina phlegeri and
Stainforthia fusiformis prefer fresh phytodetritus or labile organic matter; while infaunal
living down to 10 cm like Bulimina marginata, Globobulimina auriculata and Nonionella
turgida that live in the low oxic to anoxic sediment feed selectively and use refractory
organic matter or bacterial stocks. Furthermore, these authors found a strong relation

between the foraminifera concentrations and the organic matter distribution.

In addition to organic matter content, another important parameter influencing benthic
foraminifera distribution in the eastern North Atlantic is oxygen. Jorissen et al. (1998),
showed that the vertical zonation of benthic foraminifera is controlled by the depth
distribution of dissolved oxygen. Some species prefer low oxygen conditions, while
others, for instance M. barleeanus have adaptation strategies for nitrate respiration in

the absence of oxygen.

Benthic Foraminifera microhabitats and adaptation strategies recorded in the NE
Atlantic
The observed preferences of benthic foraminifera species to specific environmental

conditions allowed researchers to define “microhabitats”, closely spaced habitats
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within the sediment, that are characterized by a series of physical, chemical, and
symbiotic conditions including (but not limited to) oxygen, food, toxic substances, and
biological relations (Jorissen et al., 1999). In benthic foraminifera, microhabitats are
vertically distributed in the sediment and can be shallow, intermediate, or deep.
Furthermore, a species microhabitat is not necessarily static through time, as its
defining conditions can vary, therefore influencing the occurrence of benthic

foraminifera.

In the Bay of Biscay (eastern North Atlantic above 30°N), benthic foraminifera
microhabitats are seen to be controlled by export productivity of organic matter and
oxygen concentration is not that relevant (Fontanier et al., 2002). These studies
provide valuable information about benthic foraminifera preferences, like Nonion
scaphum and Chilostomella oolina that feed on labile organic matter in dysoxic —
anoxic environments; Melonis barleeanus and Globobulimina affinis thrive in lower
quality organic matter settings; and Uvigerina mediterranea and Cibicidoides
pachyderma are more commonly found in the water-sediment interface (Fontanier et
al., 2002; Fontanier et al., 2005).

Another important aspect is that microhabitat depth is particularly variable for highly
adapting species. This is the case of Melonis barleeanus and Globobulimina affinis
who migrate vertically within the sediment looking for their preferred living conditions
and food (Linke and Lutze, 1993). This behaviour has also been registered by culture
studies using Globobulimina turgida (Koho et al., 2011) as erratic movements in the
sediment looking for their preferred microhabitat in changing conditions. Benthic
foraminifera species like U. mediterranea, U. peregrina and G. affinis also have a well
recorded vertical migration behavior related to changes in oxygen availability (Geslin
et al.,, 2004). Average living depths (ALD) on benthic foraminifera have been
determined for several species (Figure 1.2) in areas like the Bay of Biscay, North
Atlantic and Pacific Oceans, and in ideal oxic — food conditions show consistent
distribution patterns. U. peregrina and U. mediterranea are commonly found in shallow
infaunal microhabitats (Corliss and Emerson, 1990; Fontanier et al., 2002; Fontanier
et al., 2006; Geslin et al., 2004; Griveaud et al. 2010), with ALD from 0 to 2 cm in the

sediment. M. barleeanus, preferably lives deeper in the sediment, and is commonly
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regarded as an intermediate infaunal species with ALDs between 1 to 6 cm (Corliss,
1985; Corliss and Emerson, 1990; Fontanier et al., 2002; Fontanier et al., 2006; Geslin
et al., 2004; Griveaud et al. 2010). Deeper in the sediment, deep infaunal

Globobulimina affinis is found at ALDs from 4 to 12 cm.

