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Abstract (English)

Coccolithophore algae and planktonic foraminifera are the main producers of pelagic calcite. The export flux of
their mineralised skeletons contributes significantly to the drawdown of carbon from the surface to the deep ocean
and long-term (ka to Ma) carbon reservoir, and represent the main part of the inorganic carbon buried in the
seafloor sediments. Compared to the organic carbon production and export from the upper ocean (the biological
pump), many aspects of the orbital (ka) and geological (Ma) scale variability in pelagic calcification and inorganic
carbon production (carbonate counter pump) remains less understood. The biological carbon uptake, called
biological compensation, have been shown by model calculation to have a huge potential to affect the capacity of
the ocean to absorb (anthropogenic) carbon dioxide, and so equilibrate the global carbon budget and hence climate.
Since the pelagic calcite flux is made of two fundamentally different components, understanding of the process
of biological compensation requires knowledge of variability of the relative contribution of planktonic
foraminifera shells and coccoliths to the total pelagic calcite flux. The different response of the two groups could
enhance or reduce the changes in total pelagic carbonate production. The capacity of the ocean to store inorganic
carbon is directly related to the ion concentration in it (and so alkalinity), directly modulated by but also
modulating the pelagic carbonate production. The aspects of the pelagic carbonate production that have changed
through time (e.g. variability in shell/plate flux or size) and the mechanisms explaining the observed carbonate
flux variability within the two main carbonate producers remain, despite their importance, largely unconstrained.
Here I use marine sediments deposited in the equatorial Atlantic Ocean (Ceara Rise) to estimate the variability in
pelagic carbonate production, during warm climates intervals ranging from the Neogene to the Quaternary. A re-
evaluation of published records of pelagic carbonate production at this location revealed a systematic increase in
sedimentation rate since the late Miocene, but no clear trend in carbonate accumulation rate. However, the records
showed a large orbital scale variability in carbonate accumulation. In order to evaluate the observed orbital and
long geological time scale variability of the pelagic carbonate production, I generated new high-resolution records
of carbonate accumulation rate at ODP Site 927 across two Quaternary interglacials (MIS 5 and MIS 9), the
Pliocene warm period (MIS KM5) and the Miocene climate optimum (MCO). Subsequently, I used different
techniques to quantify the changes in the relative contribution of the two main pelagic carbonate producers to the
total pelagic carbonate production within and between the chosen time intervals. Finally, automated image
recognition techniques were applied, for both the planktonic foraminifera and the coccoliths, to investigate the
parameters that have changed in calcite production in the two groups (e.g. abundance, size, or calcification). As
expected from the published long-term records, the new data revealed orbital variability in each of the studied
intervals, with a magnitude similar or even higher than the long geological time scale changes among the studied
intervals. The pre-Quaternary record, not affected by dissolution, reveals that pelagic carbonate burial followed
Earth obliquity (41 ka) and eccentricity (100 ka). Since preservation has been excluded to be driving the changes
in carbonate accumulation rates (good fossils preservation, low foraminifera fragmentation index and no
correlation between the carbonate accumulation rate and fragmentation index), these periodicities must reflect an
orbital modulation of the pelagic biogenic carbonate production. I find that the relative contribution of the
planktonic foraminifera compared to coccoliths to the total pelagic carbonate production remains relatively
constant on long geological time scales, and shows a high orbital time scale variability (factor of two). The nature
of this variability has changed from the Miocene to the Quaternary, but since we do not observe any correlation

between the carbonate accumulation rate and the relative contribution of the foraminifera fraction to the total
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carbonate accumulation rate, the changes of the relative contribution of the two groups are not driving the changes
in total pelagic carbonate production. Looking for the explanation of the changes observed within the two groups,
I find that the main driver of the pelagic carbonate changes, at all orbital frequencies as well as between the
Miocene and the Pliocene, and for both the planktonic foraminifera and the coccoliths were changes in population
growth: at all time scales, the pelagic carbonate production was mainly driven by changes in the number of
specimens produced, whilst individual size and calcification were much less important. In fact, the data reveal an
inverse relationship between carbonate accumulation and individual size, likely reflecting a shift in the
composition of the communities for both the planktonic foraminifera and the coccoliths, with bigger populations
made of smaller specimens and smaller populations made of bigger specimens. This observation is valid for both
the orbital scale with the different dominant orbital periodicities we observe and the longer geological time scale.
I conclude that at the studied location, pelagic carbonate production since the Miocene was driven by population
growth of both main calcite producers. The observed dominant periodicities in carbonate accumulation rate
indicate that the two groups responded to local changes in factors affecting their productivity, like light,
temperature and nutrient delivery through upwelling rather than to global climate modulations, with a magnitude
of change similar to that which resulted in long term shifts in carbonate accumulation rate. On both time scales,
the observed changes in carbonate accumulation were large enough to affect the marine inorganic carbon cycle

and thus the ocean’s capacity to absorb inorganic carbon.
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Abstract (German)

Coccolithophore Algen und planktische Foraminiferen sind die Hauptproduzenten von pelagischem Kalzit. Der
Exportfluss ihrer mineralisierten Skelette tragt wesentlich zur Absenkung des Kohlenstoffs von der Oberfldche in
die Tiefsee und in das langfristige (ka bis Ma) Kohlenstoffreservoir bei und macht den grofiten Teil des
anorganischen Kohlenstoffs aus, der in den Sedimenten des Meeresbodens gebunden ist. Verglichen mit der
Produktion und dem Export von organischem Kohlenstoff aus dem oberen Ozean (der biologischen Pumpe) sind
viele Aspekte der orbitalen (ka) und geologischen (Ma) Variabilitit der pelagischen Kalzifizierung und der
Produktion von anorganischem Kohlenstoff (Karbonat-Gegenpumpe) noch weniger bekannt. Modellrechnungen
haben gezeigt, dass die biologische Kohlenstoffaufnahme, die sogenannte biologische Kompensation, ein enormes
Potenzial hat, die Féhigkeit des Ozeans zur Aufnahme von (anthropogenem) Kohlenstoffdioxid zu beeinflussen
und so den globalen Kohlenstofthaushalt und damit das Klima ins Gleichgewicht zu bringen. Da sich der
pelagische Kalzitfluss aus zwei grundlegend unterschiedlichen Komponenten zusammensetzt, erfordert das
Verstindnis des Prozesses der biologischen Kompensation die Kenntnis der Variabilitit des relativen Beitrags
von planktischen Foraminiferenschalen und Coccolithen zum gesamten pelagischen Kalzitfluss. Die
unterschiedliche Reaktion der beiden Gruppen konnte die Verdnderungen in der pelagischen
Gesamtkarbonatproduktion verstdrken oder verringern. Die Féhigkeit des Ozeans, anorganischen Kohlenstoff zu
speichern, steht in direktem Zusammenhang mit der Ionenkonzentration (und damit der Alkalinitdt), die direkt
von der pelagischen Karbonatproduktion abhingt, diese aber auch beeinflusst. Die Aspekte der pelagischen
Karbonatproduktion, die sich im Laufe der Zeit verdndert haben (z. B. die Variabilitit des Schalen-/Plattenflusses
oder der GroBe), und die Mechanismen, die die beobachtete Variabilitdt des Karbonatflusses innerhalb der beiden
Hauptkarbonatproduzenten erkliren, sind trotz ihrer Bedeutung noch weitgehend ungeklart. Hier verwende ich
Meeressedimente, die im dquatorialen Atlantik (Ceara-Rise) abgelagert wurden, um die Variabilitit der
pelagischen Karbonatproduktion wéhrend warmer Klimazonen vom Neogen bis zum Quartar abzuschétzen. Eine
Neubewertung der veroffentlichten Aufzeichnungen iiber die pelagische Karbonatproduktion an diesem Ort ergab
einen systematischen Anstieg der Sedimentationsrate seit dem spiten Miozdn, aber keinen eindeutigen Trend in
der Karbonatakkumulationsrate. Die Aufzeichnungen zeigten jedoch eine groBle orbitale Variabilitdt in der
Karbonatakkumulation. Um die beobachtete orbitale und langzeitliche Variabilitit der pelagischen
Karbonatproduktion zu bewerten, habe ich an der ODP-Stelle 927 neue hochauflésende Aufzeichnungen der
Karbonatakkumulationsrate iiber zwei quartdre Interglaziale (MIS 5 und MIS 9), die pliozéne Warmzeit (MIS
KMS5) und das miozéne Klimaoptimum (MCO) erstellt. AnschlieBend setzte ich verschiedene Techniken ein, um
die Verdanderungen des relativen Anteils der beiden wichtigsten pelagischen Karbonatproduzenten an der
gesamten pelagischen Karbonatproduktion innerhalb und zwischen den gewdhlten Zeitintervallen zu
quantifizieren. SchlieBlich wurden automatisierte Bilderkennungstechniken sowohl fiir die planktischen
Foraminiferen als auch fiir die Coccolithen angewandt, um die Parameter zu untersuchen, die sich bei der
Kalzitproduktion in den beiden Gruppen verdndert haben (z. B. Haufigkeit, Groe oder Kalzifizierung). Wie aus
den verdffentlichten Langzeitaufzeichnungen zu erwarten war, zeigten die neuen Daten eine orbitale Variabilitit
in jedem der untersuchten Intervalle, die dhnlich groB3 oder sogar groBer war als die Verdnderungen auf der langen
geologischen Zeitskala zwischen den untersuchten Intervallen. Die Aufzeichnungen aus der Zeit vor dem Quartér,
die nicht von der Auflosung betroffen sind, zeigen, dass die Ablagerung pelagischer Karbonate der

Achsenneigung (41 ka) und der Exzentrizitit (100 ka) folgte. Da ausgeschlossen wurde, dass die Erhaltung die
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Verdnderungen  der  Karbonatakkumulationsraten  vorantreibt  (gute  Fossilerhaltung,  niedriger
Fragmentierungsindex der Foraminiferen und keine Korrelation zwischen der Karbonatakkumulationsrate und
dem Fragmentierungsindex), miissen diese Periodizititen eine orbitale Verdnderung der pelagischen biogenen
Karbonatproduktion widerspiegeln. Ich stelle fest, dass der relative Beitrag der planktischen Foraminiferen im
Vergleich zu den Coccolithen zur gesamten pelagischen Karbonatproduktion auf langen geologischen Zeitskalen
relativ konstant bleibt und eine hohe orbitale Zeitskalenvariabilitdt (Faktor zwei) aufweist. Die Art dieser
Variabilitdt hat sich vom Miozédn bis zum Quartdr verdndert, aber da wir keine Korrelation zwischen der
Karbonatakkumulationsrate und dem relativen Beitrag der Foraminiferenfraktion zur
Gesamtkarbonatakkumulationsrate beobachten, sind die Verdnderungen des relativen Beitrags der beiden
Gruppen nicht die treibende Kraft fiir die Verdnderungen der pelagischen Gesamtkarbonatproduktion. Auf der
Suche nach einer Erklarung fiir die beobachteten Verdnderungen innerhalb der beiden Gruppen stelle ich fest,
dass die Haupttriebkraft fiir die Verdnderungen der pelagischen Karbonatproduktion bei allen Orbitalfrequenzen
sowie zwischen dem Miozdn und dem Pliozén und sowohl fiir die planktischen Foraminiferen als auch fiir die
Coccolithen Verdnderungen des Populationswachstums waren: Auf allen Zeitskalen wurde die pelagische
Karbonatproduktion hauptsichlich durch Verdnderungen der Anzahl der produzierten Exemplare angetrieben,
wihrend die individuelle GroB3e und die Kalzifizierung viel weniger wichtig waren. Tatséchlich zeigen die Daten
eine umgekehrte Beziehung zwischen Karbonatakkumulation und individueller Grofe, was wahrscheinlich eine
Verschiebung in der Zusammensetzung der Gemeinschaften sowohl bei den planktischen Foraminiferen als auch
bei den Coccolithen widerspiegelt, wobei grofere Populationen aus kleineren Exemplaren und kleinere
Populationen aus groBeren Exemplaren bestehen. Diese Beobachtung gilt sowohl fiir die orbitale Skala mit den
von uns beobachteten unterschiedlichen dominanten orbitalen Periodizitdten als auch fiir die ldngere geologische
Zeitskala.

Ich schlieBe daraus, dass die pelagische Karbonatproduktion am untersuchten Standort seit dem Miozén durch das
Populationswachstum der beiden wichtigsten Kalzitproduzenten angetrieben wurde. Die beobachteten
dominanten Periodizitdten in der Karbonatakkumulationsrate deuten darauf hin, dass die beiden Gruppen eher auf
lokale Verdnderungen von Faktoren reagierten, die ihre Produktivitit beeinflussen, wie Licht, Temperatur und
Nahrstoffzufuhr durch Auftrieb, als auf globale Klimaveridnderungen, und zwar mit einem dhnlichen Ausmaf} an
Veranderungen, wie sie zu langfristigen Verschiebungen in der Karbonatakkumulationsrate fithrten. Auf beiden
Zeitskalen waren die beobachteten Verdanderungen der Karbonatakkumulation gro3 genug, um den marinen
anorganischen Kohlenstoffkreislauf und damit die Fahigkeit des Ozeans zur Aufnahme von anorganischem

Kohlenstoff zu beeinflussen.

16



Abstract (French)

Les coccolithophores et les foraminiféres planctoniques sont les principaux producteurs de calcite pélagiques. Le
flux d’export de leurs squelettes minéralisés contribue de manicre significative au déplacement du carbone de
I’Océan de surface vers les abysses et vers le réservoir de carbone a plus long terme (ka a Ma), et ils représentent
la majeure partie du carbone inorganique enfoui dans les sédiments des fonds océaniques. Contrairement a la
production et 1’export de carbone organique depuis la surface des Océans (la pompe biologique), de nombreux
aspects de la variabilité de la calcification pélagique et de la production de carbone inorganique (la contre pompe
a carbonate) aux échelles orbitale (ka) et géologique (Ma) restent peu comprises. L’assimilation du carbone via
des processus biologiques (la compensation biologique), a été démontrée, via des calculs de modélisation, avoir
un grand potentiel a affecter la capacité de I’océan a absorber le dioxyde de carbone (anthropogénique), et donc,
a équilibrer le budget de carbone global et ainsi le climat. Puisque le flux pélagique de calcite est constitu¢ de
deux composantes complétements différentes, comprendre les processus de la compensation biologique requiert
des connaissances sur la variabilité de la contribution relative des foraminiféres planctoniques et des coccolithes
a la production de carbonate pélagique total. Une réponse différente des deux groupes pourrait accentuer ou
réduire les changements de production de carbonate pélagique total. La capacité de 1’Océan a stocker le carbone
inorganique est directement liée a sa concentration en ions (et donc a son alcalinité), directement modulée, mais
aussi modulant, la production de carbonate pélagique. Les aspects de la production de carbonate pélagique, ayant
changé au cours du temps, (e.g. la variabilit¢ du flux de tests / placolithes ou leur taille) et les mécanismes
expliquant la variabilité¢ du flux de carbonate observé entre les deux principaux organismes producteurs de
carbonate restent, en dépit de leur importance, largement incompris. Ici, j'utilise des sédiments marins déposé
dans I’Océan Atlantique équatorial (Ceara Rise) afin d'estimer la variabilit¢ de la production pélagique de
carbonate, durant les intervalles climatiques chauds allant du Néogéne au Quaternaire. Une réévaluation
d’enregistrements de production de carbonate pélagique publiés a cette location a révélé une augmentation
systématique du taux de sédimentation depuis la fin du Miocéne, mais aucune tendance claire dans le taux
d’accumulation de carbonate. De plus, les enregistrements montrent une importante variabilité orbitale dans le
taux d’accumulation. Afin d’évaluer la variabilité de la production pélagique de carbonate aux échelles orbitale et
géologique, j’ai généré de nouveaux enregistrements a haute résolution des taux d’accumulation de carbonate au
Site ODP 927 au travers de deux interglaciaires du Quaternaire (MIS 5 et MIS 9), de I’intervalle chaud du Pliocéne
(MIS KM5) et de I’optimum climatique du Miocéne (MCO). Par la suite, j’ai utilisé différentes techniques afin
de quantifier les changements dans la contribution relative des deux principaux producteurs de carbonate
pélagique a la production de carbonate pélagique totale, au sein et entre les intervalles de temps choisis. Enfin,
des techniques de reconnaissance d’image automatique ont été utilisées, pour les foraminiféres planctoniques ainsi
que pour les coccolithes, pour investiguer les parameétres ayant changé dans la production de calcite au sein des
deux groupes (e.g. abondance, taille ou calcification). Comme attendu d’apres les enregistrements long-terme
existants, les nouvelles données révélent une variabilité orbitale dans chacun des intervalles étudiés, d’une
magnitude similaire ou méme supérieure de celle trouvée dans les changements a I’échelle de temps géologique
entre les intervalles étudiés. L’enregistrements pré-Quaternaire, non affecté par la dissolution, révele que
I’enfouissement de carbonate pélagique a suivi I’obliquité (41 ka) et I'excentricité (100 ka) de I’orbite terrestre.
Comme la préservation a été exclue d’étre un contréle des changements de taux d’accumulation de carbonate (la

préservation des fossiles est bonne, I’indice de fragmentation des foraminiféres est bas, et il n’y a pas de corrélation
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entre le taux d’accumulation de carbonate et I’indice de fragmentation des foraminiféres), ces périodicités refletent
probablement des modulations orbitales du taux de production de carbonate biogénique pélagique. Je trouve que
la contribution relative des foraminiféres planctoniques, comparée a celle coccolithes, a 1a production de carbonate
pélagique totale reste relativement constante a 1’échelle géologique, et montre une grande variabilité a 1’échelle
de temps orbitale (d’un facteur deux). La nature de cette variabilité a changé du Miocéne au Quaternaire, mais
comme nous n’observons aucune corrélation entre le taux d’accumulation de carbonate et la contribution relative
des foraminiféres au taux d’accumulation de carbonate total, les changements de la contribution relative des deux
groupes ne sont pas a l’origine des changements de production de carbonate pélagique total. Cherchant
I’explication des changements observés au sein des deux groupes, je trouve que le principal mécanisme dirigeant
les changements du carbonate pélagique, pour toutes les périodicités orbitales, entre le Miocéne et le Pliocéne, a
la fois pour les foraminiféres planctoniques et pour les coccolithes, est la modulation de la taille des populations :
pour toutes les échelles de temps, la production de carbonate pélagique est principalement dirigée par des
changements du nombre de spécimens, alors que leur taille ou leur degré de calcification restent bien moins
importants. En effet, les données révelent une relation inverse entre le taux d’accumulation de carbonate et la taille
des spécimens, reflétant probablement un changement des communautés pour les foraminiféres planctoniques
ainsi que pour les coccolithes, avec de plus grandes populations constituées de plus petits spécimens et de plus
petites populations constituées de plus grands spécimens. Cette observation est valable pour 1’échelle orbitale,
avec les différentes périodicités dominantes que nous observons, ainsi que pour 1’échelle géologique plus longue.
Je conclus qu’a la location étudiée, la production de carbonate pélagique depuis le Miocéne est dirigée par la
croissance des populations des deux principaux producteurs de calcite. Les périodicités dominantes observées
dans le taux d’accumulation de carbonate indiquent que les deux groupes ont répondu a des changements locaux
de facteurs affectant leur productivité, comme la lumiére, la température ou les apports de nutriments via les
upwellings, eux-mémes modulés par les cycles orbitaux, plutét qu’aux modulations climatiques globales, avec
une magnitude de changement similaire a celle qui a résulté aux changements sur le long terme du taux
d’accumulation de carbonate. Pour les deux échelles de temps, les changements observés de 1’accumulation de
carbonate ont été suffisamment importants pour affecter le cycle du carbone inorganique marin et par conséquent,

la capacité de I’Océan a absorber le carbone inorganique.
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Chapter I. Introduction

[.1 The Ocean as a carbon reservoir, state of the art and research gaps

1.1.1 General introduction

The ocean, covering more than 70 % of the Earth surface (Goosse, 2015), represents one of the major
anthropogenic carbon sink, with the export of around 25% of the (anthropogenic) carbon from the atmosphere to
the deep ocean (Sabine et al., 2004; Khatiwala et al., 2009; Landschiitzer et al., 2014; Friedlingstein et al., 2019,
2020; DeVries, 2022), crucial in the climate system, as we know that the CO, is the major greenhouse gas today
(0.0395 % of the air composition in 2013) and the atmospheric CO, concentration keeps increasing due to the
anthropogenic activities (currently around 100 ppm above the pre-industrial pCO, values, Denman et al., 2007).
The amount of anthropogenic CO, absorbed by the ocean has been estimated around 2 Pg-C y™' for 2000 (Mikaloff
Fletcher et al., 2006; Takahashi et al., 2009). The atmospheric pCO, increased from 278 ppm to 395 ppm between
1750 and 2013 to 407 ppm in 2018 (Siegenthaler, 2005; Joos and Spahni, 2008; Friedlingstein et al., 2019; Goosse,
2015), responsible for climate warming, modifying the ecosystems, the environment, the heat transport and
repartition over our planet and the climate system as a whole (Ciais et al., 2013). The increasing pCO, related to
anthropogenic activities has been the main driver of the SST increase, with at least 67% of it forced by human
activities (Santer et al., 2006). The CO, transfer from the atmosphere to the surface ocean occurs when the CO,
concentration in the atmosphere is not in equilibrium with the CO, concentration of the surface ocean, which
creates a flux (Goosse, 2015; Gruber et al., 2009). The CO, flux between the atmosphere and the surface ocean is
not constant through the time (on time scales going from years to million years, and depends on many parameters,
e.g. the temperature, the salinity, the atmospheric pCO, pressure, the ocean pCO, pressure, the wind speed, the
physical properties of the surface ocean or nutrients delivery (DeVries, 2022; Marinov et al., 2008; Lefévre et al.,
2014; Andrié et al., 1986; Fung et al., 2005; Takahashi et al., 2009). A warming and freshening of the surface
ocean reduce the CO, solubility, increases the stratification and leads to a weakening of the Atlantic meridional
overturning circulation (AMOC), reducing the carbon export. Increasing stratification also reduces nutrients
delivery and so reduces the biological productivity (Fung et al., 2005). There is also a geographical variability,
with a higher CO,; flux on the Southern Ocean than at low latitudes (Milliman, 1993; Khatiwala et al., 2009). If
global oceans are net CO, sinks, contributing to the reduction of the atmospheric pCO,, the sink areas are
concentrated in the high latitudes while tropical oceans are generally CO, sources (Takahashi et al., 2009;
Landschiitzer et al., 2014; Ibanhez et al., 2016; Gruber et al., 2009), with low seasonal variability of the CO, flux
(Feely et al., 2009).

In the Atlantic Ocean, it has been shown that the climatic conditions and the biological production are impacting
the relationship between the surface ocean pCO, and the oceanic circulation (Boot et al., 2022). If some have
found that a change of the strength of the AMOC only (towards a weakening, according to the predictions) alone,
would not have a strong impact on the atmospheric pCO, (Boot et al., 2022), other studies are highlighting the
influence of the intermediate and deep ocean circulation in the nutrients delivery, and so, productivity and
atmospheric pCO,, and that variability in surface nutrient concentration or export production alone are not enough
to understand the atmospheric pCO, modulations and carbon cycle (Marinov et al., 2008).

Between 2009 and 2018, fossil CO, emissions due to anthropogenic activities accounted for about 9.5 GtC yr

and the ocean absorbed around 2.5 GtC yr' for the same time interval, and both the emissions and absorption by
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the ocean are in an increasing trend (Khatiwala et al., 2009; Friedlingstein et al., 2019; DeVries, 2022;
Landschiitzer et al., 2014; Bennington et al., 2022). The average atmosphere to surface ocean carbon flux is
estimated around 0.4 tC month™ km™ (Takahashi et al., 2009). The atmospheric pCO, and the inorganic carbon
stocked in the ocean are closely related to each other (Marinov et al., 2008). The pelagic carbonate production is
strongly influencing and modulating the pCO, concentrations but is also influenced and modulated by it, and the
relationship linking those two parameters is still under debate (Boot et al., 2022).

The transfer of CO, from the atmosphere to the surface ocean is lowering the average ocean pH (so increasing
acidity), estimated at - 0.1 since 1750 according to Denman et al. (2007) and the Working Group I (WGI)
contribution to the Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC)
(2021). This phenomenon may negatively impact the carbonate system in the ocean, from short (reduced
calcification of calcifiers organisms) to longer time scales (affecting the carbonate sediment) (Denman et al.,
2007). Bolton et al. (2016) demonstrated that the sea surface pCO, changes are modulating the pelagic carbonate
production (and so, the temperature, which is itself driving the CO, solubility in the surface waters). The biological
production increases the ocean uptake via the reduction of pCO, concentration in the surface ocean (Fung et al.,
2005). The seasonal phytoplankton blooms related to insolation increase contribute to make the surface ocean a
carbon sink (Takahashi et al., 2009). At their death, the pelagic calcifiers are settling to the deep ocean, and so,
exporting carbon from the surface ocean to the seafloor, having a strong influence on the modulation of the
atmospheric pCO, (Boyd et al., 2019; Sutherland et al., 2022).

Some models are estimating that an increase of temperature would lead to the increase of anthropogenic CO,
remaining in the atmosphere, and so, contribute to an enhancement of the temperature increase (positive
feedback), estimated between 20 and 224 ppm by 2100 (Denman et al., 2007). Because marine organisms
carbonate production accounted for around 5.3 GT yr' and around 2.4 GT yr' of it is produced by pelagic
calcifiers (Milliman, 1993), and because the biogenic calcium carbonate production is at the origin of around 90%
of the carbon currently buried in the seafloor (Sarmiento and Gruber, 2006; Feely, 2004; Toyofuku et al., 2017),
better understanding its behaviour under higher temperature and higher pCO,; conditions is crucial in the ongoing
climate change.

If we tend more and more to understand better the mechanisms at work today, their behaviour in a changing
climate and especially under warmer and warmer conditions (and increasing atmospheric pCO, due to
anthropogenic emissions) remains poorly understood. However, these mechanisms are key knowledge to better
constrain our models and so, realistically estimate the ongoing conditions in the actual context of climate warming.
In this study, we have made the choice to focus on the pelagic carbonate production at the surface ocean,
responsible for % carbon export per year (Sabine et al., 2004; Khatiwala et al., 2009; Landschiitzer et al., 2014;
Friedlingstein et al., 2019, 2020; DeVries, 2022). This pelagic carbonate production, especially during warm
periods, is a key parameter to estimate the climate and efficiency of the ocean as a (anthropogenic) carbon sink, a
precious information that can be derived from marine sediment records, archives of the past climate history, that
are collected via coring the ocean’s floor.

