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Identification des producteurs d’alcénones dans le registre sédimentaire du Cénozoïque: 
implications pour l’utilisation des proxys de paléo-température (UK’

37) et de paléo-pCO2

(�0p37:2).

Les alcénones sont largement utilisées comme proxys pour estimer des températures d’eaux 
de surface océanique ou des pressions partielles de CO2 (pCO2) dans des périodes anciennes. 
Dans les océans actuels, ces cétones à longues chaînes carbonées sont essentiellement 
produites par les coccolithophoridés Emiliania huxleyiet Gephyrocapsa oceanica. Il existe 
toutefois un écart temporel important entre le premier enregistrement sédimentaire des 
alcénones au Crétacé (~120 Ma) et la première apparition des producteurs actuels (< 2 Ma). Il 
apparaît donc essentiel d’identifier les producteurs anciens d’alcénones afin d’assurer la 
fiabilité des proxys environnementaux basés sur ces biomarqueurs pour les périodes pré-
quaternaires. Cette thèse présente trois cas d’étude correspondant à des périodes clés de 
l’évolution de la famille des Noëlaerhabdaceae, qui comprend les ancêtres cénozoïques des 
producteurs actuels d’alcénones. La comparaison entre le contenu en alcénones (distribution 
et concentrations) et les abondances relatives et absolues des différentes espèces de 
Noëlaerhabdaceae dans des sédiments marins datant de l’Eocène-Oligocène (35-31 Ma), de 
l’Oligocène-Miocène (25-16 Ma) et du Pliocène supérieur (3,6-2,6 Ma) montre que,
contrairement aux hypothèses précédentes,Reticulofenestran’était pas le seul genre 
responsable de la production d’alcénones au Cénozoïque. Les résultats démontrent également 
qu’il est essentiel d’identifier avec précision les producteurs et la taille de leur cellule pour les 
estimations de pCO2. Au contraire, l’identification formelle des producteurs ne semble pas 
indispensable pour obtenir des estimations de températures cohérentes.
_________________________________________________________________________
Identification of alkenone producers in the Cenozoic sedimentary record: implications 
for the use of paleo-temperature (UK’

37) and paleo-pCO2 (�0p37:2) proxies

Alkenones have been widely used as proxies for the reconstruction of sea surface 
temperatures and of partial pressure of CO2 (pCO2) in ancient periods. In modern oceans, 
these long-chain ketones are mainly produced by the coccolithophoresEmiliania huxleyi and
Gephyrocapsa oceanica. However, there is a huge gap between the first record of alkenones 
in the Cretaceous (~120 Ma) and the first occurrence of the modern alkenone producers (< 2 
Ma). Thus, it seems crucial to identify ancient alkenone producers to ensure the applicability 
of environmental proxies based on these biomarkers in pre-Quaternary sediments. In this PhD 
thesis, three case studies are considered corresponding to key periods in the evolution history 
of the Noelaerhabdaceae family, which includes the Cenozoic ancestors of modern alkenone 
producers. The comparison between alkenone contents (distribution and concentrations) and 
Noelaerhabdaceae species-specific relative and absolute abundances in marine sediments 
dating back to the Eocene-Oligocene (35-31 Ma), the Oligocene-Miocene (25-16 Ma) and the 
late Pliocene (3.6-2.6 Ma) shows that, contrary to common assumptions, Reticulofenestrawas 
not the only genus responsible for alkenone production during the Cenozoic. Results also 
underscore the importance of a careful identification of alkenone producers and of their cell 
size for pCO2 reconstructions for pre-Quaternary periods. On the contrary, the identification 
of producers does not seem essential to obtain consistent paleo-temperature estimates.
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Introduction générale 
 

Mieux étudier le passé pour mieux comprendre le futur 

Le contexte actuel de réchauffement climatique dû aux fortes émissions anthropiques de 

gaz à effet de serre (essentiellement le dioxyde de carbone, CO2) inquiète de plus en plus la 

communauté scientifique. Cette dernière tente de prévoir la réponse des écosystèmes et 

l’évolution du climat suite à un apport massif de dioxyde de carbone dans l’atmosphère et 

l’hydrosphère. Ainsi, de plus en plus d’études s’intéressent à la reconstitution 

environnementale et climatique de périodes anciennes, durant lesquelles les concentrations 

atmosphériques en CO2 étaient comparables à ce qu’elles pourraient être à la fin du 21ème

siècle. A ce titre, le Pliocène moyen (~3-3,3 Ma1) est considéré comme le modèle le plus 

récent auquel pourrait ressembler la Terre à la fin du 21èmesiècle (Jansen et al., 2007). L’étude 

des climats de périodes géologiques anciennes semble donc nécessaire pour mieux 

comprendre et appréhender le climat futur.  

Puisqu’il n’est pas possible d’accéder directement aux informations climatiques et 

océanographiques (température et salinité des eaux océaniques, concentrations 

atmosphériques en CO2, etc.) pour les temps anciens, il est nécessaire d’utiliser des données 

ou des outils indirects, appelés « proxys2 ». A l’heure actuelle, un des proxys (paléo-) 

environnementaux les plus couramment utilisés depuis les années 1970 est sans doute la 

composition en isotopes stables de l’oxygène (�/18O) du test calcaire des foraminifères, qui 

permet d’estimer la température de l’eau dans laquelle vivait ces micro-organismes (Hecht, 

1976; Mix, 1987). Toutefois, de nombreux facteurs, telles que la variation de salinité des eaux 

océaniques ou les modifications de niche écologique, peuvent influencer les valeurs de �/18O et 

biaiser la reconstruction des températures basée sur ce proxy.  

Les alcénones : une alternative aux proxys « classiques » ? 

A la fin des années 1980, la découverte de lipides à longue chaîne carbonée, les alcénones, 

a permis de mettre en place un nouveau proxy de température des eaux océaniques de surface, 

l’ UK’
37, et un nouveau proxy de pression partielle de CO2 atmosphérique (pCO2), l’ �0p37:2.

L’U K’
37 qui semblait être indépendant des variations de salinité et des modifications de niche 

écologique de l’organisme producteur, présenta alors une réelle alternative aux proxys 

                                                            
1 Tous les âges dans ce manuscrit font référence à Gradstein et al. (2012). 
2 Le mot proxy est un nom commun anglais, étymologiquement proche du nom commun français 
« procuration ». En anglais: proxy (singulier), proxies (pluriel); en français: proxy (singulier), proxys (pluriel). 
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classiques de température, tel que le �/18O des foraminifères. De même, l’ �0p37:2 permit de 

pallier aux lacunes d’enregistrement des autres proxys de pCO2, comme par exemple les 

stomates des végétaux terrestres. Depuis, de très nombreux travaux ont présenté des 

reconstitutions paléo-environnementales basées sur ces molécules organiques pour les 

périodes quaternaires mais également pré-quaternaires (e.g., Bard et al., 1997; Henderiks et 

Bollmann, 2004; Pahnke et Sachs, 2006; Figure 0-1).

Les alcénones sont actuellement produites par un nombre restreint d’algues haptophytes 

unicellulaires de l’ordre des Isochrysidales, qui inclut les coccolithophoridés (haptophytes 

calcifiantes) Emiliania huxleyi et Gephyrocapsa oceanica (Marlowe et al., 1984; Volkman et 

al., 1980, 1995). Les proxys de température et de pCO2 basés sur les alcénones ont donc été 

calibrés sur les espèces E. huxleyi et G. oceanica en culture (e.g., Conte et al, 1998; Popp et 

al., 1998; Riebesell et al., 2000) ou à partir de sédiments océaniques de surface (e.g., Rosell-

Melé et al., 1995; Müller et al., 1998). Or, il existe un écart temporel significatif entre le 

premier enregistrement sédimentaire des alcénones au Crétacé inférieur (~120 Ma; Farrimond 

et al., 1986; Brassell et al., 2004) et la première apparition des producteurs actuels 

d’alcénones (0,27 Ma pour E. huxleyi [Thierstein et al., 1977] et 1,85 Ma [Pujos-Lamy, 1977] 

pour G. oceanica). Puisque E. huxleyi et G. oceanica ne peuvent pas être responsables de la 

production d’alcénones sur l’ensemble du Cénozoïque et au Mésozoïque, il semble donc 

primordial d’identifier les producteurs anciens,afin de garantir l’application des proxys basés

sur ces lipides dans des sédiments pré-datant l’apparition des producteurs actuels. 

Suite à l’ observation de la présence concomitante de coccolithes du genre Reticulofenestra

et d’alcénones dans des sédiments datant depuis l’Eocène (56-33,9 Ma), Marlowe et

collaborateurs (1990) ont suggéré que le producteur d’alcénones le plus probable pendant le 

Cénozoïque devait faire partie du genre Reticulofenestra qui, comme Emiliania et 

Gephyrocapsa, appartient à la famille des Noëlaerhabdaceae. Mais cette hypothèse n’a jamais 

vraiment été démontrée et ne s’est pas appuyée sur une quantification absolue des 

concentrations en alcénones et des abondances de Reticulofenestra.  
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Figure 0-1. Les papiers de biogéochimie traitent de la structure, de la présence et de la préservation 

des alcénones dans l’environnement. Les papiers de paléocéanographie sont des applications des 

proxys basés sur les alcénones dans des études paléo-environnementales (modifié d’après Eglinton et 

al., 2001). 

Objectifs de la thèse 

Ce travail de thèse a donc pour objectifs d’apporter des éléments de réponses aux questions 

suivantes: quelles étaient les espèces productrices d‘alcénones au cours du Cénozoïque?

L’hypothèse de Marlowe et collaborateurs (1990) est-elle vérifiée et généralisable ? 

L’identification formelle des producteurs anciens d’alcénones est-elle essentielle pour 

l’utilisation des proxys basés ces lipides (UK’
37 et �0p37:2) dans des sédiments pré-datant 

l’apparition des producteurs actuels ?  

Pour tenter de répondre à ces questions, une double approche couplant des méthodes de 

géochimie organique et de micropaléontologie quantitative a été envisagée3. La quantification 

absolue des concentrations en alcénones et des assemblages de coccolithes (plus 
                                                            
3 Les principales méthodes utilisées au cours de ce travail de thèse sont détaillées en Annexe 1. 
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particulièrement des Noëlaerhabdaceae) a été entreprise dans les mêmes sédiments. Les 

profils de variations des concentrations en alcénones et des abondances (relatives et absolues) 

des différentes espèces de Noëlaerhabdaceae ont ensuite été comparés pour tenter de déceler 

une co-variation entre les alcénones et une espèce particulière de coccolithe (identifiée alors 

comme producteur potentiel). Pour cette approche, de bonnes conditions de préservation sont 

bien évidemment essentielles, afin d’éviter un biais dans les profils de variations suite à une 

dégradation (ou une préservation) préférentielle des alcénones par rapport aux coccolithes (et 

inversement). Une telle approche a été utilisée auparavant dans des sédiments quaternaires 

(e.g. Müller et al., 1997; Weaver et al., 1999), et quelques rares études l’ont appliquée à des 

sédiments plus anciens (Pliocène, 5,33-2,59 Ma; Bolton et al., 2010; Beltran et al., 2011).

Cependant, ces dernières ne présentent pas de quantifications absolues (en spécimens par 

gramme de sédiment) des différentes espèces de Noëlaerhabdaceae.  

De plus, dans ce travail de thèse, toutes les alcénones présentes dans les sédiments ont été 

quantifiées individuellement, dans le but d’observer d’éventuelles variations dans la 

distribution des différentes alcénones et ainsi déceler d’éventuels changements de producteurs 

et/ou de conditions environnementales (variations de température, de concentrations en 

nutriments, etc). 

Les sédiments analysés dans ce travail de thèse proviennent de forages profonds (Deep Sea 

Drilling Project, DSDP) en Atlantique et Pacifique et d’affleurements de Sicile. Le choix des 

échantillons a été guidé par le fait qu’ils couvrent des périodes clés de l’évolution des 

Noëlaerhabdaceae (Figure 0-2), mais aussi parce que des études antérieures ont indiqué la 

présence d’alcénones dans ces échantillons. La présence d’alcénones est en effet un point 

crucial pour mener à bien ce travail. 

Ce manuscrit s’articule autour de cinq chapitres, dont trois écrits sous forme d’articles de 

recherche (publié, soumis ou en préparation).  

Le chapitre 1 présente un état de l’art sur les alcénones et sur leur utilisation en tant que 

proxys paléo-environnementaux.  

Les trois chapitres suivants présentent des études paléo-environnementales couvrant trois 

périodes clés de l’évolution des Noëlaerhabdaceae (Figure 0-2).

Le chapitre 2 couvre la transition Eocène-Oligocène (34,8-30,7 Ma) du Site DSDP 511 

(Atlantique Sud). L’étude couplée des variations de températures des eaux océaniques de 

surface (SSTs) reconstruites à partir de l’UK’
37, des concentrations en carbonate de calcium et 
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en biomarqueurs lipidiques, et des flux de nannofossiles4, permet de mieux caractériser les 

changements de température et de productivité survenant au Site 511 autour de la limite 

Eocène-Oligocène. La comparaison entre les températures dérivées de l’UK’
37 et celles 

dérivées d’autres proxys permet de discuter de la nécessité ou non de l’identification des 

producteurs d’alcénones au sein des Noëlaerhabdaceae pour l’application de l’UK’
37 dans ces 

sédiments paléogènes. 

Le chapitre 3 s’intéresse à la transition Oligocène-Miocène (25-16 Ma) du Site DSDP 516 

(Atlantique Sud). Dans une première partie (3.1), une étude sur les variations d’abondances 

absolues des assemblages de Noëlaerhabdaceae à différentes latitudes de l’Océan Atlantique 

et de l’Océan Pacifique montre un changement global dans les assemblages. Cette première 

partie de chapitre a été soumise pour publication au journal Marine Micropaleontology. Dans 

la deuxième partie (3.2), la comparaison entre les concentrations en alcénones et les 

abondances relatives et absolues des différentes espèces de Noëlaerhabdaceae permet une 

identification précise des producteurs d’alcénones au Site DSDP 516 à la transition 

Oligocène-Miocène. Ce travail montre que les espèces productrices ne sont pas forcément 

celles identifiées précédemment dans la littérature. Les implications sur l’estimation des 

paléo-pCO2 basées sur les alcénones sont discutées. Cette deuxième partie de chapitre 

correspond à un article publié dans la revue Paleoceanography (Plancq et al., 2012). 

Le chapitre 4 se focalise sur le Pliocène supérieur (3,6-2,6 Ma) du sud-ouest de la Sicile. 

Cette étude discute des conditions environnementales régnant lors du dépôt de niveaux riches

en matière organique (sapropèles), en s’appuyant sur les variations des SST dérivées de 

l’U K’
37, sur les flux d’alcénones et sur la composition et les flux des assemblages de 

nannofossiles. L’identification des producteurs d’alcénones et la possibilité de l’utilisation de 

l’U K’
37 dans ces sédiments pliocènes sont également discutées. 

Le chapitre 5 présente les grandes conclusions de ce travail de thèse et certaines 

perspectives.  

Enfin, le manuscrit se termine par des annexes présentant les principales méthodes utilisées 

au cours de ce travail (Annexe 1) et la taxonomie utilisée pour les Noëlaerhabdaceae (Annexe 

2). 

                                                            
4 Les nannofossiles incluent les coccolithes (écailles calcaires produites par les coccolithophoridés) et les 
nannolithes (d’origine incertaine, incertae sedis).
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Exposé bibliographique 





Chapitre 1 – Exposé bibliographique 

1.1. Structure des alcénones 

Les alcénones sont des cétones à longue chaîne carbonée (35 à 41 atomes de carbone) 

possédant 1 à 5 doubles liaisons carbone-carbone (ou insaturations). Les alcénones les plus 

abondantes dans les haptophytes et les sédiments marins actuels sont les alcénones di- et tri-

insaturées à 37-39 atomes de carbone (Figure 1-1). La nomenclature des alcénones les plus 

communes ainsi que leurs abréviations (utilisées dans ce manuscrit) sont présentées dans la 

Table 1-1. 

Ces molécules présentent des caractéristiques chimiques assez particulières pour des 

lipides : 

- une grande longueur de chaîne carbonée (35 à 41 atomes de carbone); 

- une stéréochimie des doubles liaisons trans (E) et non pas cis (Z) comme dans la 

majorité des lipides (Rechka et Maxwell, 1988); 

- un espacement de leurs insaturations allant de 3 à 5 groupements méthylènes CH2

(e.g., de Leeuw et al., 1980; Xu et al., 2001; Rontani et al., 2006).

Figure 1-1. Structure chimique des alcénones les plus communes. 

Les alcénones ont été identifiées pour la première fois en 1978 par Boon et collaborateurs 

dans des sédiments provenant de la dorsale de Walvis (sud-ouest de l’Afrique). De 

nombreuses études ont ensuite mis en évidence l’ubiquité de ces lipides dans le domaine 

océanique (e.g., Volkman et al., 1980b; Westbroek et al., 1993; Rosell-Melé et al., 1994), 

mais aussi leur présence dans des environnements lacustres (Li et al., 1996; Theissen et al., 
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2005) ou dans les mers fermées (Freeman et Wakeham, 1992; Schulz et al., 2000; Lopez et 

al., 2005). 

Nom Abréviation
Heptatriacontadien-2-one MeC37:2

Heptatriacontatrien-2-one MeC37:3

Heptatriacontatetra-2-one MeC37:4

Octatriacontadien-2-one MeC38:2

Octatriacontatrien-2-one MeC38:3

Octatriacontadien-3-one EtC38:2

Octatriacontatrien-3-one EtC38:3

Nonatriacontadien-3-one EtC39:2

Nonatriacontatrien-3-one EtC39:3

Table 1-1. Noms et abréviations des alcénones les plus communes. 

Les alcénones sont également considérées comme relativement résistantes aux processus 

de biodégradation en comparaison à d’autres lipides (comme les acides gras ou les stérols) du 

fait de leur structure particulière (grande longueur de chaîne, doubles liaisons de configuration 

trans, espacement des doubles liaisons par plusieurs groupements méthylènes) (Sun et 

Wakeham, 1994; Gong et Hollander, 1997, 1999). Ces lipides sont d’ailleurs préservées dans 

des sédiments anciens datant du Cénozoïque (Pliocène, Miocène, Oligocène, Eocène, 0-65 

Ma; e.g., Boon et al., 1978; Marlowe et al., 1984a; Marlowe et al., 1990), et du Crétacé 

inférieur (Aptien, Albien, ~105-120 Ma; Farrimond et al., 1986; Brassell et al., 2004). 

Il est à noter que la présence d’alcènes (hydrocarbures insaturés) et d’esters éthyliques et 

méthyliques (alcénoates) avec des structures chimiques apparentées aux alcénones a 

également été reportée dans la plupart des souches d’haptophytes étudiées (par exemple 

Emiliania huxleyi; cf. paragraphe 1.2) et dans des sédiments marins (e.g., de Leeuw et al., 

1980; Volkman et al., 1980a; Marlowe et al., 1984a; Conte et al., 1998; Rieley et al., 1998; 

Grossi et al., 2000). 

1.2. Les producteurs actuels d’alcénones

Actuellement, les alcénones sont produites de façon spécifique par des algues 

planctoniques micrométriques unicellulaires de l’embranchement Haptophyta, de la classe des 

Prymnesiophyceae et de l’ordre des Isochrysidales (Billard et Inouye, 2004). Les 

Isochrysidales comprennent la famille des Noëlaerhabdaceae et la famille des Isochrysidaceae 

(Table 1-2). 
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Dans la famille des Noëlaerhabdaceae, les alcénones ont été reportées chez les 

coccolithophoridés Emiliania huxleyi (Volkman et al., 1980a,b) et Gephyrocapsa oceanica

(Volkman et al., 1995) qui sont prédominantes dans les assemblages actuels de nannoplancton

(Figure 1-2). Les coccolithophoridés ont la particularité de sécréter autour de leur cellule 

plusieurs plaques de carbonate de calcium (coccolithes) formant un test appelé coccosphère 

(Pienaar, 1994). Elles jouent donc un rôle important dans le cycle du carbone, puisque ce sont 

les seuls organismes à participer simultanément à la pompe du carbone via la photosynthèse et 

à la contre-pompe du carbone via la production de carbonate de calcium (Rost et Riebesell, 

2004). Ainsi il est estimé que la moitié du carbonate pélagique dans l’océan actuel est 

produite par ces micro-algues marines (Milliman, 1993), notamment par le biais de blooms 

saisonniers (multiplication massive d’une espèce sur une courte période suite à des conditions 

environnementales favorables).  

Les alcénones ont également été détectées chez des haptophytes non-calcifiantes de la famille 

des Isochrysidaceae, typiques d’environnements côtiers ou lacustres: Chrysotila lamellosa 

(Marlowe et al., 1984a,b; Rontani et al., 2004) et Isochrysis galbana (Marlowe et al., 1984a,b, 

1990).