Figure 1.2 Idealized microhabitats of common eastern North Atlantic benthic foraminifera species (e.g.
Linke & Lutze, 1993) and In-sediment chemical composition taken from Koho & Pifia-Ochoa in
Altenbach, 2012). Epifaunal Cibicidoides wuellerstorfi | pachyderma, shallow infaunal Uvigerina
mediterranea | peregrina, intermediate infaunal Melonis barleeanus and deep infaunal Globobulimina
turigda [ affinis.

Benthic Foraminifera: investigating the present to understand the past

Well-recorded benthic foraminifera microhabitat preferences, linked to the
environmental parameters (water depth, organic matter type, quantity and quality, and
oxygen concentration), make these microorganisms excellent tools to study the
changes in bottom waters / benthic ecosystems environmental parameters in the fossil
record. Furthermore, reconstructing the variability of this parameters in the past,
enable us to understand its relation to regional hydrographic processes like upwelling,
and to global changes like for example Atlantic Meridional Overturning Circulation
(AMOC) variability.

More precisely, detailed taxonomic/quantitative analyses can be used to estimate
dissolved oxygen concentration (BWOXx) at bottom waters (Kaiho, 1994; Kranner et
al., 2022), an ecologically and climatically relevant element that strongly controls

benthic diversity in modern oceans (Vaquer-Sunyer and Duarte, 2008), and depends
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on global factors like ventilation of the deep-ocean, deep-water circulation, and
regional carbon consumption (e.g. Brandt et al., 2015). Also important, and in addition
to the abundance of certain species, benthic foraminifera who live buried in the
sediment (infauna) are powerful tools to understand variations in the quantity/type of
food in benthic ecosystems (Gooday et al., 1992; Jorissen et al., 1995; Sweetman et
al., 2009), that along with oxygen consumption, are relevant to the carbon pump that
sequesters carbon preventing it to be released to the atmosphere (Volk and Hoffert,
1985).

This knowledge is also important to identify discrepancies in geochemical proxies
based on benthic foraminifera. Adaptive strategies leading to changes in microhabitat
depths and potentially during calcification, can impact the geochemical signal of the
tests used by paleoceanographers introducing critical bias in this data and in any
inferences made from these (e.g. Bryan and Marchitto, 2008). A complete
understanding of the benthic foraminifera distribution, and its controls notably
improves our knowledge of the ocean-atmosphere dynamics that shape global
climate, and also allows for more accurate interpretations of the geochemical records

we obtain from this microfossil group.

2. Methods

2.1 Core Location and materials

Surface sediment samples (25) from the tropical eastern Atlantic were used to extract
the benthic foraminifera dead assemblages (Figure 1.3). Northern sites multicore
samples were collected during Meteor Cruise M65/1 (Mulitza et al., 2005) and the
southern samples were retrieved by the RV Tyro cruise (Jansen et al., 1990). The
studied M65/1 sediment samples come from previously dried sieved sediment
provided by the GeoB Core repository from MARUM institute, while the samples from
the RV Tyro Cruise correspond to sediment studied by Scheful® et al. (2004).
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Figure 1.3 Core location and water masses at the eastern North Atlantic off NW Africa; a. Geographic location
of the studied sites, including the core tops of the NE Atlantic and SE Atlantic; b. Oceanographic situation of the
studied sites colour scheme showing the dissolved oxygen concentration with water depth (scale on the right-side
ml/l), modern oceanographic water masses in the study area obtained from the modern salinity. Images were
obtained and modified from Ocen Data View (Schlitzer, Reiner, Ocean Data View, https://odv.awi.de, 2022) with
data from GLODAP version 2 (Lauvset et al., 2022).