There are two steps in the understanding of the pelagic carbonate production processes: understanding how it
varies and what does vary in the organisms (within the pelagic carbonate producers, what makes this changes and
make our results look how they do and “why” we observe what we observe), and the second step is understanding

the environmental, orbital and climate forcing on them that makes them change that way and why it induce the
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observed response. We here focus on the first part, indispensable to better constrain our model for prediction of
the direction of the pelagic carbonate production and possible direction and timings of their influence on the global
climate for the coming years to hundred years. To do so, we have chosen a marine sediment core in the Equatorial
Atlantic Ocean, where the resolution is very good, with low dissolution, and a very well constrained age model.
The equatorial location allows as well a record which is not impacted by large temperature changes through the
time. This sediment core is covering a large time interval in the Cenozoic (From Early Miocene to Quaternary),
allowing us to work on different warming intervals in recent Earth History, at different time scales and under
different pCO, conditions and oceanic currents system, in order to better understand what happened in the past
and to better envisage the different scenarios that await us in the future.

As some studies have already shown the influence of the orbital forcing (and low latitude insolation on the pelagic
carbonate production (e.g. Beaufort et al., 1997, 2022), we are here investing the pelagic carbonate production at

orbital (ka) and geological (Ma) time scales.

I.1.ii Climate and Ocean system

Section 1. Orbital forcing

The Earth is moving around the sun, following an elliptical trajectory. This trajectory is characterised by different
parameters, changing through the time periodically (Figure 1) and influencing the quantity of solar energy arriving
at the Earth's surface. This modulation of the Earth insolation is having a strong influence on the climate and
environmental conditions on Earth, in the atmosphere, on the continents and in the Oceans (Hays et al., 1976).
Milankovitch, in his astronomical theory of climate (1941) was the first to mention the existence of cycles in the
different parameters describing the orbital trajectory of the planets around the sun. It is today admitted that there
are three parameters, following different periodicities: the eccentricity, the obliquity and the precession (Figure
1).

The eccentricity is defined by how round is the orbit of the Earth around the sun. This parameter is changing with
the dominant periodicities of 95, 100, 123 and 404 ka. An eccentricity nearly at zero means that the Earth's orbital
trajectory is almost circular, and in these conditions, the mean annual insolation is the smallest. When the
eccentricity increases, the mean annual energy received at the Earth surface increases (at all latitudes). The
obliquity is defining how tilted the Earth axis. This parameter is changing with the dominant periodicities of 40,
41 and 54 ka, from an angle of 22° to an angle of 24.5°. When the obliquity increases, the annual mean insolation
at the equator slightly decreases. Finally, the precession, which is the Earth distance to the sun at the summer
solstice, is changing with the dominant periodicities of 19, 22 and 24 ka. This has a strong influence on the
seasonality, and the contrast between the seasons. When the precession increases (and even more when the
eccentricity is high too), this is impacting the isolation at all latitudes, influencing the seasonal contrast, and
determining what is the earth position relat ive to the sun at the boreal summer and winter. A higher precession
means a lower insolation (Goosse, 2015; Berger and Loutre, 2004). The tropical condition and insolation are
important in the global climate modulations at orbital and suborbital time scales (Beaufort et al., 1997; Berger et

al., 2006).
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Figure 1. schematic representation of the three orbital parameters: A) the eccentricity, B) the obliquity and C) the
precession (modified after Goosse, 2015; Hay et al., 1997; Berger and Yin, 2012) and their periodic signals over
the last 1000 ka (Laskar et al., 2004). Proportions are not taken in account.

Section 2. Marine inorganic carbon cycle

The atmospheric concentration in CO, is an important factor influencing the climate (I.1.1). In the climate system,
the pCO; in the atmosphere and the ocean are closely related, as there are exchanges between the atmosphere and
the surface ocean. The zone between 40 and 60° latitude in both hemispheres is where the major pCO, uptake
takes place (Takahashi et al., 2002). We here concentrate on the - oceanic - inorganic carbon cycle (Figure 2).
With the increase of pCO, in the atmosphere (especially anthropogenic CO, release), more CO, is transferred to
the surface ocean, and with it, the speciation of different ions, with the release of hydrogen positive ions, is
modifying the chemistry of the surface ocean and making it more acidic (Goosse, 2015). The pCO, at the sea
surface is depending on the atmospheric pCO, and the temperature and so the ocean as a carbon sink as well
(Feely, 2004; Landschiitzer et al., 2014; Honjo et al., 2014; Gao et al., 2017; Takahashi et al., 2009). The changes
in dissolved pCO; have an influence on the ion’s concentration in the surface ocean and its acidity. A higher
concentration in CO; dissolved in the ocean also means higher concentration in carbonate [CO5*] and bicarbonate
[HCO5] ions. These ions are entering into the equation of the carbonate precipitation by the marine organisms
(the pelagic calcifiers) living at the surface ocean. This is the carbonate uptake or carbonate biological
compensation (by opposition to the dissolution or chemical compensation). These pelagic calcifiers are both
consuming CO; by incorporating carbon in their carbonate shells and releasing CO, via the carbonate counter-
pump. By these processes, they strongly influence the surface ocean chemistry (e.g. DIC and Alkalinity, Figure
2). Alkalinity is of importance in the CO, uptake from the atmosphere to the surface ocean, the carbonate
production and the ocean buffering in a changing climate context (Middelburg et al., 2020), modifying the
carbonate compensation depth (Boudreau et al., 2018). According to Boudreau et al. (2019), the ocean cooling
over the last 15 Ma might be at the origin of the increase of DIC and alkalinity observed for that time interval.
Meanwhile, warmer climates and increasing atmospheric pCO, might increase weathering rates and ocean
alkalinity, with higher marine calcification (Si and Rosenthal, 2019; Sutherland et al., 2022). At their death, these
pelagic calcifiers sink to the ocean floor (this is the carbon export) and are affected by dissolution, here again,
influencing the ocean chemistry (alkalinity, DIC and CO, concentration). The sinking processes are taking days
to weeks, depending on the particles’ sizes, the currents, the water depth or if they are single particles (often
planktonic foraminifera) or aggregated ballast (often coccoliths) (Guidi et al., 2009, 2015; Laws et al., 2000; Le
Moigne et al., 2014; Legendre et al., 2018). The carbonate ooze accumulates on the seafloor, the most recent ones
above the oldest, making this sediment a good archive of the past climate, environments and oceanic conditions.
The level of carbonate saturation in the seawater is defined as Q (Figure 2). When Q>1, the ocean is saturated so
there is no dissolution. When Q<1, the ocean is undersaturated and we start to observe dissolution. The saturation
horizon is defined as Q=1. The carbonate compensation depth (CCD) is the limit at which all the carbonate is
dissolved. Between the saturation horizon and the CCD is the Lysocline (also called transition zone). These
conditions are strongly influenced by the currents and ocean configuration. According to Lea, (2000), the tropical
conditions are both playing an important role on and being strongly affected by the climate modulations (Goosse,

2015). The oceanic ion concentration is affected by the ocean structure and currents distribution.
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Figure 2. Marine inorganic carbon cycle: the example of the equatorial Atlantic Ocean (Goosse, 2015; Boudreau et al., 2018; Middelburg et al., 2020).
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Section 3. The Ocean - general aspects and zoom on the Atlantic
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Figure 3. World ocean thermo-haline currents circulation, modified after (Rahmstorf, 2002), ocean data view

(Schlitzer, 2018).

Salinity and temperature are not the same everywhere in the ocean, both in surface and in the depth structure,
creating oceanic currents (Figure 3) with different properties (e.g. salinity, temperature, nutrient content or ion
concentrations) that have a strong influence in the marine productivity (e.g. upwellings delivering nutrients) or
the deep ocean circulation (e.g. presence or absence of deep currents undersaturated in carbonate, (Curry et al.,
1995; Groger et al., 2003b; Frenz et al., 2006).

From Neogene to present, the continental configuration at the Earth's surface remains similar (Dowsett et al.,
2009) and so the currents dynamics too. The main tectonic change that has affected the Atlantic Ocean is the
closure of the Panama Isthmus, between 13 Ma and 2.6 Ma (Bartoli et al., 2005; Lunt et al., 2008; O’Dea et al.,
2016). This affected the oceanic circulation, currents position and exchange between the different oceans as well
as ocean atmosphere feedback mechanisms, and so, climate in general since the late Miocene-early Pliocene (Haug
and Tiedemann, 1998; Lear et al., 2003; Maier-Reimer and Mikolajewicz, 1990; Billups et al., 1999; Haug et al.,
2001). A change in the ocean circulation system was initiated around 4.6 Ma ago (Haug and Tiedemann, 1998).
Lunt et al. (2008) found an enhanced AMOC after the Panama Isthmus was closed and it may also have played a
role in the initiation of the proto-NADW at the very end of the Miocene-beginning of the Pliocene (Lear et al.,
2003). The closure of the Panama Isthmus causes a decrease of the water exchanges between the Atlantic and the
Pacific Ocean and the intensification of the Northern hemisphere glaciation (NHG) (appearance of perennial ice

caps in the North hemisphere) (Bartoli et al., 2005; Lunt et al., 2008a).
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Figure 4. overturning oceanic circulation- Atlantic - AMOC (modified after Rithlemann et al., 2001; Rahmstorf,

2002), ocean data view (Schlitzer, 2018).

The ocean’s structure (Figure 4) (and upwellings areas, Lessa et al., 2017) have an influence on the nutrient supply
on the surface and so productivity but also on the sinking processes and carbonate preservation in the deep ocean
(Cavaleiro et al., 2018; Beaufort et al., 2022; Zondervan, 2007). On the western equatorial Atlantic, the main
currents are the NADW (purple), the AABW (blue), the North Brazil current (orange) (Rithlemann et al., 2001,
Groger et al., 2003b; Herrford et al., 2017), the south equatorial current, the north equatorial counter current, the

equatorial undercurrent (Araujo et al., 2019).
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Figure 5. Transect North-South of the Atlantic Ocean, saturation state Q calcite (present day), ocean data view

(Schlitzer, 2018).

In the depth structure, the current’s position and so physical properties of the water masses are known to have
changed (e.g. mixing zone between NADW and AABW, deepening of the CCD due to alkalinity change; Si and
Rosenthal, 2019; Herrford et al., 2017; Billups et al., 1997; Maier-Reimer and Mikolajewicz, 1990; Groger et al.,
2003b, a). These currents are also under the influence of the G-IG cycles and orbital cycles during the Cenozoic
(Kleiven et al., 2003; Rithlemann et al., 2004, 1999). In the Atlantic Ocean, the saturation horizon (€ calcite = 1,
Figure 5) corresponds to the interface between the NADW and the AABW (Curry et al., 1995).

Through the Cenozoic and Quaternary, not all the setting up of the modern conditions took place at the same time
in the Atlantic Ocean structure (Figure 6¢). During the Late Eocene - Early Miocene (23-17 Ma), the proto-AABW
appeared with the enhanced glaciation in the Southern Ocean and increase of ice volume in the Antarctic (Lear et
al., 2004; Pekar and DeConto, 2006; Billups et al., 2002). The ice volume on Antarctica has been estimated similar
to the present day one, with cold Southern Component Deep Water and unrestricted circumpolar flow, and
decreases later during the MCO, with the increasing bottom water temperatures (4 to 8°C) fluctuating at
eccentricity paced, suggesting an orbital forcing behind since the Early Miocene (Pekar and DeConto, 2006;
Billups et al., 2002; Lear et al., 2004).

With the Antarctic ice sheet becoming permanent, the AABW became more stable. The closure of the Panama
Isthmus (I.1.ii Section 3) triggered a reorganisation of the deep currents system in the Atlantic (Haug and
Tiedemann, 1998) and the decreasing atmospheric pCO, at that time contributes to an increase of the temperature
gradient from low to high northern latitudes, and suggested to be (one of) the cause for the initiation of northern
hemisphere glaciations (NHG): the Early NHG, and later, the NHG (Lear et al., 2003; Raymo et al., 1992; Bartoli
et al., 2005; Lunt et al., 2008; Haug and Tiedemann, 1998; O’Dea et al., 2016). The initiation of the NHG (and
the setting up of permanent ice sheets in the Northern Hemisphere) has been estimated at 2.7 Ma ago, with an
intensification until 1.8 Ma (Raymo, 1994; Tiedemann et al., 1994).

With the increasing presence of ice at the northern hemisphere high latitudes, and enhanced G-IG cycles, added
to a decrease of the exchanges between the Atlantic and the Pacific Ocean due to the closure of the Panama
Isthmus, the proto NADW set up at the very end of the Miocene, beginning of the Pliocene (around 5.3 Ma) (Lear
et al., 2003).
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Figure 6. a) pCO, (Mejia et al., 2017; Beerling and Royer, 2011; Stap et al., 2016; Raitzsch et al., 2021; Petit et
al., 1999; Foster et al., 2012); b) d'*0 Loess and ¢) Timings of the major events in the Atlantic current setting up

over the last 18000 ka.

Some studies (e.g. Haug and Tiedemann, 1998) estimated that the modern conditions in the current system in the
Atlantic Ocean have been reached around 4.6 Ma (Figure 6). At the end of the Pliocene-beginning of the

Pleistocene, the NADW is setted up and we observe the presence of an enhanced AMOC (similar or even higher
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than today) (Haug and Tiedemann, 1998). The warm Pliocene is marked by a well ventilated deep Atlantic Ocean,
and after the Plio-Pleistocene transition, the conditions remains the same during the interglacials, but there is a
decrease in NADW below 4000 mbsl during the glacials in the western equatorial Atlantic Ocean (Bell et al.,
2015). Adkins et al. (2013) suggested that with the increasing NADW after the MPT and the presence of cold and
salty AABW, the deep ocean became more stratified than the modern one, which increases the ocean’s capacity
to absorb CO,, and so, contribute to further cooling. On the contrary, enhanced deep water ventilation brings back
carbon to the surface ocean, and so contributes to the increase of atmospheric pCO, (Vervoort et al., 2021).

The NCW (precursor of the modern NADW) setted up in the middle Eocene (Vahlenkamp et al., 2018a, b) and
the NADW started later, during the Pliocene (Haug and Tiedemann, 1998). With the Plio-Pleistocene transition
(and the onset of 100 ka G-1G cycles), Groger et al. (2003b) observed a reduction of the LNADW circulation. In
this area, Groger et al. (2003b) also noted the role of the North Brazil Current and NADW during the warm
periods, with the presence of ADW during the cold periods (low [CO5>], causing dissolution). During the warmer

intervals, the NADW was warmer and AABW remains at lower latitudes (Dowsett et al., 2009).

Section 4. Ceara Rise, Equatorial Atlantic Ocean _ Oceanic conditions
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Figure 7. Map of the site location, ocean data view (Schlitzer, 2018).
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We have made the choice to work at the Ceara Rise, equatorial Atlantic Ocean, using marine sediment collected
during the ODP Leg 154 (Figure 7), ranging from present to the Eocene, and rich in carbonate sediment
(Shackleton et al., 1999; Bickert et al., 1997; Shackleton and Crowhurst, 1997) The Cearé Rise is an aseismic
ridge that formed during the late Cretaceous, about 80 Ma ago (Curry et al., 1995). The present temperature in the
deep ocean at Ceara Rise location is around 2°C. In the current conditions, the NADW is present between 2000
and 4000 mbsl from 35°N to 50°S, warmer and more saline than the deeper AABW. They represent respectively
s and % of the ocean currents volume (Johnson, 2008). In the western tropical Atlantic Ocean, the average depth
of the seafloor is 4500 mbsl, and the Ceara Rise has a maximum thickness of 1900 m of lithogenic and biogenic
sediments, making the culminant point of it at about 2600 mbsl (Curry et al., 1995), well above today’s regional
lysocline depth (Frenz et al., 2006; Groger et al., 2003b, a; Curry et al., 1995; Cullen and Curry, 1997). The Ceara
Rise sites are located at the interface between the modern NADW and AABW, also corresponding to the Lysocline
depth (I.1.ii Section 3), and the sites above the Lysocline depths (sites 925 and 927) are presenting well preserved
carbonate sediments (Curry et al., 1995; Cullen and Curry 1997). This location, far from large temperature changes
known at the high latitudes (Herbert et al., 2016), is presenting well preserved carbonate sediments, ideal for the
study of the calcifiers organisms’ productivity (so the observations we are doing are driven by changes in
productivity and not changes in dissolution). At this location, the sedimentation rate is high enough to have an
orbital to sub-suborbital sampling resolution, for both the Neogene and the Quaternary. Some studies are
suggesting that due to the topography of the Ceara Rise and the strong NADW, the AABW doesn't reach the
western part of the Ceara Rise (Rhein et al., 1998). As mentioned by Paul et al. (2000), and taking in account the
accumulation of sediments and the subsidence, the depth at this location is assumed to remained relatively constant
in the Cenozoic and Quaternary, meaning that the location of this site relatively to the lysocline depth is mainly
explained by changes of the lysocline depth itself.

The lysocline depth (I.1.ii Section 2) at this site has changed through the time, with the changing currents and the
onset of the cold and corrosive AABW (Curry et al., 1995; Groger et al., 2003b; Frenz et al., 2006), especially
during Quaternary cold intervals, making the lysocline depth shallower, and so, causing the dissolution of the
deep-sea sediment at that depth. The stronger the AMOC, the deeper the lysocline (if there is a strong input of
NADW waters, it makes the depth of the lysocline (interface between AABW and NADW) deeper. During the
Pliocene, the lysocline depth remains very similar to today or even deeper, at a time when the AMOC was
relatively strong (or even stronger than today, supported by Raymo et al., 1996; Billups et al., 1997; Bell et al.,
2015 or Haug and Tiedemann, 1998 results), and so, site 927 was continuously above the lysocline depth, making
the preservation really good during this time interval (Frenz et al., 2006). Preiss Damler et al. (2013) and King et
al. (1997) found a shallower Lysocline during the late Miocene than during the Pliocene, but still below site 927
depth (4000 mbsl) they also found a shoalling of the Lysocline from 14 to 11.5 Ma, meaning that the Lysocline
was deeper before that date. This is supported by results from Van Andel et al. (1975) who found a deep CCD in
all oceans during the early Miocene.

As the lysocline depth remains relatively constant and deep (except during the cold intervals of the Quaternary),
the Ceara Rise, and especially the Site 927 location therefore stays above the regional lysocline (figure 5, Q calcite
remains above 1 between the lysocline depth -4200 mbsl- and the surface) along the last 20 Ma, preventing the

carbonate sediment to be affected dissolution, and making it a good location to study the pelagic carbonate
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production, as the carbonate accumulation rate mainly reflects changes in pelagic carbonate production (Brummer
and van Eijden, 1992; Bassinot et al., 1997).

Concerning the sea surface conditions, it has been shown that the least temperature change over time from
Miocene to present (on a long geological time scale) occurred in the tropics for all the oceans (Herbert et al.,
2016). Additionally, Curry et al., (1995) has mentioned that the low variability of the surface temperature at the
Site 927 location is ideal to work on global temperature climate modulations, rather than local temperature and
climate changes and they also observed upwelling conditions. Today, in the Ceara Rise location, the total alkalinity
and the inorganic carbon concentration in the water are strongly related to the SSS (Bonou et al., 2016). The
surface conditions and especially the salinity, are driven by the position of the intertropical convergence zone
(ITCZ), equatorial area where the atmospheric gyres cause precipitation, and so, a decrease of the SSS. It has been
shown that with the increase of temperature gradient from low to high latitudes (i.e. glacials intervals and boreal
winter), modifying the sea surface currents system and enhancing the trade winds, the ITCZ moves to a southward
position (Broccoli et al., 2006; Schmidt and Spero, 2011), modifying the sea surface conditions of temperature

and salinity, and so, the Alkalinity and inorganic carbon concentrations.

Section 5. Ceard Rise, Equatorial Atlantic Ocean _ Sea surface conditions and CO; flux to the surface ocean

It is admitted that in the tropical oceans, the average flux of CO; is from the ocean to the atmosphere, making the
tropical ocean a source of CO, (Takahashi et al., 2009; Landschiitzer et al., 2014; Araujo et al., 2019), partly due
to the presence of an upwelling in this area, delivering CO, and nutrients rich waters (the total alkalinity and
inorganic carbon concentrations are the highest in the CO,-rich waters delivered by the equatorial upwelling,
Bonou et al., 2016). As a consequence, a change of the equatorial upwelling or of the ocean circulation in this
area would strongly impact the flux of CO, in the tropical Atlantic Ocean (Lefévre et al., 2014). However, Bonou
et al. (2016) demonstrated that the total alkalinity and the quantity of inorganic carbon are strongly related to the
SSS conditions in this area, and the SST variability is not influencing the total alkalinity and inorganic carbon
concentration. Lefevre et al. (2010) results also showed a strong link between the salinity and total alkalinity, DIC
and CO, flux. The flux of CO, is not homogeneous either in space or time: due to the Amazon river discharge and
the seasonal precipitations related to the presence of the ITCZ (two sources of fresh waters, undersaturated in
CO,) the area close to the Amazon fan is also a CO, sink (Ibanhez et al., 2015; Ternon et al., 2000; Kortzinger,
2003; Cooley et al., 2007; Lefévre et al., 2010; Bonou et al., 2016). In this area, the surface waters are also
undersaturated in CO, due to the intense primary production related to the Amazon discharge, providing nutrients
(Ibanhez et al., 2015; Ternon et al., 2000; Kortzinger, 2003; Cooley et al., 2007; Lefévre et al., 2010; Araujo et
al., 2019). According to Ibanhez et al. (2015), the DIC drawdown in the Amazon plume is estimated to be about
154 umol kg™'. The carbon uptake from the atmosphere to the surface ocean related to biological activities in the
Amazon plume is estimated at 15 + 6 Tg C yr'' (Cooley et al., 2007). As the CO, flux depends on the pCO,
atmospheric as well, an increase of the atmospheric pCO, may lead to a decrease of the flux from the ocean to the
atmosphere in the tropical Atlantic Ocean, outside of the Amazon fan area (Araujo et al., 2019).

A change of sea surface temperature and/or precipitation would affect the CO, flux (Lefévre et al., 2014; Ibanhez
et al., 2015; Lefévre et al., 2010; Araujo et al., 2019). In the Ceara Rise region, the SST values over the year are
oscillating between 26.2 °C and 29.1°C, with a total alkalinity between 1031 and 2372 pmol kg ', and a pCO,
around 355 + 52 patm and a sea air CO, flux of —0.2 + 2.0 mmol m > d "' (Araujo et al., 2019).
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Because of the difference of CO, saturation of the different water masses and ocean currents, the CO, uptake by
the ocean is also dependent on the ocean circulation (e.g. NBC highly saturated in CO, while the NEC is less,
modifying the CO, absorption by the surface ocean) (Ibanhez et al., 2015). The mean annual flux of CO, in the
tropical Atlantic has been estimated by several studies: 1.05 mmol m? d”' (Andrié et al., 1986), between 81.1 +
1.1 and 81.5+ 1.1 Tg C yr' (Ibanhez et la., 2016), average: +0.3 = 1.7 mmol m > d"'; range: —1.2 to +2.0 mmol
m 2 d ' (Araujo et al., 2019), 0.014 + 0.005 Pg C yr'' (corresponding average CO, flux density of 1.35 mmol m™
d” (Kértzinger, 2003), -1.7 + 0.4 Pg C y' (Gruber et al., 2009), between 0.11 Pg C y™' (year 2000) (Takahashi et
al., 2009) and 0.10 + 0.06 Pg C y”' (year 2010) (Landschiitzer et al., 2014) (Ibanhez et al., 2015), depending on
the season, a sink of CO, 0.40 mmol m2d"! and a source of CO, 1.32 mmol m2d! (Lefévre et al., 2014), 7.61 +
1.01 to 7.85+ 1.02 Tg C yr”' for the Amazon plume and 81.1 £ 1.1to 81.5+ 1.1 Tg C yr' for the tropical Atlantic
(Ibanhez et la., 2016).

Section 6. Response and feedbacks notions
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Figure 8. Schematic representation with arrows on a graphic for what influences what and how (modified after

Goosse, 2015).

Response: change of one parameter following a perturbation
Feedback: when the response is influencing back the original parameter can be positive (enhance the original
parameter) or negative (attenuate the original parameter). The context in the one the forcing takes place has a

strong importance, and is influencing the climate system response (De Vieeschouwer et al., 2020).

In the climate and ocean system, there are known feedbacks that are acting on the response of the oceans conditions
to the changing climate, and these feedbacks are influencing the climate, to enhance or attenuate the changing

trend (Figure 8).
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Here we focus on the feedbacks acting on the ocean system and at orbital to geological time scale. For example,
in the ocean, the thermohaline circulation, depending on the temperature and the salinity of the water masses, the
weaker the thermohaline circulation, the less the water is saline at high latitude, making the thermohaline
circulation even weaker (Goosse, 2015).

In the case of the (oceanic) carbon cycle, the carbonate production processes (Figures 2 and 9) are influenced by
the atmospheric pCO,. In that situation, any increase of the atmospheric CO, concentration (e.g. anthropogenic
emissions) represents a perturbation of the system and has an influence on ocean atmosphere interface equilibrium,
and so, the surface water pCOs,.

With an increase of the atmospheric pCO,, the surface ocean pCO, is increasing too, changing the ions
concentrations and speciations of the molecules in the surface ocean, and modifying their equilibrium. The
increasing ions concentration in the surface ocean reduces the efficiency of the surface ocean to absorb CO, (as it
reduces the CO, solubility). Additionally, there is no need for any climate change to induce a change in the
concentration of CO; in the atmosphere, as the pelagic carbonate producers are incorporating carbon in their shells,
which is exported to the seafloor at their depth, making the ocean a carbon sink. By reducing the surface water
concentrations in CO,, it increases the capacity of the ocean to absorb CO, (increased CO, solubility and
exchanges from the atmosphere towards the surface ocean).

On a long time scale (from years to thousand years), the “calcium carbonate compensation” (Figures 2 and 9)
describes another feedback. Indeed, the ocean saturation in carbonate and bicarbonate ions is driving the oceans'
solubility of calcite. This saturation state, describe as alkalinity is varying in the water profile and changing
depending on the water masses and currents (e.g. the deep currents, that hasn’t seen the surface for a long time
are undersaturated in ions, and so, more less saturated (which makes them corrosive). The position of the lysocline
is not constant, and defines the areas of the ocean where the carbonate is preserved in the seafloor, and the changes

of the lysocline depth are making the alkalinity more stable in the ocean.

“Using a simplified ocean box model with both constant and variable calcification, we show that even modest
drops in calcification can lead to appreciable long-term alkalinity build-up in the oceans and, thus, create
overdeepening [...] Chemical carbonate compensation implicitly assumes that the production of CaCOj; remains
the same. But what if it doesn't? Evidence has accumulated that calcifiers respond to changes in the chemistry of
their surrounding waters, both at the physiological and ecological levels. [...] Calcification is the primary
mechanism for alkalinity removal from the oceans. If this rate falls, alkalinity will build up in the surface ocean
on the time scale of the delivery of alkalinity to the oceans, likewise, if calcifiers increase their rates, surface
alkalinity will fall. Ocean surface waters that become enriched/depleted in alkalinity due to falling/rising
calcification will reach the deep sea due to deep convection, thus raising/lowering the alkalinity of deep waters

[...]. These are the elements of what we term ‘biological carbonate compensation’.” (Boudreau et al., 2018).