Odre des ISOCHRYSIDALES
Famille des ISOCHRYSIDACEAE

GenreChrysotila
Chrysotila lamellosa *
Chrysotila sipitata 

GenreDicrateria
Dicrateria gilva 
Dicrateria inornata 

GenreIsochrysis
Isochrysis galbana *
Isochrysis littoralis

Famille des NOËLAERHABDACEAE

GenreEmiliania
Emiliania huxleyi *

GenreGephyrocapsa
Gephyrocapsa crassipons 
Gephyrocapsa ericsonii 
Gephyrocapsa muellerae
Gephyrocapsa oceanica *
Gephyrocapsa ornata

GenreReticulofenestra
Reticulofenestra maceria 
Reticulofenestra parvula 
Reticulofenestra sessilis 
Reticulofenestra punctata 

Table 1-2. Taxonomie des Isochrysidales actuelles. Les espèces en gras sont les espèces types. Les 

astérisques indiquentles espèces pour lesquelles la présence d’alcénones a été reportée.
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Figure 1-2. Photographies au microscope électronique à balayage (MEB) des coccolithophoridés 

Emiliania huxleyi (à gauche; photographie de J. Young) et Gephyrocapsa oceanica (à droite;

photographie de NEON ja).  

Deux distributions « types » d’alcénones ont été mises en évidence jusqu’à présent (Figure 

1-3).  

Le premier type (A) est caractéristique des haptophytes marines Emiliania huxleyi et 

Gephyrocapsa oceanica et comprend des alcénones en MeC37, Me- et EtC38, Me- et en EtC39

(Figure 1-3). Le type B est caractérisé par une forte concentration de l’alcénone en MeC37:4

(Figure 1-3) et par la présence d’alcénones à chaînes plus courtes (C35-36) et possédant de 1 à 

5 insaturations (Schulz et al., 2000; Xu et al., 2001; Sun et al., 2007; Jaraula et al., 2010). Ce 

profil est rencontré dans des environnements particuliers (lacustres, côtiers, hypersalins ou 

froids) et pourrait témoigner de la contribution d’haptophytes non-calcifiantes (comme 

Chrysotila lamellosa) ou d’espèces encore non connues mais phylétiquement proches des 

autres espèces productrices (Marlowe et al., 1990; Coolen et al., 2004; Rontani et al., 2004; 

Jaraula et al., 2010; Theroux et al., 2010; Toney et al., 2012). 
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Figure 1-3. Chromatogrammes illustrant les deux types de distributions d’alcénones. Le type A est 

caractéristique d’environnements océaniques, alors que le type B est rencontré dans des 

environnements côtiers ou lacustres (modifié d’après Grimalt et Lopez, 2007). 

De même, des études sur la position des doubles liaisons ont permis de distinguer trois 

catégories d’alcénones (Xu et al., 2001; Lopez et al., 2005; Prahl et al., 2006; Rontani et al., 

2006) : 

- La première comprend les alcénones « classiques » di- et tri-insaturées (MeC37, MeC38,

EtC38, MeC39, EtC39). Les doubles liaisons sont séparées de 5 groupements méthylènes et la

première double liaison est située en position �û14 (c’est-à-dire à 14 atomes de carbones en 

partant du groupement carbonyle C=O).  

- La deuxième catégorie comprend les alcénones à chaîne plus courte (C35-C36) trouvées

dans des sédiments de mer Noire et dans la souche E. huxleyi CCMP1742. Les doubles 

liaisons sont séparées par 5 groupements méthylènes et la première double liaison est située

en position �û12. 

- La troisième catégorie comprend des alcénones dont les doubles liaisons sont séparées 

par 3 groupements méthylènes et dont la première double liaison est située en position �û14. 

Ces alcénones ont été retrouvées dans des sédiments de la mer Noire, de la mer de Ligure et 

dans la souche G. oceanicaJB-02.
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1.3. Rôle physiologique des alcénones 

La fonction des alcénones reste encore incertaine. La localisation de ces lipides dans les 

membranes cytoplasmiques suggère que les alcénones joueraient un rôle dans la régulation de 

la rigidité et de la fluidité de la membrane (Prahl et al., 1988; Brassell, 1993). La localisation 

des alcénones dans les membranes cellulaires a cependant été remise en question par Conte et 

Eglinton (1993). 

Un autre hypothèse, la plus probable, est que les alcénones jouent un rôle de stockage 

d’énergie dans le métabolisme du phytoplancton (Epstein et al., 2001). Cette hypothèse a été 

confirmée par l’observation en cultures d’une variation de la concentration en alcénones en 

réponse à une carence nutritive ou à une limitation de lumière (Bell et Pond, 1996; Pond et

Harris 1996; Epstein et al., 2001; Versteegh et al., 2001; Prahl et al., 2003; Eltgroth et al., 

2005). En 2005, les travaux d’Eltgroth et collaborateurs ont permis de localiser les alcénones 

dans les chloroplastes et les vésicules cytoplasmiques des haptophytes. Ces auteurs ont alors 

suggéré que les alcénones sont fabriquées dans les chloroplastes et exportées dans les 

vésicules cytoplasmiques, afin d’y être stockées ou utilisées pour lemétabolisme.   

1.4. Proxys environnementaux basés sur les alcénones 

Les alcénones sont couramment utilisées pour des reconstitutions paléo-environnementales 

car elles permettent d’estimer deux paramètres climatiques importants dans le passé: la 

température des eaux océaniques de surface et la concentration en dioxyde de carbone 

atmosphérique (pCO2) au moment de la croissance de l’organisme producteur. Ces deux

paramètres environnementaux sont estimés à l’aide de proxys basés respectivement sur la 

distribution des alcénones en C37 et sur la composition en isotopes stables du carbone des 

alcénones en C37.

1.4.1. Le proxy de température (UK’
37) 

Des expérimentations in vitro sur des cultures d’E. huxleyi ont permis de mettre en 

évidence une relation linéaire entre la température de croissance de la culture et le degré 

d’insaturation des alcénones en C37 (Marlowe, 1984; Prahl et Wakeham, 1987; Prahl et al., 

1988). Ainsi, une diminution de la température résulte en une augmentation de la proportion 

relative des alcénones C37:3 par rapport aux alcénones C37:2, et inversement (Figure 1-4).
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L’ubiquité des alcénones dans les sédiments marins récents et anciens a permis 

l’établissement du ratio UK
37 (pour C37 Unsaturated Ketones ratio), permettant de déterminer 

la température des eaux océaniques de surface au moment de la croissance de l’organisme 

producteur (Brassell et al., 1986). Le ratio est défini comme suit : 

UK
37= ([C37:2] – [C37:4]) / ([C37:2] + [C37:3] + [C37:4]) (1) 

Prahl et Wakeham (1987) ont par la suite simplifié le rapport UK
37 et proposé le rapport UK’

37,

en enlevant de la relation (1) l’alcénone en C37:4 qui est rare dans la plupart des sédiments 

marins :

UK’
37= ([C37:2]) / ([C37:2] + [C37:3])                                            (2) 

De nombreuses études ont ensuite confirmé l’adéquation entre les températures dérivées de 

l’U K’
37 et celles dérivées du �/18O des foraminifères (e.g., Brassell et al., 1986; ten Haven et 

al., 1987; Eglinton et al., 1992). Prahl et collaborateurs (1988) furent les premiers à proposer 

une calibration de l’ UK’
37 basée sur des cultures d’E. huxleyi. Plus tard, des analyses sur des 

sédiments de surface provenant de divers sites océaniques (e.g., Sikes et al., 1991; Rosell-

Melé et al., 1995; Pelejero et Grimalt, 1997) ont permis la mise au point d’une calibration 

globale, applicable dans la plupart des aires océaniques (Müller et al., 1998; Figure 1-4).

Facteurs pouvant affecter les valeurs de l’UK’
37  

S’il est admis que l’UK’
37 reflète les températures océaniques de surface, plusieurs études 

ont montré que la profondeur de production des alcénones dans la zone photique des océans 

varie de manière régionale et saisonnière. Ainsi, les alcénones peuvent être produites dans la 

couchemixte de surface dans l’Atlantique Nord (Conte et al., 2001) et dans les hautes et 

basses latitudes du Pacifique (Ohkouchi et al., 1999), ou au niveau de la thermocline 

superficielle dans les latitudes moyennes du Pacifique (Ohkouchi et al., 1999). Par ailleurs, 

même si la production d’alcénones montre un fort contrôle saisonnier (plus forte production 

notamment au printemps, correspondant à un bloom des haptophytes), ce qui peut biaiser les 

estimations de températures (Sikes et Volkman, 1993), l’U K’
37 enregistré dans les sédiments 

reflète dans la plupart des aires étudiées la température moyenne annuelle des eaux de surface 

(Rosell-Melé et al., 1995; Müller et Fischer, 2001; Prahl et al., 2005). 
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Il a également été observé que les variations génétiques au sein des haptophytes peuvent 

influencer l’UK’
37, puisque la calibration du proxy de température diffère entre les espèces 

productrices d’alcénones (e.g., Volkman et al., 1995; Conte et al., 1998; Popp et al., 1998). 

De même, une variabilité a été observée en réponse à des facteurs environnementaux, telle 

que la disponibilité en nutriments et en lumière (photopériode) (e.g., Epstein et al., 1998; 

Prahl et al., 2003). Ainsi, un stress nutritif conduit à une diminution des valeurs de l’UK’
37

alors qu’un stress prolongé à l’obscurité résulte en une augmentation des valeurs de l’UK’
37

(Prahl et al., 2003). 

Figure 1-4. (a) Chromatogrammes partiels des alcénones produites par Emiliania huxleyi (souche 

55a) à deux températures différentes, montrant l’augmentation de la proportion des alcénones en C37:3 

à basse température (modifié d’après Prahl et al., 1988). (b) Relation linéaire entre les températures 

moyennes annuelles des eaux océaniques de surface (SST) et l’U K’
37 pour des sédiments de surface 

provenant de diverses zones océaniques entre 60°S et 60°N. La calibration globale (trait plein) a pour 

équation: UK’
37= 0.033 x SST + 0.044 (modifié d’après Müller et al., 1998). 
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1.4.2. Le proxy de pression partielle de CO2 (�0p37:2) 

Selon la loi de Henry (1803), la concentration endioxyde de carbone dissous dans l’eau de 

mer ([CO2(aq)]) est proportionnelle à la concentration en dioxyde de carbone atmosphérique 

(pCO2):

[CO2(aq)] = K0 x pCO2 

où K0 est le coefficient de solubilité du CO2 dépendant de la salinité et de la température.  

L’estimation des concentrations en CO2(aq) dans le passé permet donc d’accéder à des 

paléo-pCO2. Cette estimation est faite à partir du fractionnement isotopique du carbone qui se 

produit entre le CO2 ambiant, c’est-à-dire le CO2(aq), et la cellule algaire pendant la 

photosynthèse des haptophytes (Jasper et Hayes, 1990; Jasper et al., 1994; Bidigare et al., 

1997, 1999; Pagani et al., 1999). Ce fractionnement, noté �0p, est exprimé selon la relation 

suivante : 

�0p = �0f – b/[CO2(aq)] 

où: �0p est obtenu par la différence entre la composition isotopique en carbone (�/13C) du 

CO2(aq) et celle de la biomasse algaire (Figure 1-5).L’ �0p est communément noté �0p37:2puisque 

le �/13C de la biomasse algaire est estimé égal au�/13C de l’alcénone C37:2. Le �/13C du 

carbonate des foraminifères planctoniques permet quant à lui d’estimer le �/13C du CO2(aq)

(Pagani et al., 1999).

�0f est le fractionnement isotopique lié à toutes les réactions de fixation du carbone (�0f =

25‰; Popp et al., 1998) 

Le terme b représente tous les facteurs physiologiques (taille de la cellule, taux de 

croissance, concentration en nutriments) pouvant affecter le fractionnement isotopique total 

(�0p) (Laws et al., 1995; Popp et al., 1998). 

23



Chapitre 1 – Exposé bibliographique 

Figure 1-5. Schématisation du fractionnement isotopique en carbone (�0p37 :2) se produisant entre le 

CO2 ambiant (CO2(aq)) et la cellule algaire lors de la phostosynthèse. 

Généralement, la concentration en phosphate (PO4
3-) des eaux océaniques de surface, qui

influence directement le taux de croissance algaire, est utilisée pour estimer la valeur du terme 

b (Bidigare et al., 1997, 1999; Pagani et al., 1999). Dans les océans modernes, ce terme est en 

effet fortement corrélé à la concentration en phosphate selon la relation: 

b = 84,07 +118,52 x [PO4
3-] 

Pour les sites oligotrophiques (pauvres en nutriments), l’influence du taux de croissance des 

haptophytes sur l’�0p37:2 est considérée comme négligeable (Pagani et al., 2005). 

Influence de la taille de la cellule des haptophytes 

En considérant que, pour des concentrations similaires de CO2(aq), le fractionnement 

isotopique �0p est moins important pour les grandes cellules phytoplanctoniques (avec un faible 

taux de croissance) que pour les petites cellules (avec un taux de croissance élevé) (Laws et 

al., 1995; Popp et al., 1998), le terme b peut être corrigé en prenant en compte la taille de la 

cellule (Henderiks et Pagani, 2007): 

b’ = b x [V:SAfossil/V:SAEhux] 
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où: V:SAfossil est le ratio entre le volume (V) et l’aire de la surface (SA) de la cellule. Ce ratio 

est estimé à partir de la morphologie du coccolithe (fossile), le diamètre moyen de la cellule 

des coccolithophoridés (Dcell) étant  linéairement corrélé à la longueur du coccolithe (Lcoccolith)

(Henderiks et Pagani, 2007; Henderiks, 2008): 

Dcell = 0,55 + 0,88 x Lcoccolith        r
2 = 0,82; p<0,0001

Le volume de la cellule (V) et l’aire de la surface (SA) sont alors calculés en considérant une 

simple géométrie sphérique. 

V:SAEhux est une valeur constante correspondant aux dimensions de la cellule 

d’Emiliania huxleyien culture (V:SAEhux= 0,9 ± 0,1 �—m; Popp et al., 1998). 

Les concentrations en CO2 dans l’eau de mer pour les périodes anciennes peuvent alors 

être estimées en utilisant la nouvelle relation suivante : 

[CO2(aq)] = b’/ (�0f – �0p37:2)

1.5. Distribution des alcénones dans le registre sédimentaire

Le premier enregistrement sédimentaire des alcénones remonte à l’Aptien (Crétacé 

inférieur, ~120 Ma; Brassell et al., 2004). Une différence majeure dans la distribution des 

alcénones est observée entre les sédiments cénozoïques (post-Eocène) et les sédiments 

crétacés (anté-Eocène) (Farrimond et al., 1986; Brassell et al., 2004). Alors que les sédiments 

post-Eocène présentent essentiellement des alcénones en C37-C38 (MeC37:2, MeC37:3, Et- et 

MeC38:2, Et- et MeC38:3, EtC39:2 et EtC39:3), les sédiments anté-Eocène sont caractérisés par 

des abondances élevées d’alcénones en C39-C40 (MeC37:2, EtC38:2, MeC39:2, EtC40:2, MeC41:2) 

(Figure 1-6). Cette différence de distribution est difficilement attribuable à des processus 

diagénétiques qui auraient préférentiellement dégradé certaines alcénones par rapport à 

d’autres, comme le suggère dans ces sédiments la présence d’autres composés très facilement 

dégradables. Ce changement de profil de distribution suggère plutôt que les producteurs 

d’alcénones au Crétacé appartenaient à une familledifférente des producteurs cénozoïques. 
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Figure 1-6. Profils de distribution des alcénones au Crétacé et au Cénozoïque (modifié d’après 

Farrimond et al., 1986).
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Par ailleurs, Brassell et collaborateurs (2004; 2012) ont suggéré que la détection des 

alcénones tri-insaturées uniquement à partir de l’Eocène inférieur pouvait être expliquée par 

un changement à cette époque du mode de biosynthèse des alcénones, en relation avec 

l’évolution des haptophytes ou en réponse à un changement climatique majeur tel que le 

refroidissement global se produisant après l’Optimum climatique de l’Eocène inférieur (~50 

Ma).  

1.6. Quels étaient les producteurs d’alcénones au cours du Cénozoïque ? 

Depuisl’étude de Marlowe et collaborateurs (1990), le genre Reticulofenestra, qui comme 

Emiliania et Gephyrocapsa appartient à la famille des Noëlaerhabdaceae (Table 1-3), est 

considéré comme le producteur d’alcénones le plus probable pendant le Cénozoïque. Marlowe 

et collaborateurs (1990) se sont en effet appuyés sur la présence concomitante des coccolithes 

de Reticulofenestraet d’alcénones dans des sédiments datant depuis l’Eocène (56-33.9 Ma). 

Mais si des données moléculaires (Fujiwara et al., 2001; Sáez et al., 2004) et 

micropaléontologiques (Young, 1990, 1998; Young et Bown, 1997) ont montré que le genre 

Reticulofenestra était phylétiquement proche des producteurs actuels,cette hypothèse n’a 

jamais vraiment été démontrée. De plus, certains genres (tel que Cyclicargolithus) ont pu être 

éludés1 (Table 1-3). 

FAMILLE NOËLAERHABDACEAE

Genre Pseudoemiliania
Pseudoemiliania lacunosa
Pseudoemiliania ovata

Genre Cyclicargolithus
Cyclicargolithus abisectus
Cyclicargolithus floridanus
Cyclicargolithus luminis

Genre Dictyococcites
Dictyococcites antarcticus
Dictyococcites hesslandii
Dictyococcitesspp.

Genre Reticulofenestra
Reticulofenestra pseudoumbilicus
Reticulofenestra haqii
Reticulofenestra minutula
Reticulofenestra minuta
Reticulofenestra asanoi
Reticulofenestra bisecta
Reticulofenestra daviesii
Reticulofenestra clatrata
Reticulofenestra dictyoda
Reticulofenestra lockeri

Table 1-3. Taxonomie des Noëlaerhabdaceae au Cénozoïque (liste non exhaustive). 

                                                
1 La taxonomie des Noëlaerhabdaceae au Cénozoïque  reste à ce jour sujet à discussion. Pour plus de détails sur 
la taxonomie utilisée dans ce travail, se référer à l’Annexe 2. 
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L’identification formelle des producteurs d’alcénones au Cénozoïque semble primordiale 

pour assurer l’application des proxys basés sur ces lipides (UK’
37, �0p37:2) dans des sédiments 

pré-datant l’apparition des producteurs actuels. C’est donc aux questions « Quels étaient les 

producteurs d’alcénones au cours du Cénozoïque? L’hypothèse de Marlowe et

collaborateurs (1990) est-elle vérifiée et généralisable ? L’identification formelle des 

producteurs anciens d’alcénones est-elle essentielle pour l’utilisation des proxys basés ces 

lipides dans des sédiments pré-datant l’apparition des producteurs actuels ?» que ce travail 

de thèse va tenter de répondre au travers de trois cas d’études présentés dans les chapitres 

suivants.
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Chapitre 2 – Pertinence de l’utilisation de l’UK’
37 à l’Eocène-Oligocène 

 

Ce chapitre présente une étude basée sur les sédiments du Site DSDP (Deep Sea Drilling 

Project) 511 qui couvre la limite Eocène-Oligocène (34,8-30,7 Ma). Ce site, situé sur le 

Plateau du Falkland au sud-ouest de l’Atlantique Sud (à 2500 m de profondeur) présente 

l’avantage de couvrir en continu la transition Eocène-Oligocène. De plus, le taux de 

sédimentation élevé (entre 13 et 66 m/Ma) au Site DSDP 511 a permis un enfouissement 

rapide de la matière organique, et ainsi sa bonne préservation en comparaison avec d’autres 

sites océaniques profonds. 

La transition Eocène-Oligocène correspond au changement climatique le plus significatif 

du Cénozoïque puisqu’elle marque le passage d’un climat de type «greenhouse »

(globalement chaud) à un climat de type « icehouse » (globalement plus froid), avec 

l’apparition de glace permanente en Antarctique (e.g., Zachos et al., 2001). La réponse des 

nannofossiles calcaires à cet événement climatique majeur reste peu étudiée, bien que 

quelques études aient montré une baisse significative de la diversité spécifique et une 

augmentation en proportions relatives des taxons d’eaux froides (Persico et Villa, 2004; 

Dunkley Jones et al., 2008). 

Dans cette étude, les températures des eaux de surface (SSTs) reconstruites à partir du 

rapport d’insaturation des alcénones (UK’
37) indiquent un refroidissement progressif d’environ 

8°C entre 34,4 Ma et 33,5 Ma. Ce refroidissement est associé à une augmentation de la 

productivité primaire (probablement induite par la mise en place de conditions d’upwelling), 

comme en témoignent les flux de carbone organique total, de biomarqueurs 

phytoplanctoniques (alcénones et diols à longues chaînes) et de carbonate/silice. Ces 

changements environnementaux ont induit un changement dans les assemblages de 

nannofossiles, plus particulièrement au sein des espèces de Reticulofenestra.