2.2 Benthic foraminifera taxonomy

At least 200 - 250 benthic foraminifera were handpicked from 25 samples of eastern
Atlantic surface sediment using the fraction > 150 um. The extracted benthic
foraminifera were not stained, therefore inferred as dead assemblages, and were
morphologically separated for taxonomical identification made to a specific level when
possible. Genera determinations are based on Loeblich and Tappan (1987), and
species were identified using multiple references (e.g. Jones and Brady, 1994;
Holbourn et al., 2013; van Morkhoven et al., 1986). Taxonomy was revised with the
online database WoRMS to ensure updated nomenclature. Benthic foraminifera were
digitally photographed with a Keyence VHX 6000 digital microscope with a motorized
stage at the Microscopy Laboratory at the MARUM Institute (Appendix 1.1).
Quantitative analyses based on benthic foraminifera counts, were made on RStudio
using a data frame grouping similar taxonomical units (Supplementary Information
1.1). Non-metric Multidimensional Scaling (NMDS) analyses were made using

taxonomic units with relative abundances greater than 5 %.

Bottom water oxygenation was calculated using an Enhanced Benthic Foraminifera
Oxygen Index (EBFOI) to estimate Dissolve Oxygen Concentration (BWOX) in past
marine deposits (Kranner et al., 2022). These values were then compared to modern
conditions based on GLODAPV2 data (Lauvset et al., 2022), to evaluate the accuracy
of this approach in the studied area. This was also compared with the distribution of

stress species (species better adapted to oxygen depleted environments e.g.



29 | Chapter 1: North Atlantic Recent Benthic Foraminifera distribution patterns and environmental controls: a

review

Southward et al., 2003). Organic matter content was inferred using the TROX model
(Jorissen et al. 1995).

3. Results

For this study, the modern distribution of benthic foraminifera and its environmental
controls in the eastern Atlantic was inferred from 9 core top samples of the NE Atlantic
and 17 of the SE Atlantic. Data from cores T89-13 and T89-19 were not considered in
the environmental analysis due to low benthic foraminifera recovery. From the
taxonomical analysis, 134 genus and 91 species of benthic foraminifera were
recognized. In the NE Atlantic, abundant species included Uvigerina peregrina,
Melonis barleeanus and Bulimina aculeata (Table 1.1), while for the SE Atlantic
agglutinated foraminifera like Recurvoides turbinatus, Rhizammina spp. and Eratidus

foliaceus are more representative (Figure 2).

Table 1.1 Average relative abundances (Avg.) of the most abundant benthic foraminifera species off NW
Africa.

Average Average
relative relative
NE Atlantic SE Atlantic
abundance abundance
(%) (%)
Recurvoides
Uvigerina peregrina 10.9 _ 5.96
turbinatus
Melonis barleeanus 8.7 Rhizammina spp. 4.86
Bulimina aculeata 7.1 Eratidus foliaceus 4.33
Uvigerina mediterranea 4.7 Bolivina sp. 1 4.19

Cassidulina teretis/laevigata 4.11 Uvigerina peregrina 4.02
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a. North Eastern Atlantic b. South Eastern Atlantic

Figure 1.4 Digital microscope images from the most representative benthic foraminifera in the Eastern
Atlantic a. Most abundant benthic foraminifera in the NE Atlantic 1. Uvigerina peregrina, 2. Melonis barleeanus, 3.
Bulimina aculeata, 4. Uvigerna mediterranea, 5. Cassidulina teretis/laevigata; b. Most abundant foraminifera in the
SE Atlantic: 1. Recurvoides turbinatus, 2-4. Rhizammina sp., 5. Bolivina sp. 1, 6. Uvigerina peregrina, 7-8. Eratidus
foliaceus.

Benthic foraminifera diversity in the eastern north Atlantic is generally moderate
(Figure 1.5b), with an average Fisher Alpha index (black bars in Figure 1.5b) of 10.4.
For the SE Atlantic average diversity (black bars in Figure 1.5a) is around 8.5. More
importantly for the southern part of the studied area, diversity in core tops recovered
at water depths < 1200 m is higher (average Fisher Alpha index 9.4) than those from
core tops deeper than 1200 (average Fisher Alpha index 7.9). Assemblages’
homogeneity in the eastern Atlantic was measured with the Shannon index (purple
bars in Figure 1.5a and 1.5b) and shows benthic foraminifera assemblages are
heterogeneous (Shannon Index on average 2.7, standard deviation SD=0.3). Only the
deeper sites studied (T89-28 and T89-47) present more homogeneous content

(Shannon Index 2.3 and 2.2 respectively).