The pelagic carbonate production is influencing the concentration of ions in the water, and so, the alkalinity of it.
If, via a decrease of pelagic carbonate production, the alkalinity increases, the lysocline and saturation horizon are
deeper, allowing a better preservation of the carbonate sediment in the seafloor, making the CO, solubility higher,

and so, higher efficiency of the carbon export from the surface ocean to the seafloor (capacity of the ocean to be
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a CO, sink is higher, higher capacity of the ocean to absorb CO,) (Boudreau et al., 2018; Sarmiento and Gruber,
2006).

Planktonic foraminifera + Coccolithophores Sea surface

biological uptake = carbonate biological compensation
Ca2+ + C0O32 <-> CaCOs
+ carbonate counter-pump:
Ca?+ + 2HCO3- <-> CaCO3 + Hz0 + CO2
+ photosynthesis :
6CO2 + 6H20 <-> CsH1206 + 602

Figure 9. Schematic representation of the carbonate Biological compensation: Zoom on Figure 2 (Boudreau et

al., 2018; Boscolo-Galazzo et al., 2018; Middelburg et al., 2020; Goosse, 2015).

I.1.1i1. Looking for possible analogues to the actual climate warming: looking at the past warm

periods in the Neogene and Quaternary

We are currently under global warming conditions due to the intensive release of anthropogenic greenhouse gases
in the atmosphere (Portner et al., 2014). But to better understand what does it means in terms of climate conditions
and how the environment is changing in such a period, from short to long geological time scales, it is interesting
to have a look at previous warm periods and climate perturbations in Neogene and Quaternary (for similar world
configuration). The chosen intervals for this study needed to be known as potential analogues for the current
climate warming, and the samples had to be at a resolution good enough to cover both the orbital and the geological

time scales, to be located in the Equatorial Atlantic Ocean, well preserved and well documented in the literature.
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We here focus on four warm intervals (Figure 10), corresponding to our criteria and known to be good analogues

to the current conditions or even + 1-2 °C as suggested by some model predictions (Portner et al., 2014).
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Figure 10. Position of the the four warm periods studied in this thesis (blue shadows) along global benthic & '*O
(Westerhold et al., 2020) and pCO, records (Mejia et al., 2017; Beerling and Royer, 2011; Stap et al., 2016;
Raitzsch et al., 2021; Petit et al., 1999; Foster et al., 2012) for the last 18000 ka.

Section 1. Pleistocene MIS 5 and 9
The last 800 ka are characterised by strong 100 ka eccentricity paced G-IG cycles.

The MIS 5 (130 ka ago) is a particularly warm and long interglacial over the past 500 ka, with an abrupt transition
from the previous glacial period (Howard, 1997; Miiller and Kukla, 2004; Sirocko et al., 2005) and drastic changes
in the ocean circulation and conditions (Riithlemann et al., 2001). Due to warmer polar temperatures (3-5°C), a
global surface temperature 1.5 to 2 °C warmer than today (Drury et al., 2016; Clark and Huybers, 2009; Kopp et
al., 2009; Schwab et al., 2013), a bottom water temperature change around 4.5°C (Dwyer et al., 1995), and higher
sea level (around 6.6 m) than today (Clark and Huybers, 2009; Kopp et al., 2009), this interval is considered as a
good analogue to the Holocene or + 1 or 2 °C scenarios as suggested by model predictions (Clark and Huybers,

2009; Kopp et al., 2009; Howard, 1997; Kukla, 1997; Portner et al., 2014).
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The MIS 9 (330 ka ago), with higher sea surface temperature (and more stratified) and higher Antarctica
temperatures (Ayling et al., 2006; Marino et al., 2014) has been shown to be a good analogue for actual conditions
or warmer scenarios (Leonhardt et al., 2015; Past Interglacials Working Group of PAGES, 2016; Voelker et al.,
2010). The atmospheric greenhouse gas concentration during this time period is known to be high (pCO, around
300 ppm and pCHy4 around 25 ppb) making it one of the warmest interglacials (Past Interglacials Working Group
of PAGES, 2016; Marino et al., 2014; Voelker et al., 2010).

Section 2. Pliocene warm period (PWP) MIS KM5

This interval, ranging from 3264 ka to 3025 ka corresponds to a warm (negative oxygen excursion, global
temperature 2 to 3°C higher than pre-industrial values and deep water temperatures 1.5°C higher), high pCO, (330
to 425 ppm) time period, with a higher sea level than today (21 to 23 m) (Dwyer et al., 1995; Dowsett et al., 1996;
Sloan et al., 1996; Haywood and Valdes, 2004; Brierley and Kingsford, 2009; Haywood et al., 2000; Lunt et al.,
2010, 2008; Naish et al., 2009; Pollard and DeConto, 2009; Pagani et al., 2010; Seki et al., 2010; Haywood et al.,
2013; Willeit et al., 2015). Added to similar orbital forcing and insolation conditions than what we are currently
experiencing (Haywood et al., 2013), this makes it a good analogue for future climate predictions (Ravelo et al.,
2004; Ravelo and Wara, 2004; Li et al., 2011; Lunt et al., 2010) and key period to study the climate system (Lunt
etal., 2010).

The Pliocene is characterised by 41 ka obliquity paced G-IG cycles (Lisiecki and Raymo, 2005). If the Antarctic
ice sheet has been in place for a long time, it is not the case of the Arctic one, which is still small and unstable at

this time period (Willeit et al., 2015).

Section 3. Miocene climatic optimum (MCO)

The MCO (from 17 Ma to 14.7 Ma) corresponds to a strong carbon cycle re-organisation and climate transition,
visible in the climate record as a strong carbon-isotope excursion between 17.1 and 12.7 Ma with dominant
periodicities observed in the climate (5 'O and & °C records) of 100 and 400 ka before 14.7 Ma, 41 ka between
14.7 and 13.9 Ma and 100 ka again after 13.9 Ma (Holbourn et al., 2007, 2015). By contrast to the Late Pleistocene
eccentricity paced G-IG cycles, the Miocene ones are more symmetric (Holbourn et al., 2015, 2014, 2018). It is
characterised by an abrupt warming (the deep-water temperature increased by about 5°C, Holbourn et al., 2015),
with a low global ice volume, as only the Antarctic ice sheets are present but smaller and more dynamic than
present day, and the onset of the Arctic one has not occurred yet (De Vleeschouwer et al., 2017; Zachos et al.,
2008; Foster et al., 2012; Kamikuri and Moore, 2017). Due to this low ice cover, some studies are suggesting a
direct answer of the ocean carbon reservoir to the orbital forcing (Zachos, 2001). This period is characterised as
warmer than today (the Tropical Atlantic SST was 28 to 30 °C, Zhang et al., 2013 and the global temperature 3 to
8°C warmer than present, Pound et al., 2012; You et al., 2009) with a large sea level amplitude change (Haq et
al., 1987). The atmospheric pCO, peaked between 460 and 564 ppm (Kurschner et al., 2008) but with overall
levels relatively low (between 350 and 400 ppm, Foster et al., 2012) and this rapid increase of pCO, is suggested
to be at the origin of the sharp warming and carbon cycle re-organisation (Holbourn et al., 2015). These conditions
make it a good analogue to actual climate warming conditions and even future predicted climates (Pound et al.,

2012; You et al., 2009; Foster et al., 2012; Zachos et al., 2008).
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I.1.iv. Microfossils as a memory of past climates, oceanic conditions and productivity

To study the palaeoclimates, palaeoenvironments, and their variability, we rarely have the access to a direct
evaluation and measurement of the variable we want to study. In this situation, we use an indirect record of
different measurable observations/parameters preserved in various archives. This indirect parameter is called a
“proxy”. The interpretation of the proxy record relies on the assumed link between the observed variable and the

climate/environment.

The CaCO; production in the surface ocean is mainly found into two different forms: calcite (planktonic
foraminifera and coccolithophores) and aragonite (pteropods). Because of the high sensitivity of aragonite to
dissolution, we are here focusing on planktonic foraminifera and coccolithophores, the two major components of
the sediment at Ceara Rise site. In general, the marine plankton is highly affected by the temperature and ocean

condition modulations (Boscolo-Galazzo et al., 2018).

Section 1. Planktonic foraminifera

Planktonic foraminifera are marine protozoan, and diverse group of Rhizaria that first appeared in the mid-Jurassic
and present in all the oceans at all latitudes since the mid-Cretaceous (Caron and Homewood, 1983). They produce
a carbonate test, so they are well preserved in the marine sediment. Their presence in all the oceans and their
sensitivity to environmental conditions changes makes them good proxies for the oceans' conditions and chemistry
and climate. Planktonic foraminifera are measuring around 50 to 1000 um and are living several months
(depending on the species and the seasons). After their death, they sink to the seafloor (days to weeks depending
how deep is the site, the currents, and the particles/agglomerate sizes, volume, shape, Schiebel and Hemleben,

2017).

Section 2. Coccoliths

The coccoliths are minute plates of calcite, produced by unicellular marine protists, the coccolithophores. The
coccolithophores are growing CaCOj; crystals, with the ones the cell is covered with. A large number of species
has been described from their appearance to present, with important taxonomy variability (Young et al., 2005).
On orbital to sub-orbital time scales, they represent an important factor of pCO, change (Cavaleiro et al., 2018).
They are good environmental proxy, as they are present everywhere, in all the oceans, at all the latitudes since the
Jurassic (De Vargas et al., 2007) and are sensitive to environment changes (Stolz and Baumann, 2010), responding
on ecological to geological time scale (De Vargas et al., 2007). Their size has varied through the time between
3.6 and 10.6 pm length (Aubry et al., 2005) and they are well preserved in the sediment, making them a good
archive for past climate and environments.

Coccolithophores growth rate (and calcification) is modulated by the environmental conditions, sensitive to the
temperature (faster growth rate and increased calcification with increasing temperature), pCO, and PO,

concentrations (Krumhardt et al., 2017). Their development is better under optimum conditions (Krumhardt et al.,
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2017; Beaufort et al., 2011). According to Krumhardt et al. (2017) the light intensity is impacting differently the
different species of coccolithophores (and their PIC/POC ratios).

I.1.v. Research gaps, missing elements and unknown areas

Although the different elements of the carbon cycle have been intensively studied in the last decades, there are
still some grey areas in what we know about this cycle and the mechanisms governing its functioning, especially
when it comes to the role of the pelagic carbonate production.

First, the potentially large role of biological compensation (I.1.ii. Section 6) on the marine carbon budget, a
process empirically poorly supported, has recently been highlighted (Sarmiento and Gruber, 2006; Boudreau et
al., 2018, 2019; Middelburg et al., 2020; Boscolo-Galazzo et al., 2018). Due to the relatively new interest in these
processes, the mechanisms behind the carbon budget modulation related to the changes in pelagic carbonate
production and how the carbon cycle modulations are impacting the pelagic carbonate production remains to be
studied.

Second, within the pelagic carbonate flux that is buried in the seafloor sediments, there are two major components:
the planktonic foraminifera and the coccoliths, and recent studies show that what the composition of the sediments
is does matters (Si and Rosenthal, 2019) but there are too little data on how this really varied in the orbital and
geological time scales. Additionally, very little is known on the relative proportion of these two components
changes with the environmental conditions’ modulations, particularly in a context of climate warming.

Only very few studies have focused on making the distinction between the two main pelagic carbonate producers
(e.g. Si and Rosenthal., 2019) and when they did, it wasn’t particularly on warm periods, or they did not look at
the two proxies on the same samples to avoid small gaps or age model bias.

Finally, to model the involved processes, we need to know what affects the carbonate flux within each group, the
reasons why the carbonate flux of each of the two main components of the carbonate flux is changing. Kiss et al.
(2021) recently shown that on very short time scale, in recent sediment, the planktonic foraminifera calcite flux is
changing because of the number of shells rather that their sizes, weight or taxonomy, but we do not know if the
trends were similar on longer time scales. Furthermore, we are here involving both the planktonic foraminifera
and the coccoliths rather than focusing on one of the two groups only, to have a larger picture of the mechanisms

at work.

[.2 Thesis objectives and outline

[.2.1 Research questions

The ocean plays a major role in the (inorganic) carbon cycle (Figure 2) and the pelagic carbonate production by
the pelagic carbonate calcifiers is an important part of it. Climate warming, oceanic changes and modification of
the processes involved in the inorganic carbon cycle could induce major change in the ocean capacity to absorb
CO,. In the actual context of climate warming, understanding how these pelagic calcifiers have responded in past
climate warming episodes of recent Earth history could give precious information to understand the processes
driving the changes and to make better decisions to preserve our oceans and environment. I here focus on the
pelagic carbonate production processes from Early Miocene to Quaternary and aim to better understand how and

why it has changed, on both long geological and shorter orbital time scale.
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In my PhD project, I aim to understand how pelagic carbonate production is changing in a warming context, and

I focus on the two main pelagic carbonate calcifiers: the planktonic foraminifera and the coccoliths.

1.2.1i Outline of manuscripts

To answer, I first focused on the pelagic carbonate production in general, then I differentiate the planktonic
foraminifera and the coccoliths contribution to the total pelagic carbonate flux, and finally, I looked for the reasons
for these observed changes within the two groups. As I wanted to use the same approach for both the planktonic
foraminifera and the coccoliths, the pelagic carbonate production is here estimated by burial and not any other
indirect productivity measure (e.g. trace element or species composition).

The sampling plan and the samples used are the same along the three chapters. After defining the site location: at
equatorial latitude, so the pelagic carbonate production could not respond to high temperature variability, high
preservation, so the observed changes in carbonate accumulation rates are due to production changes and not
dissolution changes, high sedimentation rate, to be able to sample at orbital resolution and well constrained age
model, so the carbonate accumulation rates are not driven by artificial sedimentation rates shifts (I.1.ii. Section
4).

As previous studies have shown an orbital imprint on the pelagic carbonate production record (e.g. Beaufort et
al., 1997, 2022), I was expecting an orbital signal on our record too (I.1.i), so we samples at a resolution high
enough to observe them (I am sampling at even depth and not even time, to make sure that I am not creating an
artificial cyclic modulation, by a sampling in pace with the periodicity of the expected cycles). For the two
Quaternary interglacial intervals, I made sure I was covering the warm period plus the flanking glacial to
interglacial warming event. Concerning the Pliocene and Miocene, I sampled in order to cover at least two
eccentricity cycles. The sampling has been done based on the Wilkens et al., (2017) age model for the samples
ranging from 0 to 14 Ma and based on Shackleton et al., (1999) age model for the samples between 14 and 16.5
Ma. I sampled every 5 cm in the Quaternary (corresponding approximately to a 1 ka resolution) and every 10 cm
in the Neogene (corresponding approximately to a 4 ka resolution). At the end, I sampled 60 samples for the MIS
5,79 samples for the MIS 9, 72 samples for the MIS KMS5 and 50 samples for the MCO. After the revision of the
age model (IL.3.ii), those samples cover 62.74 ka for the MIS 5 (ranging from 87.5 ka to 150.2 ka), 93.90 ka for
the MIS 9 (ranging from 276.4 ka to 370.3 ka), 211.55 ka for the MIS KMS5 (ranging from 3095.5 ka to 3307 ka)
and 374.99 ka for the MCO (ranging from 15589.3 ka to 15964.3 ka).

Based on those samples, our main question has been divided into three sub questions as follows.

Section 1. Manuscript 1 - Questionl

I wanted to understand how the pelagic carbonate production is changing as a whole, in a warming context, what
is causing this change and what are the forcings behind it (Figure 11).

In this chapter, I aim to determine and quantify the pelagic carbonate production. As it has already been shown
that there is a link between the pelagic carbonate productivity and the orbital cycles (e.g. Beaufort et al., 1997,
2022) and that the tropical areas are playing an important role in the regulation of the global climate (e.g. Lea,
2000) (I.1.ii. Section 5), I wanted to better understand these links in tropical areas. To do so, I selected four warm
periods in recent Earth History, known to be potential analogues for the ongoing climate change and even for

future climate warming scenarios (I.1.iii.). I chose to work at the Ceara Rise site (tropical Atlantic Ocean). The
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CaCOs; AR records of the 5 sites of the Leg 154 are presented and compared, justifying the choice of the site 927
for high resolution carbonate production records. I produced a high-resolution carbonate accumulation rate record,
at Ceard Rise, tropical Atlantic Ocean, and analysed it at both orbital and geological time scales (within and
between the chosen time intervals presented in this chapter). Additionally, I ran spectral analysis on those records

and compared it to actual orbital cyclicities.

Figure 11. Schematic representation of the question of the first manuscript (chapter #1I): What are the variations

of the pelagic carbonate production through the time and how is it related to the orbital modulation?

Section 2. Manuscript 2 - Question?2

I wanted to disentangle the relative contribution of the two mains pelagic calcifiers (planktonic foraminifera and
coccoliths) to the total carbonate flux (Figure 12). I also wanted to understand their responses to the changing
conditions in a context of climate warming, at different time scales, under different temperature and pCO,
conditions. To do so, I have analysed the same samples as in the chapter #2 and separated them in different size
fractions, in order to quantify the proportion of the two calcifiers in it. The coccoliths AR has been estimated with
two independent methods, one similar to Si and Rosenthal (2019), assuming that the coccoliths carbonate
contribution to the bulk is the bulk CaCO3; AR minus the coarse fraction contribution to it, and the second one,
using SYRACO optical microscopy automated measurements. In this chapter I am showing that if they have
similar response, this response isn’t the same amplitude for the two pelagic carbonate producers, making their
relative contribution to the total carbonate flux to change. The proportion of planktonic foraminifera and
coccoliths is changing with the orbital cycles and with higher amplitude on orbital time scale than on long
geological time scale. Additionally, I ran spectral analysis on all the different records I obtained and the results

are presented in this chapter.
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Figure 12. Schematic representation of the question of the second manuscript (chapter #I1I): How is changing the
relative contribution of the two main carbonate producers to the total pelagic carbonate production through the

time?

Section 3. Manuscript 3 - Question3

I wanted to explain the carbonate flux changes for both the planktonic foraminifera and the coccoliths (Figure 13):
what is changing the contribution of both and are the two main pelagic carbonate producers increasing/decreasing
their productivity for the same reasons? Is their size (Figure 13a), their number of specimens (Figure 13b), their
shape (and taxonomy) (Figure 13c) or how heavily calcified they are (Figure 13d) which is changing? What are
the timings of these changes, and are they both responding the same way at the same time or not? To do so, [ have
counted and measured a significant number of specimens for both the planktonic foraminifera and the coccoliths
using the Keyence automated device for the planktonic foraminifera and the SYRACO automated device for the
coccoliths. The results are compared to the carbonate accumulation rates measured in the two previous chapters.

Spectral analyses have been run on the obtained records, the results are presented in this chapter.
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Figure 13. Schematic representation of the question of the third manuscript (chapter #IV): What is the reason
behind the observed changes in the carbonate production within the two mains pelagic calcifiers? Are they both
changing the same way/for the same reasons/following the same orbital periodicity? Is it a) their sizes, b) their

number of specimens, c) their shapes (and taxonomy) or d) how heavily calcified they are?
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Abstract

Marine plankton is an important component of the global carbon cycle. Whereas the production and seafloor
export of organic carbon produced by the plankton, the biological pump, has received much attention, the long-
term variability in plankton calcification, controlling the carbonate counter pump, remains less well understood.
However, it has been shown that changes in pelagic calcification (biological compensation) could affect the
ocean's buffering capacity and thus regulate global carbon budget on geological timescales. Here we use Neogene
pelagic sediments deposited on the Ceara Rise in the tropical Atlantic to characterize the variability in pelagic
carbonate production with a focus on warm climates. A re-evaluation of published records of carbonate
accumulation at the Ceara Rise reveals a systematic increase in sedimentation rates since the late Miocene, but
the carbonate accumulation rate does not show a clear trend. Instead, we observe substantial orbital timescale
variability in carbonate accumulation, combined with a trend towards less carbonate on average at sites located
below 4 km, likely due to the effect of carbonate dissolution. To evaluate long-term changes against possible
orbital-scale variability, we generated new high-resolution records of carbonate accumulation rate at Ocean
Drilling Program (ODP) Site 927 across two Quaternary interglacials (MIS 5 and MIS 9), the Pliocene warm
period (MIS KMS5) and the Miocene Climatic Optimum (MCO). We observe that the highest carbonate
accumulation rates occurred during the Pliocene but that each of the studied intervals was characterized by large-
magnitude orbital variability. Prominent variations in carbonate accumulation prior to the Quaternary preservation
cycles appear to follow Earth obliquity and eccentricity. These results imply that pelagic carbonate accumulation
in the tropical ocean, buffered from large temperature changes, varied on orbital timescales. The magnitude of the
orbital-scale variability was similar or even higher than the long-term mean differences among the studied
intervals. Since preservation can be excluded as a driver of these changes prior to the Quaternary, the observed
variations must reflect changes in the export flux of pelagic biogenic carbonate. We conclude that the overall
carbonate production by pelagic calcifiers responded to local changes in light, temperature and nutrients delivered
by upwelling, which followed long orbital cycles, as well as to long-term shifts in climate and/or ocean chemistry.
The inferred changes on both timescales were sufficiently large such that when extrapolated on a global scale,
they could have played a role in the regulation of the carbon cycle and global climate evolution during the

transition from the Miocene warm climates into the Quaternary icehouse.
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I1.1 Introduction

The ocean plays a key role in the climate system as one of the major sinks for anthropogenic atmospheric CO,
(Landschiitzer et al., 2014). Most of the excess atmospheric carbon (CO,) is absorbed by the ocean as dissolved
CO, which becomes part of the seawater carbonate system and can be sequestered by the metabolic activity of
marine organisms. A large part of the carbon sequestration is due to carbon fixation into organic matter by
photosynthesis (Henson et al., 2012; Passow and Carlson, 2012; Sarmiento et al., 2004). However, next to the
sequestration of CO, by photosynthesis and export via the biological pump, marine organisms also participate in
the global carbon cycle by carbonate biomineralization. Milliman (1993) estimated that today’s marine carbonate
production by organisms amounts to 5.3 GT yr"' of which about a half is accounted for by pelagic calcifiers (2.4
GT yr'"). Since aragonite and high-Mg calcite are unstable and largely dissolve before deposition, the geologically
relevant aspect of the pelagic biogenic carbonate production is mediated mainly by low-Mg calcite, that may be
variable but is mostly dominated by both planktic foraminifera and coccolithophores (Boudreau et al., 2018). The
carbonate biomineralization, also termed the carbonate counter-pump, leads in the short term (ka) to the release
of CO, from seawater because it consumes alkalinity, but on long, geological timescales (Ma), it sequesters carbon
from the dissolved volatile ocean-atmosphere reservoir into the more inert sedimentary reservoir. Manipulative
experiments, ocean chemistry profiles and numerical models all indicate that pelagic carbonate production is
affected by a range of environmental parameters, such as temperature, nutrient availability or pCO, (Feely, 2004;
Gehlen et al., 2007). Therefore, a change in any of these parameters could impact the pelagic carbonate production,
resulting in a process that Boudreau et al. (2018) termed biological compensation. In contrast to chemical
compensation, where changes in ocean carbonate chemistry are compensated by dissolution of seafloor carbonate
deposits, biological compensation refers to changes in ocean carbonate chemistry due to globally relevant shifts
in carbonate biomineralization. For example, a decrease in global oceanic biomineralization would lead to an
increase of alkalinity, which would cause an increase CO, solubility and therefore lead to an increased capacity
of the ocean to take up CO, (Boudreau et al., 2018; Sarmiento and Gruber, 2006). Using a modelling approach,
Boudreau et al. (2018) showed that a global carbonate productivity change by only 10 % would be sufficient for
the process of biological compensation to affect the marine carbon cycle on timescales from years to millions of
years.

For the process of biological compensation to play an important role in the global carbon cycle, it must be
demonstrated that sufficiently large changes in global carbonate biomineralization occurred in the geological past.
However, measuring changes in global biogenic carbonate production is difficult, because productivity and
biomineralization vary in space, and changes observed in individual records could be compensated by
complementary shifts elsewhere in the ocean (Drury et al., 2020). In most parts of the ocean, climate change
causes plankton assemblages to migrate, with biogeographic provinces expanding and contracting in pace with
orbital cycles (Yasuhara et al., 2020). These processes should result mainly in the spatial reorganization of pelagic
carbonate production and as long as the forcing is cyclic, the effects should cancel out over time.

Beyond orbital timescales, understanding of changes in carbonate production are complicated by the confounding
effects of biological and chemical compensation on carbonate content of deep-sea sediments (Boudreau et al.,
2018). Nevertheless, the few existing continuous records indicate the presence of long-term shifts in carbonate
production by a factor of 2 or more manifested, for example, as the late Miocene carbonate maximum (Lyle et al.,

2019; Drury et al., 2020; Liebrand et al., 2016). Although there is abundant evidence for local changes in pelagic
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calcification and carbonate production, their spatial extent remains unknown, making it difficult to judge whether
the local shifts may have resulted in globally significant biogeochemical response (Lyle et al., 2019; Drury et al.,
2020).

Here we have investigated pelagic carbonate accumulation, as a proxy for production, in an equatorial location,
where the plankton could not respond to the climate cycles by migration and where long-term changes in
temperature, a key parameter likely affecting biomineralization, were buffered compared to higher latitudes. Low-
magnitude tropical sea surface temperature (SST) variability in the Atlantic in the Pliocene and in the Miocene
was reported by Herbert et al. (2016) and Curry et al. (1995). Since orbitally driven environmental change still
affected the tropics, the Cenozoic tropical plankton represents a natural experiment where the tropical calcifying
community responded to a number of orbital cycles and long-term changes in ocean chemistry, reflecting changing
atmospheric CO,. Whilst these records cannot provide a direct answer to how much pelagic carbonate production
changed globally, they can provide a first-order constraint on the amount of change in pelagic calcification that
could occur due to changes in the constitution and/or abundance of the calcifiers on different timescales. We
specifically decided to target intervals with warmer global climate states, providing potential analogues to gauge
the amount of change in tropical pelagic carbonate production under a global warming scenario (Fig. 2), and the
tropical Atlantic location allows us to complement records from the Pacific and South Atlantic (Lyle et al., 2019;
Drury et al., 2020; Pilike et al., 2006a) to assess the spatial coherence of long term trends and the amount and
nature of short-term variability.