La comparaison entre les abondances absolues des différentes espèces de Reticulofenestra

et les concentrations en alcénones dans les mêmes sédiments ne permet pas une identification 

claire des producteurs d’alcénones au Site 511 pendant l’Eocène-Oligocène, mais la 

production par R. dictyoda, R. minutaet R. clatrata reste probable. Les températures dérivées 

de l’UK’
37, qui est calibré sur les espèces productrices actuelles, sont cohérentes avec celles 

dérivées d’autres proxys de température (TEX86; �/18O) au même site et pour le même 

intervalle de temps. Ceci suggère que la calibration de l’UK’
37 n’est pas aussi dépendante de 

l’espèce productrice que ce qu’il avait été suggéré auparavant et/ou que les producteurs 

anciens d’alcénones au Site 511 étaient phylétiquement proches des producteurs actuels.  
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Abstract 

This study investigates paleoenvironmental changes at Deep Sea Drilling Project Site 511 

(South Atlantic) during the late Eocene�>early Oligocene using variations in lipid-biomarker 

concentrations (long-chain diols, alkenones), in calcareous nannofossil assemblages and in 

sediment composition (TOC, calcium carbonate, silica percentages). Sea-surface temperatures 

(SSTs) reconstructed from the alkenone unsaturation index UK’
37 indicate a progressive 

cooling (~8°C) from 34.4 Ma to 33.5 Ma. This cooling is associated with an increase in 

primary productivity (probably induced by upwelling conditions) as attested by fluxes of total 

organic matter (TOC), of phytoplanktonic biomarkers (long-chain diols) and of silica. These 

environmental changes induced a shift in nannofossil assemblages, especially within the 

Reticulofenestragenus. The comparison between Noelaerhabdaceae species-specific absolute 

abundances and alkenone concentrations in the same sedimentary samples does not allow an 

unequivocal identification of alkenone producers at Site 511 during the late Eocene-early
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Oligocene, but alkenone production by R. dictyoda, R. minuta and R. clatratais likely. SSTs 

derived from the alkenone unsaturation index, which is calibrated on modern alkenone 

producer species, are consistent with those derived from other temperature proxies (TEX86;

�/18O) at the same site and for the same time interval. This suggests that the UK’
37 index is less 

species-dependent than previously suggested and/or that the ancient alkenone producers at 

Site 511 were phyletically closely related to modern producers. 

Keywords: Paleotemperatures, paleoproductivity, UK’
37, alkenone producers, Eocene-

Oligocene, DSDP Site 511.

1. Introduction 

The Eocene-Oligocene boundary (EOB; ~ 34 Ma) marks the change from a “greenhouse" 

climate to an “icehouse” climate with a dramatic cooling event, leading to the formation of a 

large and permanent ice-sheet on East Antarctica [e.g., Zachos et al., 2001; Lear et al., 2008; 

Liu Z. et al., 2009]. Causes proposed for this abrupt glaciation include a substantial CO2

decrease in the atmosphere [DeConto and Pollard, 2003; Pagani et al., 2005, 2011], or a 

decrease in CO2 combined with an orbital configuration that reduced polar seasonality 

[DeConto and Pollard, 2003; Coxall et al., 2005]. Also, it has been suggested that Antarctic 

glaciation was the result of the thermal isolation of Antarctica from mid-latitude warm

currents as a consequence of the opening of the circumpolar passages (Tasmanian Gateway 

and Drake Passage) and the onset of the Antarctic Circumpolar Current (ACC) [e.g., Kennett,

1977;Lawver and Gahagan, 2003; Persico and Villa, 2004; Lagabrielle et al., 2009]. 

The EOB is further associated to a marine biotic turnover [Aubry, 1992; Dunkley Jones et 

al., 2008; Funakawa and Nishi, 2008; Pearson et al., 2008; Villa et al., 2008; Wade and

Pearson, 2008], terrestrial faunal and floral changes [e.g., Hooker et al., 2004; Jaramillo et 

al., 2006], a reorganization of the carbon cycle [Shackleton and Kennett, 1975; Zachos et al.,

2001; Coxall et al., 2005; Merico et al., 2008], an increase of marine primary production 

[Diester-Haass and Zahn, 1996; Salamy and Zachos, 1999; Nilsen et al., 2003; Anderson and 

Delaney, 2005], a deepening of the Carbonate Compensation Depth (CCD) [Coxall et al.,

2005;Rea and Lyle, 2005], and a sea-level fall [e.g., Pekar et al., 2002; Miller et al., 2008].  

These changes have been well documented notably by oxygen isotope (�/18O) and carbon 

isotope (�/13C) records from planktonic and benthic foraminifera [e.g. Kennett and Stott, 1990; 

Diester-Haass and Zahn, 1996; Zachos et al., 1996, 2001], and by shifts in foraminifera, 
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radiolarian and nannofossil assemblages [e.g. Boersma and Premoli Silva, 1991; Aubry, 1992; 

Keller et al., 1992; Lazarus and Caulet, 1993; Villa et al., 2008]. Alkenone-based proxies 

(�0p37:2; U
K’

37) have also been used to reconstruct variations in partial pressure of CO2 (pCO2)

and sea surface temperatures (SSTs) during the late Eocene-early Oligocene [Pagani et al.,

2005, 2011; Liu Z. et al., 2009]. However, paleoenvironmental changes occurring during the 

late Eocene-early Oligocene have been mostly documented at a number of deep-sea sites 

located in the Southern Ocean, whereas only a few studies have investigated lower latitude 

sites [e.g., Nilsen et al., 2003; Pagani et al., 2005, 2011; Liu Z. et al., 2009]. 

In the present study, the comparison between alkenone and nannofossil fluxes in sediments 

from the Deep Sea Drilling Project (DSDP) Site 511 (South Atlantic), which show a good 

preservation of organic matter, allows discussing the applicability of the alkenone-based 

temperature proxy (UK’
37) in sediments pre-dating the first occurrence of modern producers. 

Then, we quantified and compared contents in nannofossil assemblages, total organic matter, 

calcium carbonate/silica ratios and lipid biomarkers (alkenones and long-chain diols) with 

reconstructed alkenone-based sea surface temperatures (SSTs). This multi-proxy approach, 

based on a more continuous sampling with respect to previous studies [Liu Z. et al., 2009; 

Pagani et al., 2011], demonstrates that a cooling of sea-surface waters associated with an 

increase in primary productivity, consistent with the development of upwelling conditions,

occurred at Site 511 during the late Eocene-early Oligocene (34.8-30.7 Ma). This induced a 

shift in nannofossil assemblages, especially within the Reticulofenestragenus.

2. Material and methods 

2.1. Sampling and age model 

DSDP Leg 71 Site 511 (51°S, 46°W) is located in the basin province of the Falkland 

Plateau, at 2589 m water depth in the southwest Atlantic Ocean (Figure 2-1). We selected a 

total of 40 sediment samples (mainly diatom ooze and nannofossil diatomaceous ooze) 

between 10 and 180 meters below the sea floor (mbsf), spanning the latest Eocene-early 

Oligocene. During this period, Site 511 was at about 2500 m depth and was located at 55°S, 

42°W [Ludwig et al., 1983; Basov and Krasheninnikov, 1983; Syke et al., 1998].
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Figure 2-1. Location of DSDP Site 511 in the South Atlantic Ocean.

The age model for DSDP Site 511 used in this study is based on the paleomagnetic data 

presented by Salloway [1983] (Figure 2-2) and on nannofossil data presented here. 

Chiasmolithus oamaruensis is consistently present in all the studied samples, and the last 

occurrences of Reticulofenestra umbilica and Isthmolithus recurvus were observed at 15 mbsf 

and 18 mbsf, respectively. Contrarily to Liu Z. et al. [2009] and Schumacher and Lazarus

[2004], the first occurrences of Chiasmolithus oamaruensis and of Isthmolithus recurvus were 

not identified at 177.7 and 180 mbsf, respectively, as these species are present from the base 

of the interval studied here. All these observations strongly support that this interval is 

correlative with the magnetic Chron C13 (35-33.16 Ma) and Chron C12 (33.16-30.59 Ma) as 

defined in the timescale of Gradstein et al. [2012] (Figure 2-2). The time interval studied (10-

180 mbsf) is thus comprised between 30.7 and 34.8 Ma. Ages of nannofossil bioevents are not 

integrated in this age model because first and last occurrences can be slightly diachronous 

[Backman, 1987]. The sedimentation rate calculated according to our age model was not 

constant: 66.8 m/Ma between 109-195 mbsf, 35.5 m/Ma between 14-109 mbsf, and 13.4 

m/Ma between 8-14 mbsf. This age-depth model differs from the ones presented by 

Schumacher and Lazarus [2004] and Liu Z. et al. [2009] who did not integrate the available 

magnetostratigraphic data in their age models. Thus, contrarily to previous assumptions, no 

hiatus or drastic increase in sedimentation rate are supported by our data.  
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Figure 2-2. Age-depth plot for DSDP Site 511 used in the present study. Paleomagnetic data are from 

Salloway [1983]. Absolute ages are derived from the timescale of Gradstein et al. [2012]. 

2.2. Sediment composition analyses  

2.2.1. Total Organic Carbon (TOC)  

Sub-samples (ca. 100 mg of ground samples) were acidified in-situ with HCl 2N in pre-

cleaned (combustion at 450°C) silver capsules until effervescence ceased, dried in an oven 

(50°C) and wrapped in tin foil before analyses. Duplicate TOC analyses were performed with 

a Thermo FlashEA 1112 elemental analyzer using aspartic acid (36.09% of carbon) and 

nicotinamid (59.01% of carbon) as calibration standards. Accuracy was checked using in-

house reference material (fine grounded low carbon sediment). The reproducibility achieved 

for duplicate analyses of all samples was better than 10% (coefficient of variation). 
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2.2.2. Calcium carbonate (CaCO3)

For each sample, approximately 300 mg of powdered bulk sediment was dissolved using 

HCl 1N and the amount of CO2 released from the sample, which is proportional to the 

calcium carbonate (CaCO3) content, was measured using a Dietrich-Frühling™ calcimeter.

2.2.3. Remaining component 

The remaining component of the sediment was calculated as bulk less the TOC content and

the CaCO3 content. 

2.3. Nannofossil analyses 

Slides for calcareous nannofossil quantitative analysis were prepared following the 

Random Settling method [Beaufort, 1991; modified by Geisen et al., 1999]. A small amount 

of dried sediment powder (5 mg) was mixed with water (with basic pH, over-saturated with 

respect to calcium carbonate) and the homogenised suspension was allowed to settle for 24 

hours onto a cover slide. The slide was dried and mounted on a microscope slide with 

Rhodopass. Coccolith quantification was performed using a polarizing optical ZEISS 

microscope (magnification 1000x). A standard number of 400 calcareous nannofossils 

(coccoliths and nannoliths) were counted in a variable number (between 15 and 30) of field of 

views. In order to test the reproducibility of our quantification, each slide was counted twice 

and the repeatability achieved was better than 10 % (coefficient of variation).  

Absolute abundance of nannofossils per gram of sediment was calculated using the 

formula:  

X = (N.V)/(M.A.H)                                                    (1) 

where X is the number of calcareous nannofossils per gram of sediment; N the number of 

nannofossils counted in each slide; V the volume of water used for the dilution in the settling 

device (cm3); M the weight of powder used for the suspension (g); A the surface considered 

for nannofossil counting (cm2); H the height of the water over the cover slide in the settling 

device (2.1 cm). Species-specific relative abundances (percentages) were also calculated from 

the total nannofossil content. 
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2.4. Lipid biomarkers 

Each sample (ca. ~15g) was ground and extracted by way of sonication with 

Dichloromethane (DCM; 5 x 50 mL). Following evaporation of the solvents, the total lipid 

extract was separated into four lipid fractions of increasing polarity by chromatography over a 

solid phase extraction (SPE) silica-NH2 cartridge (0.5 g packing) with hexane (Hex), 

Hex/DCM (3:1 v/v), DCM/acetone (9:1 v/v) and Methanol (MeOH) as eluents, respectively. 

Alkenones, eluting in the second fraction, were identified and quantified by gas 

chromatography/mass spectrometry (GC/MS) and gas chromatography (GC/FID), 

respectively. Alkenone abundances were determined by GC/FID using hexatriacontane (n-C36

alkane) as internal standard. Long-chain diols, eluting in the third fraction from the SPE 

chromatography, were silylated [pyridine/N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA), 

2:1 v/v] before GC/FID and GC/MS analyses. Diol abundances were determined by GC/MS 

using 1,2-dipalmitoyl glycerol as external standard. 

GC/MS analyses were performed on a MD800 Voyager spectrometer interfaced to an 

HP6890 gas chromatograph equipped with an on-column injector and a DB-5MS column (30 

m x 0.25 mm x 0.25 �—m). The oven temperature was programmed from 60°C (1 min) to 

130°C at 20°C min-1, and then to 310°C (20 min) at 4°C min-1. Helium was used as the carrier 

gas at constant flow. GC/FID analyses were performed on a HP-6890 Series gas 

chromatograph configured with an on-column injector and a HP5 (30 m x 0.32 mm x 0.25 

�—m) capillary column. Helium was used as the carrier gas at constant flow and the oven 

temperature program was the same as for GC/MS analyses. 

2.5. Mass accumulation rates

The calculation of fluxes permits to overcome the effects of a variable sedimentary dilution 

and to effectively compare data from different intervals in a time-series. The formula 

introduced by Davies et al. [1995] was first used to calculate the mass accumulation rates 

(MAR):

MAR = T. [BD-(P.W)]          (2) 

where MAR is the mass accumulation rate (g/m2/yr), T the sedimentation rate (m/yr), BD the 

wet bulk density (g/m3), P the porosity (weight percent) and W the seawater density (1.025 

g/cm3).
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Fluxes of CaCO3 (g/m2/yr), biomarkers (�—g/m2/yr) and coccoliths (specimens/m2/yr) were 

then obtained by multiplying the MAR with CaCO3 content (g/g sediment), biomarker 

concentrations (�—g/g sediment) and coccolith abundances (specimens/g sediment).    

3. Results 

3.1. Sediment composition 

The studied samples are characterized by relatively high total organic carbon (TOC) 

contents for a deep-sea site (0.60 wt%; 0.16 g/m2/yr on average; Figure 2-3). The TOC fluxes 

are in average of 0.12 g/m2/yr between 34.8 and 34.4 Ma but slightly increased thereafter and 

then remained relatively constant between 34.4 and 31.4 Ma (0.17 g/m2/yr) before a new 

decrease afterwards (Figure 2-3). 

Calcium carbonate (CaCO3) content is low (in average 9%; 2.4 g/m2/yr) in all the studied 

samples (Figure 2-3). During the late Eocene (34.8-34.4 Ma), fluxes were in average of 4.7 

g/m2/yr but drastically decreased and showed lower values between 34.4 and 33.5 Ma (1.9 

g/m2/yr). It should be noted that one single sample at 138.6 mbsf (34.16 Ma) has a very low 

CaCO3 content (0.8 %; 0.2 g/m2/yr). During the early Oligocene, fluxes are slightly higher 

compared to the previous time interval (in average 2.1 g/m2/yr) with two peaks observed at 

~33.2 Ma and ~31.1 Ma (4.9 and 5.9 g/m2/yr, respectively). Similar temporal variations are 

observed when relative proportions (%) of CaCO3 are considered (Figure 2-3).  

It is assumed that the remaining component of the sediment (i.e. other than TOC and 

CaCO3) is almost exclusively constituted by biogenic silica. Diatoms and radiolarians are 

indeed dominant in all the studied samples, as testified by previous studies [Ludwig et al.,

1983; Gombos and Ciesielski, 1983] and by Scanning Electron Microscope (SEM) pictures 

(see Plate 2-1 in supplementary data). Silica fluxes were in average of 23.9 g/m2/yr during the 

late Eocene (34.8-34.4 Ma) but they increased between 34.4 and 33.5 Ma (24.8 g/m2/yr), 

before they became steady (23.6 g/m2/yr in average) during the early Oligocene (34.8-34.4 

Ma; Figure 2-3). 
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3.3. Coccolith assemblages  

Coccolith assemblages are dominated by two genera of the Noelaerhabdaceae Family, 

namely Reticulofenestra and Dictyococcites, which account for 70-80% of the total 

nannofossils. The genus Reticulofenestra is mainly represented by the species R. dictyoda, R.

minuta and R. clatrata, whereas D. bisectus is the main Dictyococcites species. Other species 

of these two genera (R. hillae, R. umbilica, R. daviesii, R. reticulata and D. stavensis) are 

present in lower amounts. The remaining nannofossil taxa (Blackitesspp., Chiasmolithusspp., 

Clausicoccusspp.,Coccolithusspp., Ericsoniaspp., Helicosphaeraspp., Ismolithus recurvus,

Pontosphaeraspp.,Toweiusspp.,Umbilicosphaeraspp.) account in average for 16% of the 

total nannofossil assemblage.  

The mean nannofossil accumulation rate throughout the investigated interval is 16.9x109

nannofossils/m2/yr. During the late Eocene (34.8-34.3 Ma), fluxes are relatively high 

(32.2x109 nannofossils/m2/yr) but they drastically decrease and show low values between 

34.3 and 33.5 Ma (8.9x109 nannofossils/m2/yr). It should be noted that the sample with 0.8% 

of CaCO3 at 138.6 mbsf appears barren of nannofossils (34.16 Ma; Figure 2-4). During the 

early Oligocene, fluxes of nannofossils slightly increase and reach relatively constant values 

between 33.2 and 30.7 Ma (14.2x109 nannofossils/m2/yr). Fluxes of nannofossils and of each 

species of Reticulofenestra (in particular R. dictyoda and R. minuta) show in general similar 

temporal variations (Figure 2-4). A significant and positive linear regression is observed 

between CaCO3 and nannofossil fluxes (Figure 2-5a), indicating that nannofossils are major 

carbonate producers at Site 511. 

Figure 2-5. Correlations (linear regressions, significance threshold �. = 0.05) between (a) nannofossil 

fluxes and calcium carbonate (CaCO3) proportions, and between (b) Total Organic Carbon (TOC) and 

silica proportions.
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3.2. Phytoplanktonic lipids 

All studied samples show the presence of two C37 and two C38 alkenones identified 

respectively as: heptatriacontatrien-2-one (MeC37:3), heptatriacontadien-2-one (MeC37:2), 

octatriacontatrien-3-one (EtC38:3) and octatriacontadien-3-one (EtC38:2). No significant 

variation of the proportions of EtC38:3 and EtC38:2 alkenones is observed through the time 

interval studied. However, a change in proportions of C37:2 and C37:3 alkenones occurs at ~ 34 

Ma. Higher proportions of C37:2 alkenones (34% and 21% for C37:2 and C37:3 alkenones,

respectively) are recorded during the late Eocene (34.8-34 Ma). Conversely, during the early 

Oligocene (34-30.7 Ma), higher proportions of C37:3 alkenones (34% and 23% for C37:3 and 

C37:2 alkenones, respectively) are recorded. The UK’
37 index, which is the ratio between C37:2

alkenones and C37:3 alkenones (UK’
37 = [C37:2]/ [C37:2 + C37:3]) [Prahl and Wakeham, 1987], 

was converted into sea surface temperatures (SSTs) (Figure 2-6), using the calibration of Liu 

Z. et al.[2009], based on global core top sediments [data set from Conte et al., 2006]. 

Figure 2-6. Paleo-sea surface temperatures (SSTs) derived from various temperature proxies at DSDP 

Site 511 during the late Eocene-early Oligocene. SSTs obtained in the present study (black line) are 

compared with those obtained by Liu Z. et al. [2009] using UK’
37 (filled circles) and the tetraether 

index TEX86 (empty circles) proxies, and with those of Muza et al. [1983] who used the stable oxygen 

isotope composition of planktonic foraminifera (�/18O; blue stars).
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SSTs, which are relatively high (ca. 18°C) during the late Eocene, show a regular decrease 

down to ca. 10°C around the Eocene-Oligocene boundary (34.4-33.4 Ma) and remain 

relatively constant afterwards (Figure 2-6).

The average flux of alkenones is 3.7 �—g/m2/yr and shows a maximum of 18.6 �—g/m2/yr at 

about 34.2 Ma (Figure 2-7). A general trend to decreasing alkenone content is observed 

during the late Eocene-early Oligocene, but three periods of increasing alkenone flux are 

observed at about 34.3-33.6, 32.7-32.1 and 31.4 Ma (Figure 2-7).  

Eight long-chain diols, presumably originating from diatoms [Rampen et al., 2007] and/or 

from Eustigmatophyte microalgae [Volkman et al., 1999], are also present in all the studied 

samples. These compounds were respectively identified as: hexacosane-1,12-diol (1,12 C26),

hexacosane-1,13-diol (1,13 C26), hexacosane-1,14-diol (1,14 C26), octacosane-1,12-diol (1,12 

C28), octacosane-1,13-diol (1,13 C28), octacosane-1,14-diol (1,14 C28), triacontane-1,13-diol 

(1,13 C30), triacontane-1,14-diol (1,14 C30).