Bottom water environmental conditions in the NE Atlantic are characterized by high
organic matter content as seen by the infaunal percentages (Figure 1.5f) and vary
from low oxic at depths shallower than 1200 m and become high oxic (Figure 1.5d) in
deeper settings (1500 to 3000 m water depth). For the SE Atlantic three types of
environments are recognized: (1) high organic matter — low oxic (2) moderate organic

matter content — high oxic; and (3) low organic matter content — high oxic. These



31 | Chapter 1: North Atlantic Recent Benthic Foraminifera distribution patterns and environmental controls: a

review

environments are distributed in depth: (1) for core tops < 1200 m water depth; (2) for
core tops from 1900 — 4600 m water depth; and (3) at around 5300 m water depth
(Figure 1.5c and 1.5e).
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Figure 1.5 Eastern North Atlantic recent benthic foraminifera diversity, group distribution and
environmental parameters. a. SE Atlantic and b. NE Atlantic Diversity measured with the Fisher Alpha Index
(black bars) and homogeneity measured with the Shannon Index (purple bars); c. SE Atlantic and d. NE Atlantic
Oxic Conditions taken from nearby locations modern measurements (World Ocean Atlas 2018) (black bars), and
calculated using the EBFOI (gray bars); e. SE Atlantic and f. NE Atlantic Trophic Conditions inferred from infaunal
foraminifera relative abundances (black bars), epifaunal content (gray bars); g. SE Atlantic and h. NE Atlantic test
composition predominance in shallow core tops (<1200 m water depth); i. SE Atlantic and j. NE Atlantic test
composition predominance in deep core tops (>1200 m water depth).

NE Atlantic core top samples contain predominantly calcareous assemblages (Figure
1.5h and 1.5j, on average higher than 90 %), in contrast to higher agglutinated
foraminifera content in the SE Atlantic (Figure 1.5g and 1.5i, on average higher than
37 %) which are dominant in core tops deeper than 1,200 m water depth (Figure 1.5i)

reaching relative abundances up to 89 %.

Non-Metrical Multidimensional Scaling (NMDS) was made with species with relative
abundances higher than 5% in at least 1 sample, including samples from cores T89-
13 and T89-19 (Figure 1.6). This allowed us to observe how the studied sites are
distributed according to their benthic foraminifera content, and subsequently infer the
dominant environmental conditions influencing such distribution. The used data frame

contained 43 taxonomical units and shows three main groups (Figure 1.6a), the first
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one divided into two subgroups (1a — blue triangles and 1b — white triangles in Figure
1.6a-b). Groups are distributed following water depth differences (Figure 1.6b). The
first group contains the deepest core tops from the SE Atlantic, 1b groups the deepest
sites (T89-12, T89-13, T89-19, T89-25), and 1a groups cores between 3,092 and
4,164 m. Group 2, clusters sites from the NE and SE Atlantic between 1,080 to 2,964
m and Group 3 contains sites from 200 to 868 m water depth. Sites differentiation
observed in the NMDS analysis, is also related to specific environmental conditions:
Group 3 is characterized by low oxic and eutrophic conditions (see infaunal
foraminifera percentages contribution in NMDS1 axis); Group 2 by eutrophic and
higher oxygen levels; and Group 1, by high oxic and mesotrophic environments (1a),

and mesotrophic to oligotrophic conditions (1b).
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Figure1.6 Non-metrical multidimensional scaling of the most abundant benthic foraminifera of the Eastern
North Atlantic. a. NMDS showing the distribution of the studied sites, along with the related environmental
parameters (in blue); b. NMDS Groups distribution in depth in the eastern Atlantic showing modern dissolved
oxygen concentration conditions, hydrographic data plotted using Ocen Data View (Schlitzer, Reiner, Ocean Data
View, https://odv.awi.de, 2022) with data from GLODAP version 2 (Lauvset et al., 2022); c. NMDS showing the
distribution of the benthic foraminifera species for each assigned group, differentiating infaunal (black), epifaunal
(gray), phitodetritus feeders (green) and agglutinated (orange) foraminifera.