Next to analysing long-term changes in carbonate accumulation, the existence of persistent orbital variability
implies that new data will be required, characterizing the short-term response of the tropical pelagic carbonate
production system. To this end, in the present study the changes in carbonate production through time have been
studied in four intervals, occurring during four warm periods of the late Cenozoic: the marine isotopic stage (MIS)
5 (87.5 to 150.2 ka), the MIS 9 (276.4 to 370.3 ka), the MIS KM5 (3095.5 to 3307 ka) and the Miocene Climatic
Optimum (MCO) (15589.3 to 15964.3 ka).

This approach allows us to evaluate long-term changes in pelagic carbonate production since the Mid-Miocene
and at the same time to characterize the orbital-scale variability and determine if the orbital periodicity forcing

carbonate production changed from the Miocene to present.

II.1.1 Time intervals

The MIS 5, as the last warmest and longest interglacial of the past 500 ka (Howard, 1997), with an abrupt glacial-
interglacial transition (Howard, 1997; Miiller and Kukla, 2004; Sirocko et al., 2005) is considered to be a good
analogue for the actual warm Holocene (Howard, 1997; Kukla, 1997) and even a partial analogue for + 1 - 2°C
scenarios because of polar temperatures 3 to 5°C warmer than today and a sea level about 6.6 m higher than today
(Clark and Huybers, 2009; Kopp et al., 2009). During this interglacial, Chalk et al. (2019) observed a change in
the current circulation in the Atlantic Ocean, with an enhanced Antarctic Bottom Water (AABW) below 3400
m.b.s.l. and well-ventilated, high pH, and [CO;*] water mass around 2200 m.b.s.I. They also highlighted a
correlation between the [CO5”] and the pCO; in the West Atlantic during cold intervals, with an increase of the
volume of the high dissolved inorganic carbon (DIC), low [COs>] deep-water masses in the North Atlantic.

The MIS 9 in the equatorial Atlantic presents well-preserved sediment at a period known to be under high obliquity

with a unique insolation signal. Stable oxygen isotope values are low during this period (low ice volume). It is
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one of the interglacials showing the highest pCO, (around 300 ppm) and pCH,4 (around 25 ppb) conditions in the
late Pleistocene. This period is also one of the warmest, stablest and shortest interglacials, with a weak surface
water ventilation (Past Interglacials Working Group of PAGES, 2016; Marino et al., 2014; Voelker et al., 2010).
The Pliocene warm period (PWP) MIS KMS5 corresponds to a period with a similar orbital forcing to present day
and an insolation distribution close to the modern one (Haywood et al., 2013). This interval (3.264 ka - 3.025 ka)
is also described as a negative oxygen isotope slope and a sea level 21 - 23 m above the present-day one (Lunt et
al., 2010, 2008b; Naish et al., 2009; Pollard and DeConto, 2009) with a well-ventilated deep Atlantic Ocean (Bell
et al., 2015). The temperature is 3°C higher than pre-industrial values (Haywood et al., 2000; Lunt et al., 2010)
and the CO, concentration is close to the present value, i.e. 330 - 425 ppmv during the warm interglacials (Pagani
et al., 2010; Seki et al., 2010), making it a good analogue for future climate (Ravelo and Wara, 2004) and an
important period to understand the climate system (Lunt et al., 2010). Furthermore, this period is also described
as being wetter than today (Leroy and Dupont, 1994; Dodson and Macphail, 2004) but the latitudinal distribution
of the rainforest was close to the present day distribution (Salzmann et al., 2011).

The MCO corresponds to a period with an eccentricity-modulated precession & '*O signal and low global ice
volume, featuring a Northern Hemisphere that is free of continental ice sheets, important 100 and 400 ka orbital
variability, and an Antarctic ice sheet that is smaller but more dynamic than today (De Vleeschouwer et al., 2017;
Holbourn et al., 2007). Haq et al. (1987) highlighted the large sea level amplitude from 16 to 14 Ma, and the
annual global temperature was 3 to 8°C higher than today (Pound et al., 2012; You et al., 2009). The climate
during the MCO is known to be correlated with atmospheric CO, concentration changes (Foster et al., 2012), with
CO; concentration being generally lower than at present (Foster et al., 2012; Ruddiman, 2010; Zachos et al., 2008;
Zachos, 2001b, a), but peaking at 16 Ma between 460 and 564 ppmv (Kiirschner et al., 2008). Even if a decline
in & '*0 and & "°C at 16.9 Ma was suspected to be linked to increase of carbonate dissolution, a sign of strong
changes in the carbon cycle (Holbourn et al., 2015), carbonate production appears to have been the main control

of the CaCOj; record (Liebrand et al., 2016).
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11.2 Material and Methods

11.2.1 Site location
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Figure 1. Location of the material of this study at the Ceara Rise, ODP Leg 154 (ocean Data View, Schlitzer,
2018).

Ceara Rise, located in the equatorial Atlantic Ocean, represents an ideal location to quantify the variability in
tropical Atlantic pelagic carbonate production since the Miocene. This aseismic ridge rises several kilometres
above the surrounding abyssal plain, well above the modern regional lysocline, located between 4100 and 4200
mbsl (Frenz et al., 2006; Groger et al., 2003a, b; Curry et al., 1995; Cullen and Curry, 1997; Bickert et al., 1997).
The ridge is bathed by the shallower North Atlantic deep water (NADW) and the deeper Antarctic bottom water
(AABW) (Riithlemann et al., 2001; Groger et al., 2003b; Herrford et al., 2017), and the interface of the two water
masses corresponds to the regional lysocline depth. Around the ridge, the average depth of the seafloor is at 4500
mbsl but the Ceara Rise ridge rises by as much as 1900 m above the surrounding abyssal plain, with its top
reaching the depth of 2600 mbsl (Curry et al., 1995). This provides an opportunity to sample pelagic sediments
that are largely unaffected by dissolution and their accumulation therefore mainly reflects changes in pelagic
carbonate production as suggested by Brummer and van Eijden, (1992). The Ceara Rise (Fig.1) has been visited
by Ocean Drilling Program (ODP) Leg 154 (Curry et al., 1995), recovering a transect of sediment sequences
ranging into the Eocene that are rich in carbonate and show prominent cycles due to variable input of clastic
material from the Amazon fan (Shackleton et al., 1999; Bickert et al., 1997; Shackleton and Crowhurst, 1997).

The cycles are reflected in sediment physical properties, such as colour or magnetic susceptibility, and because of
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the very good recovery and repeated coring at the same sites, continuous spliced records could be produced that
facilitated the development of orbitally tuned age models (Shackleton et al., 1999; Zeeden et al., 2013; Wilkens
et al., 2017; Shackleton and Crowhurst, 1997), a prerequisite for the quantification of carbonate accumulation.
Since all high-resolution Neogene records of carbonate accumulation (Drury et al., 2020; Lyle et al., 2019),
including those from the Ceara Rise (Curry et al., 1995; King et al., 1997) show a large orbital-scale variability,
hinting at prominent orbital-scale variability in pelagic carbonate production, next to a compilation and re-
evaluation of existing carbonate records, the selected time slices had to be newly sampled and analysed at higher

resolution.

I1.2.ii Compilation of existing carbonate data from ODP Leg 154

The combination of the availability of high-resolution age models and good carbonate preservation make the
Ceara Rise a model region to study pelagic carbonate production and preservation. We compiled existing data on
carbonate content (CaCO; %) at all the Leg 154 sites since the Miocene (Curry et al., 1995; Frenz et al., 2006;
King et al., 1997) and used those to calculate carbonate accumulation rates (CaCO3; AR). The few other existing
datasets on carbonate content from the Ceara Rise sites (e.g., Tiedemann and Franz, 1997) could not be used
because some of the information needed to calculate accumulation rates or the original samples ID and depths
was not available.

The carbonate content data were combined with dry bulk density (DBD) and sedimentation rate (SR) to calculate
the CaCOj; AR as Eq. (1).

(1) CaCO3; AR = (CaCO; % / 100) x DBD x SR

Following the approach by Lyle (2003), we first derived for each site a calibration between the gamma-ray
attenuation (GRA) bulk density and DBD using data from Curry et al. (1995). The resulting site-specific
calibrations (Fig. S1) were then applied on GRA bulk density values, which were extracted from Curry et al.
(1995), and interpolated to the position of the analysed samples using linear interpolation. This yielded DBD
values between 0.40 g cm™ and 1.64 g cm™. For two samples, the calibration returned negative DBD (at 129.62
mcd and 135.47 mcd) due to two anomalous GRA values below 1. In these cases, we used the DBD of the nearest

point instead.
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I1.2.111 Context and sampling plan
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Figure 2. Oxygen stable isotopes (& '*0) shown as a smoothed record (Loess) (Westerhold et al., 2020) and
pCO, (Mejia et al., 2017; Beerling and Royer, 2011; Stap et al., 2016; Raitzsch et al., 2021; Foster et al., 2012;
Petit et al., 1999) over the last 18000 ka and sampled intervals (shadows).

We sampled the record at Site 927 at high resolution for the four periods of interest (Fig. 2), making sure that for
each interval both the interglacial and the flanking glacial in the Quaternary and at least two full eccentricity cycles
during the Pliocene and Miocene have been covered. These four intervals are covering a large range of global
temperature and CO, values (Fig. 2). We selected Site 927 because it is one of the two shallow sites of Leg 154,
located well above the lysocline at present (Frenz et al., 2005; Curry et al., 1995; Bickert et al., 1997), and because
numerous palaecoceanographic datasets and carbonate measurements exist for this site (e.g. (Pélike et al., 2006a;
Bickert et al., 1997; Frenz et al., 2006; Groger et al., 2003b; King et al., 1997; Curry and Cullen, 1997). The site
appears generally less affected by slumps or turbidites than the four others, which were not observed in the four
studied intervals (sampled out of the slumps and turbidites reported lithostratigraphic units) (Curry et al., 1995).
The sampling was guided by the Wilkens et al. (2017) age model for the samples from 0 to 14 Ma, and by the
Shackleton et al. (1999) age model for the samples from 14 to 16.5 Ma. Considering the typical mixing depth of
5 - 10 cm in deep sea sediments, we sampled at 5 cm in the Quaternary and 10 cm in the Neogene, which in both
cases provides sub-orbital resolution. The resolution was higher in the Quaternary, because the peak interglacial
warmth periods are short (<10 ka for MIS 5e; Stolz and Baumann, 2010; Miiller and Kukla, 2004; Sirocko et al.,
2005) and we wanted to cover these by multiple samples. In total, we collected and analysed 139 samples for the

two Quaternary intervals, 72 samples for the Pliocene and 50 samples for the Miocene.
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I1.2.iv Stable isotopes analyses

We performed stable isotopes analyses (& '*0 and & °C) at Bremen university, using a ThermoFisher Scientific
MAT 253plus gas isotope ratio mass spectrometer with Kiel IV automated carbonate preparation device. This
gives 8 '®O values with a standard deviation of house standard (Solnhofen limestone) over measurement period
of 0.07 %o and & °C values with standard deviation of house standard (Solnhofen limestone) over measurement
period of 0.03 %o. The sediment samples were washed and sieved at 63 pm using tap water and dried overnight
in the oven at 50°C. Then, they have been dry-sieved at 150 um for benthic foraminifera picking. All the Miocene
samples have been picked, only 3 samples did not have enough material to run the stable isotopes analyses. For
some of the samples we had enough material to analyse two or three replicates using different species known to
be relevant markers for & '*O seawater: Cibicidoides mundulus, Cibicidoides wuellerstorfi and Oridorsalis
umbonatus (Katz et al., 2003; Rathmann and Kuhnert, 2008). We did not mix the species in one single
measurement. For the species-specific & '*O and & °C values correction, we used the calibration given in the

supplement table S3 from Westerhold et al. (2020).

I1.2.v Age model

Section 1. For the existing data compilation
Because the orbitally tuned age models as well as the splices for the individual sites have been recently revised
(Wilkens et al., 2017), we re-evaluated the composite depth of all samples and assigned new ages to them based

on Wilkens et al. (2017) and used the new ages to derive sedimentation rates (SR).

Section 2. For the four high-resolution intervals of core 927

The existing most recent age model for Site 927 is based on a directly tuned age model from Site 926 that has
been point-to-point correlated with the composite record from Site 927 using core images, magnetic susceptibility,
greyscale values and stable isotopes (Wilkens et al., 2017; Zeeden et al., 2013). For the determination of CaCOj;
AR during the four target intervals, this age model requires adjustments because it provides too low resolution
and is not tuned below core 927A-30H, section 6, 70 cm (303.60 rmcd), corresponding to 926A-28H, section 3,
18 cm (277.82 rmcd). Thus, to estimate CaCO3; AR for the three studied intervals, we developed modified age
models, where SRs have been constrained directly by astronomical tuning of sediment properties in the studied

cores.

I1.2.vi Carbonate analyses

To determine the CaCO; AR for the newly sampled intervals, we performed carbonate content analyses on the
bulk sediment using a LECO CS744 elemental analyser at Bremen University. The analysis was performed by
heating 0.1 g of homogenized material in a ceramic dish and measuring the resulting CO, in IR cells. The
carbonate content has been calculated as the difference between the total carbon content and the organic carbon
content, measured in a second sample that was pre-treated with hydrochloric acid to remove carbonates. Both
measurements have an accuracy of 0.001 mg (1 ppm) or 0.5 % relative standard deviation (RSD). The inorganic
carbon was then converted to carbonate content using the molecular mass of calcium carbonate. Dry bulk density
for all the newly analysed samples at Site 927 was determined from GRA bulk density as described above (Sect.
2.2.) and combined with the carbonate content and SR from the modified age models to calculate the CaCO; AR.
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I1.3 results

I1.3.i Long-term trends in carbonate accumulation rates

—
(=]

CaCO; AR [gem™®ka™

0
925 (3041 mbsl) 927 (3315 mbsl) 926 (3598 mbsl) 928 (4012 mbsl) 929 (4356 mbsl)
CaCOs AR CaCO; AR CaCOs AR CaCO; AR CaCOs; AR
[gcm®ka] [gcm?ka] [gem?ka] [gcm?ka'] [gem®ka]
SR [cmka™] SR [cmka™] SR [cmka] SR [cmka™] SR [cmka]

Figure 3. a) Box plots of the CaCO; AR for the five cores and b) CaCO3; AR and SR (grey line) through the time
for the Sites 925, 926, 927, 928 and 929 (black line and dots) for the five cores of the Leg 154. The CaCO; AR
are calculated from existing carbonate content data for all Leg 154 sites (Curry et al., 1995; Frenz et al., 2006;
King et al., 1997). The colour shade corresponds to the values of CaCO3 AR.

Using existing carbonate content data for all Leg 154 sites (Curry et al., 1995; Frenz et al., 2006; King et al.,
1997), combined with new age models (Wilkens et al., 2017), for each site, records of CaCO; AR since the mid-
Miocene were calculated (Fig. 3). Curry et al. (1995) noted the occasional presence of slumps or hiatuses in the

sediment sequences, especially at Site 928 and Site 929. Here we used the age models for the entire sediment
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package, ignoring the presence of these events. This is because the slumps only represent a small fraction of the
sediment sequence and therefore are unlikely to affect the overall trends.

The mean CaCOj; AR varies considerably among the sites, reflecting their depth and therefore likely the amount
of dissolution. ODP Sites 925 and 927 (present depth 3041 mbsl and 3315 mbsl) show consistently higher CaCO;
AR (between 1.5 and 3 g cm™ ka™") than the three remaining sites, located below 3400 mbsl (around 1 g cm™ ka”
Y. Curry and Cullen (1997) show an effect of distance from the Amazon Fan on sediment composition on Ceara
Rise for the late Quaternary, but this change is only manifested by differences in the AR of terrigenous (non-
carbonate) sediments. This is seen in patterns of carbonate content of the sediment (their Figure 2) but not in
changes in carbonate accumulation. Also, there is little evidence that the Amazon discharge plume reaches far
enough offshore to induce changes in productivity over the plateau. At present, the discharge is strongly deflected
northwards and stimulates productivity mainly along a narrow coastal strip (Gouveia et al., 2019). The same
authors note that some of the Amazon discharge may be deflected into the North Brazil Current, but this affects
productivity only little and mainly north off the Ceara Rise. To visualize long-term trends, we subtracted at each
site the mean values of CaCO; AR and SR (Fig. 4). All sites show a prominent trend of increasing SR, beginning
in the late Miocene (8 Ma ago) (Fig. 4), which is known to reflect increasing amount of clastic material transported
from the Amazon Fan (Curry et al., 1995; Pilike et al., 2006b; Bickert et al., 1997; Harris et al., 1997; Shackleton
and Crowhurst, 1997). The CaCO; AR, on the contrary, shows a less obvious temporal trend on a long timescale
(Fig. 4), indicating that the increase in SR is compensated by decreased carbonate content in the sediment. Instead,
the CaCO3; AR record at all Ceara Rise sites show a pervasive short-term (likely orbital) variability, with

substantial magnitude (Curry et al., 1995).
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Figure 4. a) SR from which the average SR has been subtracted and b) CaCO3 AR from which the average CaCOj;
AR has been subtracted, both for the five sites of Leg 154 over the last 16 Ma.
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I1.3.ii Age models for target intervals at ODP Site 927

Section 1. Pleistocene
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Figure 5. Depth - age correlation for the Late Pleistocene, cores 927A 1H, 927B 2H and 927A 2H — following
the splice —, with a) the Lisiecki and Raymo, (2005) & '*O stack; b) the local & '*O record (Wilkens et al., 2017,
modified from Bickert et al., 2004); c) the age - depth record with control points; d) the SR from Wilkens et al.
(2017) (green), the SR using the LRO4 depths and ages for site 927 (blue-green) and the SR defined in this study
(blue); e) the core images (Wilkens et al., 2017) and grey value record for the three cores of the spliced used, the
position of the switch from one core to the other in the splice (dashed lines) and the position of the samples used

in the present study in the cores (light blue triangles).

The Pleistocene interval in the studied core has a high-resolution age model based on benthic oxygen isotope data
(Bickert et al., 2004) that were incorporated in the benthic stack of Lisiecki and Raymo (2005) who had added a
constant 4-5 ka lag to take into account the delay in the & '*O data (ice volume inertia) with respect to the insolation
forcing (Lisiecki and Raymo, 2005). However, Wilkens et al. (2017) revised the splice for this site (the way
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individual core segments are aligned), which means the age model in Lisiecki and Raymo (2005) has to be
validated. To this end, we first checked the new alignment of the individual cores by generating high-resolution
sediment colour (grey value) curves from the core images presented by Wilkens et al. (2017) (Fig. 5e). The grey
value curve was extracted using the ImageJ software and calculated from RGB images using the NTSC formula
(Rasband, 1997) with values averaged across the entire core width perpendicular to the core axis and the resulting
noisy curve was smoothed as first component of the singular spectrum analysis (SSA) obtained with Analyseries
software (Paillard et al., 1996). This curve was used to compare the overlapping parts of the cores spanning the
last 400 ka, validating the alignment by Wilkens et al. (2017), which we thus adopt without modification. For the
age model, we carried out a manual tuning of the 927 & '*O data (Bickert et al., 2004) using the new composite
depth by Wilkens et al. (2017) to the LR04 stack (Lisiecki and Raymo, 2005). Because the benthic stable oxygen
record reflects mainly global sea level change (Bickert et al., 2004), the tuning was based on the identification of
all unambiguously recognizable & 'O maxima and times of fastest sea-level change (Fig. 5a). By the fastest sea
level change (coinciding with the fastest ice volume change), we mean the inflection points of the d180 curve
(327.55 med to 15605 ka and 331.5 med to 15930 ka). The resulting SRs are indeed more similar to those inferred
from the age model by Wilkens et al. (2017) than those implied by the age model for the site as implemented in
the LRO4 stack (Lisiecki and Raymo, 2005).
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Section 2. Pliocene

Age [ka]
2900 3000 3100 3200 3300 3400 3500 o
1 1 | 1 1 1 | ﬂ
g : ] : 1450 ‘5}3
: @ =
500 &2
ZE
550 =3
100 VA : iw
3
£ '
[&] .
[&]
@ 10 \ : _
= : : :
—3600
—3400Z
3200
—30002
k]
©
c—
o
58
=
g5
3
w
o)
g
5
[ o
18]
g '1,00_5 ............. . 'l .
Q ] f : ‘;
o] o
g8 1 ' i
s E .y A/
= A\ V.'k*' L ﬁhj’.‘. .45{{‘
h 10 AR . R I
E I T | T | T | T [l T T T T T

I i i | ' '
106 108 110 112 114 116 118 120 122 124 126 128
Depth [mcd]

Figure 6. Depth - age correlation for the Pliocene interval across cores 154 927C 11H, 154 927A 12H and 154
927B 13H. a) the daily Insolation 21% of June at 65°N record (Laskar et al., 2004); b) the MS record (black) and
MS smoothed record (grey) according to the splice presented in this study; c) the age - depth record with control
points; d) the SR from Wilkens et al. (2017) age model (green) and from this study (blue); e) the core images for
the cores of the splice from the ones the samples are from (Wilkens et al., 2017) and the grey value record extracted
from it, plus step from one core to the other in the splice (dashed lines) and position of the samples used in this
study in the cores (light blue triangles); f) MS record for the individual cores (Curry et al., 1995; Wilkens et al.,

2017) and steps from one core to the other in the splice (dashed lines).

For the Pliocene interval, the first step has been to validate the core alignment. First, we generated a grey value
curve (Sect. 3.2.1) but noted that this signal is weaker and shows many idiosyncratic features among the
overlapping parts of the cores from the individual holes. Therefore, we decided to carry out the tuning on the

magnetic susceptibility (MS) signal as done by Shackleton et al. (1999), which was also measured in all cores
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(Curry et al., 1995). MS shows a distinct signal in this part of the sediment sequence, which can be used for tuning
(like it has been used at Site 926), but for this it must be in alignment across the individual core segments. The
alignment revealed that the existing splice by Wilkens et al. (2017) has to be adjusted for the purpose of tuning in
this interval (Fig. S2.) by a shift of the core 927 C 11 H by 2 cm shallower, a shift of the core A 12 H by 15 cm
deeper and a shift of the core B 13 H 9 cm deeper in the splice compared to the spliced MS record of Wilkens et
al. (2017). Otherwise, the construction of the spliced record remained the same, retaining the same depths where
the signal from one core switches to a signal from the adjacent core. These depths are indicated by dashed lines
across the overlapping sections of the cores (Fig. 6d). The spliced MS signal (Fig. 6b) has then been tuned to the
daily insolation on 21st of June at 65°N. This is because this representation of orbital forcing of global climate
shows the best pattern of influence from both obliquity and precession (Laskar et al., 2004) (Fig. 6a) and has been
used for tuning at the studied location in previous studies (e.g. Zeeden et al., 2013), who also provide arguments
for why the MS and insolation are co-varying without lag. The tuning of the MS signal to an orbital target is
possible because the existing age model of Wilkens et al. (2017) is sufficiently precise to provide a specific tuning
target age interval, as confirmed by similar modulation of the insolation target and of the spliced MS record. The
tuning has been done by correlating recognizable 23 MS minima to insolation maxima for this interval, using the
Analyseries software (Paillard et al., 1996), assuming the signals are in antiphase without lag (Wilkens et al.,
2017; Zeeden et al., 2013, 2015). As MS minima are easier to identify than the MS maxima, we prefer here to
work with MS minima and insolation maxima instead of MS maxima and insolation minima as in Zeeden et al.

(2013).
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Figure 7. Depth - age correlation for the Mid-Miocene, core 154 927 A33H. a) & "°C loess smooth composite
record (from sites U1337 and U1338, Westerhold et al., 2020) and & "*C corrected measured in Miocene samples
from this study (O.umbonatus in pink, C. mundulus in green and C. wuellerstorfi in blue, the line corresponds to
the average value); b) & '*0O loess smoothed composite record (from sites U1337 and U1338, Westerhold et al.
(2020) and & '*O corrected measured in Miocene samples from this study (O.umbonatus in pink, C. mundulus in
green and C. wuellerstorfi in blue, the line corresponds to the average value); c) Obliquity (grey) and E+T-P
(black) records (Laskar et al., 2004); d) SSA of the grey value record extracted from the core image -corrected
from the light bias- e) age - depth and control points; f) SR from Shackleton et al. (1999) age model (green), from
nannofossils events (Curry et al., 1995; Pélike et al., 2010; Wilkens et al., 2017) (dark blue) and from this study

(blue); g) & "0 corrected measured on Miocene samples from this study against depth (O.umbonatus in pink, C.
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mundulus in green and C. wuellerstorfi in blue, the line corresponds to the average value); h) core image (Wilkens

etal., 2017), smoothed grey value record and position of the samples for this study in the core (light blue triangles).

The existing age model for the Miocene interval by Shackleton et al. (1999) is based on a combination of orbital
tuning and biostratigraphy. It presents a distinct shift in the SR around 330 mcd (Fig. 7¢), dominating the CaCOj3
AR record for the studied period. There does not seem to be any distinct shift in the physical properties at that
depth (Curry et al., 1995), and we therefore felt compelled to test the possibility that the singular change in SR
does not correctly represent the changes in the sedimentation at this site. Since the studied interval is within one
core segment, we tested whether a “nested” tuned age model can be developed, allowing a more precise estimation
of the variability in the SR. As in this part of the sediment sequence the MS was not the dominant signal, we have
made the choice to work with both the sediment colour and the stable isotopes to have two independent markers
for this age model (analyses run for the purpose of this study; see Sect. 3.2.1. and 2.4.).

To have an independent estimation of the SR, we also evaluated the biostratigraphy from the shipboard data (Curry
et al., 1995) with revised mcd (Wilkens et al., 2017) and revised biomarker ages GTS 2020 (Raffi et al., 2020).
Three biostratigraphic markers have been evaluated: last appearance datum (LAD) of Sphenolithus
heteromorphus, LAD Helicosphaera ampliaperta and LAD abundant Discoaster deflandrei. The combination of
these markers gives us two SR options. Using LAD H. ampliaperta (the less reliable marker according to Raffi et
al., 2020), in combination with LAD D. deflandrei, gives an SR of 1.65 cm ka™. Alternatively, considering LAD
S. heteromorphus, which is recorded in the core further from the studied interval but is considered more reliable
according to Raffi et al. (2020), in combination with LAD D. deflandrei, gives an SR of 1.11 cm ka™.