Diols show much lower fluxes (in average 0.5 �—g/m2/yr) than alkenones, with values close 

to the detection limit between 34.8 and 34.4 Ma, but their production significantly increases 

between 34.4 and 33.4 Ma (Figure 2-7). Peaks of maximum flux are observed during the early 

Oligocene at 32.7-32.1 Ma (1.2 �—g/m2/yr) and at 31.4 Ma (4.9 �—g/m2/yr). This overall 

distribution matches with that of TOC, although higher variations are recorded for diol flux 

(Figure 2-7).  

4. Discussion 

A set of observations indicates that variations through time in TOC and lipid-biomarker 

contents in the studied samples are unlikely the result of potential preservation biases. As 

biomarker concentrations were converted to fluxes, the effects of a variable dilution of 

organic matter in different samples can be excluded. Although a majority of organic matter 

produced in the surface oceans is remineralized before reaching the seafloor, the high 

sedimentation rate at DSDP Site 511 (35.5-66.8m/Ma) has likely induced a relatively rapid 

burial of organic matter into the sediments, thus limiting its oxidation at the water/sediment 

interface. The variations in TOC and lipid-biomarker contents are thus more likely the result 

of changes in primary productivity rather than changes in organic matter degradation.

Along with alkenone-based temperatures, we used variations in sediment components 

(CaCO3, silica, TOC) and in lipid-biomarkers (alkenones, long-chain diols) to infer changes 

in primary productivity occurring at Site 511. CaCO3 and silica fluxes are currently used as 
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proxies to trace calcareous (nannossils, foraminifera) and siliceous (diatoms, radiolarian) 

production, respectively [e.g., Faul et al., 2003; Nilsen et al., 2003]. Alkenones are produced 

in modern oceans by a few extant unicellular haptophyte algae belonging to the Isochrysidale 

clade (including the coccolithophores Emiliania huxleyi and Gephyrocapsa oceanica;

Marlowe et al., 1984; Volkman et al., 1980, 1995), but their sedimentary abundances have 

been widely used as indicators to estimate global primary paleoproductivity [e.g., Brassell et 

al., 1986; Brassell, 1993; Villanueva et al., 1997, 1998; Weaver et al., 1999; Grimalt et al.,

2000;Ternois et al., 2001]. The total long-chain diol abundances may also be interpreted as a 

proxy for phytoplanktonic productivity since eustigmatophytes and diatoms have been 

identified as potential producers of these biolipids [e.g., Versteegh et al., 1997; Sinninghe 

Damsté et al., 2003;Rampen et al., 2007].  

4.1. Alkenone production and applicability of the UK’
37proxy

Sea-surface temperatures at Site 511 were reconstructed using the alkenone-based proxy 

UK’
37. However, this proxy has been calibrated on extant coccolithophore cultures (E. huxleyi 

andG. oceanica) and/or contemporary core top sediments [e.g.,Prahl and Wakeham, 1987;

Prahl et al., 1988; Sikes et al., 1991; Conte et al., 1995; Müller et al., 1998; Popp et al., 1998; 

Riebesell et al., 2000], and appears species-dependent [e.g., Volkman et al., 1995; Conte et 

al., 1998]. It is thus essential to identify ancient alkenone producers to ensure the applicability 

of this proxy in pre-Quaternary sediments.

4.1.1. Putative alkenone producers at Site 511 during the late Eocene-early Oligocene 

To identify ancient alkenone producers, we assume that, under good preservation 

conditions, the alkenone concentration is related to the number of coccoliths of alkenone-

producing species in the same sediment. A similar approach has already been used to identify 

alkenone producers in sediments of late Quaternary [e.g. Müller et al., 1997; Weaver et al.,

1999], Pliocene [e.g. Bolton et al., 2010; Beltran et al., 2011] and Oligocene-Miocene age 

[Plancq et al., 2012]. 

The Reticulofenestra genus has been suggested as the most probable ancient producer of 

alkenones based on its continuous co-occurrence with these lipid biomarkers throughout the 

Cenozoic sediment record [e.g., Marlowe et al., 1990]. At DSDP Site 511, no apparent similar 

variation is observed between the total alkenone content and abundances of Reticulofenestra

species (or Dictyococcites species), especially between 34.8 and 32.7 Ma where alkenone and 

coccolith contents seem to be inversely correlated. However, the contribution to alkenone 
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production of some Reticulofenestra species, namely R. dictyoda, R. minuta and R. clatrata,

cannot be totally excluded since they show some similar variations with alkenone fluxes 

during the early Oligocene (32.7-30.5 Ma; Figure 2-4).  

Using cultures of Emiliania huxleyi, Sorrosa [2012] showed that a change of growth 

temperature from 20°C to 10°C promoted an enhancement of alkenone production but 

reduced the cell number (and thus the number of coccoliths). A decrease in SSTs associated 

with the onset of upwelling conditions and the ecological perturbation induced by the 

competition of coccolithophores with diatoms (see section 4.2) could then explain that the 

highest alkenone fluxes are contemporary of the lowest coccolith fluxes (34.4-33.4 Ma; 

Figure 2-4). The end of this perturbation period subsequent to the stabilization of upwelling 

conditions (33.4-31 Ma; see section 4.2) would explain the following lower alkenone 

production. Yet, this interpretation remains speculative since the mode of production and the 

physiological function of alkenones in haptophyte cells is still not clearly understood [Prahl

et al., 1988; Brassell, 1993;Bell and Pond, 1996; Epstein et al., 2001].

The discrepancy between alkenone and coccolith sedimentary contents may also suggest 

that other alkenone-producing taxa, likely non-calcifying haptophytes, have contributed to 

alkenone production. Nowadays, certain non-calcifying Isochrysidales, such as Isochrysis 

galbana, also produce alkenones. Although they are not considered as an important source of 

alkenone in the open ocean since they are believed to be restricted to coastal areas [Marlowe 

et al., 1990], Isochrysisstrains are also known from oceanic waters [Versteegh et al., 2001]. 

So, the distribution and abundances of non-calcifying producers in marine waters are virtually 

unknown and are probably underestimated [Liu H. et al., 2009]. Thus, at Site 511, the 

contribution of non-calcifying haptophytes to alkenone production, for which there is no 

sedimentary record, cannot be excluded.

Coccolith-calcite dissolution during the dissolution event is another possible cause to 

explain the differences observed between alkenone and coccolith records. However, as 

dissolution is found to be important only in the sample at 138.6 m, this mechanism can only 

be invoked for the interval close to the Eocene/Oligocene boundary (see Plate 1 in 

supplementary data and discussion in section 4.2).

4.1.2. Applicability of the UK’
37 index 

Temperatures derived from the alkenone paleothermometer are interestingly consistent 

with those derived from other paleotemperature proxies (TEX86; �/18O) all along the sediment 

section investigated (Figure 2-6). This suggests that the UK’
37 index is less species-dependent 
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than previously suggested or that the ancient alkenone producers at Site 511 were phyletically 

closely related to modern producers. The impact of changes in alkenone producing species on 

the UK’
37 index remains poorly studied, although it has been suggested that such changes do 

not involve significant changes in the UK’
37-temperature relationship [Müller et al., 1997, 

1998;Villanueva et al., 2002]. For example, Villanueva et al.[2002] showed that reversals in 

the Noelaerhabdaceae assemblages (GephyrocapsaandEmiliania species) over the last 290 

kyrs did not significantly alter UK’
37 values. On the other hand, molecular [Fujiwara et al.,

2001;Sáez et al., 2004] and micropaleontological data [Marlowe et al., 1990; Young, 1990, 

1998; Young and Bown, 1997] suggest very close evolutionary relationships between E. 

huxleyiandG. oceanicaand their Cenozoic ancestors, such as Reticulofenestra(considered as 

an important alkenone producing genus at Site 511). Thus, although a few studies showed that 

the calibration of the UK’
37 ratio is species-dependent [e.g., Conte et al., 1995, 1998; Popp et 

al., 1998; Yamamoto et al., 2000], genetically-related factors are believed to have a small 

impact on the alkenone unsaturation of open-ocean producers. All these observations allow a 

confident use of the UK’
37 in the Eocene-Oligocene sediments of Site 511, even if the 

producers are not yet clearly identified. 

4.2. Changes in sea-surface temperatures and primary productivity at Site 511 

Based on a continuous sampling spanning the late Eocene-early Oligocene boundary, the 

present data describe a regular decrease in SSTs inferred from 18°C in the late Eocene to 

10°C in the early Oligocene (Figure 2-7). This is in good agreement with previous studies that 

indicated a cooling at Site 511 for this time interval based on the oxygen isotope record of 

planktonic foraminifera (�/18O) [Muza et al., 1983], on changes in foraminifera or radiolarian 

assemblages [Krasheninnikov and Basov, 1983; Weaver, 1983], or on few UK’
37 and tetraether 

index (TEX86) measurements [Liu Z. et al., 2009] (Figure 2-6). Also, this sharp cooling event 

has been recorded in several other oceanic sites [e.g., Zachos et al., 2001; Coxall et al., 2005; 

Liu Z. et al., 2009]. 
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The progressive cooling recorded at DSDP Site 511 is accompanied by a progressive 

increase in primary productivity through the Eocene-Oligocene boundary (34.4-33.4 Ma), as 

evidenced by variations in TOC and long-chain diol contents (Figure 2-7). This is supported 

by higher fluxes of silica, which suggest an enhanced production of siliceous organisms 

(Figure 2-7). A significant and positive correlation is observed between percentages of TOC 

and silica (Figure 2-5b), whereas the production of calcareous organisms (mainly 

nannofossils; Figure 2-5a) was limited, as shown by significantly reduced carbonate contents 

(Figure 2-7). These observations suggest a change in trophic conditions across the Eocene-

Oligocene boundary (34.4-33.4 Ma), probably linked to the onset of an upwelling front that 

might have been more favorable to the development of diatoms [e.g., Ziveri et al., 1995; 

Marañon et al., 1996; Schiebel et al., 2004]. Upwelling conditions, resulting from increased 

cold water production and more vigorous oceanic circulation, have indeed been suggested at 

Site 511 during this time interval, based on carbon isotopic composition (�/13C) of benthic and 

planktonic foraminifera and changes in diatom assemblages [Muza et al., 1983; Weaver,

1983;Schumacher and Lazarus, 2004]. The onset of the Antarctic Circumpolar Current likely 

played a role in the expansion of subantarctic waters and of upwelling front towards Site 511 

[Muza et al., 1983; Salamy and Zachos, 1999; Barker and Thomas, 2004]. The early 

Oligocene (33.4-31.3 Ma) still accounts for a period of enhanced primary productivity as 

evidenced by TOC and long-chain diol fluxes (Figure 2-7). But the slight increase in 

carbonate content and the steady SSTs seem to indicate more stable sea-surface conditions, 

maybe linked to a stabilization of upwelling conditions during this period. Finally, an episodic 

input of warmer water masses can be observed between 31.3 and 31 Ma, as shown by an 

increase in SSTs and carbonate content (coupled with a decrease in silica proportions; Figure 

2-7). This is in good agreement with oxygen isotope data [Muza et al., 1983; Weaver, 1983].

An increase in primary productivity across the Eocene-Oligocene boundary is thus 

highlighted in nannofossil diatomaceous ooze from the DSDP Site 511. Similarly, previous 

studies inferred an increase in primary productivity during the Eocene-Oligocene at DSDP 

sites from South Atlantic and Southern Ocean, where sediments are mainly constituted by 

calcium carbonate [e.g., Salamy and Zachos, 1999; Nilsen et al., 2003; Persico and Villa,

2004;Anderson and Delaney, 2005].

Alkenone fluxes at Site 511 intriguingly show a stratigraphic trend inversely correlated to 

that of nannofossils (Figure 2-4). Alkenone fluxes would suggest highest primary productivity 

around the Eocene-Oligocene boundary (34.4-33.4 Ma), whereas nannofossils show their 
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lowest fluxes during this time interval (Figure 2-4). A sample (138.6 mbsf; 34.16 Ma) is even 

characterized by very low CaCO3 content (0.8 %) and is barren of nannofossils. It is worth 

noticing that this sample might correspond to the worldwide dissolution event recorded in 

different latitudes at ~34 Ma [Diester-Haass and Zachos, 2003; Coxall et al., 2005;Lear et 

al., 2008]. This event, with a duration of 40-60 kyr, is considered integral of the climatic 

change occurring during the late Eocene-early Oligocene and has been interpreted as a 

temporary shoaling of the Carbonate Compensation Depth [e.g., Coxall and Pearson, 2007].

However, our data suggest that the low nannofossil content in the other samples between 34.4 

and 33.4 Ma is unlikely the result of enhanced dilution or dissolution of nannofossils. 

Nannofossil abundances are indeed expressed in fluxes, avoiding a possible dilution effect on 

nannofossil abundance by a variable accumulation rate of siliceous organisms in the same 

sediment. In addition, optical and scanning electron microscopy show that nannofossils are 

generally well preserved in all other investigated samples (see Plate 2-1 in supplementary 

data) and that delicate coccoliths that are prone to dissolution, such as Pontosphaera, are 

commonly observed with pristine structures. These observations suggest that the drastic 

decrease in nannofossil fluxes around the Eocene-Oligocene boundary is more likely an

ecological response of coccolithophores, subsequent to the onset of upwelling conditions,

rather than the result of enhanced dissolution during this period.

5. Conclusion 

The comparison of nannofossil and alkenone contents in sediment samples from DSDP 

Site 511 does not allow an unequivocal identification of alkenone producers. However, some 

Reticulofenestraspecies (namely R. dictyoda, R. minutaand R. clatrata) as well as non-

calcifying haptophytes could have contributed to alkenone production for the late Eocene-

early Oligocene interval. Interestingly, the fact that sea-surface temperatures (SSTs) derived 

from the UK’
37 ratio are consistent with temperatures derived from other proxies (TEX86; �/18O) 

suggests that the calibration of the alkenone-based paleothermometer is less species-

dependent than previously supported. In specific cases, such as the present one, the 

identification of alkenone producers is thus not crucial to better constrain the reconstructions 

of paleo-SSTs based on alkenones. 

Quantitative variations in lipid-biomarkers, TOC, carbonate/silica ratio, nannofossils and 

alkenone-based sea surface temperatures allow the characterization of paleoenvironmental 

changes occurring at DSDP Site 511 (South Atlantic) during the late Eocene-early Oligocene. 
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A progressive cooling coupled to an increase in primary productivity, consistent with the 

development of upwelling conditions, occurred during the early Oligocene and induced a shift 

in nannofossil assemblages, especially within the Noelaerhabdaceae species (R. dictyoda, R. 

minuta, D. bisecta, R. daviesii). The opening of the circumpolar passages and the onset of the 

Antarctic Circumpolar Current very likely influenced environmental conditions at Site 511 

and can both explain the temperature decrease of about 8°C and the productivity increase 

recorded there. 

Appendix A: Taxonomic remarks 

Taxonomy used in the present work follows Haptophyte phylogeny as revised by Young

and Bown[1997] and Sáez et al.[2004]. 

A1. Noelaerhabdaceae family 

Noelaerhabdaceae (Jerkovic [1970], emended by Young and Bown, [1997]) is the dominant 

family in the studied samples and is assumed to include the Cenozoic ancestors of the modern 

alkenone producers, namely Emiliania andGephyrocapsa. 

A1.1. Genus Reticulofenestra  

Coccoliths of the genus Reticulofenestra [Hay et al., 1966] are elliptical to subcircular with an 

open central area and with no slits in the distal shield. The following species were observed in 

this study: 

R. clatrata [Muller, 1970]: medium-sized coccolith with large margins and large central area 

filled by a sieve plate divided by a median suture. 

R. daviesii [Haq, 1968; Haq, 1971]: medium-sized coccoliths (5-8 �—m) with plugs in central 

area. 

R. dictyoda [Stradner in Stradner and Edwards, 1968]: small to large (3-14 �—m) elliptical 

coccoliths with a wide central area. 

R. hillae [Bukry and Percival, 1971]: large (> 12 �—m) elliptical coccolith with a thick-wide 

collar around a small central opening which scales measuring less than one third of placolith 

length. 

R. minuta[Roth, 1970]: small elliptical coccoliths (< 3 �—m) with a wide central area. 

R. umbilicus [Levin, 1965; Martini and Ritzkowski, 1968]: very large (> 14 �—m, as defined by 

Backman and Hermelin[1986]) elliptical coccoliths with a wide central area. 
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A1.2. Genus Dictyococcites  

Elliptical to subcircular coccoliths with a closed (or virtually closed) central area. Although, 

Dictyococcites sensu Black [1967] can be regarded as a heavily calcified synonym of 

Reticulofenestra, the emended diagnosis of Backman [1980] clearly separates this genus from 

Reticulofenestra.    

D. bisectus [Hay et al., 1966; Bukry and Percival, 1971] = R. bisecta [Hay et al., 1966; Roth,

1970]: highly birefringent elliptical coccoliths (< 10 �—m) with a closed central area in the 

distal shield. 

D. stavensis[Levin and Joerger, 1976] = R. stavensis [Levin and Joerger, 1967; Varol, 1989]: 

highly birefringent elliptical coccoliths (> 10 �—m) with a closed central area in the distal 

shield.  

A2. Other coccoliths 

Other coccoliths that do not belong to the Noelaerhabdaceae family are found in the studied 

samples are listed here: Blackites spp. [Hay and Towe, 1962], Chiasmolithus spp. [Hay et al.,

1966], Clausicoccus spp. [Prins, 1979], Coccolithus formosus [Kamptner, 1963; Wise, 1973], 

Coccolithus pelagicus [Wallich, 1877; Schiller, 1930], Ericsonia spp. [Black, 1964], 

Heliscophaera spp. [Kamptner, 1954], Ismolithus recurvus [Deflandre, 1954], Pontosphaera

spp. [Lohmann, 1902], Toweius spp. [Hay and Mohler, 1967], Umbilicosphaera spp. 

[Lohmann, 1902], Zygrhablithus spp. [Deflandre, 1959]. 

A3. Nannoliths 

Nannoliths include forms without a distinct rim and for which the peculiar structure cannot be 

directly related to coccoliths. They are thus considered as incertae sedis. Nannoliths found in 

this study are Discoasterspp. [Tan, 1927] and Sphenolithusspp. [Grassé, 1952]. 
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Supplementary data 

Plate 2-1. Scanning Electron Microscope (SEM) pictures showing that the studied samples are 

dominated by diatoms and radiolarian (organisms producing a siliceous test) and that coccoliths are 

generally well preserved. (a-b) Sample 511-5R4-63 (38.42 mbsf), (c) Sample 511-15R1-93 (129.43 

mbsf), (d-e) Sample 511-17R1-68 (148.18 mbsf), (f-h) Sample 511-20R1-66 (176.66 mbsf).  
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Chapitre 3 

Changements globaux dans les assemblages de 
Noëlaerhabdaceae et implications pour les estimations de 

pCO2 à la transition Oligocène-Miocène 





Ce chapitre s’intéresse à la transition Oligocène-Miocène (25-16 Ma) au Site DSDP (Deep 

Sea Drilling Project) 516, situé dans la gyre subtropicale de l’Atlantique Sud sur le Rio 

Grande Rise. Au Miocène, le Site DSDP 516 se trouvait à 1313 m de profondeur, bien au 

dessus de la profondeur de compensation des carbonates (CCD), permettant ainsi une bonne 

préservation des assemblages de nannofossiles. De plus, le taux de sédimentation relativement 

élevé (17 m/Ma) à ce site a permis un enfouissement rapide et une bonne préservation de la 

matière organique en comparaison avec d’autres sites océaniques profonds.

Si de nombreuses études ont souligné un renouvellement important dans les assemblages 

de nannofossiles calcaires (coccolithes et incertae sedis) au cours de la transition Oligocène-

Miocène (Pujos, 1985; Olafsson, 1989; Young, 1998), peu se sont intéressées aux 

assemblages de Noëlaerhabdaceae. La première partie de ce chapitre (3.1) présente donc une 

étude sur les variations d’abondances absolues des assemblages de Noëlaerhabdaceae à 

différentes latitudes de l’Océan Atlantique et de l’Océan Pacifique autour de la limite 

Oligocène-Miocène (Sites DSDP 516, 608 et 588). Pour les trois sites étudiés, les 

assemblages de nannofossiles sont caractérisés par des proportions élevées successives de 

Cyclicargolithus, Dictyococciteset Reticulofenestra. Le déclin synchrone de Cyclicargolithus

aux trois sites étudiés correspond probablement à un événement global. Les causes possibles 

de ce turnover taxonomique à long terme sont explorées. D’une part, un événement 

climatique global, en relation avec les glaciations du Miocène inférieur, pourrait avoir 

déclenché le déclin du taxon Cyclicargolithus. La niche écologique laissée vacante suite à la 

diminution en abondance de Cyclicargolithusa pu alors être exploitée par les réticulofénestrés 

(Dictyococciteset Reticulofenestra) qui deviennent dominants dans les assemblages après 20 

Ma. D’autre part, ce turnover global pourrait refléter une succession évolutive graduelle et

être le résultat de pressions sélectives, comme une compétition accrue entre Cyclicargolithus

et réticulofénestrés. Une diversification au sein des réticulofénestrés, indiquée par 

l’augmentation de la variation de taille au sein de ce groupe dès ~20 Ma, aurait pu contribuer 

au déclin de Cyclicargolithus. 