These environmental variations in depth have provided the conditions for different
foraminiferal assemblages to thrive in benthic ecosystems (Figure 1.6c). Group 3 is
represented by a predominantly calcareous association, dominated by infaunal
Uvigerina peregrina, Bulimina aculeata, Bolivina sp. 1, Cassidulina laevigata, Bulimina
striata, Uvigerina mediterranea (average relative abundances between 5 — 8.8 %).
Group 2 is also calcareous, and dominated by Melonis barleeanus (average 11.1 %),

and U. peregrina, G. affinis and U. mediterranea (average between 5.5 —9.6%). Group
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1 is characterized by higher agglutinated foraminifera, especially in subgroup 1a with
Rhizammina spp., Eratidus foliaceus, Cyclammina frullissata (average relative
abundances from 10.7 — 19.5 %). Subgroup 1b is dominated by calcareous
Cibicidoides sp. 2c (average 17.4%) and agglutinated Recurvoides turbinatus
(average 11.7%). Also important in subgroup 1 is the high abundance of phytodetritus

feeder Epistominella exigua (average 7.9%).

4. Discussion and Conclusions

Our results show that benthic foraminifera distribution in the eastern North Atlantic is
heavily influenced by water depth, as previously observed with the studies of Lutze
and Coulbourn (1980) and Haake (1980). From the identified assemblages, the
southern mid — lower slope U. peregrina province of Lutze and Coulbourn (1980) could
partially coincide to this study’s Group 3. The zones observed by Haake (1980) were
not seen in the dead assemblages of this study. However, these studies were made
on samples collected around 1971, while our southern site samples were recovered
during 1989 and the northern sites samples during 2005. This 18- and 34-year
difference could imply shifts in the benthic foraminifera distribution off the NW African
Margin, but more detailed studies would be necessary to confirm this hypothesis. In
addition, this could also bias our own data as the southern samples were collected 16
years earlier, however, the groups identified here are relatively consistent in the NMDS

analyses.

A significant shift in the benthic foraminifera assemblages in our data is observed at
1,200 m water depth. The predominant calcareous assemblage at water depths below
1,200 m in both areas, shift to a more agglutinated benthic foraminifera assemblage
especially in the SE Atlantic at water depths > 1,200 m. This coincides with a shift from
low oxic to suboxic — high organic matter bottom water conditions (< 1,200 WD) to
high oxic — moderate organic matter concentrations at deeper settings (>1,200 m WD).
Such differentiation was noted by Jorissen et al. (1998) who suggested that at water
depths above 1,200 m benthic foraminifera are controlled by organic matter from the
upwelling areas. This is compatible with our findings, showing that at sites with water
depths shallower than 1,200 m infaunal benthic foraminifera are more abundant
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(eutrophic conditions), while at deeper conditions they decrease (mesotrophic and

oligotrophic conditions).