A sediment colour proxy was generated for the studied core (Sect. 3.2.1) (Fig. 7d). Due to the light appearance of
the sediment composing this core and the way the pictures have been taken onboard (on the different 1.5 metres
sections with a centred camera and centred white source of light), there is a strong 1.5 metres induced light
cyclicity in the original light images (Curry et al., 1995; Wilkens et al., 2017). To reduce this bias, the core images
were adjusted for the edge effect using the lighting correction function inside the Code for Ocean Drilling Data
(CODD, Wilkens et al., 2017) (Fig. 7d). For the identification of the cyclicity in the core, we carried out spectral
analyses on the corrected grey value curve using the multitaper method (MTM) (carried out using astrochron
package on R, Meyers, 2014 ; R 4.1.2., R Core Team, 2021) (Fig. S6). This revealed three broad but distinct peaks
for the frequencies 0.48 (period: 2.08 m), 0.7 (period: 1.43 m) and 1.4 (period: 0.71 m). Applying the two
alternatives, biostratigraphy-derived SR reveals that the most distinct 71 cm cycles could represent obliquity when
the SR of 1.65 cm ka™' is applied. Finally, we used the & 'O record to define the exact temporal window of the
sampled interval and confirm the assumed cyclicity by matching the isotopic signal to the Westerhold et al. (2020)
stable isotopes loess smoothed record & '*0 curve as a target. The new isotopic curve reveals a prominent
minimum, which corresponds to the 15.6 Ma event, but the older 16.0 Ma isotopic minimum (also seen in carbon
isotopic record of the target) is not recorded, indicating that the sampled interval spans less than 400 ka and
confirming that the average SR must be >1.2 cm ka™'. Overall, the new oxygen and carbon stable isotope signals
show similar trends and absolute values as the global stack and representative individual records (Fig. S3), but the
resolution of the new record is slightly lower. It does seem to record stable oxygen isotopic maxima at 15720 and
15900 ka that are also seen in the other records, but the absolute values appear lighter by about 0.5 %o, and the

shape of the corrected average record between these maxima appears to display a stronger eccentricity component.
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The new stable carbon isotope record also shows similar absolute values and an overall decreasing trend as seen
in the global stack (Fig. S3), but our corrected average signal is hard to compare to the stack in detail, and the
representative records both show substantial divergence at orbital timescales. The new record does not show the
stable carbon isotopic minimum at 15980 ka nor the increasing trend afterwards, indicating that it must have
started later. The divergence at the beginning of our record by almost 1 %o from the stack has to be seen in the
context of a similar departure seen in the record from Site U1338. Because the new isotopic curve does not allow
sufficiently robust tuning within the target interval, after the alignment with the younger isotopic maximum we
used the E+T-P signal as a target curve (taking in account the eccentricity, the obliquity and the precession) (Fig.
7a) (Laskar et al., 2004) to tune prominent light minima with E+T-P minima (and obliquity minima) (Shackleton
etal., 1999; Zeeden et al., 2013) (Fig. 7a and b). This tuning has then been verified by plotting the stable isotope
(both & O and & "°C) record using the new given ages and comparing it to the existing stable isotopes loess

smooth records from Westerhold et al. (2020) (Fig. S3.).
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I1.3.iii High-resolution records of carbonate content and carbonate accumulation rates at ODP

Site 927
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Figure 8. a) Quaternary and Pliocene benthic stable oxygen records from Site 927 and a global stack for the
Miocene (Bickert et al., 2004; Westerhold et al., 2020); b) orbital parameters: eccentricity and daily summer
insolation 21% of June at 65°N (Laskar et al., 2004); ¢) CaCO; AR and boxplot for each interval; d) SR and e)
CaCO; % in the dried bulk sediment and boxplot for each interval.

The new carbonate content analyses are based on 261 measurements, yielding values comparable to existing low-
resolution measurements, confirming decreasing carbonate content throughout the Neogene due to dilution by
clastic sediments from Amazon fan (Curry et al., 1995; Bickert et al., 1997; Harris et al., 1997) and indicating
particularly strong variations in the Quaternary (Fig. 8). In combination with the new high-resolution SR data
(Fig. 8), these measurements provide records of sub-orbital variability in CaCO; AR across the four intervals,

showing orbital-scale variability exceeding the differences in mean CaCO; AR among the intervals (Fig. 8).
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The comparison between the highly resolved record for the four intervals of interest (Fig. 8c, 8d, and 8e¢) and the
environmental parameters (Fig. 8a and 8b) highlights the good correlation - in terms of phase and amplitude -
between the CaCO; AR (reflecting the pelagic carbonate production) and the insolation at 65°N signal for the two
warm interglacials observed. For the MIS 5 and the MIS 9 warm interglacials, there is a strong correlation between
the CaCO; % and CaCO5 AR (1 of 0.86 and 0.93) (Fig. 8 and Fig. 9). At the same time, the SR is reaching high
values (3 to 5 cm ka™), independently of CaCO5 AR changes, indicating the role of another component than the
pelagic carbonate production influencing the SR. In contrast, during the MIS KMS5, the CaCO; AR is driven by
both the carbonate content and the SR, and in the Miocene, the CaCO3; AR appears to be dominantly driven by
SR only (Fig. 9). Furthermore, the slope of the relationship between carbonate content and CaCO; AR appears to
decrease with increasing age, indicating that the earlier in the record, the less the carbonate content is influencing

the CaCO3; AR.
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Figure 9. a) Relationship between the CaCO; AR and the SR and b) relationship between the CaCO3 AR and the
CaCO; % for the four periods of interest.

The presence of multiple CaCO3 AR values for the same SR values, especially for the Quaternary intervals, is due
to the few available values of SR, because the studied intervals are short and the tuning cannot be carried out on
much higher resolution than orbital. This pattern likely affects the correlation analysis and in such a situation, it
would have been appropriate to treat the CaCO; AR data as groups of observations, each representing a different
mean SR, and test for differences using ANOVA. However, the number of observations for some of the intervals
is too low, to run the test effectively. However, this limitation may have caused the apparently significant

relationship between CaCO; AR and SR for MIS9, which we indeed consider likely to be an artefact.
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calculation.

When we look at the trend of the highest values reached on long geological timescale from the mid-Miocene to
MIS 5 (Fig. 10), we observe a 31 % decrease in CaCO; AR from the Pliocene (highest value) to the Pleistocene
MIS 5 (lowest value), excluding dissolution intervals in the Pleistocene. Taking into account the average value of
the MCO and MIS KMS5, we found an increase in the pelagic carbonate production of 59 % from Miocene to
Pliocene MIS KMS5. If we now take into account the maxima values for the Quaternary and Pliocene MIS KMS5,
we observe a decrease of 12 % from the Pliocene MIS KMS to Pleistocene and a decrease of 22 % from Pleistocene
MIS 9 to Pleistocene MIS 5.

Looking at the amplitude of the variability within the Pliocene and Miocene interval, we found higher values in
the Pliocene (65 %) compared to the average of the period (1.98 g cm™ ka™) than in the Miocene (42 %) compared
to the average (1.24 g cm™ ka™).

I1.4 Discussion

I1.4.1 Carbonate preservation during the Quaternary

During the Pleistocene, the CaCO; AR at Site 927 was driven only by the carbonate content, indicating that the
signal is affected by dissolution. This is confirmed by the presence of very low values of carbonate content and
CaCOs AR during the cold intervals in the Pleistocene, in phase with the & '*O and insolation signal, indicating a
relationship to changes in deep-water circulation, confirming the conclusions by Bickert et al. (1997). As expected
from the overall stratigraphy and palacoceanography of the Ceara Rise sites (Curry et al., 1995; Frenz et al., 2006;
King et al., 1997), the new carbonate content (Fig. 8¢) and CaCO3 AR (Fig. 8c) records from Site 927 show strong

minima during cold intervals of the Quaternary (indicated by & '®0O record) which is consistent with the shoaling
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of the corrosive AABW (Miller et al., 2012; Harris et al., 1997), causing dissolution at shallower depth (Groger
et al.,, 2003a, b). In contrast, the maxima in CaCO; AR and carbonate content in the sediment during the
Quaternary do not appear to be affected by dissolution. Therefore, whilst we cannot use the Quaternary variability
in the CaCO; AR to estimate the orbital-scale variability in pelagic carbonate production, we can use the
interglacial maxima (Fig. 10) to estimate pelagic carbonate production during the Quaternary, assuming that
during the studied Pleistocene interglacials Site 927 was positioned above the lysocline, as is the case during the

Holocene.

I1.4.ii Carbonate preservation during the Pliocene and Miocene

Because the Ceara Rise sites became periodically affected by the more corrosive Antarctic bottom water only
after the initiation of the North Hemisphere glaciation (Liebrand et al., 2016; Harris et al., 1997; Pilike et al.,
2006a), the studied Pliocene and Miocene intervals should not be affected by dissolution. Paul et al. (2000) note
that the exact subsidence history of the Ceara Rise is unknown but assume minimal subsidence since the early
Miocene. Similarly, sea level differences among Quaternary interglacials and the Pliocene and Miocene were
likely on the order of tens of metres. Therefore, the largest changes in palacodepth would have been due to
sediment cover, which would make the studied mid-Miocene interval about 300 m deeper compared to the present
one (this depth is still above the present day lysocline depth of 4200 mbsl). Throughout the entire studied interval
since the Miocene (Fig. 3), the shallowest cores (925 and 927) record higher CaCO; AR values than the deeper
ones. This also indicates that these sites likely remained above the lysocline (Curry et al., 1995; Bickert et al.,
1997; Frenz et al., 2006; Groger et al., 2003a, b) and that the CaCO; AR signals recorded at these sites primarily
record changes in pelagic carbonate production. To provide further support for the lack of dissolution control on
the pre-Quaternary variation in CaCO; AR, for the Pliocene and Miocene interval we generated new data on the
degree of fragmentation of planktonic foraminifera shells, a commonly accepted proxy for the extent of carbonate
dissolution (Berger et al., 1982; Preiss-Daimler et al., 2013). The fragmentation data (Fig. S4) reveal good
preservation (see also Fig. S7) of foraminiferal shells throughout the Pliocene and Miocene intervals, showing no
correlation with CaCO5; AR (Fig. S5), confirming that the CaCO3; AR was not driven by dissolution at that time

and therefore must reflect pelagic carbonate production changes.

I1.4.iii Orbital variability in the Pliocene and Miocene

Assuming dissolution did not play a significant role in the observed variations in CaCO3; AR in Pleistocene
interglacials and prior to the Quaternary and that pelagic carbonate is the main component of the carbonate fraction
of the sediment (Curry et al., 1995), we here observe the changes in the export flux of pelagic biogenic carbonate.
Under the same assumption, the new record from Site 927 reveals that pelagic carbonate production (assessed by
the pelagic CaCO; AR) in the equatorial ocean (avoiding large-amplitude temperature changes) has changed on a
geological timescale by a factor of 2 and on orbital timescales by up to 50 %. The presence of orbital-scale
variability in pelagic carbonate production is an interesting phenomenon that requires further analysis. First, we
tested whether or not this variability is periodic, i.e. whether the underlying changes in pelagic carbonate
production responded to orbital forcing. Such analysis is possible because the studied intervals have been tuned
to the orbital target using parameters other than carbonate content (Fig. 6 and 7). Multitaper method (MTM)
spectra derived with the astrochron package in R (Meyers, 2014, using R, 4.1.2., R Core Team, 2021) (Fig. 11)
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highlight significant periodicity close to the precession band for the MIS KMS5 and periodicities in the obliquity
and 100 ka eccentricity bands for the MCO. This implies that during both intervals, the pelagic production likely
varied in response to orbitally driven environmental factors, such as insolation (light intensity for phytoplankton,
Cavaleiro et al., 2018) or nutrient availability due to changes in upwelling (Cavaleiro et al., 2020). Interestingly,
the dominant periodicities appear different between the Pliocene and Miocene. Next, we asked whether or not the
observed periodicities in CaCO; AR are coherent with the actual insolation, obliquity and eccentricity signals.
This is possible because the underlying age models have been tuned such that they should preserve the correct
phase relationship with the orbital forcing (Fig. 6 and 7). To this end, we carried out cross Blackman-Tukey (BT)
analyses using the Analyseries software 2.0 (Paillard et al., 1996). The results (Fig. 12) indicate a coherence with
insolation in the precession band and with the 41 ka obliquity for the MIS KMS5. In both cases, the coherence
occurs in phase. In contrast, for the MCO we observe a coherence at 41 ka with the obliquity periodicity and at
100 ka with eccentricity, but in both cases the coherence is anti-phased. That the pelagic carbonate production is
responding to an eccentricity-paced periodicity (Fig. 11 and 12) is interesting, as eccentricity was not the main
driver of the Earth climate signal (Westerhold et al., 2020; De Vleeschouwer et al., 2020). The carbon cycle in the
Miocene appears to show eccentricity pacing (Holbourn et al., 2007, 2018; De Vleeschouwer et al., 2020; Raitzsch
et al., 2020), and our results indicate that pelagic carbonate productivity may play a role in modulation of this
cyclicity. We also note that the discovery of eccentricity forcing pelagic carbonate production in the Miocene and
a shift towards obliquity and precession forcing in the Pliocene is consistent with the observations from mid-
latitudes by Drury et al. (2020), and the modelling study by Vervoort et al. (2021) provides potential mechanisms
on how the eccentricity and obliquity frequencies in carbonate production may arise despite the dominance of the

precession frequencies in the forcing.
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Figure 11. MTM spectral analysis of the CaCO; AR record through time (Meyers, 2014, R Core Team, 2021).
The dashed lines represent the 95 % significance level. The pink shadows correspond to the orbital periodicities

(eccentricity 404 ka and 100 ka, obliquity 54 ka and 41 ka and precession 21 ka).
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Finally, we consider the apparent shift in the phase in the relationship between orbital forcing and the CaCO; AR
record between the Pliocene and Miocene. This relationship implied by the cross-spectral analysis is clearly visible
in the raw data (Fig. 13) and we consider it unlikely that it is due to tuning artefacts. We note that the Miocene
record ends with a strong and distinct minimum in the oxygen isotope record, which provides a strong constraint
on the phase relationship between the youngest CaCO3; AR and obliquity cycle. These show an opposite phase
relationship to that observed during the Pliocene. This could be explained by a change in the carbonate production
response to the insolation changes between the Pliocene and the Miocene. Indeed, the production of different
pelagic calcifiers could be promoted by a decreased mean annual insolation at equatorial latitude (with high E+T-
P and high obliquity) during the Pliocene compared to the Miocene, when the pelagic carbonate calcifiers appears
to be promoted by a higher mean annual insolation at equatorial latitude (with low E+T-P and low obliquity). We
can then expect a higher weight of the foraminifera (non-photosynthetic) in the carbonate production balance
during the Pliocene and a higher weight of the coccolithophores (doing photosynthesis) in the carbonate
production balance during the Miocene. This is coherent with the climate-carbon cycle changes occurring between
the Miocene and the Pliocene, highlighted by De Vleeschouwer et al. (2020), who found changes in the phase
relationship of & '*0 and & "*C before and after 6 Ma.

I1.4.iv Long-term trend (differences between periods)

Because of the observed changes in what appears to be carbonate production among the studied intervals and
especially within the studied intervals, we conclude that tropical pelagic calcifiers responded to environmental or
biotic forcing on orbital cycles, as well as to long-term shifts in climate and/or ocean chemistry. In other words,
either the production, the community composition or the biomineralization of the tropical pelagic calcifiers may
respond to local changes in light, temperature and nutrients delivered by upwelling, which followed orbital cycles,
as well as to long-term shifts in climate and/or ocean chemistry. The inferred changes in pelagic carbonate
production on both timescales are sufficiently large that when extrapolated on a global scale, they could have
played a role in the regulation of the carbon cycle. For example, Boudreau et al. (2018) estimated that changes in
global pelagic carbonate production on the order of 10 % would be sufficient to affect the marine carbon cycle on
timescales from year to millions of years. Whereas the drivers of the orbital-scale variability could be plausibly
attributed to changes in local oceanic parameters affecting primary production, the causes of the long-term shifts

require another explanation.
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Figure 14. Comparison of the CaCO; AR at a) the 5 Ceara Rise sites (Sect. 3.1., in Grey) and CaCO; AR at high
resolution (this study; in colours) and b) CaCO; AR record in the equatorial Pacific (colours) (Lyle et al., 2019)

and South Atlantic Ocean (black) (Site 1264, Drury et al., 2020).

There are two studies presenting long continuous CaCO; AR records from the Miocene to the present (Fig. 14).
Both records show an increasing CaCO; AR from the early Miocene to Pliocene and a decreasing CaCO; AR
from the Pliocene to Quaternary and both records indicate the presence of high-amplitude variability on orbital
scales throughout the last 16 Myr (Drury et al., 2020; Lyle et al., 2019). The observed CaCO; AR at the Ceara
Rise appears coherent with both records (Fig. 14), as well as with the recent results by Sutherland et al. (2022)
from the South Pacific. Our record shows similar absolute values to Lyle et al. (2019) and Drury et al. (2020) (a
CaCO; AR between 0 and 5 g ecm™ ka™) and a similar overall trend, with its highest values being in the late
Miocene-early Pliocene. Clearly, the overall trend of CaCO; AR at the Ceara Rise supports the existence of a late
Miocene carbonate maximum also under tropical conditions. Interestingly, our observations from the Ceara Rise
also support the conclusion from Sutherland et al. (2022) that there does not appear to be any strong relationship
between pelagic carbonate production and global CO,, other than the fact that the lowest CaCO3 AR in both their
and our records are observed during the MCO with presumably highest CO,.

I1.5 Conclusion

A compilation of CaCO3; AR for the five sites of Leg 154 in the western equatorial Atlantic Ocean documents a

distinct increase in SR from Miocene to Quaternary, but the CaCO; AR remained relatively stable. The two
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shallowest sites at the Ceara Rise (925 and 927) consistently record higher CaCO; AR, confirming observations
of good carbonate preservation during Quaternary interglacials and throughout the Pliocene and Miocene. This
means that the observed changes in CaCO; AR at these sites should reflect changes in pelagic carbonate
production.

To analyse long-term and orbital-scale patterns of pelagic carbonate production variability, we generated new data
for four periods at Site 927.

We found that CaCO; AR, as a proxy for pelagic carbonate production in the tropical Atlantic, exhibited both
long-term changes and a pervasive orbital-scale variability. We observe a 31 % decrease in CaCO3 AR from the
Pliocene MIS KMS5 to the Pleistocene interglacial MIS 5, but 59 % higher values for the Pliocene warm period
than for the Miocene climatic optimum. On the orbital timescale, the Quaternary signals are overprinted by
precession and insolation forcing on deep-water circulation, causing dissolution. However, concerning the
Pliocene Warm Period and the Miocene Climatic Optimum, we observe a persistent variability in CaCO3; AR with
an amplitude exceeding that of the long-term mean shifts. We show that the CaCO; AR at low latitude varied in
phase with insolation (precession) cycles during the Pliocene, whereas the Miocene signal is dominated by 100
ka eccentricity cycles, which are exactly anti-phased with the carbonate signal.

We conclude that the low-latitude pelagic carbonate production responded strongly to orbital-driven local tropical
processes, rather than to secular changes in the global climate or ocean chemistry (like global CO;). The Ceara
Rise records are consistent with the existence of a late Miocene to Pliocene global carbonate production optimum,
but the magnitude of the long-term change appears smaller than outside the tropics. Instead, orbital-scale
variability dominates the record and the inferred magnitude of production changes are potentially sufficient to
affect the global carbon cycle through the process of biological compensation (Boudreau et al., 2018).

Our results imply that in the context of the ongoing and projected global change, pelagic carbonate production
may be an important variable in the parametrization of the global marine carbon cycle, especially with regard to
the long-term (millennial-scale) fate of anthropogenic carbon injection. To parametrize the pelagic carbonate
production, it remains to be shown whether it changes due to changes in production (population sizes),
biomineralization (amount of carbonate produced per individual) or community composition (shift to more or less

calcified taxa).

I1.6 Data availability

All data sets are available on Pangaea (https://doi.org/10.1594/PANGAEA.945848, Cornuault et al., 2022a,
https://doi.org/10.1594/PANGAEA.945773, Cornuault et al., 2022b, https://doi.org/10.1594/PANGAEA.945812,
Cornuault et al., 2022c, https://doi.org/10.1594/PANGAEA.945789, Cornuault et al., 2022d,
https://doi.org/10.1594/PANGAEA.945707, Cornuault et al., 2022¢).
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Figure S1. Regression curves for the gamma-ray attenuation (GRA) bulk density and DBD using data from Curry
et al. (1995) for the five cores of the Leg 154.
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Figure S2. Comparison of the magnetic susceptibility (MS) records according to the different composite depths
and age-model options for the Pliocene interval of this study. a) MS record versus age (Wilkens et al., 2017); b)
MS record following the revised splice (Sect. 3.2.2) versus Wilkens et al. (2017) ages; ¢) MS record following
the revised splice (Sect. 3.2.2.) versus revised age model ages (Sect. 3.2.2.); d) daily summer insolation 21st of
June, 65°N (Laskar et al., 2004), the green lines correspond to the control points ages of Wilkens et al. (2017) age
model and the blue lines correspond to the control points ages of the revised age model (Sect. 3.2.2.); e)
comparison between the sedimentation rate of Wilkens et al. (2017) age model and the sedimentation rate of the
revised age model (Sect. 3.2.2.); f) MS record versus depth (Wilkens et al., 2017), the green lines correspond to
the control points composite depth of Wilkens et al. (2017)age model; g) MS record versus revised composite
depth (Sect. 3.2.2.), the blue line correspond to the control points composite depths of the revised age model (Sect.
3.2.2.); h) Individual cores MS records versus revised composite depth (Sect. 3.2.2.), the blue dash lines

correspond to the depths we switch from one individual core section to the other in the composite splice.
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Figure S4. Fragmentation index (nb Frgts/nb Frgts + WF) in the <63 um size fraction for both the Pliocene (MIS

KMS5) and the Miocene (MCO) intervals. Rarely above 0.40, a proof that there is no dissolution during these two

time intervals, and particularly for this size fraction.
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92



Chapter II. Nature and origin of variations in pelagic carbonate production in the tropical ocean since the Mid
Miocene (ODP Site 927)

a ] 1 2 3 4
"'.f Frat index :/0.32 _
2.5 i l.' || CaCO; AR }1.38 [g'em? ky)
= ] \ Al . o 4027
2 1 |||I| |II \ .f'f mll 'I| f*'. ||| |-]| \R
oy . | | |
E 2.0 L‘\\ :'.\ |' 'u\.'*'- .H ! lu \'J \
W | | _
= ] III / \ \uf"' | I'I N [
s | |||| E
< 1 \ ' [/ \]
8 1.5 |JI |II |'II \/\
1 Frgt index : 0.19 b | P, a r
] 4" ) /
o 1CaCOsAR :2.66 [gecm™ ky™'] Il'\,\//\ ~ I,f/v\- \r“N II'.«"; ~
= Erat A v 944 | \
1.0 ok . | W/
—— e B B ] r T

T
3100 3200 3300 15,600 15,800 16,000

Age [ka] MIS KM5 Age [ka] MCO

Figure S7. Pictures of the >63 um size fraction of the samples with high (pink) and low (blue) CaCO; AR for
both the Pliocene and the Miocene intervals (b) and zoom on those pictures (c). The fragmentation index values
and the CaCOs AR of the chosen samples are given with a text colour corresponding to the lines highlighting the
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Abstract

Throughout the Cenozoic, calcareous nannoplankton and planktonic foraminifera were the main producers of
pelagic carbonate preserved on the seafloor. While past variability in pelagic carbonate production has been
previously studied, relatively little is known about the variability in the contribution of the two components. This
is important because the different responses of the two groups could amplify or reduce the fluctuations in total
carbonate production. Here we present new data from the tropical Atlantic that allow us to quantify changes in
the relative contribution of the two groups on orbital scales and between periods of different climate states since
the Miocene. We find that the contribution of the planktonic foraminifera and the coccolithophores to the
deposited pelagic carbonate remained similar (within 30%) on long time scales, but varied by up to a factor of
two on orbital time scales. We show that the nature of the variability has changed fundamentally since the
Miocene. The contribution of planktonic foraminifera did not correlate with the total pelagic carbonate production,
neither in the Pliocene, where the dominant cyclicity was in the precession band and in phase, nor in the Miocene,
when the predominant cyclicity was in the eccentricity band and in antiphase. Collectively, these results reveal a
previously unnoted significant variability in tropical pelagic carbonate productivity between foraminifera and
coccolithophores, suggesting that these calcifiers reacted fundamentally differently to orbital forcing in the

tropical ocean.

I11.1 Introduction

The biomineralisation of carbonate by pelagic calcifiers (planktonic foraminifera and calcareous nannofossils) is
a key element of the marine carbon cycle, facilitating the long-term removal of carbon into the sedimentary
reservoir (Landschiitzer et al., 2014). This reservoir interacts with the marine carbon cycle in various ways, such
as chemical compensation, where sedimentary carbonate dissolution can compensate changes in ocean carbonate
chemistry, and biological compensation, which refers to changes in the amount of carbonate biomineralisation,
removing dissolved carbonate and bicarbonate, thereby lowering oceanic alkalinity (Boudreau et al., 2018).
Remarkably, modelling studies show that a change in carbonate production of only 10% on short (ka) to geological
time scales would be sufficient to affect the marine carbon cycle. A global decrease in carbonate biomineralisation

would lead to a higher alkalinity and, thus, to a higher capacity of the ocean to absorb dissolved CO, (Boudreau
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et al.,, 2018). Both biological and chemical compensation depend not only on the total amount of oceanic
biomineralisation, but also on the composition of the deposited carbonate (Si and Rosenthal, 2019). This is because
the main components of the pelagic calcite flux to the seafloor, planktonic foraminifera and calcareous
nannoplanktons, produce skeletons of very different sizes and shapes and thus different sinking behaviour and
susceptibility to dissolution. Calcareous nannoplanktons are up to two orders of magnitude smaller than
foraminifera shells, but can sink rapidly as they are often concentrated in faecal pellets (Ziveri et al., 2007,
Richardson and Jackson, 2007; Fischer and Karakas, 2009). The shells of foraminifera are composed of
mesocrystalline material with a large surface-to-volume ratio, making their shells more susceptible to dissolution
(Honjo and Erez, 1978; Frenz et al., 2005).