Dans la deuxième partie de ce chapitre (3.2), la comparaison entre les concentrations en 

alcénones et les abondances relatives et absolues des différentes espèces de Noëlaerhabdaceae 

permet d’identifier l’espèce Cyclicargolithus floridanuscomme étant un producteur majeur

d’alcénones au Site DSDP 516 à la transition Oligocène-Miocène. Contrairement aux 

hypothèses précédentes, Reticulofenestran’était pas le producteur d’alcénones prédominant 

pendant l’intervalle de temps étudié. La distribution des différents types d’alcénones 

(MeC37:2, EtC38:2, and MeC38:2) ne change pas malgré des changements distincts dans la 
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composition des espèces, suggérant des distributions similaires en alcénones di-insaturées au 

sein de la famille des Noëlaerhabdaceae pendant l’Oligocène supérieur-Miocène inférieur. La 

grande taille de cellule de Cyclicargolithuspeut avoir des implications sur les reconstructions 

de pressions partielles de CO2 basées sur les alcénones. Nos résultats soulignent l’importance 

d’une identification la plus précise possible des producteurs d’alcénones pour des périodes 

(>1,85 Ma) pré-datant la première apparition des producteurs actuels.

Il est à noter que la trop faible concentration en alcénones, atteignant souvent la limite de 

détection, dans les sédiments des Sites DSDP 588 et 608 n’a malheureusement pas permis 

l’identification des producteurs d’alcénones à la transition Oligocène-Miocène du Pacifique 

Sud et de l’Atlantique Nord. 
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3.1. Changements globaux dans les assemblages de Noëlaerhabdaceae 

autour de la limite Oligocène-Miocène 
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Abstract

This study investigates abundance variations in Noelaerhabdaceae assemblages during the 

late Oligocene-early Miocene at different latitudes of the Atlantic and Pacific oceans (DSDP 

Sites 516, 608 and 588). Nannofossil assemblages were characterized at the three studied sites 

by the successive high proportion of Cyclicargolithus, Dictyococcites and Reticulofenestra.

Local paleoceanographic changes, such as the input of nutrient-poor water masses, might 

explain shifts in ecological prominence within the Noelaerhabdaceae at DSDP Site 516 

(Southern Atlantic). But the similar timing of a decline in Cyclicargolithusat the three studied 

sites more likely corresponds to a global process. Here, we explore possible causes for this 

long-term taxonomic turnover. A global change in climate, associated with early Miocene 

glaciations, could have triggered a decline in fitness of the taxon Cyclicargolithus. The 

ecological niche made vacant because of the decrease in Cyclicargolithuscould then have 

been exploited by Reticulofenestra/Dictyococcitesthat became prominent in the assemblages 
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after 20 Ma. Alternatively, this global turnover might reflect a gradual evolutionary 

succession and be the result of other selection pressures, such as increased competition 

between Cyclicargolithus and Reticulofenestra/Dictyococcites. A diversification within 

Reticulofenestra/Dictyococcites, indicated by an expansion in the size variation within this 

group since ~20 Ma, may have contributed to the decreased fitness of Cyclicargolithus.

Keywords: Noelaerhabdaceae; Cyclicargolithusdecline; late Oligocene; early Miocene; 

climate; evolution. 

1. Introduction

The Noelaerhabdaceae are a family of coccolithophores dominant in most Neogene 

calcareous nannofossil assemblages and includes the two most prominent modern 

coccolithophores and alkenone producers, namely Emiliania huxleyi and Gephyrocapsa 

oceanica, known to produce blooms in today’s oceans. Those large scale blooms have 

important implications for the global carbon cycle through processes of photosynthesis, 

calcification and respiration (Rost and Riebesell, 2004). During the Pleistocene, distinct 

intervals of dominance are recorded within the gephyrocapsids (e.g., Matsuoka and Okada, 

1990; Bollmann et al., 1998; Flores and Marino, 2002; Flores et al., 2003; Baumann and 

Freitag, 2004; Barker et al., 2006) whileE. huxleyirose to global dominance ~270 thousand 

years ago (ka) (Thierstein et al., 1977). The cosmopolitan distribution of the 

Noelaerhabdaceae family, which is believed to represent the main lineage of ancient alkenone 

producers, was sustained throughout most of the Cenozoic. Comparatively, our knowledge 

about the ecological preference or assemblage dynamics of the Oligocene and Miocene 

representatives of the Noelaerhabdaceae is relatively poor (Haq, 1980; Rio et al., 1990, 

Young, 1990; Kameo and Sato, 2000). 

Several studies have shown that the late Oligocene-early Miocene period is marked by an 

important turnover of calcareous nannofossils, with first and last occurrences that are of 

biostratigraphic interest (Olafsson, 1989; Pujos, 1985; Young, 1998). For example, the early 

definition of the Oligocene-Miocene boundary relied on the last occurrence of Dictyococcites 

bisectus (Reticulofenestra bisectaof some authors; Berggren et al., 1985). However, only a 

few studies have estimated absolute abundances of the different genera of Noelaerhabdaceae 

during this period (e.g., Olafsson, 1989; Henderiks and Pagani, 2007; Plancq et al., 2012) and 

78



the paleoecological affinities of most species are still poorly known. The late Oligocene to 

early Miocene was a period of relative global warmth interrupted by large, transient Antarctic 

glaciations (named “Oi-2” and “Mi-1” events) as attested by significant oxygen isotopic 

(�/18O) increases (0.50 to >1.0 ‰) in benthic foraminiferal records (e.g., Miller et al., 1991, 

1996; Zachos et al., 2001a,b; Billups et al., 2002). The opening and deepening of the Drake 

Passage and the subsequent intensification of the Antarctic Circumpolar Current (ACC) may 

have been coincident with the Oligocene-Miocene boundary and are believed to constitute 

important events in the Antarctic ice sheet expansion (e.g., Barker and Thomas, 2004; von der 

Heydt and Dijkstra, 2006), although the timing of this opening and causes of the inception of 

the glacial history of Antarctica are still being debated (Scher and Martin, 2006; Livermore et 

al., 2007; Cramer et al, 2009). The paleoceanographic changes associated with these cooling 

events could have influenced the composition of the nannofossil assemblages, which are 

largely controlled by variations in the temperature and nutrient characteristics of the upper 

water column (e.g., McIntyre and Bé, 1967; Okada and Honjo, 1973; Winter and Siesser, 

1994).  

In the present study, we investigate the relative and absolute abundances of three 

Noelaerhabdaceae genera - Cyclicargolithus, Reticulofenestra and Dictyococcites - in 

sediments from three Deep Sea Drilling Project (DSDP) sites covering the late Oligocene-

early Miocene. These three sites are located in the North and South Atlantic and South-West 

Pacific, in areas corresponding to subtropical gyres. Results highlight similar variations in 

Noelaerhabdaceae assemblages at all studied sites, with an apparent global decline in 

Cyclicargolithus, a dominant species in Oligocene sediments, at ~20 million years ago (Ma). 

This overall turnover cannot be explained by local paleoceanographic changes alone, and 

suggests the influence of global abiotic and/or biotic selection pressures. 

2. Material and methods

2.1. Studied sites and sampling strategy 

The investigated time interval spans the latest Oligocene and the early Miocene (26-16 

Ma). Deep Sea Drilling Project (DSDP) Sites 516, 608 and 588 located in South Atlantic, 

North Atlantic and South-West Pacific respectively (Fig. 3-1), were selected for their 

continuous sedimentation and good nannofossil preservation (e.g., Barker et al., 1983; 

Lohman, 1986; Takayama and Sato, 1987; Plancq et al., 2012).  
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Figure 3-1.Location of the studied DSDP Sites 608, 516 and 588.

DSDP Leg 94 Site 608 (42°50N; 23°05W) is located on the eastern side of the North Atlantic 

Ridge on the southern flank of the King’s Trough tectonic complex, at 3526 m water depth in 

the temperate subtropical North Atlantic gyre (Ruddiman et al., 1987). During the Miocene, 

Site 608 was at ca. 43°N (Wright et al., 1992) and nannofossil-foraminifera ooze deposition 

prevailed. Twenty-four samples were selected for this study with a temporal resolution of one

sample per 330 kyr (ca. one sample every 3 meters). 

DSDP Leg 90 Site 588 (26°06S; 161°E) was drilled on the Lord Howe Rise at 1533 m water 

depth in the South-West Pacific Ocean (Kennett et al., 1986). During the Miocene, this site

was located at ca. 32.5°S (Wright et al., 1992), within a subtropical oligotrophic regime 

providing a steady nannofossil-foraminifera chalk sedimentation and upper water column 

stability (Flower and Kennett, 1993). Twenty-six samples were selected with a temporal 

resolution of one sample per 320 kyr (ca. one sample every 3 meters).  

DSDP Leg 72 Site 516 (30°16S; 35°17W) is located on the upper flanks of the Rio Grande 

Rise at 1313 m water depth in the South Atlantic subtropical gyre (Belkin and Gordon, 1996). 

This gyre has been located at this latitude since the early Miocene (Barker et al., 1983). 

Sediments are primarily composed of nannofossil-foraminifera and nannofossil oozes. The 

thirty-six samples used for the present study are the same as those studied by Plancq et al. 

(2012). The temporal resolution is one sample per 220 kyr (ca. one sample every 4 meters). 
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The age models for the three DSDP sites used in this study are the ones presented by Pagani 

et al. (1999) and Henderiks and Pagani (2007). All age datums were recalibrated to the latest 

geological timescale (Gradstein et al., 2012) and are presented in Table 3-1.  

Table 3-1.Age model parameters

FAD = first appearance datum; LAD = last appearance datum. Datum levels identified by (1) Berggren 

et al. (1985), (2) Wei and Wise (1989), (3) Hodell and Woodruff (1994), (4) Wright et al. (1992), (5) 

Gartner (1992), and (6) Clement and Robinson (1987).

Site/Hole Datum Depth (m) Age (Ma) Reference
516
516
516
516
516
516
516
516F 
516F 
516F 
516F 
588C 
588C 
588C 
588C 
588C 
608
608
608
608
608
608
608
608
608
608
608
608
608
608

LAD Sphenolithus heteromorphus
LAD Praeorbulina sciana 
FAD Praeorbulina glomerosa 
FAD Praeorbulina sciana 
FAD Fohsella birnageae 
LAD Catapsydrax dissimilis 
LAD Globorotalia kugleri
FAD Discoaster druggi
FAD Globorotalia kugleri
FAD Globigerinoides primordius (common) 
LAD Sphenolithus ciperoensis
CM3
Mi-1b 
CM-O/M (end) 
Mi-1 
CM-O/M (beginning) 
LAD Helicosphaera ampliaperta 
Mi-2 
Chron C5B/C5C 
Chron C5C/C5D 
Mi-1b 
FAD Sphenolithus heteromorphus 
Chron C5D/C5E 
LAD Sphenolithus belemnos 
base Chron C6n
Chron C6A/C6AA
Chron C6AA/C6B 
Mi-1 
Chron C8/C9 
LAD Sphenolithus distensis

71.1
72.2
88.3
98.1
103
109.6
178
198
208.2
215
256.3
316.1
337.8
368.9
388.8
390
327.66
331.4
332.23
344.69
349.16
353.46
353.94
354.96
362.74
394.21
408.23
411.36
449.64
455.08

13.57
14.5
16.28
16.4
16.7
17.5
21.14
22.86
23
23.5
24.43
16.02
17.65
22.4
23.03
23.4
14.91
16.08
15.97
17.23
17.65
17.71
18.21
17.95
19.72
21.08
21.77
23.03
26.43
26.84

1
1
1
1
1
1
1
1
1
1
2
3
4
3
4
3
5
4
6
6
4
5
6
5
6
6
6
4
6
5
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2.2. Micropaleontological analyses 

Slides for calcareous nannofossil quantitative analysis were prepared following the random 

settling method (Beaufort, 1991; modified by Geisen et al., 1999). A small amount of dried 

sediment powder (5 mg) was mixed with water (with basic pH, over-saturated with respect to 

calcium carbonate) and the homogenized suspension was allowed to settle for 24 hours onto a 

cover slide. The slide was dried and mounted on a microscope slide with Rhodopass. 

Coccolith quantification was performed using a polarizing optical ZEISS microscope 

(magnification 1000x). A standard number of 500 calcareous nannofossils (coccoliths and 

nannoliths) were counted in a variable number of fields of views (between 10 and 30

according to the richness of the sample). Each slide was counted twice and the reproducibility 

achieved was high (coefficient of variation: 10%). 

Absolute abundance of nannofossils per gram of sediment was calculated using the 

formula:  

X = (N.V)/(M.A.H)                                                                         (1)

where X is the number of calcareous nannofossils per gram of sediment; N the number of 

nannofossils counted in each sample; V the volume of water used for the dilution in the 

settling device (cm3); M the weight of powder used for the suspension (g); A the surface 

considered for nannofossil counting (cm2); H the height of the water over the cover slide in 

the settling device (2.1 cm). Relative abundances (percentages) of nannofossil genera were 

also calculated from the total nannofossil content.

The calculation of fluxes permits to overcome the effects of a variable sedimentary dilution 

and to effectively compare data from different intervals in a time-series. The formula 

introduced by Davies et al. (1995) was first used to calculate the mass accumulation rates 

(MAR):

MAR = T. [BD-(P.W)]          (2) 

where MAR is the mass accumulation rate (g/m2/yr), T the sedimentation rate (m/yr), BD the 

wet bulk density (g/m3), P the porosity (weight percent) and W the seawater density (1.025 

g/cm3).

Fluxes of nannofossils (specimens/m2/yr) were then obtained by multiplying the MAR with 

nannofossil abundances (specimens/g sediment).  

Scanning electron microscope (SEM) images were taken using a field emission electron 

microscope Zeiss Supra35VP, equipped with detectors for secondary and back-scattered

electrons. 
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3. Taxonomy used for the Noelaerhabdaceae  

The taxonomy used to distinguish the different species within the Noelaerhabdaceae is 

somewhat arbitrary, since it is primarily based on the coccolith size (Young, 1998). The 

differentiation at the genus level of the three genera of the Noelaerhabdaceae 

(Reticulofenestra, Dictyococcites and Cyclicargolithus) is also subject to discussion.

Dictyococcitesis often considered as a junior synonym of Reticulofenestraand the two genera 

are grouped either as reticulofenestrids (e.g., Henderiks and Pagani, 2007; Henderiks, 2008) 

or more simply as Reticulofenestra(e.g., Young, 1998; Bolton et al., 2010). Nevertheless, 

Cyclicargolithus represents a very characteristic genus easily distinguishable from other 

reticulofenestrids due to its distinct shape (see Plate 3-1). In the present study, Dictyococcites,

Reticulofenestra and Cyclicargolithus were distinguished on the basis of distinctive 

morphological features (see taxonomic remarks) and abundance variations are presented at the 

genus level to establish the broad-scale patterns and facilitate a first-order comparison 

between the investigated sites. Relative variations in size-defined morphospecies (see 

taxonomic remarks), as well as previously published biometric datasets onReticulofenestra,

Dictyococcites and Cyclicargolithus(Henderiks and Pagani, 2007; Plancq et al., 2012) at Site

516, further confirm our hypotheses of the long-term turnover within this prominent fossil 

group.  

4. Results

Mean absolute abundances of nannofossils at DSDP Sites 608, 516 and 588 are of the same 

order of magnitude (4.2x109, 5.0x109 and 5.4x109 nannofossils/g of sediment, respectively) 

and do not show any significant stratigraphic trend across the late Oligocene-early Miocene

(data not shown). Delicate coccoliths that are prone to dissolution, such as Syracosphaera and

Pontosphaera, are observed with pristine structures in all the samples investigated by light 

microscopy, indicating a good state of preservation of coccoliths at the three sites. 

Preservation of small coccoliths is also good, and coccospheres are commonly recorded (Plate 

3-1). Observed coccolith assemblages are systematically dominated by four genera, which 

together account for more than 80% of the total nannofossil assemblage: Reticulofenestra,

Dictyococcites, Cyclicargolithus(all belonging to the Noelaerhabdaceae), and Coccolithus
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(Figs. 3-2, 3-3 and 3-4). These taxonomic groups are present throughout the investigated time 

interval. The same morphospecies occur at all three sites. In particular, C. floridanus, R. 

pseudoumbilicus, R. minutula, R. haqii, R. minuta, D. antarcticus, D. hesslandii,

Dictyococcites smaller than 3 �—m constitute on average more than 80% of the total 

nannofossil assemblage. Light microscopy and scanning electron microscopy (Plate 3-1) 

attest for a good preservation of Noelaerhabdaceae coccoliths.

Remarkably, for each genus of the Noelaerhabdaceae, relative abundances and fluxes show 

comparable temporal and quantitative variations at all sites (Figs. 3-2 and 3-3). 

Cyclicargolithusrepresents on average 27% of the total nannofossil assemblage before 20 Ma 

whereas it shows a sharp decrease in abundance (7% of the total nannofossil assemblage) 

after 20 Ma. Dictyococcitesshows significant quantitative variations throughout the studied 

time interval. Two peaks of maximum abundances are observed between 25 and 23 Ma and 

between 20 and 18 Ma (36% of the total nannofossil assemblage), whereas two sharp 

decreases are observed between 23 and 21.5 Ma (28%) and after 18 Ma (18%). These 

variations are less obvious at Site 608, where no maximum is observed between 25 and 23 

Ma, likely due to a lower resolution sampling during this period (Fig. 3-2). Finally, 

Reticulofenestrarepresents ca. 12% of the total nannofossil assemblage before 20 Ma but 

shows a progressive increase in abundance thereafter (29.5%), reaching more than 30% of the 

total nannofossil assemblage around 17 Ma.  

Unlike Noelaerhabdaceae, abundances of Coccolithus, Helicosphaeraand of the nannoliths 

Sphenolithus and Discoastershow distinct variations between the Atlantic and the Pacific 

oceans (Fig. 3-4). At both Atlantic sites, Coccolithusabundance is relatively constant (14.6% 

of the total nannofossil assemblage, for Site 516; 25% of the total nannofossil assemblage, for 

Site 608) but shows a peak in abundance (36.5% for Site 516 and 46.6% for Site 608) 

between 20.5 and 18.5 Ma. The abundance of Sphenolithusis also relatively constant 

throughout the studied time interval (2% for Site 516; 8% for Site 608), and only shows a peak 

at ca. 17 Ma. This peak is less prominent at Site 516 (9.6%) than at Site 608 (21%). In the 

South-West Pacific (Site 588), Coccolithusis present in smaller proportions (10%) compared 

to both Atlantic sites (Fig. 3-4). Two small peaks of Coccolithusare observed at 20.2 Ma 

(17.8%) and at 18.4 Ma (20.7%) while the abundance of Sphenolithusshows no clear 

stratigraphic trend. The abundance of Discoasteris relatively constant throughout the studied 

time interval (5%), and only shows a peak (26%) at ca. 19 Ma at DSDP Site 608. 

Helicosphaera shows low abundances (1.4%) and no peculiar stratigraphic trend (Fig. 3-4). 
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Figure 3-2. Relative (%) abundances of the Noelaerhabdaceae genera (Cyclicargolithus, Dictyococcites and Reticulofenestra) 

during the late Oligocene-early Miocene for each studied sites. Nannofossil zonations of Martini (1971) and of Okada and 

Bukry (1980) are reported.
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When considering relative abundances of different morphospecies within the 

Noelaerhabdaceae (Fig. 3-5), which represents on average more than 80% of the total 

nannofossil assemblage, a distinct pattern of succession of prominent taxa occurs. Namely, 

Cyclicargolithus floridanus(which is dominant with respect to C. abisectus showing average 

relative abundances lower than 2%) is very abundant in the three studied sites before 20 Ma, 

with relative abundance fluctuations around 30%. It then fluctuates but shows generally 

values lower than 10%. Reticulofenestra minuta andDictyococcitesspp. (smaller than 3 �—m) 

also show some of the highest values of relative abundance in the interval between 26 and 20 

Ma, although a slightly different pattern is observed at the three sites. In the interval between 

20 and 18.7 Ma, the morphospecies of intermediate size, namely R. minutula and D. 

hesslandiidid emerge as well as D. antarcticus. Finally, in the interval between 18.7 and 16 

Ma, the larger morphospecies (> 5 �—m) R. pseudoumbilicusshows abundance peaks up to 

30% of the Noelaerhabdaceae.

The assemblage data for Site 516 are in agreement with those reported by Henderiks and 

Pagani (2007), although the apparent timing in assemblage shifts is slightly different due to 

different sample spacing in the two studies.  Also, the biometric data of Henderiks and Pagani 

(2007) and Plancq et al. (2012) for DSDP Site 516 show an increase in size in the 

reticulofenestrids that is in agreement with the morphospecies shifts we observe in the three 

sites.     