Bottom water environmental conditions in the NE Atlantic are predominantly eutrophic
(Figure 1.5f) and vary from low oxic at depths shallower than 1200 m and become high
oxic (Figure 1.5d) in deeper settings (1,500 to 3,000 m water depth). For the SE
Atlantic three types of environments are recognized: (1) eutrophic — low oxic (2)
mesotrophic — high oxic; and (3) oligotrophic — high oxic. These environments are
distributed in depth: (1) for core tops < 1200 m water depth; (2) for core tops from 1900
— 4600 m water depth; and (3) at around 5300 m water depth (Figure 3c and 3e). An
additional control in the oxic conditions in the eastern Atlantic off NW Africa is set by
the eastern Atlantic Oxygen Minimum Zones (e.g. Stramma and Schmidtko, 2021),
and shallower sites located near these zones (Group 3 in Figure 1.6b) in low oxic
conditions (< 130 ymol/kg — 2.9 ml/l), are represented by abundant stress species
Uvigerina peregrina, Bulimina aculeata, Bolivina sp. 1, Cassidulina laevigata, Bulimina

striata, Uvigerina mediterranea.

The large amount of available information about Atlantic benthic foraminifera
environmental preferences, as well as the marked differences observed in their
distribution, shows the potential of paleoceanographic studies based on detailed
taxonomic and quantitative analyses of existing sedimentary archives. These studies
will provide new relevant information to fill the gaps in our knowledge about unexplored
questions like how tropical subsurface circulation is related to Atlantic Meridional
Overturning Circulation (AMOC) changes, or what are the impact of AMOC slowdown

is on benthic ecosystems.
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Abstract

The eastern Tropical North Atlantic Oxygen Minimum Zone (ETNA OMZ) sustains
unique marine ecosystems off northwestern Africa. One of the key controls of the
ETNA OMZ is ventilation driven by the subsurface ocean circulation of the Atlantic
subtropical gyres. However, how this shallow circulation interacts with changes in the
strength of the Atlantic Meridional Overturning Circulation (AMOC) remains unclear.
Here, we present a new deglacial and high-resolution paleo-oxygenation record
(GeoB9512-5, 793 m water depth) from the low oxic waters of the margin of ETNA
OMZ, that registers more strongly oxygenated periods during the Last Glacial
Maximum (LGM), two parts of the Heinrich Stadial 1 (HS1), and the latter part of the
Younger Dryas (YD). We show that steeper meridional temperature gradients during
HS1 and YD with AMOC slowdown intensified the subsurface subtropical gyre
circulation and the oxygen supply to the ETNA.
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Graphic Abstract

Deglacial slowdown of Meridional Overturning enhanced
ventilation of the North Atlantic Oxygen Minimum Zone

Senegal

We used microfossils from the last 27,000 years to reconstruct oxygen changes
and understand how the slowdown of the Atlantic Meridional Overturning
Circulation (AMOC) influenced the Eastern Tropical North Atlantic Oxygen
Minimum Zone (ETNA-OMZ)
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We found that with AMOC slowdown the subtropical cell circulation strengthens and
makes ETNA-OMZ more oxic.

1 Introduction

Oxygen Minimum Zones (OMZ) are found beneath highly productive upwelling
systems that sustain unique marine ecosystems (e.g., Zhang et al., 2010; Pauly and
Dimarchopoulou, 2022) in the world oceans (Bruno et al., 2018, Stramma et al., 2008;
Stramma et al., 2012; Gilly et al., 2013). The diversity of these ecosystems depends,
among other factors, on the oxygen supply, which has decreased in the last decades
partly due to global ocean warming associated with anthropogenic greenhouse gas
emissions (Schmidtko et al., 2017; Gilbert, 2017). Another concern in a warming world
are projections that the large-scale deep circulation of the ocean, the Atlantic
Meridional Overturning Circulation (AMOC), could slow down in the foreseeable future
(e.g. IPCC, 2013; Liu et al., 2020; Zhang et al., 2019; Caesar et al., 2018), as shown
consistently in all Phase 6 models from the Coupled Model Intercomparison Project
(CMIP6) (Weijer et al., 2020). However, the relationship between AMOC strength and
subsurface ventilation has not been studied so far.