While total pelagic calcite production and burial and its changes on geological time scales have been intensively
studied locally and globally, the relative contribution of planktonic foraminifera and coccolithophores to the burial
flux remains less well constrained. Estimates of the current contribution of coccoliths to the biogenic calcite
exported from the photic zone in the modern ocean vary between 20 and 80 % (Baumann et al., 2004; Frenz et
al., 2006; Schiebel, 2002; Ramaswamy and Gaye, 2006; Frenz et al., 2005), and there is strong evidence that the
composition of the pelagic carbonate flux varied on geological time scales (Chiu and Broecker, 2008; Si and
Rosenthal, 2019). There are three factors that can influence the bulk composition of pelagic carbonate arriving to
the seafloor: the population size of the producers, their mean cell size, and their investment in biomineralisation
relative to cell size. Because coccolithophores and planktonic foraminifera follow different lifestyles, have
different metabolisms, and have different environmental preferences, they may respond differently to
environmental change with respect to each of the three factors, resulting in differences in the pelagic calcite flux
composition (Langer, 2008; Gehlen et al., 2007; Si and Rosenthal, 2019). Si and Rosenthal (2019) show a long
geological time scale shift towards more foraminifera and proportionally less coccoliths towards the Quaternary
and explain it to be due to long-term weathering alkalinity change towards a decrease related to the pCO,
modulation. In our study presented here, we investigate these variations at orbital time scale. To understand to
what degree the composition of pelagic carbonate flux varied in the past and to qualify and quantify the changes
in the differential contribution of the two mains pelagic calcifiers to the total pelagic carbonate production,
estimated from carbonate accumulation rate (CaCO; AR) (Brummer and van Eijden, 1992; Liebrand et al., 2016),
we generated new data for Leg 154 ODP Site 927, Cearéd Rise. Here we know that carbonate preservation was
good during Quaternary interglacials and throughout the Neogene (Curry et al., 1995) and where the site remained
in a tropical setting throughout while at the same time we recorded orbital cyclicity of sediment properties,
allowing tuned age model and quantification of flux with high resolution. Pelagic carbonate production varies on
both orbital and geological timescales (e.g. Si and Rosenthal, 2019; Beaufort et al., 1997, 2022), thus we sampled
at a resolution allowing us to resolve orbital cycles. In all cases, we determined the contribution of coccoliths and
foraminifera to the same samples and used two independent methods to estimate the coccoliths fraction. This
study focuses on four time intervals known to be potential analogs for today’s climate warming conditions: the
marine isotopic stage (MIS) 5 (87.5 to 150.2 ka, Clark and Huybers, 2009; Kopp et al., 2009), the MIS 9 (276.4
to 370.3 ka, Past Interglacials Working Group of PAGES, 2016; Voelker et al., 2010), the Pliocene warm period
(PWP, MIS KMS5, 3095.5 to 3307 ka, Ravelo et al., 2004) and the Miocene climatic optimum (MCO, 15.6 to 16
Ma, Pound et al., 2012; You et al., 2009; Foster et al., 2012; Zachos et al., 2008).
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I11.2 Material and Methods

ODP Site 927 on the Ceara Rise in the western tropical Atlantic Ocean (5°27.77'N, 44°28.84'W, 3315 metres
below sea level (m.b.s.1.)) is located above the modern regional lysocline (4200 mbsl, Frenz et al., 2006; Curry et
al., 1995; Cullen and Curry, 1997). However, the depth of the lysocline has varied in the past, and some of the
shoaling episodes has resulted in the site being affected by carbonate dissolution. Such episodes are known from
the glacial periods of the late Quaternary and are related to the restructuring of the Atlantic Meridional Overturning
Circulation (AMOC) and an increased influence of the more corrosive Antarctic bottom waters (Groger et al.,
2003b). During the studied intervals of the Pliocene and Miocene, no such events occurred at this site. The
corresponding sediments from these intervals are rich in carbonate, show no relationship between carbonate
content and carbonate flux, and the preservation of planktonic foraminifera shells is always good, indicating
deposition above the regional lysocline (Curry et al., 1995; Groger et al., 2003b). The location of this site is far
from the high-latitude climate changes and large-scale temperature variations at different time scales. From this
site, we already have a set of samples corresponding to these four time intervals, of which we already know the
carbonate content and have a high resolution tuned age model (Cornuault et al., 2023). Thanks to their good state
of preservation, their high carbonate content and their orbital resolution, the samples allow us to study both the
planktonic foraminifera and the coccoliths in the same samples, preventing a possible bias on the relative changes

between the two groups in respect to timing (and potential lags) of their response.

II1.2.1 Coccolithophores and foraminifera samples preparation

To quantify the coccolithophore CaCOj; contained in the <32 um fraction, we prepared microscope slides using a
quantitative protocol to determine the amount of sediment <32 pum on the slide and the amount of carbonate <32
um it contained. We produced a random and even distribution of the material on the slide. The protocol for random
settling used in this study for the four periods of interest is very close to the one presented by Beaufort et al.
(2014). In this protocol, a very tiny quantity of sediment is disaggregated in water in a vial and poured in a receiver
containing a 12mm x 12 mm coverslip, over a <32 um mesh metal sieve. This is left for settling over 4h, after
which the water is gently drained out from the top and the receiver with the coverslip is put in the oven overnight
to dry. The coverslips are weighted before and after so we know exactly the amount of material on each of them.
We then mount them on slides using NOA74 glue, mounting 8 samples per slide for automated analysis. The
exception to Beaufort et al. (2014) protocol is that we used ~ 0.1 mm3 of bulk sediment in 1 mL of Volvic water
in a 15 mL centrifugation falcon instead of the quantities they mention. The tube is placed in a vortex for
approximately 30 seconds at medium speed and then in an ultrasonic bath for around 8 seconds at medium power
to obtain a very homogenous solution. The lamella are placed in the bottom of the settling supports developed by
Tetard M. and the obtained solution is poured over a 32 pum mesh metal sieve, itself above a glass funnel and the
receiver in which the settling will be done. All the supports containing the lamellae are placed in the oven at 50
°C for 24 h.

Concerning the foraminifera size fraction analysis, as we considered most of the foraminifera to be above 63 pm,
and that there is not so much material other than foraminifera above 63 pm (Si and Rosenthal, 2019). The bulk
sediment samples were disaggregated in tap water in centrifugation 15 mL falcons placed in rotating carousel
overnight and washed and sieved at 63 um (the quantity of foraminifera fragments below 63 pm is not significant,

Chiu and Broecker, 2008). Because at this location the carbonate is mainly composed of foraminifera and
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coccoliths (Curry et al., 1995), we suppose that the coarse fraction is composed of 100 % of foraminifera calcium
carbonate. The dry bulk sediment (DBS) and coarse fraction of the sediment are weighed in order to calculate the
proportion of the coarse fraction relative to the dry bulk sediment: Coarse fraction (>63 pm) % = (>63 pm (g) /

DBS (g))*100

II1.2.ii Contribution of the small and coarse fraction to the total carbonate

To characterise the contribution of the planktonic foraminifera and the coccoliths to the total carbonate, we have
used two different and independent approaches. First, we assumed that the majority of the foraminifera shells and
the coccoliths can be separated by size. Specifically, following Si and Rosenthal (2019), we assumed that the >63
um size fraction is composed at 100 % of foraminifera CaCOj; (Si and Rosenthal, 2019). Second, to explore the
effect of the simplification of using 63 um as a size threshold, we generated an independent record of coccolith
fraction CaCOj; AR (based on automated image analysis of the <32 pum size fraction of the sediment).

For the first approach, knowing the bulk carbonate content (Cornuault et al., 2023) and the coarse fraction
carbonate over the dry bulk sediment (see above), we can calculate the percentage of the contribution of the <63
um size fraction to the total carbonate content and so CaCO; AR. Following the direct approach by Si and
Rosenthal (2019), we can also calculate the contribution of the coccoliths, considering that CaCO; AR cocco =
CaCO; AR bulk - CaCO; AR foram. For each of the class sizes, using the sedimentation rate (SR) values and the
dry bulk density (DBD), we can then derive the CaCO3; AR: CaCO; AR = (CaCO; % / 100) x DBD x SR as a
pelagic carbonate production proxy (Liebrand et al., 2016).

However, because the <63 pm size fraction may contain non-coccoliths carbonate particles, we used an
independent method to estimate the small fraction carbonate content, using automated microscope analysis. The
resulting output is not directly comparable to the first data results, but gives an alternate estimation of how the
carbonate contribution of the small fraction has changed through the time from Miocene to present and within
each time interval (Figures 3, S2 and S3).

These automated microscope analyses are processed using SYRACO device that automatically takes optical
microscope pictures at analyzed polarized light (Beaufort et al., 2014; Beaufort and Dollfus, 2004) and provides
an estimation of the weight of calcite per coccolith analysed and the total mass of calcite contained on the analysed
field of view (FOV). Knowing the number of FOV analysed and the number of FOV on the whole lamella, we
can calculate the quantity of carbonate in the small fraction on the whole lamella. As we know the quantity of
bulk carbonate on the slide, we can then calculate the carbonate content of the small fraction, as the ratio between

the carbonate mass estimated by SYRACO and the mass of bulk sediment.

I11.2.1i1 Spectral analysis

To see whether these changes are orbitally driven or not, we performed a Wavelet Transform (WT) spectral
analysis (WaveletComp 1.1 package on R, Roesch and Schmidbauer, 2018) using R (4.1.2., R Core Team, 2021)
for all parameters for the Pliocene and the Miocene intervals (not for the Quaternary, as these two time intervals
are marked by strong precession-paced dissolution cycles, Harris et al., 1997). Additionally, to observe the actual
relationship between the change in the relative contribution of the two size fractions and the environmental
conditions at orbital time scale, we compared our results to an E+T-P record (Laskar et al., 2004) that reflects the

different orbital parameters.
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Figure 1. Quantification of variability of the >63 pm carbonate contribution to the total CaCO; AR between /
within the time intervals from MCO to MIS 5 (filling) and CaCO; AR of the total (black plain line) and >63 um
size fractions (black dash line). The two values used for the calculation of the average value of contribution of the
coarse to the total CaCO; AR are the ones highlighted by the vertical blue lines (for the Quaternary, they
corresponds to the samples having the highest total CaCO; AR, to avoid the samples possibly affected by
dissolution, and for the MIS KM5 and MCQO, they correspond to the highest values of the contribution of the
coarse fraction to the total CaCO; AR). The average values of the contribution of the coarse fraction to the bulk
carbonate accumulation rate taking in account the two highest points of the intervals are materialised by the
horizontal black lines. For the MIS KM5 and MCO, the blue horizontal lines represent the average value of the
contribution of the coarse fraction to the bulk for the whole interval (all the values corresponding to the horizontal

lines are written on the panels).

The estimated contribution of foraminifera to the sedimentary carbonate based on particle size fractionation varies
between 3.5 % and 56.4 % (Figure 1). The largest variations are observed in the Quaternary, which is related to
the different susceptibility of foraminifera and coccoliths to carbonate dissolution, which affected the Cearé Rise
sediments during Quaternary glacials. However, a variability on orbital scales was also present during the Pliocene
and Miocene (Figure 1) and is also evident in the record of coccolith fraction accumulation obtained by the
SYRACO method (Figure 2). In contrast to the strong and consistent variability on orbital time scales, the peak
values of foraminifera fraction contribution for the four intervals studied were remarkably similar, ranging

between 31.3 % for MIS 9 and 39.8 % for MIS 5 (Figure 1).
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Figure 2. CaCO; AR <32 pm from MCO to MIS 5 -SYRACO- compared with E+T-P (Laskar et al., 2004).

This is consistent with the effect of dissolution on sediment composition during Quaternary glacials, and the strong
positive correlation between foraminifera fraction contribution to the total CaCO3; AR and bulk carbonate flux in
the Quaternary intervals (Figure 3). In contrast, the composition of the carbonate flux shows no relationship with
bulk carbonate flux during Pliocene and Miocene (Figure 3).

During the Neogene, the contribution of the coarse fraction (foraminifera) to the CaCO;3 AR bulk and the CaCOj;
AR bulk do not co-vary, and they are in phase during the MIS KMS5 and in antiphase during the MCO (Fig 1).
Moreover, for the Miocene, the CaCO; AR bulk is showing lower amplitude changes than the contribution of the
coarse fraction to it, whereas for the Pliocene, it is the reverse (Figure 1). During the Quaternary, the contribution
of the coarse fraction (Figure 1 and 2) is driven by foraminifera dissolution (more sensitive than coccoliths, Frenz
et al., 2005; Groger et al., 2003a) due to deep ocean circulation changes (Curry et al., 1995; Harris et al., 1997).
On a long geological time scale, we observe a 37 % increase from the Miocene to the Pleistocene (taking in
account maxima values average) but very similar average values between the Miocene and the Pleistocene (Figure
2).

The variability within time intervals is larger than between the time intervals and the orbital scale variability
within each time interval is the larger component of variability (63 % and 78 % amplitude, respectively for the

Pliocene and the Miocene).
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Figure 3. a) Contribution of the >63 um fraction to the total CaCO3 AR vs bulk CaCO; AR and b) <32 um CaCO;
AR (SYRACO) vs <63 um CaCO; AR.

To test whether the relative contribution of the two size fraction is related to the total CaCO; AR or not, we plotted
the contribution of the coarse fraction to the bulk CaCO; AR vs the CaCO; AR bulk (Figure 3a). Additionally, to
test if our simplification is correct, we plotted the CaCO; AR <32 pm estimated using SYRACO device over the
CaCO; AR <63 pum estimated using Si and Rosenthal (2019) approach. Since this is the same parameter estimated
with two different methods, we do not make the distinction between the four intervals for this second correlation
panel, as it should be varying the same way (Figure 3b).

There is no correlation between the coarse fraction contribution to the total CaCO3; AR and the bulk CaCO; AR
(almost horizontal regression curves) so the relative contribution of the two pelagic calcifiers isn’t driving the
total bulk CaCO;AR (Figure 3a). Furthermore, for the four intervals, we observe a good positive correlation
between the CaCO; AR estimation of the small fraction of the two methods for the four intervals (r* = 0.24) and

not so many points above the 1 to 1 line, as expected (Figure 3b).
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Figure 4. a) Wavelet transform coarse fraction percentage of bulk CaCO3; AR for both MIS KM5 and MCO,
significance value on the figure = 0.1, b) coarse fraction contribution to bulk CaCO; AR and the actual E+T-P

(Laskar et al., 2004).

For the MIS KMS5, we observe a clear and continuous precession imprint around 20 ka periodicity from 3100 ka
to 3270 ka which seems to be changing towards shorter cycles through time, an obliquity imprint (around 41 ka
periodicity) and a distinct 100 ka eccentricity periodicity that is ranging from 3140 ka to 3230 ka more or less.
Compared to an E+T-P curve, we see this single 100 ka cycle by the naked eye and the obliquity, playing a
subordinate but not negligible role. Concerning the MCO, we see an indication of a 41 ka (obliquity) imprint from
15589 ka to 15900 ka. We cannot observe shorter periodicities as the sampling resolution wouldn't allow us to see
it. The relative contribution of the >63 um to the bulk CaCO; AR is in phase with the ETP in the Pliocene and in
antiphase with the ETP during the Miocene (as for the bulk CaCO5; AR, Chapter #II) (Figure 4).

We found 100 ka (eccentricity) periodicities in the >63 pm CaCO; AR and the <32 pm CaCO; AR (MIS KMS5
and MCO), and the <32 pm CaCO;AR seems to be responding to 100 ka antiphased with a high AR when low
eccentricity and low AR when high eccentricity (S1, S3). Additionally, we observe a 21 ka (precession) periodicity
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during the MIS KMS5 and 41 ka (obliquity) periodicity during the MCO for the >63 pm CaCO; AR and the >63
pum CaCOj; AR (S1, S2).

The >63 um CaCO; AR and <32 um CaCOj; AR are in phased with E+T-P in the Pliocene, except during the peak
of warmth of the PWP and antiphased during the MCO, suggesting that the coarse fraction (foraminifera) is
responding in phase with E+T-P when the conditions are colder and in antiphase with E+T-P when we are at a
strong warm peak (PWP middle and all the Miocene interval chosen for this study). Even if the values are different,
the variability is consistent between the <63 um CaCO; AR (direct approach) and the <32 pm CaCO; AR
(independent) SYRACO approach (Figure 3b).

I11.4 Discussion

There is an increase of the relative contribution of foraminifera from Miocene to Quaternary (or decrease of the
coccoliths contribution) coherent with what has been founded by Si and Rosenthal (2019). Furthermore, we
observe different variability of the relative contribution of foraminifera and coccoliths within the Pliocene and the
Miocene so the two main carbonate producers are responding differently for those two periods and the phase
relationship between the CaCO; AR bulk and the foraminifera contribution to it is changing between the Pliocene
and the Miocene (Figure 1). For the both time intervals, we do not observe any correlation between the
contribution of the coarse fraction to the total pelagic carbonate production and the carbonate production itself
(Figure 3), meaning that the changes in the relative contribution of the two main pelagic carbonate producers is
not driving the changes in total CaCO; production (except concerning the Quaternary cold events, where the
correlation is a proof of the preferential dissolution of the planktonic foraminifera in presence of dissolution). For
the Pliocene and the Miocene, we observe large changes in the correlations between the different size fractions
and the bulk CaCOj; AR, and additionally, a large amplitude variability of the coarse fraction contribution to the
bulk CaCOj; AR within these two time intervals, highlighting that the relative contribution of the two main pelagic
carbonate calcifiers, if remains similar on geological time scale, has changed a lot on shorter orbital time scale.
For both the Pliocene and the Miocene, it isn’t the coarse fraction CaCO; production which is driving the CaCOj;
AR bulk changes, but the <63 um CaCO; production. This means that the two main pelagic carbonate producers
responded differently, and that the coccolithophores relative contribution seems to be driving the overall changes.
We found a coarse fraction contribution of about 20 to 30 %, realistic and coherent with recent findings by Si and
Rosenthal (2019), and Drury et al. (2021). The production within the two groups is changing synchronously and
in the same direction but with different amplitudes at both geological and orbital time scale), making their relative
contribution to the CaCO;3 AR bulk to change.

According to the observations of the WT and CaCOj3; AR records vs time (Figures S1-S3), the foraminifera and
the coccoliths are not responding to the same orbital parameter and not the same way: the changes of CaCO; AR
of the two groups doesn’t seems to covary or being linked by any correlation, meaning that they are changing
through the time, but 1) do not seems to be linked and 2) do not seems to be responding to the same forcing, which
could also explain the different frequencies observed in the bulk CaCO; AR record (Chapter #II): one frequency
tracking coarse (foraminifera) and one frequency tracking small (coccolithophores) fraction. There is an
equilibrium on long time scales between the two groups, so when the CaCO; AR bulk is increasing, the two groups
are increasing, but not necessarily the same amplitude (e.g. between the Miocene and the Pliocene). We emit the

idea of a stronger influence of the eccentricity changes on the nannoplankton, for example, as an increase of
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eccentricity corresponds to an increase of the mean annual solar insolation at all the latitudes (Goosse, 2015) and
the nannoplankton are doing photosynthesis, and so, might be highly affected by these changes. Furthermore,
some studies are highlighting the high sensitivity of the coccoliths production to eccentricity changes (e.g. Drury
et al., 2021; Beaufort et al., 1997, 2022). The orbitally forced variability within the different time intervals has
changed a lot and is different between the two groups. As the two mains pelagic calcifiers does not seems to be
responding to the same forcing within each time interval, we can expect that if the conditions are drastically
changing, it can affect one of the two groups and not the other, affecting the ocean alkalinity and ocean capacity
to absorb CO, (by biomineralisation processes, Boudreau et al., 2018). When the climate is warmer, we have more
carbonate produced by the two groups, with a response of the coccoliths which seems to be stronger during the
PWP than the MCO. Furthermore, we observe an increase of the relative contribution of the coarse fraction, so if
both the foraminifera and the coccoliths productivity is increasing, the foraminifera productivity seems to be
responding with stronger amplitude, making it relative contribution to the total pelagic carbonate production
higher. So can we expect an increase in the role of the foraminifera in the surface ocean anthropogenic carbon
absorption in the future with warmer climates? Our results are in line with those obtained by Schwab et al. (2013)
and Stolz and Baumann (2010) who find a high coccoliths productivity during the MIS Se, even if during this
interval, the coarse fraction increased that much that there is a relative increase of the foraminifera fraction in the
sediment.

Our results are also aligned with Holbourn et al. (2014) results, with a lower coarse fraction proportion centred in
the MCO interval (corresponding to the lower d'*0 values. It is possible that above a certain temperature threshold
(or CO;, threshold) the response of the carbonate producers’ changes: as the contribution of the coarse fraction is
in phase during the Pliocene and antiphase during the Miocene, we suggest that above a certain temperature (or
more generally, in some extreme environmental condition) the pelagic carbonate production (especially the
planktonic foraminifera) drops. This could be explained as both the planktonic foraminifera and the coccoliths
have temperature and more generally environmental optimal conditions (Beaufort et al., 2011; Schmidt et al.,
2006), and the tropical species are known to highly sensitive to environmental condition changes (Schmidt et al.,

2006).

I11.5 Conclusion

The contribution of those two pelagic carbonate producers has not been constant through the time on orbital time
scale but remains similar on geological time scale between the Miocene and the Pliocene, and from Neogene to
Quaternary outside of the known dissolution intervals of the Quaternary. We observe that the changes in the
contribution of the coarse fraction to the total pelagic carbonate production is following orbital cyclicities:
precession for the Pliocene, obliquity for the Miocene and eccentricity for both. The coarse fraction CaCO; AR is
responding on precession and obliquity and the small fraction CaCOj; AR is responding to eccentricity, so the two
pelagic carbonate calcifiers are responding to different orbital forcing and in a different way. The coccoliths
productivity and foraminifera productivity are not absorbing the same amount of carbon, and are sinking following
different physics (e.g. ballasting effect). In a general context of climate warming, a drastic change of the carbonate
production driven by these two carbonate calcifiers could have an impact on the climate system and ocean capacity
to regulate atmospheric CO, (Boudreau et al., 2018). It remains to be studied whether this is due to calcification

intensity changes (thickness of the shells) or due to a change of species and/or sizes of the particles.
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Abstract

Changes in pelagic carbonate production can have profound effects on ocean alkalinity and thus on the capacity
of the oceans to store dissolved inorganic carbon. Despite the importance of this process for the oceanic carbon
cycle, the drivers of changes in carbonate production in the plankton remain largely unconstrained. Here we use
automated image recognition techniques to dissect a Neogene orbital-scale record of pelagic carbonate
accumulation in the tropical Atlantic (Ceard Rise) into changes of its main components: the flux of planktonic
foraminifera and coccolithophore calcite. We show that for both groups at all orbital frequencies as well as
between the Miocene and Pliocene, the observed variability in pelagic carbonate flux was driven by changes in
population growth. In contrast, the mean size of the calcified skeletons in both groups was negatively correlated
with carbonate accumulation, indicating that the observed variation in pelagic carbonate production represents
shifts between more productive populations made of smaller individuals and less productive populations made of
larger cells. This relationship holds despite different dominant orbital cyclicity in pelagic carbonate production
between the Miocene and Pliocene studied intervals, indicating that it likely represents a general characteristic of
the tropical pelagic carbonate factory. Therefore, we conclude that to predict the capacity of the ocean to store
CO; due to the pelagic component of the process of biological compensation, it is only important to predict the

population growth of the main planktonic calcite biomineralisers.

IV.1 Introduction

The two main pelagic carbonate producers, the planktonic foraminifera and the coccolithophores are producing
more than 2.4 GT carbonate yr' (Milliman, 1993). This carbonate, by sinking to the sea floor with the death of
these pelagic carbonate producers, is stored in the deep ocean, making the ocean the major sink for anthropogenic
carbon. It has been recently shown that a change by only ten percent of this carbonate production would have
large consequences on the capacity of the ocean to absorb CO, (Boudreau et al., 2018).

The pelagic carbonate production is not constant through the time (Lyle et al., 2019; Drury et al., 2021) and the
balance between the two main pelagic carbonate producers (planktonic foraminifera and coccoliths), is changing

with high amplitude on shorter orbital time scales (Si and Rosenthal, 2019). The response of these two groups 1)
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is not linked to each other, 2) isn’t following the same periodicity/not responding to the same forcing (both on
orbital and geological time scale) (Si and Rosenthal, 2019; Chapter #I11).

But very little is known about what makes the pelagic carbonate within these two groups change. For the two
groups, there are two ways of regulating the calcite production: changes of the population growth, which would
be reflected as changes in the flux of skeletal elements, and changes of the average mass of calcite per individual,
which would be reflected by changes in mean size and/or mean weight of the skeletal elements. Kiss et al. (2021)
studied the drivers of the planktonic foraminifera CaCOj; production changes and found out that this is mainly the
number of shell flux which is determining the quantity of CaCOj; produced by this group, rather than their
taxonomy or sizes. Other studies like Guidi et al., (2009) are emphasising the importance of the size or the
calcification of individual specimens in the regulation of pelagic carbonate flux. Finally, Barker and Elderfield
(2002) are proposing the shell weight of foraminifera shells to be an important process to take into account in
estimation of future marine carbonate production in the future changing CO, world. In the case of the coccoliths,
there are several minutes plates of calcite per coccosphere (cell). We will here concentrate on the coccoliths rather
than the coccospheres, because this is what we find in the marine sediment (finding coccosphere remains a very
rare event). Additionally, for the purpose of this study, the fact that the amount of coccoliths (and so the amount
of calcite produced) found belongs to many cells containing few coccoliths or fewer cells containing more
coccoliths does not influence the direction of our conclusion about the amount of calcite produced by these
organisms. Furthermore, the relationship between the coccosphere size and the number of coccoliths on it (and
their sizes) does not seems to be that simple. Some studies have found an increase of the thickness of the coccoliths
and more circular shapes with the increase of their sizes added to a relatively constant number of coccoliths per
cells for the Cenozoic species (Henderiks, 2008), which is today a discussed statement. Indeed, Yang and Wei,
(2003) found a number of coccoliths per coccosphere changing with the division cycles of the cells and with the
nutrient availability with a non-negligible intraspecific variability. Sheward et al., (2017) found variable
coccosphere sizes and variable number of coccoliths per coccosphere depending on the growth phase of the
organisms (species-specific), itself related to the nutrient availability, with a shift towards larger cells and higher
number of coccoliths per cells in nutrient depleted conditions. A relationship between how well formed are the
coccoliths and coccospheres sizes with their environment has also being highlighted by De Bodt et al. (2010),
finding an influence of the pCO, (but not temperature) on their well-formation, but no influences on morphology,
cell size or calcite production. They are stating that the strongest parameter influencing the coccoliths calcification
will be the ocean acidification rather than the warming of the surface ocean. Suchéras-Marx et al., (2022) are
concluding on the poorly reproductible size distribution of empirical coccoliths populations using models,
underlying that unknown other factors might influence it, and state that the comparison between coccoliths sizes
and cell sizes is to be taken carefully and only concern the time of formation of a coccolith. It has been shown that
independently from temperature, there is a link between the taxonomy of calcifiers groups in the photic zone, the
size of the exported particles and the particles flux (Laws et al., 2000; Guidi et al., 2009, 2015). Some others find
a decrease of phytoplankton size and degree of calcification in the open equatorial oceans through the Neogene
and do not necessarily co-vary with oceanic structure changes and palacoproductivity, with a possible link with
the decrease of pCO, and alkalinity (Suchéras-Marx et al., 2019; Bolton et al., 2016; Hannisdal et al., 2012;
Beaufort et al., 2011; Henderiks, 2008; Jones et al., 2013; Iglesias-Rodriguez et al., 2008; von Dassow et al., 2018;

Zondervan, 2007). Previous studies did not find a link between the foraminifera shell masses changes and the
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atmospheric pCO, modulations but with the latitude, with the hypothesis that at the equator, the oceanic conditions
are more stable through the G-1G cycles than at high latitudes (Zarkogiannis et al., 2019). Concerning variability
of the sizes of the foraminifera shells at low latitude, Schmidt et al. (2004) found moderate size fluctuations until
14 Ma and high size increase from the mid Miocene to present, with increase phases corresponding to global
cooling events, coherent with what have been found by Todd et al., (2020). The weight of foraminifera shells has
been shown to vary following environmental conditions changes (Spero et al., 1997). Barker et al. (2006)
suggested that the increase of pelagic carbonate production, with possible link to nannoplankton bloom may be
the source of increase of foraminifera shells dissolution, and so a decrease of their weight. We here focus our
work on two Neogene warm periods: the MIS KMS5 and the MCO, known to be possible analogues for predicted
warm values (Ravelo et al., 2004; Pound et al., 2012; You et al., 2009; Foster et al., 2012; Zachos et al., 2008).
We decided to work on equatorial latitude to avoid large temperature changes characteristics from the polar
regions (Herbert et al., 2016) to be driving the observed signals. We have made the choice to work in the tropical

Atlantic Ocean, Ceara Rise.