5. Discussion

Similar variations in Noelaerhabdaceae abundances are observed during the late 

Oligocene-early Miocene in the South and North Atlantic and in the South-West Pacific 

(DSDP Sites 516, 608 and 588, respectively). At the three sites, nannofossil assemblages are

successively characterized by high abundances of Cyclicargolithusbetween 26 and 20 Ma, 

Dictyococcitesbetween 20 and 18.7 Ma, and Reticulofenestraafterwards (Fig. 3-5). Within 

each genus, the number of morphospecies and their relative abundances have varied over time 

and, to a lesser extent, between regions. We will first discuss our results at genus level and 

eventually we will discuss different-sized morphospecies changes.
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5.1. Changes in local paleoceanography and in calcareous nannofossil assemblages 

The abundance changes within the Noelaerhabdaceae may represent distinct ecological 

responses of the different genera and species to local paleoceanographic changes. Although 

ecological preferences of Neogene nannofossils are poorly understood especially for the 

Miocene, some hypotheses have been developed on the grounds of distribution patterns and 

statistical tests (e.g., Wei and Wise, 1990; Kameo and Sato, 2000; Monechi et al., 2000). 

Henderiks and Pagani (2007) already discussed shifts in nannofossil assemblages at DSDP 

Site 516 (Southern Atlantic) in response to paleoceanographic changes inferred from oxygen 

isotopic (�/18O) values of foraminiferal tests and carbon isotopic (�/13C) compositions of 

diunsaturated C37 alkenones (Pagani et al., 2000). The influx of warm, low-nutrient surface 

waters from low latitudes may explain the decrease in Cyclicargolithus abundance between 

~21 and 20.5 Ma. This is consistent with the inferred ecological preference of this taxon, 

which was apparently more abundant in mid paleo-latitudes (e.g., Wei and Wise, 1990) and 

showed affinities for high-nutrient conditions (Monechi et al., 2000). 

At ~20.3 Ma, the input of cold, nutrient-rich waters, induced an increased productivity of 

Coccolithus, and the subsequent prominence of Dictyococcites (Figs. 3-2, 3-3 and 3-4). An 

abundance increase of the genus Dictyococcitessupports the presence of cold-water masses 

(Haq, 1980; Pujos, 1985; Kameo and Sato, 2000) during that time. Coccolithusis documented 

to thrive at mid- and high-latitudes in both modern and ancient settings (Wei and Wise, 1990; 

Wells and Okada, 1997; Cachão and Moita, 2000). This input of cold water has been 

interpreted as a consequence of the opening of the Drake Passage to deeper-water resulting in 

an intensification of the Antarctic Circumpolar Current (ACC), and a northward progression 

of the Polar Frontal Zone (PFZ) (Barker and Burrell, 1977; Pagani et al., 2000). However, the 

opening of the Drake Passage and a rapid deepening of the ACC may have occurred in the 

late Eocene, at about 39-37 Ma (Scher and Martin, 2006; Livermore et al., 2007; Cramer et 

al., 2009). In addition, Lagabrielle et al. (2009) have suggested a short-term closure of the 

Drake Passage in the late Oligocene.  

Following the cooling event, a re-establishment of surface water stratification (with 

warmer waters) then induced the decline of Dictyococcitescoupled to an increase of 

Reticulofenestra and Sphenolithus (Figs. 3-2, 3-3 and 3-4) after 19.5 Ma. The Reticulofenestra

spp. were more abundant at mid-to-high paleo-latitudes and were likely characteristic of 

mesotrophic, temperate water masses, while Sphenolithusappears to have been characteristic 
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Figure 3-4. Relative (%) abundances of Coccolithus, Helicosphaera and of the nannoliths Sphenolithus and Discoaster 

at DSDP Sites 516, 608 and 588 during the late Oligocene-early Miocene.
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of warm/oligotrophic paleo-environments (e.g., Wei and Wise, 1990; Persico and Villa, 2004; 

Villa et al., 2008). 

Noelaerhabdaceae assemblage shifts observed in the North Atlantic (DSDP Site 608) and 

the South-West Pacific (DSDP Site 588) are remarkably similar to those observed at Site 516, 

with a prominent decrease in C. floridanusproportions occurring at 20 Ma and the parallel 

increase in some medium- and large-size reticulofenestrids (Fig. 3-5). However, DSDP Site 

608 is located at low latitudes in the Northern Hemisphere, in a paleoceanographic setting far-

removed from the AAC and from the PFZ, and paleoceanographic conditions at the Pacific 

Site 588 should have been particularly different from the two Atlantic sites during the studied 

time interval as suggested by the different trends observed in Coccolithus and Sphenolithus

abundances (Fig. 3-4). Thus, the Noelaerhabdaceae variation pattern observed at the three 

sites cannot be explained by regional paleoceanographic changes alone.

5.2.  Changes in climate and in calcareous nannofossil assemblages

The decline of Cyclicargolithusaround 20 Ma (Figs. 3-2, 3-3 and 3-5) may correspond to a 

more global feature. Haq (1980) did observe a similar feature in the Atlantic Ocean, with a 

decrease in Cyclicargolithusassemblage between 22.5 and 18 Ma. The successive dominance 

of Cyclicargolithusand Reticulofenestra/Dictyococcitesmay represent a passive ecological 

replacement in communities in response to a global shift in climate during the late Oligocene-

early Miocene. The major decline of Cyclicargolithuswould have allowed the expansion (and 

possibly diversification, see below) of Reticulofenestra/Dictyococcites into its vacant 

ecological niche, explaining the dominance of these species from 20 Ma onwards (Figs. 3-2, 

3-3 and 3-5).

Several Antarctic glaciations, called “Oi-2” and “Mi-1” events, occurred during the late 

Oligocene �W�R�� �H�D�U�O�\�� �0�L�R�F�H�Q�H�� �S�H�U�L�R�G�� �D�V�� �D�W�W�H�V�W�H�G�� �E�\�� �H�[�F�X�U�V�L�R�Q�V�� �L�Q�� �/18O values of benthic 

foraminifers (e.g., Miller et al., 1991; Wright and Miller, 1992). Interestingly, and despite the 

limited temporal resolution of the present study, the onset of the decline of Cyclicargolithus

appears to have coincided with Mi-1a and Mi-1aa glacial events (Fig. 3-3) that occurred at 

�D�E�R�X�W�� ���������� �D�Q�G�� ���������� �0�D�� �U�H�V�S�H�F�W�L�Y�H�O�\�� ���D�V�� �V�K�R�Z�Q�� �E�\�� �D�� �a�������� �Å�� �L�Q�F�U�H�D�V�H�� �L�Q�� �/18O values of 

benthic foraminifers; Wright and Miller, 1992; Paul et al., 2000; Billups et al., 2002; Pekar 

and DeConto, 2006). The onset of such events could have changed the oceanic circulation and 

surface water characteristics influencing the ecology and thus composition of the nannofossil 

assemblages. For example, at DSDP Site 516, Pagani et al. (2000) hypothesized that the Mi-

1a event led to an intensification of gyre circulation in South Atlantic and thus to a higher 
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influx of warm, low-nutrient waters from lower latitudes, which may have triggered the 

decline of Cyclicargolithusobserved at this site. The Mi-���D���H�Y�H�Q�W���L�V���U�H�F�R�U�G�H�G���L�Q���/18O data at 

DSDP Sites 608 and 588 (Kennett, 1985; Woodruff and Savin, 1989; Wright et al., 1992; 

Norris et al., 1994), but evidence is lacking for a global change in oceanic circulation that 

could have affected the paleoceanography of the North Atlantic and South-West Pacific. 

Peculiar orbital configuration (high-amplitude variability in obliquity) coupled to variability 

in atmospheric carbon dioxide may explain the onset of Mi-1 events (e.g. Zachos et al., 

2001b; Pälike et al., 2006). For example, the Mi-1a event may have accounted for a ~50 ppmv 

decrease in partial pressure of atmospheric carbon dioxide (pCO2) as recorded in the 13C

content of alkenones at DSDP Sites 516, 588 and 608 (Pagani et al., 1999, 2000) and, at a 

more global scale, by stomatal frequency data (stomatal index) from multiple tree species 

(Kürschner et al., 2008). Atmospheric CO2 is believed to have a strong influence on the long-

term climate evolution. Nevertheless, considering the error propagation of the available 

proxies, atmospheric CO2 concentrations are actually surprisingly stable during the Miocene 

and it seems difficult to relate a global shift in climate with an apparent small fluctuation in 

pCO2 (Pagani et al., 1999, 2000). This remains puzzling and debated in light of the climatic 

and ecological events that occurred during the Miocene (e.g., Pagani, 2002; Pagani et al., 

2009; LaRiviere et al., 2012). 

Supplementary evidence is thus needed to support the hypothesis that the global turnover in 

Noelaerhabdaceae assemblages is linked to a global climatic change (variations in oceanic 

circulation and/or influence of atmospheric pCO2). 

5.3. Changes within the Noelaerhabdaceae 

Alternatively, the successive dominance of Cyclicargolithus and 

Reticulofenestra/Dictyococcitescould be the result of other selection pressures within the 

phytoplankton communities. The Oligocene-Miocene transition is characterized by an 

important turnover in nannofossils assemblages, notably within the Noelaerhabdaceae with 

the last occurrence of Reticulofenestra bisecta(Okada and Bukry, 1980; Berggren et al., 

1985; Young, 1998). Climatic perturbations could have sped up the race for being the fittest 

species and the steady increase in abundance of Reticulofenestra/Dictyococcitesmight be the 

effect of an active competition between the two groups (Cyclicargolithus, mainly C. 

floridanus, and Reticulofenestra/Dictyococcites) rather than a passive exploitation by these 

species of the ecological niche made vacant because of the decrease of Cyclicargolithus.

Biometry data suggests a distinct diversification in Reticulofenestra/Dictyococcitesafter 20 
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Ma at Site 516 (Henderiks and Pagani, 2007; Plancq et al., 2012). Our results show that, in the 

three studied sites after 20 Ma, there is an increase in the relative abundance of 

morphospecies of intermediate and large size that mirrors the decline in C. floridanus(Fig. 3-

5). This increase in abundance of large morphospecies of Reticulofenestra/Dictyococcites that 

became more prominent with time may correspond to a cryptic speciation within the group. In 

fact, minor size differences can characterize cryptic species in modern coccolithophores (for a 

synthesis, see Geisen et al., 2004). Interestingly, such a succession in species dominance has 

been observed within other members of the Noelaerhabdaceae family, in particular within the 

Gephyrocapsacomplex during the Quaternary, whose biometric changes have been 

interpreted in terms of evolutionary adaptation for lack of a clear linkage to concurrent 

changes in climate and/or preservation (e.g., Matsuoka and Okada, 1989; 1990; Bollmann et 

al., 1998). A diversification in Reticulofenestra/Dictyococcitesmay have induced the steady 

decline (occurring over ~1 Ma; Fig. 3-5) of Cyclicargolithus floridanus, although this taxon 

maintained competitive populations until its extinction occurring 8 Myr later (last occurrence 

at 11.85 Ma; Gradstein et al., 2012).  

6. Conclusion

Similar relative and absolute abundance variations in Noelaerhabdaceae assemblages are 

observed during the late Oligocene-early Miocene at different latitudes of Atlantic and Pacific 

oceans, with the successive prominence of Cyclicargolithus floridanus, Dictyococcites 

antarcticus/D. hesslandii, and Reticulofenestra minutula/R. pseudoumbilicus. We explored 

the paleoenvironmental factors that may have triggered the observed assemblage turnover, in 

spite of a poor knowledge of ecological preferences of the Oligocene-Miocene species/genera 

and of the rather arbitrary, size-defined taxonomy of the Noelaerhabdaceae family. The 

decline of Cyclicargolithusrecorded at the three studied sites may correspond to a global 

climatic shift (variations in oceanic circulation or influence and/or atmospheric pCO2)

eventually coupled to variations in local paleoceanographic conditions. The subsequent 

dominance of Reticulofenestra/Dictyococcitesin assemblages from 20 Ma is paired with a 

diversification in sizes, and may be the result of an evolutionary process such as competition 

between the two groups (Cyclicargolithus and Reticulofenestra/Dictyococcites. The present 

study confirms that changes in nannofossil assemblages are a good proxy for the 

reconstruction of global evolutionary patterns that may be related to paleoenvironmental 
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changes. However, morphospecies biometry and paleoceanographic studies at higher 

temporal resolution, depicting both paleoecological and evolutionary patterns, will be needed 

to reinforce the presented hypotheses for the global shifts in Noelaerhabdaceae assemblages. 
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Appendix A. Taxonomic remarks

Taxonomy used in the present work follows haptophyte phylogeny as revised by Young 

and Bown (1997), Young et al. (2003) and Jordan et al. (2004). 

A1. Family Noelaerhabdaceae Jerkovic 1970 emend. Young & Bown 1997 

This is the dominant family in most Neogene assemblages, and includes the extant genera 

Emiliania and Gephyrocapsa.

A1.1. Genus Reticulofenestra Hay, Mohler and Wade 1966 

Elliptical to sub-circular reticulofenestrids with a prominent open central area and with no 

slits in the distal shield. The rather simple morphology of Reticulofenestramakes subdivision 

into species notoriously problematic. The conventional taxonomy is primarily based on size. 

This is unsatisfactory and arbitrary, but of stratigraphic value (Backman, 1980; Young, 1990). 

In this study, a subdivision of four species based on size and central area opening size was 

employed during the assemblage counts: 
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Reticulofenestra haqiiBackman 1978: morphospecies 3-5 �—m in length, with a central 

opening shorter than 1.5 �—m.

Reticulofenestra minuta Roth 1970: morphospecies smaller than 3 �—m. 

Reticulofenestra minutula(Gartner, 1967) Haq and Berggren, 1978: morphospecies 3-5 �—m in 

length with a central opening longer than 1.5 �—m. 

Reticulofenestra pseudoumbilicus(Gartner 1967) Gartner 1969: larger morphospecies (> 5-7

�—m).

A1.2. Genus Dictyococcites (Black 1967) emend. Backman 1980 

Elliptical reticulofenestrids with a large central area closed (or virtually closed) in line with 

the distal shield. The central area of the distal shield frequently shows a median furrow or a 

minute pore, but not large enough to suggest that they belong toReticulofenestra. Although 

Dictyococcites sensuBlack (1967) can be regarded as a heavily calcified, junior synonym of 

Reticulofenestra, the emended diagnosis of Backman (1980) allows consistent separation of 

this genus from Reticulofenestra.  

Dictyococcites�V�S�������V�P�D�O�O���P�R�U�S�K�R�V�S�H�F�L�H�V���������������P�����Z�L�W�K���D���F�O�R�V�H�G���F�H�Q�W�U�D�O���D�U�H�D��

Dictyococcites antarcticusHaq 1976: in contrast with D. hesslandii, the specimens of D. 

antarcticus (4-���� ���P���� �V�K�R�Z�� �Q�R�� �S�R�U�H�� �E�X�W�� �D�� �Q�D�U�U�R�Z�� �D�Q�G�� �H�O�R�Q�J�D�W�H�G�� �U�H�F�W�D�Q�J�X�O�D�U�� �F�H�Q�W�U�D�O�� �D�U�H�D��

(named "furrow" in Haq, 1976 and "straight band" in Backman, 1980). The straight extinction 

band along the major axis occupies at least one half of the total length of the elliptical central 

area (Backman, 1980). 

Dictyococcites hesslandii(Haq 1966) Haq and Lohmann, 1976: the central area of the distal 

shield exhibits a small pore, from which extinction bands radiate (3-8 �—m).  

A1.3. Genus Cyclicargolithus Bukry 1971 

Circular to sub-circular reticulofenestrids with a small central area and high tube-cycles. 

Although Theodoridis (1984) regarded Cyclicargolithus as a junior synonym of 

Reticulofenestra, the diagnosis of Bukry (1971) allows consistent separation of this genus 

from Reticulofenestra. 

Cyclicargolithus abisectus (Müller 1970) Wise 1973: large species (>10 �—m). 

Cyclicargolithus floridanus(Roth and Hay in Hay et al., 1967) Bukry 1971: species smaller 

than 10 �—m.  
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A2. Other coccoliths recorded in this study  

Calcidiscus leptoporus (Murray and Blackman, 1898) Loeblich and Tappan, 1978 

Coccolithus miopelagicus Bukry, 1971 

Coccolithus pelagicus (Wallich 1877) Schiller 1930 

Helicosphaera spp. Kamptner 1954 

Pontosphaera spp. Lohmann 1902 

Syracosphaera pulchra Lohmann 1902 

Umbilicosphaera spp. Lohmann 1902 

A3. Nannoliths  

Discoaster spp. Tan, 1927 

Sphenolithus spp. Deflandre in Grassé 1952 

Plate 3-1. Images in cross-polarized light (POL) and scanning electron microscope (SEM) of the three 

genera of the Noelaerhabdaceae during the late Oligocene-early Miocene. a) Reticulofenestra 

minutula, POL (1000x), Sample 608-39H3-127 and 588C-5R2-25. b-c) Reticulofenestra minuta,

SEM, Sample 588C-2R6-100. d) Reticulofenestra pseudoumbilicus, SEM, Sample 516F-10R1-122. e) 

Dictyococcitessp., POL (1000x), Sample 516-27H3-79. f) Dictyococcites antarcticus, POL (1000x), 

Sample 588C-4R5-33. g) Dictyococcites hesslandii, SEM, Sample 588C-11R1-111. h) Dictyococcites

antarcticus, SEM, 516F-10R1-122. i) Dictyococcites sp., SEM, Sample 588C-11R1-111. j)

Dictyococcites hesslandii (coccosphere), SEM, Sample 516-26H2-18. k-l) Cyclicargolithus 

floridanus, POL (1000x), Sample 516-26H2-18 and 588C-2R6-100. m-n) Cyclicargolithus floridanus,

SEM, Sample 588C-2R6-100 and 516F-10R1-53. Scale bars: 1�—m.
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a) Reticulofenestra minutula b) Reticulofenestra minuta c) Reticulofenestra minuta

e) Dictyococcites sp. 

k) Cyclicargolithus floridanus 

l) Cyclicargolithus floridanus m) Cyclicargolithus floridanus n) Cyclicargolithus floridanus 

d) Reticulofenestra pseudoumbilicus f) Dictyococcites antarcticus g) Dictyococcites hesslandii 

j) Dictyococcites hesslandii
            (coccosphere) 

h) Dictyococcites antarcticus i) Dictyococcites sp. 





 

3.2. Réévaluation des producteurs d’alcénones à l’Oligocène-Miocène  

Published in Paleoceanography, vol. 27, 2012. 
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[1] This study investigates ancient alkenone producers among the late Oligocene…early
Miocene coccolithophores recorded at Deep Sea Drilling Project (DSDP) Site 516.
Contrary to common assumptions,Reticulofenestrawas not the most important alkenone
producer throughout the studied time interval. The comparison between coccolith
species-specific absolute abundances and alkenone contents in the same sedimentary
samples shows thatCyclicargolithusabundances explain 40% of the total variance of
alkenone concentration and that the speciesCyclicargolithus floridanuswas a major
alkenone producer, although other related taxa may have also contributed to the alkenone
production at DSDP Site 516. The distribution of the different alkenone isomers
(MeC37:2, EtC38:2, and MeC38:2) remained unchanged across distinct changes in species
composition, suggesting similar diunsaturated alkenone compositions within the
Noelaerhabdaceae family during the late Oligocene…early Miocene. However, the
overall larger cell size ofCyclicargolithusmay have implications for the alkenone-based
reconstruction of past partial pressure of CO2. Our results underscore the importance of a
careful evaluation of the most likely alkenone producers for periods (>1.85 Ma) predating
the first occurrence of contemporary alkenone producers (i.e.,Emiliania huxleyiand
Gephyrocapsa oceanica).

Citation: Plancq, J., V. Grossi, J. Henderiks, L. Simon, and E. Mattioli (2012), Alkenone producers during late Oligocene…early
Miocene revisited,Paleoceanography, 27, PA1202, doi:10.1029/2011PA002164.

1. Introduction

[2] Alkenones are long-chain (C35…C40) lipids whose bio-
synthesis in modern oceans is restricted to a few extant uni-
cellular haptophyte algae belonging to the Isochrysidales
clade, which includes the calcifying haptophytes (cocco-
lithophores)Emiliania huxleyiandGephyrocapsa oceanica
[Marlowe et al., 1984;Volkman et al., 1980, 1995]. A few
noncalcifying Isochrysidales, such asIsochrysis galbana,
also produce alkenones but they are restricted to coastal areas
and are not considered as an important source of alkenone in
the open ocean [Marlowe et al., 1990].

[3] Diunsaturated and triunsaturated C37 alkenones (C37:2
and C37:3, respectively) are ubiquitous and abundant in marine
sediments, and have been intensively used for paleoceano-
graphic reconstructions [e.g.,Brassell et al., 1986; Jasper
and Hayes, 1990;Eglinton et al., 1992;Bard et al., 1997;
Cacho et al., 1999;Martrat et al., 2004;Bolton et al., 2010].