Since the available instrumental oxygen records at any ocean depth date only from
the 1970s (Moore, 1984), our knowledge must rely on marine paleo-oxygenation
records. One approach comes from detailed benthic foraminifera taxonomic analyses
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used to infer changes in ocean oxygen concentrations (Kaiho, 1994; Kranner et al.,
2022). Changes in this parameter actively modify benthic organisms’ physiological
responses and are registered as shifts in biodiversity and distribution patterns of
benthic foraminifera (e.g., Zhang et al., 2010; Gilly et al., 2013; Portner et al., 2017;
Hanz et al., 2019). Benthic foraminifera are a microfossil and extant group that makes
up around 50% of the eukaryotic biomass in modern oceans (Gooday et al., 1992),
and are one of the most diverse hard-shelled microorganisms in the ocean (Sen
Gupta, 1999). Their distribution mostly depends on seafloor food and oxygenation
(Altenbach et al., 2012; Bernhard and Sen Gupta, 1999; Jorissen et al., 1995; Murray,
2006, 1991; Southward et al., 2003), and since the environmental preferences of
several species are well documented, environmental models based on benthic
foraminifera assemblages hold promise to investigate oceanic oxygen variability,
particularly in OMZs (Erdem et al., 2020; Moffit et al., 2014; Tetard et al. 2017; Sharon
et al., 2021).

In this study we reconstructed the deglacial paleo-oxygenation trends of the suboxic
(< 1.5 ml/l) middle depth (300 - 700 m water depth) OMZ (Brandt et al., 2010; Brandt
et al., 2015; Karstensen et al., 2008) of the eastern tropical North Atlantic (ETNA). We
used the sedimentary record of gravity core GeoB9512-5, retrieved off the coast of
Senegal in northwestern Africa (15°20°13.20”N, 17°22°’1.20”W, 793 m water depth,
Figure 1) (Mulitza et al., 2005). This site is located in low oxic conditions at the margin
of the OMZ (Figure 1b), making it a sensitive record of oxygen changes during the last
deglaciation when AMOC strength changed. These changes included periods of
AMOC decline, consistently registered in the sedimentary records of the Atlantic
Ocean during the Heinrich Stadial 1 (HS1, ~ 17.6 — 14.7 ka BP) and Younger Dryas
(YD, ~ 12.6 — 11.8 ka BP) (e.g. Bohm et al., 2015; Gherardi et al., 2005; McManus et
al., 2004; Ng et al., 2018). These weak AMOC periods are also synchronous with
meridional shifts in the position of the southern and northern Atlantic subtropical gyres
(Portilho-Ramos et al., 2017; Pinho et al., 2021; Reilig et al., 2019) that influence
subsurface circulation and central water masses in the tropical Atlantic. For this
reason, the last deglaciation in the eastern North Atlantic provides the opportunity to

investigate how AMOC strength changes are related to the subtropical cell.
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The new paleo-oxygenation record presented here, is based on a stratigraphic
framework modelled with 16 Accelerator Mass Spectrometry radiocarbon dating of
planktic foraminifera (Figure 4), and on a detailed taxonomic and quantitative analyses
of the benthic foraminifera content in this site. Using the Enhanced Benthic
Foraminifera Oxygen Index (EBFOI, Kranner et al., 2022), that allows to quantitatively
estimate the dissolved oxygen concentration of the sea floor-habitat, we reconstructed
the oxygen changes at our site during the last 27,000 years. We show changes in
ETNA oxygenation during times of documented AMOC slowdown (HS1 and YD) and
provide new insights into the relationship between subtropical cells circulation and
AMOC changes in the tropical Eastern North Atlantic.