IV.2 Material and Methods

This study is based on material collected on Ocean drilling program (ODP) Leg 154, Site 927, Ceara Rise, Western
Tropical Atlantic Ocean (5°27.77'N, 44°28.84'W) 3315 mbsl, above the regional lysocline (4200 mbsl, Frenz et
al., 2006; Curry et al., 1995; Cullen and Curry, 1997) so the observed results are not impacted by dissolution
(Brummer and van Eijden, 1992; Liebrand et al., 2016) and the sedimentation rate at this site makes high resolution
studies possible. The tropical location reduces the impact of high latitude climate change and important
temperature changes on short time scales as well as on long geological time scales. The sampling, described in
Chapter #II, has been done in order to make observations on the two proxies on the same samples, so the timings
and potential lags between the response of the two proxies are independent from possible sampling or age model
bias. We have a total of 72 samples for the MIS KM5 and 50 samples for the MCO. We are here working with
the high resolution tuned age model presented in Chapter #I1

1V.2.1 Coccoliths

The coccoliths samples have been prepared following the protocol of Beaufort et al. (2014) modified as described
in Chapter #III. We used SYRACO automated microscope pictures at analysed polarised light to assess the
morphometric data of coccoliths (Beaufort et al., 2014; Beaufort and Dollfus, 2004, Aix-Marseille University),
and here we made the choice to specifically work with the maxima diameter of the specimens observed. Between
50 and 604 field of views (FOV) has been used (between 1268 and 79684 specimens counted and measured). We
obtain as an output the mean size per recognised species or group of species, from which we calculate a median

value per sample.

112



Chapter IV. Population growth of foraminifera and coccolithophores, rather than changes in individual
calcification, drove variations of Neogene pelagic carbonate production in tropical Ocean.

1V.2.ii Planktonic foraminifera

> 63 ym poured Composite picture Picture analyses

For each particle:

- max. Diameter ., Export datg tablgs for Calculation of median
Min. Diameter each compiled picture value for each sample
- Perimeter

Figure 1. Shematic description of the protocol used for taking pictures and analysing them using the Keyence
device. a) Picture taken using the Keyence before to remove the foraminifera fragments. Examples of what is
considered as a fragment (and zoom on it) in the red squares. b) Picture taken using the Keyence, after the
fragments have been removed. ¢) Analyses of the particles on the picture taken using the Keyence: the red areas
are corresponding to the particles recognised by the Keyence, from which the data are extracted. The three

following steps are data processing to assess the final results presented in this study.

The samples are washed and sieved at 63 pm (it has been shown that there is not significant fragments number
below 63 um produced by the the foraminifera dissolution, Chiu and Broecker, 2008). The foraminifera analyses
are processed using the Keyence device and software (Bremen University, Figure 1). The coarse fraction is splitted
to work with a reasonable amount of material and of particles, around 10 mg (corresponding empirically to the
amount of sediment to process the analysis in a reasonable amount of time and have a significant number of
specimens). Because none of the foraminifera slides were corresponding to my need, I developed new slides to
process the analysis, by painting large binocular reference slides in dark blue for a high contrast with the
foraminifera shells (Figure 1). The coarse material is distributed on three to six slides. In order to have optimal
pictures, the particles are homogeneously distributed by hand on the slide, in a way that they are neither touching
each other, nor touching the edges of the slides. All the -foraminifera- fragments are removed and counted from
those slides to work with only the whole foraminifera. Then, calibrated pictures are taken with the automated
Keyence binocular software at 100 magnification (each individual picture is 1600 by 1200 pxI and these individual

pictures are compiled to have 1 big compiled picture per half a foraminifera slide. From those pictures, we can
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extract morphometric data for every specimen, from which median values and ratios can be calculated. Between

500 and 4240 foraminifera specimens have been measured per sample.

I'V.2.iii Proxies for both planktonic foraminifera and coccolithophores

From these morphometric analyses, we can derive the same calculation and proxies for both the foraminifera and
the coccoliths for comparable results, and to evaluate the response of the two proxies using an equivalent approach.
For the purpose of this study we have made the choice to work with the maximal diameter parameter, and the final
value given for each sample is the median of all the measurements for this sample. Knowing the number of
foraminifera and the split of the coarse fraction we worked on, we can assess the number of specimens for 1 g of
bulk sediment (BS). With the dry bulk density (DBD) and the sedimentation rate (SR) (paper 1), we calculate the
number of Whole Foraminifera (WF) accumulation rate (AR) as: number WF for 1g BS x DBD x SR. The same
calculation has been done for the coccoliths, with the number of coccoliths for 1 g sediment (< 32 pm). The

carbonate accumulation rate (CaCOs3; AR) values are known from Chapters #11 and #II1.

IV.2.iv Spectral analysis

We observe cyclicities in our newly generated data, and in order to understand what are the dominant cyclicities
in our records, we first ran Wavelet transform analysis (WaveletComp 1.1 package on R, Roesch and
Schmidbauer, 2018) using R (4.1.2., R Core Team, 2021). To understand what are the relationships between these
cyclicities and the actual orbital cyclicities, we ran cross Blackman Tukey spectral analysis, with the actual E+T-
P signal (Laskar et al., 2004) (containing all the three orbital signals), using Analyseries software 2.0 (Paillard et
al., 1996).
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IV.3 results
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Figure 2. a) E+T-P record (Laskar et al., 2004); b) Number of specimens accumulation rate; c) Median size of
the specimens and d) carbonate accumulation rate. All for both the MIS KMS5 (light shade) and MCO (dark shades)
for both the coccoliths (blue) and the foraminifera (black).

The CaCOj; AR of both size fractions is highly variable at orbital time scale, and increasing from the Miocene to
the Pliocene (Figure 2). If we now look at the sizes of the organisms, we do observe a high orbital scale variability

too, for both the planktonic foraminifera and the coccoliths. The values of the maximum diameter for the
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planktonic foraminifera are ranging between 110 um for the smallest and 196.5 pm for the largest during the
Pliocene, and between 114 pm for the smallest and 227 um for the largest for the Miocene. Concerning the
coccoliths, their size is ranging between 3.74 um for the smallest and 4.21 pum for the largest during the Pliocene,
and between 3.56 pm for the smallest and 5.12 pum for the largest for the Miocene. The number of particles counted
is also highly variable on orbital time scale, and for both the planktonic foraminifera and the coccoliths and the
number of particles for the both groups seems to co-vary. The number of WF AR varies between 2.8x10* and
3.2x10° for the Pliocene and between 1.5x10* and 1.9x10° for the Miocene. Concerning the number of coccoliths
AR, it varies between 3.4x10'" and 2.7x10"" for the Pliocene and between 9.8x10° and 6.8x10' for the Miocene.
On a long geological time scale, there is a decrease of the size and an increase of the number of specimens from
the Miocene to the Pliocene. We do observe an overall higher variability of the sizes during the Pliocene than
during the Miocene and a higher -variability of the number of specimens during the Pliocene than during the
Miocene. All these observations seem to be without lags, neither between the two groups nor between the pelagic

calcifiers and the orbital forcing (represented by the E+T-P).
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Figure 3. Correlation between a) the size of the WF and the CaCO; AR >63 um; b) the size of the coccoliths and
the CaCO3;AR <32 um; c¢) The number of WF AR and the CaCO3; AR >63 um and d) the number of coccoliths
AR and the CaCOj; AR <32 pm. The power regression curves and r” are given for all. All for both the MIS KM5

(light shade) and MCO (dark shades) for both the coccoliths (blue) and the foraminifera (black).
There is no correlation between the MD and the CaCO; AR >63 pm for the two periods of interest (Figure 3b), so
the changes of size of the WF is not the principal factor influencing the observed changes in CaCO; AR >63 pum.

The same is observed for the coccoliths sizes and the <32 uym CaCO; AR
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Figure 4. Correlation between a) the size of the WF and the number of WF AR and b) the size of coccoliths and
the number of coccoliths AR. The power regression curves and r* are given for all. All for both the MIS KM5

(light shade) and MCO (dark shades) for both the coccoliths (blue) and the foraminifera (black).

We observe a (weak) negative (power) correlation so there is a trend towards a decrease of the size with the
increase of number (with possibly absolutely no links between those two parameters at all) for the two proxies
and for the two intervals (Figure 4). Furthermore, there is a correlation between the number WF AR and the
CaCO; AR >63 um (Figure 3¢) (r* = 0.44) and between the number of coccoliths AR and the CaCO5 AR <32 pm
(= 0.58). By opposition, there is no link (or a weak negative trend) between the size of the specimens and the
CaCO; AR for none of the proxies nor the time period, so the CaCO3 AR of the respective fractions is linked to

changes due to the change of the number of specimens more than their sizes.
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Figure 5. Correlation between a) the min. D. / max. D. and the CaCO3; AR >63 and b) the perim. / max. D. and
the CaCO;AR >63. All for both the MIS KMS5 (light shade) and MCO (dark shades).

There is no significant relationship between the shape indexes of planktonic foraminifera and the CaCO; AR >63
pm but on Figure 5 we can see a light relationship between the perim. / max D and the CaCO3; AR >63 pum (the
higher CaCO; AR >63 pm the more lobate) but very weak (low r*). This makes sense as the higher the index, the
more lobate are the shells and highly lobate shells are more calcified. It seems that the high variability of the data
(highly noisy signal) makes it difficult to observe a good correlation. It also looks that the higher the min. D. /
max. D. the higher the CaCO; AR >63 pum (the higher CaCO; AR >63 pum the more round are the planktonic
foraminifera shells).

There is no link between the min. D. / max. D. ratio and the size, neither or the Pliocene, nor the Miocene
(r*=0.092): the elongation/roundness is not changing with the size. There is a link between the perim. / max. D.
ratio (positive correlation, significant, r* = 0.42): “how lobate” so “how calcified they are” normalised to the size
is size dependent: the bigger they are the more lobate they are: how heavily calcified the foraminifera is increasing
exponentially: there is more calcite because they are bigger but additionally because they are more lobate. This is
also tracking that the increase of size isn’t only a change of the size of specimens within one species, but a
taxonomic change toward different, bigger species. We observe similar values and trends for both the Pliocene
and the Miocene.

As we know that there is a strong orbital imprint in the palaeoclimatic record in the equatorial Atlantic (Pilike et
al., 2006) and that the pelagic calcifiers at low latitude are strongly influenced by the orbital cycles (Beaufort et
al., 1997), we investigated the periodicity we have in all our records, and their relationship with the actual orbital

cycles.
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Figure 6. Table of the Spectral analyses. (all the figures are either in the previous papers, or in supplements at the
end of the draft of this one), SA are run using wavelet transform method on R (Roesch and Schmidbauer, 2018;

R Core Team, 2021), coherence spectra are run using cross Blackman-Tukey on Analyseries (Paillard et al., 1996).

We observe that most of the observations made on carbonate production during the Pliocene are responding to
both the eccentricity and the precession (with the possibility that the eccentricity in the spectral analyses reflects
a multiple of the precession paced signal). Which is surprising, as the main climate signal during this time interval
is the obliquity (41 ka) (Lisiecki and Raymo, 2005). This is for both the coccoliths and the PF, even if we observe
a trend in all the records concerning the coccoliths to answer at obliquity (41 ka periodicity). During the MCO,
we observe that most of our records are eccentricity and obliquity paced, so this time, only partially responding
to the climate tracking (Holbourn et al., 2007). If we now have a look to the actual climate E+T-P (tracking
eccentricity, obliquity and precession) we observe that the MD of WF is significantly coherent with the precession
during the MIS KM35 and significantly coherent with the eccentricity during the MCO both antiphased (the higher
the E+T-P, the smaller the WF). If we now look at the number WF AR coherence with the E+T-P, we observe a
significant coherence at obliquity and precession periodicities during the MIS KMS5, both in phase (the higher the
E+T-P, the higher the number of WF flux). During the MCO, the number WF AR is coherent with E+T-P at
eccentricity and obliquity periodicities, both antiphased (the higher the E+T-P, the lower the number WF flux).
This means that there is a different response of the WF productivity between the Miocene and the Pliocene, and
it is very likely that something has changed in the way they answer to the climate forcing between these two time

intervals.
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IV.4 Discussion

We observe an increase of pelagic carbonate production from the MCO to the MIS KMS5, and follow the orbital
periodicities within each time interval (without lags). When the total pelagic carbonate production is increasing it
is because the pelagic carbonate production within the two groups is increasing, but not the same amplitude (at
the origin of the variability of the relative contribution of the two groups to the total pelagic carbonate production
through the time). The changes in foraminifera AR are not driven by the changes of sizes but by the changes of
their number (they even are smaller), this states contrary results that what has been found by previous work (Guidi
et al., 2009). This can be explained by a shift towards at least first order planktic foram patterns where eutrophic
areas are dominated by smaller more opportunistic taxa with different life strategy. We do observe the same
correlation for the small fraction, with an increase of carbonate accumulation rate of the small fraction well
correlated to the increase of the coccoliths number. The presence of a higher number of particles AR during the
Pliocene than during the Miocene is at the origin of the higher CaCO; AR for the two size classes but also of the
bulk CaCO; AR (Chapters #II and #III). This observation is in line with what has been seen in the current
carbonate fluxes to the deep ocean (Kiss et al., 2021), with a carbonate production driven by the number of shells
rather than their weight or sizes.

The contribution of the coarse fraction to the bulk is increasing with the increase of CaCO3; AR bulk, following
the E+T-P and independently of the phase relationship with the E+T-P (in phase during the Pliocene and
antiphased during the Miocene, Chapters #II and #III). Our results are coherent with what have been found by
Suchéras-Marx et al. (2019) and Bolton et al. (2016), stating a decrease of the coccoliths sizes from the Neogene
to present in equatorial oceans. Furthermore, we observe a similar trend for the planktonic foraminifera, which
tends to be the opposite direction compared to what has been found by Schmidt et al. (2004). On another hand,
we join their conclusion concerning the size increase we observe during the cooling intervals. Furthermore, we
did not find either a co-variance between the sizes of these both pelagic carbonate calcifiers and the oceanic
structure changes, following the orbital cycles - between and within the two time intervals -, which seems to be
forced by another parameter. Our results are also questioning the conclusions by Barker and Elderfield (2002)
because if they have linked the increase of pelagic carbonate production to the weight of the foraminifera shells,
this does not seem to be the main factor controlling it at all, and it seems to be more their number than their weight
to be driving the changes in pelagic carbonate production, on both time scales and both for the Miocene and the
Pliocene.

The observation of a CaCO3; AR and number WF AR following the E+T-P for both the Pliocene and Miocene
(Figure 6, coherence with E+T-P) is underlying that the number of specimens is driving the total CaCO; AR by
increasing both the planktonic foraminifera and the coccoliths production -not the same order of amplitude-
(Chapter #III) and this is following the changes in ocean conditions, directly driven by the orbital periodicities,
more than the global climate and ice volume itself. Specifically, for the coccoliths, the changes observed in the
flux are so large that it cannot be only an increase of the number of coccoliths per coccosphere, so we propose
that the number of coccosphere might have increase too for these intervals, very likely due to favourable
environmental conditions (i.e. upwellings, nutrient delivery, light, pCO, and temperature). For both the planktonic
foraminifera and the coccoliths, the size or the taxonomy doesn’t seem to be the major component of the changes
in pelagic carbonate production. The size and the number of specimens AR do not seem to co-vary, but we showed

a trend to a decrease of the size with the increase of number (without explaining 100 % of the size variability).
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This trend is more visible for the coccoliths than for the planktonic foraminifera, so apparently the size and number
of coccoliths are more independent than the size and number of planktonic foraminifera (might be because for the
foraminifera the variability is higher and the shape is changing more than coccoliths?). If the planktonic
foraminifera taxonomy was already expected to be changing between the Pliocene and the Miocene, our shape
indexes indicate that it is also changing within the time interval, with fluctuations of how elongated and lobate
they are. This shows that not only their number and sizes are changing, but also the species assemblages.

The orbital cyclicities are found in all our records, for both the planktonic foraminifera and the coccoliths and
both for the MIS KM5 and the MCO. But if we looked more in detail, the periodicities are different between

Miocene and Pliocene and are not always the same for planktonic foraminifera and coccoliths.

IV.5 Conclusion

We aimed to understand the drivers of changes in carbonate production within the two main pelagic carbonate
producers (planktonic foraminifera and coccoliths), the timings of it and their orbital scale variability. To do so,
we used automated microscopy and image recognition on orbitally resolved samples from two warm periods: the
Pliocene warm period and the Miocene climatic optimum, in the tropical Atlantic Ocean (Ceara Rise). For those
two time intervals, and for both the planktonic foraminifera and the coccoliths, the specimens were counted and
measured, and spectral analysis have been run on all the records we obtained, to 1) identify the main periodicities
in it, and 2) identify the relationship between these periodicities and the actual orbital parameters signal.

We here highlighted that the changes of pelagic carbonate production, following the orbital changes more than
the global climate state itself (without lags) is explained by an increase of the number of specimens for the two
periods of interest. At both orbital time scales and between the Miocene and the Pliocene, carbonate production
is driven by population growth rather than changes of size or taxonomy, and we even found a reverse relationship
with a shift towards smaller specimens when the CaCO; production increases. This relationship is valid even with
different dominant orbital cyclicity in pelagic carbonate production between the Miocene and Pliocene and for
both pelagic carbonate producers, so it is very likely to be a general characteristic of the pelagic carbonate
production in the tropical oceans. We observe an increase of CaCO3; AR with the increase of E+T-P, with higher
amplitude changes of the foraminifera productivity than the coccoliths, explaining the modulation of their relative
contribution to the total carbonate production (also explaining the higher relative contribution of the coccoliths
during the low E+T-P -cooler- time intervals. So, with the warming and the orbital forcing, there is an increase of
both fractions’ productivity, but with different conditions of the different intervals, this increase is stronger for
one fraction than the other, with a dominance of the coarse fraction during the most recent time intervals. On long
geological time scale, from the warm Miocene (+3 to 8°C compared to actual temperature and a pCO, peaking
between 460 and 564 ppm) to cooler Pliocene (+2 to 3°C compared to actual temperature and a pCO, between
330 and 425 ppm), we observe a decrease of the sizes and an increase of the number of specimens (and increase
of the CaCO; AR). This makes sense, logical, as if we well have warm intervals, and a warming on orbital time
scale, we do have a cooling from Miocene to Quaternary on geological time scale. Additionally, the relationship
between the number of specimens and their sizes (the higher the number of specimens AR, the smaller) is logical.
Indeed, this, added to the light shift toward more round and more lobate specimens we observed for the planktonic
foraminifera, is very likely to reflect compositional changes at species level, with differently calcified taxa causing

the differences in CaCO3; AR.
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With the conditions changing and current global warming, we can expect even higher productivity in the future,
particularly for the foraminifera fraction, which could have a drastic impact on the ocean chemistry and capacity
of the ocean to absorb (anthropogenic) CO, (Boudreau et al., 2018). Increasing the carbonate production and so
the CO, uptake and export to the deep ocean would have two opposite effects: reduce the ions concentration in
the seawater and so increase the carbonate dissolution and via the carbonate counter pump, having a positive
feedback on the CO, release. In order to evaluate the influence of biological compensation on the future capacity
of the ocean to stock CO,, it is important to estimate the population growth of the two main pelagic carbonate
producers.

The question remains about the taxonomic evolutions of both the planktonic foraminifera and the coccolithophores
in this context, to see if the observed changes are due to changes of number of specimens with species remaining
the same or if the species assemblage is changing as well (or maybe both?) for the two groups on orbital time

scales.

IV.6 Data availability
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Figure S1. a) Minimum diameter / maximum diameter of the whole foraminifera versus their maximum diameter

(size); b) Perimeter / maximum diameter of the whole foraminifera versus their maximum diameter (size).
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Figure S3. CBT coherence of the total CaCO; AR with ETP for the Pliocene and the Miocene. The vertical lines
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for both the Pliocene and the Miocene. The horizontal line corresponds to the non-zero coherence at a significance
level of 90 %.
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Figure S4. CBT Phase of the total CaCO; AR with ETP for the Pliocene and the Miocene. The vertical lines

correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka (precession) periodicities,
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Figure S5. CBT coherence of the contribution of the coarse fraction (>63 um) to the total CaCO; AR with ETP
for the Pliocene and the Miocene. The vertical lines correspond (from left to right) to the 100 ka (eccentricity), 41
ka (obliquity) and 21 ka (precession) periodicities, for both the Pliocene and the Miocene. The horizontal line

corresponds to the non-zero coherence at a significance level of 90 %.
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Figure S6. CBT phase of the contribution of the coarse fraction (>63 um) to the total CaCO; AR with ETP for
the Pliocene and the Miocene. The vertical lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka
(obliquity) and 21 ka (precession) periodicities, for both the Pliocene and the Miocene.
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Figure S7. CBT coherence of the coarse fraction (>63 pm) CaCO3; AR with ETP for the Pliocene and the Miocene.
The vertical lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka

(precession) periodicities, for both the Pliocene and the Miocene. The horizontal line corresponds to the non-zero

coherence at a significance level of 90 %.
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Figure S8. CBT phase of the coarse fraction (>63 pm) CaCO; AR with ETP for the Pliocene and the Miocene.
The vertical lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka

(precession) periodicities, for both the Pliocene and the Miocene.
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Figure S9. WT analysis of the maximum diameter of the WF for the Pliocene and the Miocene
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Figure S10. CBT coherence of the maximum diameter of the WF with ETP for the Pliocene and the Miocene.
The vertical lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka
(precession) periodicities, for both the Pliocene and the Miocene. The horizontal line corresponds to the non-zero

coherence at a significance level of 90 %.
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Figure S11. CBT phase of the maximum diameter of the WF with ETP for the Pliocene and the Miocene. The

vertical lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka (precession)
periodicities, for both the Pliocene and the Miocene.
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Figure S12. WT analysis of the number of WF AR for the Pliocene and the Miocene
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Figure S13. CBT coherence of the number of WF AR with ETP for the Pliocene and the Miocene. The vertical
lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka (precession)

periodicities, for both the Pliocene and the Miocene. The horizontal line corresponds to the non-zero coherence
at a significance level of 90 %.
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Figure S14. CBT phase of the number of WF AR with ETP for the Pliocene and the Miocene. The vertical lines

correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka (precession) periodicities,
for both the Pliocene and the Miocene.
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Figure S15. WT analysis of the minimum diameter / maximum diameter of WF for the Pliocene and the Miocene
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Figure S16. CBT coherence of the minimum diameter / maximum diameter of WF with ETP for the Pliocene and
the Miocene. The vertical lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and

21 ka (precession) periodicities, for both the Pliocene and the Miocene. The horizontal line corresponds to the

non-zero coherence at a significance level of 90 %.
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Figure S17. CBT phase of the minimum diameter / maximum diameter of WF with ETP for the Pliocene and the

Miocene. The vertical lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21

ka (precession) periodicities, for both the Pliocene and the Miocene.
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Figure S18. WT analysis of the perimeter / maximum diameter of WF for the Pliocene and the Miocene
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Figure S19. CBT coherence of the perimeter / maximum diameter of WF with ETP for the Pliocene and the
Miocene. The vertical lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21

ka (precession) periodicities, for both the Pliocene and the Miocene. The horizontal line corresponds to the non-

zero coherence at a significance level of 90 %.

’ : . rl i
4 — i : | : f jooH poo A
| || | i ~ .._. | | | II'| \ ey )
R I NN R i ”/ N\
o “Al ;N ' B -1
LE i 1 .- " / i '. N = J".'/qll 'II l'f- ™ \‘\ II
% 0 'y NN L v IR F
N | A B 1 g /; 1 ” \ |'
E -2 — ..r.. ...|...| \‘_" I-.. I/\\ ) II. R
= T I. 1" e l". f | £ K‘ ! | ) l/'l
o / A T : 1 ' AN —~
-6 — v
—8 T T T T T T T T | T T T T T T T T I T
0 01 0 0.05
Frequency (MIS KM5) Frequency (MCO)

Figure S20. CBT phase of the perimeter / maximum diameter of WF with ETP for the Pliocene and the Miocene.

The vertical lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka

(precession) periodicities, for both the Pliocene and the Miocene.
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Figure S21. CBT coherence of the small fraction (<63 um) CaCO; AR with ETP for the Pliocene and the Miocene.
The vertical lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka

(precession) periodicities, for both the Pliocene and the Miocene. The horizontal line corresponds to the non-zero
coherence at a significance level of 90 %.
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Figure S22. CBT phase of the small fraction (<63 um) CaCO; AR with ETP for the Pliocene and the Miocene.
The vertical lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka

(precession) periodicities, for both the Pliocene and the Miocene.
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Figure S23. CBT coherence of the small fraction (<32 um) CaCO; AR with ETP for the Pliocene and the Miocene.
The vertical lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka
(precession) periodicities, for both the Pliocene and the Miocene. The horizontal line corresponds to the non-zero

coherence at a significance level of 90 %.
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Figure S24. CBT phase of the small fraction (<32 um) CaCO; AR with ETP for the Pliocene and the Miocene.