The production of C37:2 and C37:3 alkenones is linked to the
coccolithophore growth temperature [Brassell et al., 1986;
Prahl and Wakeham, 1987] and the so-called alkenone
unsaturation index U37

K� (defined as the ratio [C37:2]/[C37:2] +
[C37:3]) has been used as a proxy to reconstruct past sea sur-
face temperatures, especially during the Quaternary period
[e.g.,Müller et al., 1998;Eltgroth et al., 2005;Pahnke and
Sachs, 2006]. The carbon isotopic composition of the C37:2
alkenone (d13C37:2) is also used to evaluate the carbon iso-
topic fractionation (� p37:2) that occurred during marine
haptophyte photosynthesis in order to estimate concentration
of CO2 in past ocean surface waters ([CO2(aq)]) and partial
pressure of atmospheric CO2 (paleo-pCO2) [e.g.,Jasper and
Hayes, 1990;Jasper et al., 1994;Bidigare et al., 1997, 1999;
Pagani et al., 1999;Pagani, 2002;Seki et al., 2010].

[4] The alkenone-based proxies have been calibrated
on modern coccolithophores in culture (E. huxleyi and
G. oceanica) and on Quaternary sediments [e.g.,Conte et al.,
1995, 1998;Müller et al., 1998;Popp et al., 1998;Riebesell
et al., 2000]. However, the temperature calibration of the
U37

K� index is species-dependent [e.g.,Volkman et al., 1995;
Conte et al., 1998] and includes variability due to physio-
logical factors such as nutrients and light availability [e.g.,
Epstein et al., 1998; Prahl et al., 2003]. Nutrient-limited
chemostat cultures show that the carbon isotopic composition
of alkenones and� p37:2 values vary with [CO2(aq)] and
physiological factors such as growth rate (m) and cell size
[Laws et al., 1995;Popp et al., 1998]. However, nutrient-
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replete batch cultures produce much lower� p37:2values and a
different relationship between� p37:2andm/[CO2(aq)] [Riebesell
et al., 2000].

[5] There is a huge gap between the first sedimentary record
of alkenones in the Cretaceous at� 120 Ma [Farrimond et al.,
1986;Brassell et al., 2004] and the first occurrence of modern
alkenone producers (0.27 Ma forE. huxleyi[Thierstein et al.,
1977] and 1.85 Ma forG. oceanica[Pujos-Lamy, 1977]).
SinceE. huxleyiandG. oceanicacannot be responsible for
alkenone production during most of the Cenozoic and the
Mesozoic, the biological sources of alkenones preserved in
pre-Quaternary sediments need to be elucidated in order to
better constrain paleoenvironmental reconstructions based on
these biomarkers.

[6] Based on the consistent cooccurrence ofReticulofenestra
coccoliths and alkenones in marine sediments dating back to
the Eocene (45 Ma),Marlowe et al.[1990] suggested that
the most probable Cenozoic alkenone producers are to be
found within the genusReticulofenestra, which belongs to the
Noelaerhabdaceae family likeEmiliania andGephyrocapsa.
However, this study did not compare alkenone concentra-
tions with Reticulofenestraabsolute abundances. More
recently,Bolton et al.[2010] argued thatReticulofenestra
species were the main alkenone producers during the late
Pliocene, based on a correlation betweenReticulofenestra
abundances and C37 alkenone concentrations in sediments.
Yet, other alkenones (e.g., C38) were not considered.

[7] Here, we investigate the cooccurrence of alkenones
and coccolithophore genera and species during the late
Oligocene…early Miocene by comparing nannofossil assem-
blages and species-specific absolute abundances with alke-
none contents (C37 and C38 alkenones) in sediments from
the Deep Sea Drilling Project (DSDP) Site 516. This allows a

detailed characterization of ancient alkenone producers and a
reappraisal of paleoceanographic and paleo-pCO2 recon-
structions for the investigated period.

2. Material and Methods

2.1. Sampling
[8] DSDP Leg 72 Site 516 is located on the upper flanks

of the Rio Grande Rise at 1313 m water depth in the South
Atlantic subtropical gyre (Figure 1). Site 516 is situated
north of the Northern Subtropical Front [Belkin and Gordon,
1996] and other front zones of the South Atlantic. During
the Miocene, carbonate-rich sediments were deposited well
above the lysocline and the calcite compensation depth
(CCD), at water depths similar to today [Barker, 1983].
Studies byPagani et al.[2000a, 2000b] andHenderiks and
Pagani [2007] demonstrated the simultaneous presence of
Noelaerhabdaceae coccoliths and alkenones in DSDP Site
516 sediment samples. However, these studies neither
reported alkenone concentrations nor absolute abundances of
coccoliths. We therefore selected a total of 35 sediment
samples from Holes 516 and 516F. The sample depths
slightly differ from those studied byHenderiks and Pagani
[2007]. The time interval investigated spans the latest
Oligocene and the early Miocene (25…16 Ma) and includes a
period (� 21…19 Ma) of major paleoceanographic changes
[Pagani et al., 2000b]. The age model for DSDP Site 516
used in this study is the one presented byHenderiks and
Pagani[2007].

2.2. Total Organic Carbon Analyses
[9] Subsamples (� 100 mg of ground bulk sediment) were

acidified in situ with HCl 2N in precleaned (combustion at
450°C) silver capsules until effervescence ceased, dried in
an oven (50°C) and wrapped in tin foil before analyses.
Total organic carbon (TOC) analyses were performed with a
Thermo FlashEA 1112 elemental analyzer using aspartic
acid (36.09% of carbon) and nicotinamid (59.01% of carbon)
as calibration standards (n = 5 with variable weight for each
standard). Accuracy was checked using in-house reference
material analyzed with the samples (fine ground low carbon
sediment; 0.861� 0.034% of carbon (standard deviation;
n = 12)). All samples were analyzed twice and the repro-
ducibility achieved for duplicate analyses was better than
10% (coefficient of variation).

2.3. Alkenone Analyses
[10] Samples (� 10 g) were ground and extracted by way

of sonication (5� ) using 50 mL of Dichloromethane (DCM)/
Methanol (MeOH) (2:1 v/v). Following evaporation of the
solvents, the total lipid extract was separated into three
fractions using chromatography over a column of inactivated
(4% H2O) silica, with hexane (Hex), Hex/ethyl acetate
(7:3 v/v) and DCM/MeOH (1:1 v/v) as eluents. The sec-
ond fraction, containing alkenones, was dried under N2,
silylated (pyridine/N,O-bis(trimethylsilyl)trifluoroacetamide
or BSTFA, 2:1 v/v, 60°C for 1 h) and dissolved in hexane
for analysis by gas chromatography (GC/FID) and gas
chromatography/mass spectrometry (GC/MS).

[11] Alkenones were identified by GC/MS using a
MD800 Voyager spectrometer interfaced to an HP6890 gas

Figure 1. Location of DSDP Site 516 at the Rio Grande
Rise (adapted fromHenderiks and Pagani[2007]).
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chromatograph equipped with an on-column injector and a
DB-5MS column (30 m� 0.25 mm� 0.25mm). The oven
temperature was programmed from 60°C (1 min) to 130°C
at 20°C min� 1, and then to 310°C (20 min) at 4°C min� 1.
Helium was used as the carrier gas at constant flow
(1.1 mL min� 1).

[12] Alkenone abundances were determined by GC/FID
using hexatriacontane (n-C36 alkane) as internal standard.
The GC was a HP-6890 Series gas chromatograph con-
figured with an on-column injector and a HP5 (30 m�
0.32 mm� 0.25 mm) capillary column. Helium was used
as the carrier gas at constant flow and the oven temperature
program was the same as for GC-MS analyses. Samples were
injected twice and the reproducibility achieved for duplicate
alkenone quantifications was less than 10% (coefficient of
variation).

2.4. Micropaleontological Analyses
[13] Slides for calcareous nannofossil quantitative anal-

ysis were prepared following the random settling method
[Beaufort, 1991b] (modified byGeisen et al.[1999]). A
small amount of dried sediment powder (5 mg) was mixed
with water (with basic pH, oversaturated with respect to
calcium carbonate) and the homogenized suspension was
allowed to settle for 24 h onto a cover slide. The slide was
dried and mounted on a microscope slide with Rhodopass.
Coccolith quantification was performed using a polarizing
optical ZEISS microscope (magnification 1000� ). A stan-
dard number of 500 calcareous nannofossils (coccoliths
and nannoliths) were counted in a variable number (between
10 and 30) of field of views. In order to test the reproduc-
ibility of our quantification, each slide was counted twice
and the reproducibility achieved was high (coefficient of
variation: 10%).

[14] Absolute abundance of nannofossils per gram of
sediment was calculated using the formula

X ¼ N� Vð Þ= M� A� Hð Þ; ð1Þ

where X is the number of calcareous nannofossils per gram
of sediment; N the number of nannofossils counted in each
sample; V the volume of water used for the dilution in the
settling device (mL); M the weight of powder used for the
suspension (g); A the surface considered for nannofossil
counting (cm2); H the height of the water over the cover
slide in the settling device (2.1 cm). Species-specific relative
abundances (percentages) were also calculated from the total
nannofossil content.

[15] Coccolith size is a proxy for cell size in ancient
Noelaerhabdaceae [Henderiks, 2008].Henderiks and Pagani
[2007] have already evaluated the size variability within the
reticulofenestrids (namely species of the generaReticulofe-
nestraandDictyococcites) at Site 516 and its implications for
the interpretation of measured alkenone-based� p37:2values.
Here, we pair the reticulofenestrid size data with the mean
size variability ofCyclicargolithusin the same 24 samples
studied byHenderiks and Pagani[2007]. In each sample,
100 individualCyclicargolithuscoccoliths were measured
from four replicate slides, rendering statistically robust esti-
mates of mean size and its variance [Henderiks and Törner,
2006].

2.5. Comparison Between Alkenone
and Nannofossil Contents

[16] Our working hypothesis is that, under good preserva-
tion conditions, the alkenone concentration should be related
to the number of coccoliths of alkenone-producing taxa in
sediments. A similar assumption has already been used to
identify biological sources of alkenones in sediments of late
Quaternary [e.g.,Müller et al., 1997;Weaver et al., 1999]
and Pliocene age [e.g.,Bolton et al., 2010;Beltran et al.,
2011]. Here, we compare major trends of absolute and rela-
tive abundances of coccolith genera to variations in total
alkenone concentrations.

[17] Simple and multiple linear regression analyses
(significance thresholda = 0.05) were used to determine
the relationships between alkenone contents and relative/
absolute abundances of coccolith genera, and between� p37:2
(data fromPagani et al.[2000b]), abundances of coccolith
genera and mean sizes. The normality of the input data and
residual distributions was checked using a Shapiro-Wilk test.
All statistical analyses were performed using the JMP version
8.0.1 (SAS institute) software.

3. Taxonomy Used for the Noelaerhabdaceae
Family

[18] Since the early publication ofMarlowe et al.[1990],
the genusReticulofenestrahas been considered by different
authors as the most probable alkenone producer during the
Cenozoic. However, species of the genusReticulofenestra
are generally considered to have a high morphological plas-
ticity, and theDictyococcitesand Cyclicargolithusgenera
are often considered as junior synonyms ofReticulofenestra
[e.g.,Theodoridis, 1984;Marlowe et al., 1990;Young, 1990;
Aubry, 1992;Beaufort, 1992;Henderiks and Pagani, 2007;
Henderiks, 2008]. Consequently, these genera have often
been grouped either as reticulofenestrids (Reticulofenestra+
Dictyococcites[e.g.,Henderiks and Pagani, 2007;Henderiks,
2008]) or more simply asReticulofenestra(Reticulofenestra+
Dictyococcites+ Cyclicargolithus[e.g.,Aubry, 1992]). This
grouping can result in misleading conclusions when trying
to precisely define ancient species involved in alkenone
production. A taxonomic revision is beyond the scope of
this work andDictyococcites, Reticulofenestraand Cycli-
cargolithusare distinguished here on the basis of distinctive
morphological features in optical microscope (Table 1 and
Appendix A).

4. Results

4.1. TOC
[19] The studied samples are characterized by a low total

organic carbon content (0.06% on average; Figure 2a).
Higher values are recorded at the base of the studied interval
and a slight trend to decreasing values is observed from 25
to 20 Ma, with a mean TOC content of 0.08% and 0.04%
before and after 20.5 Ma, respectively (Figure 2a).

4.2. Alkenones
[20] One C37 and two C38 alkenones are present in all the

samples studied. These were identified as heptatriacontadien-
2-one (MeC37:2), octatriacontadien-3-one (EtC38:2) and
octatriacontadien-2-one (MeC38:2), respectively. MeC37:2,
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EtC38:2, and MeC38:2 alkenones account for 55%, 33%, and
12% of total alkenone content, respectively, and no signifi-
cant variation of these proportions is observed through the
time interval studied.

[21] The total amount of these ketones is relatively low
(0.03mg per gram of sediment on average), with a maximum
of 0.13mg per gram of sediment at about 23 Ma (Figure 2b),
and values attaining the detection limit at around 20 and
17 Ma. A general trend to decreasing alkenone content is
seen from 25 to 16 Ma but three periods of increasing total
alkenone content are observed at about 23, 22…21.5 and
19.5…17.5 Ma (Figure 2b). This overall distribution matches
with that of TOC (Figures 2a and 2b). The same variations
are observed when each alkenone is considered individually.
Similar trends also occur when alkenone content is expressed
relative to TOC (Figure 2c). In Figure 3, quantitative alkenone
data expressed per gram of sediment are compared to abso-
lute and relative abundances of Noelaerhabdaceae coccoliths.

4.3. Coccolith Assemblages
[22] Coccoliths are well preserved in all investigated

samples since delicate coccoliths that are prone to dissolu-
tion, such asSyracosphaeraand Pontosphaera, are com-
monly observed with pristine structures. This indicates that
coccolith assemblages are not importantly biased by selective
dissolution in the water column or diagenetic effects, in
agreement with previous studies at Site 516 [Henderiks and
Pagani, 2007].

[23] The mean absolute abundance of nannofossils is
5.0 � 109 nannofossils per gram of sediment and does not
show any significant stratigraphic trend across the late
Oligocene…early Miocene (Figure 2d). Coccolith assem-
blages are dominated by four genera, which account for
70%…80% of the total assemblage, namely:Reticulofenes-
tra, Dictyococcites, Cyclicargolithus, all belonging to the
Noelaerhabdaceae family, andCoccolithus. No significant
stratigraphic trend across the late Oligocene…early Miocene
is observed when all the Noelaerhabdaceae are combined
(Figure 2e). The mean absolute abundance of Noe-
laerhabdaceae is 3.4� 109 coccoliths per gram of sediment
(Figure 2e).

[24] For each genus of Noelaerhabdaceae, relative and
absolute abundances show similar variations through time
(Figures 3b, 3c, and 3d). Three shifts in coccolith assem-
blages can be distinguished: (1) Between 25 and 20.5 Ma,
coccolith assemblages are dominated byCyclicargolithus
representing on average 30% (1.4� 109 specimens per gram
of sediment) of the total nannofossil assemblage, whereas
Dictyococcitesrepresents� 25% (1.3� 109) andReticulo-
fenestra� 15% (0.7� 109); (2) between 20.5 and 17.5 Ma,
coccolith assemblages show a dominance ofDictyococcites
(40%; 2.3 � 109) and an increase (from 15% to 45%;
0.95� 109 to 2.0� 109) in the proportion ofReticulofenestra,
whereasCyclicargolithusshows a sharp decrease in abun-
dance (8%; 0.42� 109); and (3) assemblages between
17.5 and 16 Ma are characterized by the dominance of

Table 1. Distinctive Morphological Features Used to Distinguish the Three Noelaerhabdaceae Genera (Reticulofenestra, Dictyococcites,
andCyclicargolithus) at DSDSP Site 516 During the Late Oligocene…Early Miocene

Noelaerhabdaceae Genus Distinctive Morphological Features

Reticulofenestra Elliptical coccoliths with a prominent open central area and with no slits in the distal shield [Hay et al., 1966].
Dictyococcites Elliptical coccoliths with a large central area closed or virtually closed in line with the distal shield.

The central area of the distal shield frequently shows a median furrow or a minute pore [Backman, 1980].
Cyclicargolithus Circular to subcircular coccoliths with a small central area and high tube cycles [Bukry, 1971].

Larger coccolith size range thanReticulofenestraandDictyococcites[Henderiks, 2008].

Figure 2. (a) Total organic carbon content (wt % TOC), (b) total alkenone content (mg per gram of
sediment), (c) total alkenone content relative to TOC (mg per gram of TOC), (d) absolute abundance of
nannofossils (specimens per gram of sediment), and (e) absolute abundance of Noelaerhabdaceae (cocco-
liths per gram of sediment) at DSDP Site 516 during the late Oligocene…early Miocene. Error bars represent
coefficients of variation.
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Reticulofenestra(45%; 2.0 � 109) with smaller amounts
of bothCyclicargolithus(9%; 0.44� 109) andDictyococcites
(8%; 0.42� 109). In general,DictyococcitesandCyclicargo-
lithus abundances show opposite trends (Figures 3b and 3c).
This record is consistent with the results ofHenderiks and
Pagani [2007] although the apparent timing in assemblage
shifts is slightly different due to different sample spacing.

[25] The coccolith size ofCyclicargolithus, which is
strongly linearly correlated to its cell diameter [Henderiks,
2008], ranges between 4 and 12mm (N = 2454). Mean
size per sample varies between 6.13mm � 0.24 (95% con-
fidence mean) in the late Oligocene and 8.45mm � 0.18
(95% confidence mean) in the early Miocene.

5. Discussion

5.1. Alkenone Producers at DSDP Site 516
[26] Significant correlations between the abundance of

coccoliths of the main alkone producers (namelyE. huxleyi
andG. oceanica) and the alkenone concentration have been
observed in late Quaternary sediments [e.g.,Müller et al.,
1997;Weaver et al., 1999]. Based on this observation, par-
allel distributions of reticulofenestrid coccoliths and alke-
none contents have been used to identify past biological
sources of alkenones in Pliocene sediments [e.g.,Bolton et al.,
2010;Beltran et al., 2011]. The similar variations at DSDP
Site 516 between the absolute abundance ofCyclicargolithus
coccoliths and the total alkenone content (Figure 3) suggests
a significant contribution of this genus to alkenone produc-
tion between 25 and 16 Ma. More precisely, alkenone pro-
duction is supported by the speciesC. floridanuswhich is
entirely responsible for theCyclicargolithusabundance trend
(Figure 4). Although reticulofenestrids are sometimes con-
sidered as species having high morphological plasticity
which may bias their taxonomy [e.g.,Beaufort, 1991a],
C. floridanusrepresents a very characteristic morphospecies

easily distinguishable from other reticulofenestrids due to
its larger size and distinct subcircular shape.

[27] Processes of degradation in the water column and in
sediments may affect alkenone and coccolith records differ-
ently, leading to misleading interpretations of the sedimen-
tary record. In the present case, several observations argue
against the effects of such potential preservation biases.

[28] First, records of coccolith assemblages can be skewed
by the dissolution of susceptible species during settling and
sedimentary burial [Roth and Coulbourn, 1982;Gibbs et al.,
2004;Young et al., 2005]. Such selective coccolith dissolu-
tion is not observed within the studied nannofossil groups at
DSDP Site 516 [Henderiks and Pagani, 2007; this study].
Sediments from Site 516 are calcareous oozes with little
evidence of dissolution or cementation precipitation [Barker
et al., 1983], and no significant secondary calcite over-
growth is observed on coccoliths [Ennyu et al., 2002]. An
important effect of diagenesis affecting the recorded cocco-
lith assemblages can thus be excluded.

[29] Second, a majority of organic matter produced in the
surface oceans is generally remineralized before and after
reaching the seafloor. The concentrations of TOC and alke-
nones in sediments are thus a function of preservation con-
ditions and represent only a fraction of the original export
productivity. Nevertheless, the relatively high sedimentation
rate (17 m/Ma) and the relatively shallow water depth
(1313 m) of DSDP Site 516 [Barker et al., 1983] induced
a limited oxidation and a relatively rapid burial of organic
matter into the sediments compared to other oceanic settings
[Mukhopadhyay et al., 1983]. Moreover, the paleodepth of
the studied site did not change significantly during the time
span investigated. Changes in TOC and alkenone con-
centrations in sediments may also reflect varying sedimen-
tation rate. However, the sedimentation rate calculated
according to the age model of the studied interval does not
show significant variations [Pagani et al., 2000b;Henderiks
and Pagani, 2007]. Thus the observed overall decrease in
TOC since� 21.5 Ma (Figure 2a) likely reflects a decrease
in primary productivity in response to paleoceanographic
changes (mainly linked to temperature and nutrient con-
centrations [Pagani et al., 2000b;Henderiks and Pagani,
2007]) rather than changes in sedimentary dilution or
organic matter degradation. Despite the fact that alkenones
represent only a very small fraction of TOC, the significant
covariation observed between TOC and total alkenone con-
tent (Figures 2a and 2b;R2 = 0.69,p < 0.0001) suggests that
alkenone distribution also reflects variations in the abun-
dance of alkenone producers rather than an erratic degrada-
tion of alkenones relative to TOC. It should be noted that
these biolipids are generally considered less prone to degra-
dation than other phytoplankton-derived lipids [Sun and
Wakeham, 1994; Gong and Hollander, 1997, 1999]. In
addition, the association between organic matter and the
calcium carbonate of coccoliths might have produced a
physical and chemical protection against remineralization
[Armstrong et al., 2002], as coccoliths have very likely acted
as ballast and reduced the residence time of organic matter
within the water column [Klaas and Archer, 2002].