Water Depth (m)

1000

Modern Oxygen Concentration (mi/l)

Figure 2.1 GeoB9512-5 location in the Eastern Tropical Atlantic Oxygen Minimum Zone. a. Geographic
location of gravity core GeoB9512-5 (15°20°13.20”N/17°22’1.20”"W, 793 m water depth), Atlantic subtropical gyres
and the Eastern Tropical Atlantic Oxygen Minimum Zone (gray shadowed) (Brandt et al., 2015; Pelegri and Pefa-
Izquierdo, 2015 and Poole and Tomczak, 1999). Upwelling areas indicated with the Approximate Chlorophyll a
concentration (mg/m3) zones based on the Aqua-Modis data (4 km resolution, in November 2019)
(https://oceancolor.gsfc.nasa.gov/); b. GeoB9512-5 location and modern configuration of the Tropical Eastern
North Atlantic Oxygen Minimum Zone in depth (shadowed). Plotted with Ocean Data View (Schlitzer, 2023), data
from WOA 2018 (Boyer et al., 2018; Garcia et al., 2019).

2 Results and Discussion

Our record shows dissolved oxygen concentrations (BWOx in Figure 2d) of between
1.7 and 4.8 ml/l (EBFOI between 6 and 78, Figure 2d). The record is characterized by
an alternation of low oxic and high oxic conditions (Figure 2d), as seen by the
variations of the proportions of oxic, suboxic and dysoxic species used in the EBFOI

calculations (Figure 2c). The relative abundance of stress species (Figure 6), which
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are foraminifera species better adapted to environments of reduced oxygen (e.g.
Bernhard and Sen Gupta, 1999), are consistent with these interpretations as they are
present in average percentages over 50 % in low oxic intervals, and under 50 % in

high oxic intervals.

Oxygen reconstruction shows high oxic conditions (dissolved oxygen concentrations
>3 ml/l) at our site at the ETNA OMZ margin from the onset of the record (~ 27 ka BP),
through most of the last glacial (Figure 2d) until 18.9 ka BP. This period was interrupted
only by one low oxic interval centered on 25.1 ka BP. Even higher values (average 4.2
ml/l) were recorded between 24 - 23.5 ka BP (Supplementary Information 1). The
deglaciation was characterized by abrupt transitions between high oxic and low oxic
(< 3 ml/l) conditions. Low oxic conditions after 18.9 ka BP were followed by a rapid
increase in oxygen during Heinrich Stadial 1 (HS1), with two transient oxygen peaks
(1) of 4.4 ml/l around 17.3 - 17.2 ka BP and (2) of 4.8 ml/l at 16.8 ka BP, which
represents the highest oxygen values of the record. Between 16.2 and 15.8 ka BP
there was a return to low oxic conditions within HS1, followed by another high oxic
period (4.6 ml/l) between 15.2 - 14.8 ka BP marking the end of HS1.

Oxygen dropped below 3 ml/l at 14.4 ka BP at the start of the Bglling—Allerad (B-A)
and these low oxic conditions continued through this period. A transient return to high
oxic levels (3.3 ml/l) was recorded at 13.1 ka BP, and between 12.2 ka and 11.9 ka
BP (average 3.7 ml/l) during the YD. High oxic conditions were recorded at the onset
of the Holocene when the final peak of 4.2 ml/l is registered between 11.3 and 11.1 ka
BP. The last high oxic period (on average 3.1 ml/l) occurred between 5 and 4.2 ka BP,
and was followed by the lowest oxygen concentrations in the record of 1.8 ml/ between
0.7 and 0.2 ka BP. This compares well with modern measured values of 2.01 ml/l at
the site (Lauvset et al., 2016; Key et al., 2015).

The low oxic conditions are linked to a high abundance infaunal benthic foraminifera
(Figure 6a) and stress species (Figure 6b), indicating eutrophic and mesotrophic
(moderate to high organic matter) and low oxygen conditions respectively
(Supplementary Information 3.1), as seen in this area today. While opposing trends in
oxygen and organic matter would be consistent with productivity induced changes in
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remineralization (Wyrtki, 1962; Kurian et al., 2006) this does not explain the oxygen
changes at our site. Periods of extremely high productivity recorded off NW Africa
during the AMOC slowdowns of HS2, HS1 and the YD (Bradtmi