The vertical lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka

(precession) periodicities, for both the Pliocene and the Miocene.
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Figure S26. CBT coherence of the size of the coccoliths with ETP for the Pliocene and the Miocene. The vertical

lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka (precession)

periodicities, for both the Pliocene and the Miocene. The horizontal line corresponds to the non-zero coherence

at a significance level of 90 %.
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Figure S27. CBT phase of the size of the coccoliths with ETP for the Pliocene and the Miocene. The vertical lines
correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka (precession) periodicities,

for both the Pliocene and the Miocene.
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Figure S29. CBT coherence of the number of coccoliths AR with ETP for the Pliocene and the Miocene. The
vertical lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka (precession)
periodicities, for both the Pliocene and the Miocene. The horizontal line corresponds to the non-zero coherence

at a significance level of 90 %.
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Figure S30. CBT phase of the number of coccoliths AR with ETP for the Pliocene and the Miocene. The vertical
lines correspond (from left to right) to the 100 ka (eccentricity), 41 ka (obliquity) and 21 ka (precession)

periodicities, for both the Pliocene and the Miocene.
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Chapter V. Extended discussion

V.1. Carbonate preservation and single site location

As mentioned by several studies (e.g. Curry et al., 1995; Groger et al., 2003a, b), the Site 927 carbonate is well
preserved, especially during the studied intervals, except during the cold intervals of the Quaternary (I1.4.1).

At the Site 927, we observe very low values of carbonate content and AR only during the cold intervals of the
Quaternary, as the corrosive AABW started to flow at Ceara Rise location at the initiation of the NHG (Liebrand
et al., 2016; Harris et al., 1997).

The fragmentation index is not correlated at all with the CaCO; AR in the sediment for the Pliocene and Miocene
(IL.8. Figure S1), which confirms the absence of dissolution in these intervals. Additionally, the Site 927 remains
above the lysocline depth since the Early Miocene except during the Quaternary cold intervals, preventing
dissolution at that depth (Curry et al., 1995; Paul et al., 2000; Groger et al., 2003a, b). All these observations
confirm that the Site 927 sediments of the four time intervals studied are not affected by dissolution, except
episodically during the cold intervals of the Quaternary, so the observed CaCO; ARs are not driven by dissolution,
but by carbonate production. Thanks to the high resolution of this record, the tuned age model (II.3.ii), and the
well-preserved carbonate, the core 927 represents a good archive to study the pelagic carbonate production
changes at low latitude and orbital modulation of it through the Cenozoic and Quaternary.

By working on single site location, I make sure to avoid possible shift in the temporality of the observation I made.
In fact, as I am studying the timings, relationship and direction of the response of both the planktonic foraminifera
and the coccoliths, doing my analysis on the same samples preserves me from eventual offset due to age models
uncertainty between two sediment cores. Furthermore, I am sure all my organisms were exposed to exactly the
same conditions changes, even if they are really local, so the results I obtain are not because some organisms were
exposed to slightly different conditions. the disavowal of very localised obsarvation can subsequently be countered

by repeating the analyses in different places (see Chapter #V1.2.).

V.2. Bulk carbonate accumulation rate and climate warming

The new high-resolution record obtained for Site 927, equatorial Atlantic Ocean reveals a variability on long
geological and an even higher variability on a shorter orbital time scale (Chapter #I1). Like Sutherland et al. (2022),
we do not find any strong relationship between CO, changes and the observed variability in the pelagic carbonate
production on geological time scale. Indeed, the four chosen time intervals studied are presenting very different
pCO, values and the pelagic carbonate production values do not seem to be correlated to it at all. Furthermore,
the highest amplitude of changes in the values are within the time intervals, which is not the time scale with the
highest pCO, changes (which is between the time intervals). We admit that multiple factors might play a role, as
on geological time scales, it is not the warmer time intervals that are showing the highest pelagic carbonate
production values (we found lower CaCO3; AR values during the MIS KMS5 even if this interval was colder than
the MCO), also suggested by Bolton et al. (2016), (e.g. alkalinity) might be playing a role on the calcification
processes of the pelagic calcifiers. I suggest that the high orbital scale variability of the pelagic carbonate
production may reflect regional environmental and climate variability in light, temperature or nutrient delivery

rather than global climate and environmental modulations.
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Knowing that the two main pelagic calcifiers are the planktonic foraminifera and the coccolithophores and that
their relative contribution is important to take in account for understanding the processes behind the changes in
pelagic carbonate productivity, as they are two different organisms and may react differently to the orbital and sea
surface condition changes due to their different ecological preferences, we separated the CaCO; AR bulk in

different size classes and observed their relative contribution to the total pelagic CaCO; AR.

V.3. Coccoliths and foraminifera carbonate production, a different response

during the Cenozoic warm stages

Focusing on the warming intervals of the Cenozoic (the MIS KMS5 and MCO), we have shown a different response
of the two mains pelagic calcifiers and also, a different relative contribution to the total pelagic carbonate flux
through the time and at different time scales (Chapter #III). This response of the pelagic carbonate calcifiers to
the orbital forcing differs as well depending on the time interval. On long, geological time scale, the relative
contribution of the two main pelagic carbonate calcifiers (planktonic foraminifera and coccolithophores) to the
total pelagic carbonate production remains relatively constant, but on shorter orbital time scale (within the
different studied time intervals), we observe a high variability of their relative contribution, which is in line with
the results of Si and Rosenthal (2019). The CaCO; AR in the two size fractions are highly variable on orbital time
scale, showing a strong response to the parameters changing at that same pace. The total CaCO; AR increases are
due to an increase of both the coccoliths and the planktonic foraminifera production, but not in the same amplitude,
making their relative contribution to the total pelagic carbonate flux change. This relative contribution of the two
main pelagic carbonate producers record has a strong orbital imprint, suggesting a different response of the
planktonic foraminifera and coccoliths to sea surface condition changes, coherent with the main results of Si and
Rosenthal (2019), following the orbital parameters modulations. Indeed, as the CaCO; AR bulk increases, the
contribution of the coarse fraction to the total pelagic carbonate production is increasing, following the actual
E+T-P variability (in phase during the Pliocene and antiphase during the Miocene). Our results are in line with
those from Si and Rosenthal (2019), with an increase of the coarse fraction relative contribution to the total from
the Miocene to the Quaternary, but within the time intervals, the relative contribution of the two main pelagic
carbonate producers is not following the same main orbital cyclicity, underlying a different mechanism behind
their productivity changes. Additionally, the phase relationship between the coarse fraction contribution to the
total pelagic carbonate production and the total CaCOj; AR is changing from antiphased during the Miocene to in-
phase during the Pliocene.

For both the Pliocene and the Miocene, it seems that it is the less than 63 pm size fraction which is driving the
total CaCO3 AR changes, coherent with what have been found by previously published studies (Si and Rosenthal,
2019; Drury et al., 2021). This changes in relative contribution of the planktonic foraminifera and coccoliths, even
if changing with a strong orbital imprint, is not explaining the changes in the total CaCO3; AR, so the proportion
of the different pelagic calcifiers is not driving the carbonate flux changes. The contribution of the coarse fraction
to the total pelagic carbonate production is in phase with the E+T-P during the Pliocene and in antiphase during
the Miocene (as it is as well for the total CaCO3 AR).

One of the possible explanations of the differences I observe in the different records depending on the period is

the different sensitivity between Miocene and Pliocene. This difference might be due to different oceanic

143



Chapter V. Extended discussion.

conditions, as for example, the closure of the Panama Isthmus between the Miocene and the Pliocene (chapter
#I.1.11). This caused a decrease of the water exchanges between the Atlantic and the Pacific Ocean and an
enhancement of the AMOC and likely played a role in the NADW initiation (Lunt et al., 2008, 2007; Lear et al.,
2003).

The carbon supply controls the coccolithophores growth rates, cell size and the utilisation of carbon for
calcification and photosynthesis, and this in different ways depending on the different coccolithophores species,
and these became more and more important as the pCO, decreases through the Neogene (Hermoso, 2016;
Hermoso et al., 2016). As coccolithophores are photosynthetic organisms, they need light to live and their
calcification is also dependent on the light supply, with a decreasing calcification with increasing pCO, under
high light conditions, and no calcification changes with pCO, changes under low light conditions (Zondervan,
2007).

The values we find for the coarse fraction contribution to the bulk (about 20 to 30 %) are overall in line with what
have been found by previously published studies (Si and Rosenthal, 2019; Drury et al., 2021). Indeed, the
planktonic foraminifera contribution to the total carbonate flux has been estimated between 23 and 56 % (Schiebel,
2002).

Due to the fact that the two main pelagic carbonate calcifiers are responding differently to the changes, we can
hypothesise that with the current climate change and drastically changing conditions, the two groups could
respond differently in the future as well, modifying the ocean capacity to absorb CO, (Boudreau et al., 2018).
Modelisation of increased atmospheric pCO, are already suggesting a decrease of planktonic foraminifera biomass
and flux at low latitudes around 10% by 2050 and about 14 % to 18 % by 2100 (but increased flux at high
latitudes), reducing the carbonate pump and therefore, contributing to a rising atmospheric pCO, (Grigoratou et

al., 2022).

V.4. The mechanisms of variability in carbonate flux by coccoliths and

foraminifera

We observe a similar response of the planktonic foraminifera and coccoliths to the warming and sea surface
condition changes. But as we have a strong orbital imprint in the total CaCO; AR, especially during the Pliocene
and Miocene, and with a different phase relationship, the reasons behind the changes of their productivity must
be different between the Pliocene and the Miocene. For both the two mains pelagic carbonate calcifiers (i.e.
coccolithophores and planktonic foraminifera), the CaCO3; AR is driven by changes of the number of specimens
rather than changes of their sizes or weight, which is in line with the results from Kiss et al. (2021) and goes
against the results found by Henehan et al. (2017), stating that the size of the planktonic foraminifera will be a
decisive factor in determining the direction of change of the calcification under climate warming and ocean
acidification conditions. Furthermore, according to our results, the link with the size, is the reverse of what could
be expected, with an increasing size with a decrease of pelagic carbonate production of the corresponding class
size. For the foraminifera as well as for the coccoliths, the ocean acidification and decreasing pH does not appear
to impact the same way the different species, and each species is showing different optimum conditions (Beaufort

et al., 2011; Krumhardt et al., 2017; Doney et al., 2009; Toyofuku et al., 2017; Schmidt et al., 2006).
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Concerning the coccoliths sizes, our results are coherent with other studies (e.g. Saruwatari et al., 2016; Bollmann
and Herrle, 2007) who found that coccolithophore cell size decreases with increasing temperature, and that
coccoliths size, coccolithophores growth rate and coccoliths morphology are affected by temperature and salinity.
As previously published results (Suchéras-Marx et al., 2019; Bolton et al., 2016), we also found a decrease of the
coccoliths sizes from Neogene to present at tropical latitude. In terms of number of specimens as well, we join the
conclusion of previously published studies (e.g. Henriksson, 2000), who found higher abundances during warm
SST time intervals. If I compare my results to the results sobtained with time serie, cultures, sediment traps and
models, it is consistent, as a decrease od calcification rate of coccoliths and planktonic foraminifera with the
increase of pCO, and temperature has been found, with more abundant coccoliths (Guitidn et al., 2022; Feely et
al., 2004; De Bodt et al., 2010; Johnson et al., 2022; Claxton et al., 2022; Krumhardt et al., 2019). Using models,
Krumhardt et al. (2019) found a tipping point at pCO2 = 600 ppm, at the one the coccoliths calcification change
from increasing to decreasing. De Bodt et al. (2010) found a reduced calcite content per coccolith, with a reduced
number of coccoliths per coccosphere (and smaller cell sizes under CO, concentration expected via modelisation),
and a decrease of the coccoliths production rate in their cultures. The coccoliths response to pH and temperature
change is immediate according to the observation made by Johnson et al (2022) on cultures. On a geological time
scale, an increase in pCO, in the surface ocean is suggested to favour thicker coccoliths with a higher degree of
cell-calcification (Bolton et al., 2016). This could be explained during the Miocene and Pliocene by a reduction
of the cellular bicarbonate allocation to calcification during the periods of low pCO, (Bolton et al., 2016). Our
results are coherent with the results of Beaufort et al. (2022) who have shown that the seasonal changes in sea
surface conditions are strongly influenced by the eccentricity modulation and strongly influencing the diversity
and sizes of the coccoliths, with the existence of a link between the orbital modulation and the pelagic carbonate
production on the surface ocean. A low contrast between the seasons at low latitudes is favouring mid-size
coccoliths, with a high coccoliths carbonate export and burial while a high contrast is favouring larger coccoliths
and lower carbonate export (Beaufort et al., 2022). The local insolation (modulated by the orbital parameters) is
influencing the coccolithophores productivity with an enhanced coccolithophores productivity when the insolation
is the highest in summer/autumn (Cavaleiro et al., 2018). Some studies as Krumhardt et al. (2017), via
modelisation, predicted a decrease of both the growth rate and the calcification in low and mid latitudes with
predicted increase of surface ocean pCO,; (and temperature) by the end of the century, without taking in account
the light supply modulations. Concerning the planktonic foraminifera sizes, our results are as well coherent with
other studies, some have found an increase of the sizes of planktonic foraminifera shell from Miocene to present,
and short-term modulation of the sizes, likely related to sea surface conditions change and global cooling (Schmidt
etal., 2006, 2004; Friesenhagen, 2022). The changes of the planktonic foraminifera size are suggested to be related
to the strength of the AMOC (Friesenhagen 2022) which could explain the orbital imprint in it. Todd et al. (2020)
support the idea that the planktonic foraminifera sizes, if they are related to temperature, are not related to the
pCO; values but rather to regional environmental changes (e.g. surface ocean currents, light, nutrient delivery).
Indeed, the planktonic foraminifera shell sizes are known to be correlated with the environmental parameters (i.e.
carbonate system, temperature, nutrient delivery or salinity), and positively correlated with temperature rather
than acidification (Song et al., 2022). Furthermore, our results are in line as well with models’ output, showing a
strong decrease of the maximum body size of marine pelagic communities at low to mid latitude with ocean

warming (Lefort et al., 2015). The seawater ion concentration (e.g. [COs> ]) has been shown to control the
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planktonic foraminifera test densities (Iwasaki et al., 2019). As the calcification of planktonic foraminifera is made
possible by the transformation of bicarbonate ion to carbonate ion inside the cytoplasm, an operation possible
under a large range of pCO, values, therefore, increasing dissolved CO, may not impact marine carbonate
production (Toyofuku et al., 2017). Song et al. (2022) suggested that the increasing planktonic foraminifera
calcification will increase atmospheric pCO,, and so the ocean warming will reduce the ocean’s capacity to absorb
CO,, contributing to enhancing global warming.

Knowing this, we wanted to understand the periodicity of our records and their coherence and phase relationship
with the actual orbital variability (using the actual E+T-P signal, tracking the three orbital parameters modulations,

Laskar et al., 2004).

V.5. Orbital imprint in the sea surface carbonate variability

We observe a strong orbital imprint in all of our records, in the total CaCO3; AR as well as in both the planktonic
foraminifera AR and coccoliths AR and in the variability of the size and number of specimens within the groups
themselves. This was expected, as we know that the pelagic carbonate productivity in the tropical ocean is
influenced by the insolation rather than the global climate modulations, directly related to the parameters defining
the Earth position on its orbit around the sun (Beaufort et al., 1997).

This pelagic carbonate production response to the orbital changes, and especially to insolation is proposed to be
due to the resulting modulations of the sea surface conditions, like the quantity of light or pCO; (e.g. Krumhardt
et al., 2017; Cavaleiro et al., 2018). Recent studies highlighted that an increase in calcification can be explained
by warming conditions, and even more, that it constitutes a positive feedback via a weakening of the CO, uptake
by the surface ocean, and so, an increase of the atmospheric pCO; (Qin et al., 2020).

A complex combination of different factors characterising the sea surface (i.e. oxygen concentration, pCO,, light,
temperature or salinity) are influencing the planktonic foraminifera assemblages (Lessa et al., 2020).

Vervoort et al. (2021) distinguished two groups of orbitally driven feedbacks: the ones influencing the ocean-
atmosphere exchanges and the ones adding and removing carbon to the ocean-atmosphere system. Furthermore,
they found that in absence of ice, carbonate dissolution, ocean circulation and CO, solubility feedback are positive
with regards to orbitally driven temperature change. The different parameters defining the climate and
environment are responding to different orbital forcing, and so, also exert a different pressure on the modulations
of the climate (e.g. the temperature is responding at eccentricity pace, while pCO, is responding to precession)
(Vervoort et al., 2021). Vervoort et al. (2021) found a similar power spectrum for the carbonate content of the
marine sediment and the atmospheric CO,. They also found a reduced carbonate solubility when a high
temperature corresponds to an eccentricity maximum (high ocean alkalinity related to enhanced weathering), but
an increased solubility with the precession and obliquity forced increase of carbonate export (consistent with
ocean circulation and CO, fluxes between the atmosphere and the surface ocean). In the early Cenozoic, this
relationship between temperature and carbonate content was reversed, implying different feedbacks on the carbon
cycle dynamics (Vervoort et al., 2021). This explains how the orbital parameters can influence the sea surface

conditions, and so, the pelagic carbonate productivity changes I observe.
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Chapter VI. Conclusion
VIL.1. Important results

As a conclusion, I here bring new knowledge on the response of the pelagic calcifiers to the changing climate and
environment in a context of climate warming, an important step forward in the understanding of their role in the
(inorganic) carbon cycle and indication of the direction of the change that can be expected in the coming years,
incrementing the general knowledge on the climate system and dynamics (Figure 1). My new data contributes
here to unravel the possible effects of climate change on the different elements of the inorganic (oceanic) carbon
cycle. A better understanding of how the system works in natural conditions can help us to estimate the
modulations of the temperature and ocean pH, alkalinity, capacity to absorb CO, in a context of climate warming.
In the unprecedented warming we are now experiencing, with an increase of extreme climatic events and rising
sea level, modified oceanic circulation and heat transport and distribution on our planet (Portner et al., 2014), this
is of much importance. This is crucial in the ongoing climate crisis, to better constraint models and estimate the
positive or negative feedback of the surface water pelagic carbonate production to enhance or buffer the
temperature increase, but also the pCO, increase and capacity of the ocean to absorb and stock CO,.

After a revision of the age model for the periods of interest in this study, in order to better constraint the age model
and so the sedimentation rate, I calculated the CaCO; AR for four warm intervals, as an approximation of the
pelagic carbonate production during these intervals. The CaCO3; AR was not constant through the Cenozoic and
Quaternary (Figure 1), with a strong orbital imprint, but at different periodicity depending on the period. I show
that the nature of the variability has fundamentally changed since the Miocene. The relative contribution of the
two mains pelagic calcifiers (coccoliths and foraminifera) is relatively constant on geological time scale (Ma), but
changing with high variability on orbital time scale (ka). When the CaCOj; AR is increasing, it is because of the
increase of both the productivity of the planktonic foraminifera and the coccoliths and it is the difference of the
amplitude of this change which makes the relative contribution of both the two main pelagic carbonate calcifiers
change over time. This relative contribution of the pelagic calcifiers is not driving the changes in CaCO; AR, but
is, as the CaCOj; AR, in phase with E+T-P signal during the Pliocene (dominant cyclicity at precession band) and
antiphased with it during the Miocene (dominant cyclicity at eccentricity and obliquity bands). If we now look
within each pelagic calcifiers group separately, both the number of specimens and their sizes are highly variable
through time, and seem to follow different periodicities. Looking at the sizes of the organisms, the changes are
not driving the CaCO; AR changes, and even more, if any relationship, it is the reverse, with bigger specimens
when the CaCO; AR is low (colder intervals) and smaller specimens when the CaCO; AR is high (warmer
intervals). This is in line with what has been found by Beaufort et al. (2022) but goes the opposite way of what
has been suggested by Schmidt et al. (2006) for low latitude foraminifera species. On the other hand, concerning
the number of specimens, I do observe a strong correlation with the CaCO; AR, indicating that the CaCO3; AR
change is principally driven by a change of number of specimens, for both the coccoliths and the planktonic
foraminifera. With the warming phases within each time intervals (following the orbital forcing, traced by increase
of the E+T-P -and not & '*O with is more tracking high latitudes changes (and ice volume)-), we observe an
increase of the number of specimens and a decrease of their sizes. On long geological time scale, from warm
Miocene (+3 to 8°C; pCO, peaked between 460 and 564 ppm) when the organisms were bigger but smaller number
(and lower CaCOj3 AR) to the cooler Pliocene (+2 to 3°C; pCO, 330 to 425 ppm) when the organisms were smaller
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but higher number (and higher CaCO; AR), we observe an increase of the number of specimens (and CaCO; AR).
I observe the reversed trends on long geological time scale and on short orbital time scale. This makes sense, as
even if we well have warm intervals, and a warming on orbital time scale, we do have a cooling from Miocene to
Quaternary on geological time scale, and a reduction of the atmospheric pCO,, suggested by Bolton et al. (2016)
to be a limiting factor for the development of pelagic calcifiers added to the increasing role of the alkalinity. For
both the planktonic foraminifera and the coccolithophores, there might be different species/assemblages
developing during the warm / high carbonate productivity context and during the cooler / lower productivity events
(Schmidt et al., 2006). A shift in the taxonomy (at both orbital and geological time scales) might explain the
differences in sizes in both groups as well as the change of the shapes we do observe for the planktonic
foraminifera. How heavily calcified the specimens are (e.g. thickness and density of the calcite, how lobate are
the organisms, etc..) appears to play a role (e.g. Iwasaki et al., 2019), particularly for the planktonic foraminifera,
but this needs to be further studied.

Collectively, these results reveal a previously unnoted significant variability in tropical pelagic carbonate
productivity between foraminifera and coccolithophores, implying that in the tropical ocean these calcifiers
reacted differently to orbital forcing. Each of our records, the CaCO; AR bulk, the CaCO; AR of the coccoliths,
CaCO; AR of foraminifera, their sizes, number of specimens or morphometric records, are showing a variability
following the orbital parameters pace, but a different one between the Pliocene (precession and eccentricity) and
the Miocene (obliquity and eccentricity). Our results are in line with previously published studies (e.g. Beaufort
etal., 1997, 2022) which are suggesting a direct response of the pelagic carbonate production to orbital forcing at
low latitude, rather than global climate modulations, and this for the two groups. Additionally, and specifically
for the Pliocene, the coccoliths and the foraminifera seem to be responding to a different forcing (obliquity for the
coccoliths and precession and eccentricity for the planktonic foraminifera). These responses of the planktonic
foraminifera and coccoliths might be related to orbitally driven pCO, changes, temperature and insolation
changes, directly driven by the orbital parameters’ modulations. The orbital parameters influence the temperature,
capacity to absorb CO, (physically, even without taking in account the biology), and modify the current circulation
system, strength of the AMOC circulation, delivery nutrient and quantity of energy received at the surface ocean
at low latitude (and with CO, increase with temperature increases, this has positive feedback and enhanced the
temperature increase). Furthermore, the changing nutrient delivery (for example modulated by the currents system
and upwellings), and light availability (especially concerning the coccolith, photosynthetic organisms) is also
modulating the pelagic carbonate production, whether or not the conditions are right for the development of
organisms. Because of all these, it could explain why at low latitude, the pelagic carbonate producers appear to
respond directly to the orbital forcing themselves rather than the global climate modulations.

I conclude that the overall carbonate production by pelagic calcifiers responded to local changes in light,
temperature and nutrients delivered by upwelling, which followed long orbital cycles, as well as to long-term
shifts in climate and/or ocean chemistry. In the actual context of climate warming, the number of specimens that
succeed to develop in the surface ocean with the changing conditions will be crucial for the capacity of the ocean
to absorb CO, to be preserved. The inferred changes on both time scales were sufficiently large such that when
extrapolated on a global scale, they could have played a role in the regulation of the carbon cycle and global

climate evolution during the transition from the Miocene warm climates into the Quaternary icehouse.
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Figure 1. The pelagic carbonate production, general differences between the cold and the warm intervals at orbital
time scale, the example of the Pliocene interval. The foraminifera are represented in purple and the coccoliths in
blue-green. The Marine carbonate sediment (and oozes) are represented in white. The orange shadow highlights

a warm area of the CaCOj; AR record, and the blue shadow a colder area of the CaCO; AR record.
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Taking in account all these results, and knowing that models are predicting climate conditions 1.5 to 5 degrees
warmer than present with a pCO, up to 1200 ppm and a decrease of the atmosphere to ocean carbon flux from
now to 2100 (Intergovernmental Panel On Climate Change, 2021) we predict an increasing pelagic carbonate
production for the coming years, with high CaCO3 AR conditions in the future (Figure 2). We state that the relative
contribution of the planktonic foraminifera relative to the coccoliths might be hight, with a high number of
secimens for both, but smaller specimens. In these conditions, the ocean’s alkalinity will be low, with a low CO,
solubility and so a low capacity of the ocean to absorb CO,, being positive feedback to the rising atmospheric CO,

concentration.
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Figure 2. Most probable oceanic conditions predicted for the coming years, taking in account my results and the

climate models predictions.

VI1.2. Remaining questions: to be continued in future studies

My new results are now raising new questions. I found that the number of specimens is explaining a large part of
the CaCO; AR variability, but not whole, so other parameters explaining the CaCO3; AR changes remains to be
studied, for both the coccoliths and the planktonic foraminifera. Indeed, taxonomic changes are expected and
known to occur between MCO and MIS KM5 (Schmidt et al., 2006), but what about the orbital scale? And what
about the timings of these changes between the coccoliths and planktonic foraminifera? On an orbital time scale,
it has been previously shown that the coccoliths taxonomy is changing at low latitude with orbital forcing
(Beaufort et al., 1997, 2022). Concerning the planktonic foraminifera, Strack et al. (2022) mentioned a rapid shift
in the foraminifera assemblages with temperature increase for the last interglacial, and emitted the idea of a
possible shift of the assemblages with the ongoing climate warming, and modulations of the planktonic

foraminifera low latitudes diversity have also been shown by Lam and Leckie (2020) at the mid-Pleistocene
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transition. But it remains to be shown if these changes are similar for the coccoliths and what is the temporality
of these changes between the two groups, if it has an influence on the total CaCO;3; AR or not and their phase
relationship with the actual E+T-P. I already have the coccoliths taxonomy data, so it would be interesting to start
future research by this question.

As the observations here are for a tropical area and it is known that the orbital changes imprint is not the same at
all the latitudes (e.g. obliquity changes have a stronger influence on high latitudes conditions than low latitudes),
it would be interesting to do the same studies in the same ocean (Atlantic) but at different latitudes, from North to
South, to see if the observations are latitude-dependant or not. It is already known that the higher latitude the
higher the temperature changes and the ice sheets influence (plus the species are potentially different so if it is
species dependent, these could change the observations). For example, the high latitudes species have been shown
to be less sensitive to temperature changes than low latitudes species, as their range of temperature optima is larger
(Schmidt et al., 2006). As the oceanic physics are not the same in all the oceans, it would be of interest to make
the same study in tropical area but in other oceans, to test whether or not the changes of number of specimens and
their sizes with the climate warming are local or global at tropical latitude. As our resolution for the Miocene
interval is just enough for precession changes, it would be interesting to increase the resolution of the sampling in
the Miocene, to better see the potential precession signal if present. And finally, can we expect a similar response

as what we observed on the even shorter time scale of the current global warming?
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