[30] Finally, the apparent similar variations between the
abundance ofCyclicargolithusand the total alkenone con-
tent are supported by statistical analyses which show that,
among all tested Noelaerhabdaceae genera, only absolute

Figure 4. Relative abundances ofCyclicargolithusspecies
C. floridanusandC. abisectusat DSDP Site 516. It should
be noted thatC. floridanusis entirely responsible for the
Cyclicargolithusabundance trend.
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and relative abundances of this genus produce significant
and positive linear correlations with the total alkenone con-
tent (R2 = 0.36…0.44,p < 0.0005; Figure 5). Such a corre-
lation is unlikely the result of diagenetic processes. Still, it is
possible that a better preservation of the calcite of coccoliths
compared to alkenones has led to an underestimation of the
contribution of Cyclicargolithus to alkenone production.
This may partly explain whyCyclicargolithusrepresents
only 40% of the total variance of alkenone concentration.
However, other taxa may have also contributed to the alke-
none production at DSDP Site 516 sinceCyclicargolithus
has a limited stratigraphical range (from� 40 Ma to� 13 Ma
[Young, 1998]). The continuous cooccurrence of the
Reticulofenestragenus and alkenones throughout the
Cenozoic sediment record is the main argument to infer it is
the most probable ancient alkenone producer [e.g.,Marlowe
et al., 1990]. In the present study, the quantitative distribution
of Reticulofenestrashows an inverse trend compared to that
of alkenone concentrations (Figures 3a and 3d). Moreover,
when consideringReticulofenestraplus Cyclicargolithus
abundances in a multiple linear regression calculated versus
alkenone concentrations, the fit does not increase (R2 = 0.45,
p < 0.001) with respect toCyclicargolithusalone (R2 = 0.44,
p < 0.0005). These observations suggest a weak contribution
of the genusReticulofenestrato alkenone production in the
time interval considered, although a contribution of this
genus cannot be completely excluded. Abundances of
Dictyoccocites(Figure 3c) do not significantly correlate
either with the general trend of alkenone concentrations.
However, a contribution ofDictyococcitesto alkenone pro-
duction cannot be excluded especially after 20.5 Ma where a
small increase in alkenone content coincides with a sharp
increase inDictyococcites(Figures 3a and 3c). It is also
possible that noncalcifying haptophytes, for which there is no
mineralized fossil record, have contributed to the alkenone
production at DSDP Site 516 although extant noncalcifying
alkenone producers (e.g.,Isochrysis galbana) are not con-
sidered as an important source of alkenones in modern open
ocean sediments [Marlowe et al., 1990].

[31] It is worth noticing that no change in the proportion
of the different alkenone isomers (MeC37:2, EtC38:2, and
MeC38:2) is observed throughout the entire time interval
considered in this study. This may imply that all alkenone-
producing species produced the same type of alkenones
during the late Oligocene…Early Miocene, which may not
be surprising since the alkenone compositions of modern
coccolithophorids (essentiallyG. oceanicaand E. huxleyi)
are rather similar [Volkman et al., 1995]. It is possible,
however, that the original distribution of alkenones at DSDP
Site 516 contained alkenone isomers with more than two
unsaturations, since triunsaturated and tetraunsaturated
alkenones are known to be far more reactive toward diage-
netic processes than their diunsaturated homologues [e.g.,
Grimalt et al., 2000;Rontani and Wakeham, 2008].

5.2. Paleoenvironmental Implications
[32] Past atmospheric CO2 concentrations (pCO2) can be

estimated from the carbon isotopic fractionation between
ambient CO2 and the algal cell (� p37:2) that occurred during
marine haptophyte photosynthesis [Jasper and Hayes, 1990;
Jasper et al., 1994;Bidigare et al., 1997, 1999;Pagani et al.,
1999], based on the expression

� p37:2 ¼ � f � b= CO2 aqð Þ
� �

; ð2Þ

where� p37:2 is calculated from the difference between the
carbon isotopic compositions of diunsturated C37 alkenone
(d13C37:2) and foraminifera carbonate (d13Cforam) [see
Pagani et al., 1999]. � f is the carbon isotope fractionation
due to all carbon-fixing reactions (here assuming� f = 25‹
[Popp et al., 1998]) and•b• represents the sum of physio-
logical factors, including growth rate and cell geometry, that
affect total carbon isotope discrimination [Laws et al., 1995;
Popp et al., 1998]. The magnitude of term•b• is estimated
by the phosphate concentration of the surface ocean
[Bidigare et al., 1997, 1999;Pagani et al., 1999]. In oligo-
trophic settings, it is generally assumed that the influence of

Figure 5. Correlations (linear regressions;a = 0.05) between alkenone content (mg per gram of sediment)
and (a) relative and (b) absolute abundances ofCyclicargolithusduring the late Oligocene…early Miocene
at DSDP Site 516.
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haptophyte growth rates on� p37:2 is negligible [e.g.,Pagani
et al., 2005].

[33] Considering that larger phytoplankton cells, with
higher carbon cell quota relative to surface area, fractionate
less than smaller cells under similar CO2(aq)and low growth
rates [e.g.,Laws et al., 1995;Popp et al., 1998],Henderiks
and Pagani[2007] applied a cell size correction to the term
•b• in order to revisepCO2 trends reconstructed byPagani

et al. [2000b] at DSDP Site 516. This correction was
based on the cell diameter of reticulofenestrids, namely
Reticulofenestraand Dictyococcites, considered as the
most probable alkenone producers during the Cenozoic.
Indeed, a significant correlation exists between alkenone
d13C37:2 (and therefore� p37:2) and reticulofenestrid mean
size (R = 0.68, p = 0.0003; Table 2). Yet, the present
study suggests that another major alkenone producer at

Table 2. Pairwise Linear Regressions Between Alkenoned13C (d13C37:2), � p37:2, Cyclicargolithusand Reticulofenestrids Mean Cell Size,
and the Ratio ofCyclicargolithusto Noelaerhabdaceae

d13C37:2 � p37:2

Reticulofenestrid
Mean Size

Cyclicargolithus
Mean Size Mix Mean Size

� p37:2 R = � 0.96
p < 0.0001

Reticulofenestrid mean size R = 0.68 R = � 0.68
p = 0.0003 p = 0.0003

Cyclicargolithusmean size R = 0.69 R = � 0.67 R = 0.75
p = 0.0002 p = 0.0004 p < 0.0001

Mix mean size R = 0.33 R = � 0.36 R = 0.86 R = 0.50
p = 0.112 p = 0.085 p < 0.0001 p = 0.013

Cyclicargolithus/ Noelaerhabdaceae R = � 0.67 R = 0.62 R = � 0.34 R = � 0.60 R = � 0.17
p = 0.0003 p = 0.0013 p = 0.099 p = 0.002 p = 0.419

Figure 6. (a) Mean size variability at Site 516 of reticulofenestrids (ReticulofenestraplusDictyococcites)
andCyclicargolithus, as determined in the 24 samples studied byHenderiks and Pagani[2007] (error bars
indicate 95% confidence intervals); (b) alkenone-derived� p37:2 record [fromPagani et al., 2000b];
(c) revisedpCO2 estimates after cell size corrections (see detailed methods in work byHenderiks and
Pagani[2007]) includingCyclicargolithus(blue) compared topCO2 estimates ofPagani et al.[2000b]
(grey) andHenderiks and Pagani[2007] (red). Shaded bands and lines depict minimum and maximum esti-
mates with propagated 95% confidence levels of input factors. Dashed lines represent minimum estimates
assuming no diagenetic alteration of biogenic carbonates used to determine paleo-SST [seePagani et al.,
2005].
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this site wasCyclicargolithus, which had an overall larger
cell diameter than the reticulofenestrids (Figure 6a). We
have thus reevaluated the interpretation of published� p37:2
values (Figure 6b) [Pagani et al., 2000b] and reestimated
paleo-pCO2 values considering the mean cell size of
Cyclicargolithus. Prior to 20 Ma, this results in higher
pCO2 estimates (max. 340…550 ppmv) compared to values
presented byHenderiks and Pagani[2007] due to the rela-
tively high proportions and larger size ofCyclicargolithus.
After 20 Ma, Cyclicargolithusis less common than large
reticulofenestrids, resulting inpCO2 estimates (<400 ppmv)
that are similar to those determined byHenderiks and
Pagani [2007]. Overall, the newpCO2 estimates stay
within the ranges previously reported byPagani et al.
[2000b] (Figure 6c).

[34] Relative differences in growth rates between reticu-
lofenestrids andCyclicargolithuscan be evaluated using the
following model [Henderiks and Pagani, 2007]:

m= CO2 aqð Þ
� �

¼ � p37:2 � � f
� �

=KV:SA; ð3Þ

where the term•b• from equation (2) is now expressed by
specific growth rate (m) and a constant (KV:SA) that is
defined by the cell volume to surface area ratio (V:SA) of
eukaryotic species [Popp et al., 1998]

KV:SA ¼ 49� 222 V:SAð Þ: ð4Þ

[35] Under constant [CO2(aq)], and assuming no vital
effects in� p37:2between different haptophytes, similar values
of � p37:2could be generated by large cells (high V:SA) with
low growth rates and/or small cells with high growth rates
(Figure 7). In this scenario, our reconstructions indicate that

Cyclicargolithushad 30% to 60% lower specific growth
rates than the reticulofenestrids.

[36] Without access to cell geometry data and detailed
nannofossil data,Pagani et al.[2000b] initially calculated an
overall� 60% increase in haptophyte growth rates to explain
the distinct 6‹ decrease in� p37:2 observed after� 20 Ma
(Figure 6b). Here we combine theCyclicargolithus and
reticulofenestrid data (based on their mean size and respec-
tive proportions relative to the total Noelaerhabdaceae
abundance), and show that the 6‹ shift in � p37:2is supported
by an increase (� 23%) in mean cell size (V:SA) and by an
overall increase in mean growth rates of� 24% (Figure 7).
The distinct 6‹ shift in � p37:2may thus be partly explained
by changes in the major alkenone producers with different
growth rates under similar CO2 conditions: from assemblages
dominated by slow-growingCyclicargolithusto dominantly
reticulofenestrids with higher growth rates. Pairwise corre-
lations (Table 2) show that there is a significant correlation
betweend13C37:2 (and therefore� p37:2) and reticulofenestrid
mean size (R = 0.68,p < 0.001);d13C37:2 andCyclicargo-
lithusmean size (R= 0.69,p = 0.0002); andd13C37:2and the
Cyclicargolithus/Noelaerhabdaceae abundance ratio (R =
� 0.67, p = 0.0003). Finally, the observed variability in
alkenoned13C37:2and� p37:2are best explained by a multiple
linear regression linking thed13C37:2 to changes in mean
Noelaerhabdaceae cell size and in theCyclicargolithus/
Noelaerhabdaceae abundance ratio (R = 0.81;p < 0.0001).

6. Conclusion

[37] A comparison of nannofossil and alkenone absolute
contents in Atlantic sediment samples (DSDP Site 516)
spanning the late Oligocene to early Miocene suggests that
the speciesCyclicargolithus floridanuswas a major alkenone

Figure 7. Relationship between� p37:2 (‹ ), cell volume to surface area ratios (V:SA;mm), and growth
rates (mcc; d� 1), calculated with constant CO2(aq) = 10 mmol kg� 1 [after Henderiks and Pagani, 2007].
The contoured growth rates represent values under continuous light chemostat experiments and need to
be corrected for the effect of day length and respiration in natural settings [Bidigare et al., 1997, 1999].
The stars depict the 6‹ decrease in� p37:2between 20.3 and 19.5 Ma, which, under constant CO2, corre-
sponds to an increase in Noelaerhabdaceae cell sizes and growth rates.
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producer between 25 and 20.5 Ma, explaining at least 40%
of the total alkenone content at this site. The contribution
to alkenone production by largeDictyococcitesis supported
in younger sediments whereas that ofReticulofenestraspe-
cies appears less pronounced. These observations challenge
previous statements thatReticulofenestrawas the most
important alkenone producer during the late Oligocene…early
Miocene. The relatively high proportions ofCyclicargolithus
before 20 Ma and its larger cell size lead to higher paleo-
pCO2 estimates than those previously determined without
considering this genus. Finally, the variability in alkenone
d13C37:2and� p37:2are explained by changes in mean cell size
as well as changes in the major alkenone producers with
different growth rates. This highlights the importance of a
careful evaluation of the most likely alkenone producers
before using alkenone-based proxies for paleoenvironmental
reconstructions.

Appendix A: Taxonomic Remarks

[38] Taxonomy used in the present work follows Hap-
tophyte phylogeny as revised byYoung and Bown[1997]
and Sáez et al.[2004].

A1. Noelaerhabdaceae Family

[39] Noelaerhabdaceae(Jerkovic [1970], emended by
Young and Bown[1997]) is the dominant family in most
Neogene assemblages, considered as the Cenozoic ancestor of
the modern alkenone producersEmilianiaandGephyrocapsa.

A1.1. GenusReticulofenestra
[40] Elliptical to subcircular coccoliths with a prominent

open central area and with no slits in the distal shield. The
rather simple morphology ofReticulofenestra[Hay et al.,
1966] makes subdivision into species notoriously prob-
lematic. The conventional taxonomy is primarily based on
size. This is unsatisfactorily and arbitrary, but of stratigraphic
value [Backman, 1980;Young et al., 2003]. In this study, a
subdivision of four size-defined species was employed
during the assemblage counts: (1)Reticulofenestra haqii
[Backman, 1978]: morphospecies 3…5 mm in length, with a
central opening shorter than 1.5mm; (2) Reticulofenestra
minuta [Roth, 1970]: morphospecies smaller than 3mm;
(3) Reticulofenestra minutula[Gartner, 1967; Haq and
Berggren, 1978]: morphospecies 3…5 mm in length with a
central opening longer than 1.5mm; and (4)Reticulofenestra
pseudoumbilicus[Gartner, 1967, 1969]: larger morphos-
pecies (5…7 mm).

A1.2. GenusDictyococcites
[41] Elliptical coccoliths with a large central area closed

(or virtually closed) in line with the distal shield. The central
area of the distal shield frequently shows a median furrow or
a minute pore, but not large enough to suggest that they
belong toReticulofenestra. Although Dictyococcites sensu
[Black, 1967] can be regarded as a heavily calcified,
junior synonym ofReticulofenestra, the emended diagnosis
of Backman [1980] clearly separates this genus from
Reticulofenestra.

[42] Dictyococcitesspp. are small morphospecies (<3mm)
with a supposed closed central area.

[43] Dictyococcites antarcticus[Haq, 1976]: in contrast
with D. hesslandii, the specimens ofD. antarcticus(4…8 mm)
show no pore but a narrow and elongated rectangular central
area (named•furrowŽ by Haq [1976] and•straight bandŽ
by Backman[1980]). The straight extinction band along the
major axis occupies at least one half of the total length of
the elliptical central area [Backman, 1980].

[44] Dictyococcites hesslandii[Haq, 1966; Haq and
Lohmann, 1976]: for these specimens, the central area of
the distal shield exhibits a small pore, from which extinction
bands radiate (3…8 mm). Two morphometric size classes
were distinguished in this study (3…5 mm and >5mm).

A1.3. GenusCyclicargolithus
[45] This genus is represented by circular to subcircular

coccoliths with a small central area and high tube cycles.
Although Theodoridis[1984] assignedCyclicargolithusas
a junior synonym ofReticulofenestra, the emended diag-
nosis of Bukry [1971] clearly separates this genus from
Reticulofenestra.

[46] Cyclicargolithus abisectus[Müller, 1970; Wise,
1973] are large species (>10mm).

[47] Cyclicargolithus floridanus[Hay et al., 1967;Bukry,
1971] are species smaller than 10mm.

A2. Other Coccoliths

[48] Other coccoliths that do not belong to the
Noelaerhabdaceae family and found in the studied samples
are listed here:Calcidiscus leptoporus[Murray and
Blackman, 1898;Loeblich and Tappan, 1978],Coccolithus
miopelagicus[Bukry, 1971],Coccolithus pelagicus[Wallich,
1877; Schiller, 1930], Helicosphaera spp. [Kamptner,
1954],Pontosphaeraspp. [Lohmann, 1902],Syracosphaera
pulchra [Lohmann, 1902], and Umbilicosphaera spp.
[Lohmann, 1902].

A3. Nannoliths

[49] Nannoliths are thought to be related to coccoliths but
have peculiar structures. Nannoliths found in the studied
samples areDiscoasterspp. [Tan, 1927] andSphenolithus
spp. [Grassé, 1952].

[50] Acknowledgments. We would like to thank two anonymous
reviewers for their constructive comments and critical review. This study
used Deep Sea Drilling Project samples provided by the Integrated Ocean
Drilling Program. We thank Walter Hale from the Bremen Core Repository
for his efficiency.
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Chapitre 4 – Alcénones et assemblages de nannofossiles au Pliocène supérieur 
 

Ce chapitre s’intéresse au Pliocène supérieur (Piacenzien; 3,6-2,6 Ma) des coupes de Punta 

Grande et Punta Piccola, affleurant au sud-ouest de la Sicile. Ces coupes font partie de la 

coupe composite Capo Rossello qui est considérée comme la référence pour la calibration 

orbitale du Pliocène méditerranéen (e.g., Hilgen, 1991; Lourens et al., 1996). Le Pliocène 

supérieur de Sicile est un cas d’étude particulièrement intéressant puisqu’il est caractérisé 

d’une part par l’apparition de deux nouveaux genres de Noëlaerhabdaceae, Pseudoemiliania

et Gephyrocapsa(Kamptner, 1943;Gartner, 1969; Young, 1998), et d’autre part par la 

présence cyclique de niveaux riches en matière organique (sapropèles).  

La comparaison entre les flux des différentes espèces de coccolithes et du contenu en 

alcénones de la coupe composite Punta Grande/Punta Piccola suggère que Reticulofenestra 

minutula était un producteur majeur d’alcénones à ce site, bien que la contribution d’autres 

espèces de Noëlaerhabdaceae apparentées (comme Pseudoemiliania lacunosa) ne puisse être 

exclue. Un changement dans le profil de distribution des alcénones, montrant des proportions 

plus élevées des alcénones EtC38:2 et EtC39:2 dans certaines sapropèles (S102, S107 et S112),

pourrait témoigner de conditions de stress, tel qu’un appauvrissement en nutriments pendant 

le dépôt de ces niveaux particuliers. Le fait que R. minutula soit phylétiquement proche des 

espèces productrices actuelles d’alcénones permet l’utilisation de l’index UK’
37 dans ces 

sédiments pliocènes pour l’estimation des températures des eaux océaniques de surface

(SSTs).  

Les variations de SSTs reconstruites à partir de l’UK’
37, des flux de carbone organique total 

(COT) et des flux de nannofossiles, sont utilisées pour discuter des conditions 

environnementales caractérisant le Pliocène supérieur de Punta Grande/Punta Piccola. Cette

coupe comprend deux séries de sapropèles qui semblent avoir des mécanismes de formation 

distincts. La formation des sapropèles S101-S112 peut s’expliquer par une meilleure 

préservation de la matière organique, due au développement d’une stratification thermohaline 

de la colonne d’eau et la formation d’eaux de fond appauvries en oxygène, tandis que les 

sapropèles A3-A5 ont probablement été formées àcause d’une augmentation de la 

productivité primaire.  
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In preparation 

Abstract 

A careful evaluation of the most likely ancient alkenone producers is essential to ensure the 

reliability of alkenone-based sea-surface temperature (SST) estimates in sediments predating 

the first occurrence of modern alkenone producers (i.e. Emiliania huxleyi andGephyrocapsa

oceanica). This study investigates ancient alkenone producers among the late Pliocene 

(Piacenzian) coccolithophores at Punta Grande/Punta Piccola composite section (southwest 

Sicily, western Mediterranean). The comparison between coccolith species-specific fluxes and 

alkenone contents shows that Reticulofenestra minutula was a major alkenone producer,

although the contribution to alkenone production of other Noelaerhabdaceae species (such as 

Pseudoemiliania lacunosa) is likely. Interestingly, a change in alkenone profile, with higher 

proportions of EtC38:2 and EtC39:2 alkenones, in some sapropels (S102, S107 and S112) may 

attest for stressing growth conditions, like significant nutrient depletion, during the deposition

of these peculiar levels. The fact that R. minutula is phyletically close to modern alkenone 

producer species allows the application of the UK’
37 index to late Pliocene sediments for 

estimation of sea surface temperatures. Variations in alkenone-based SST, coupled with 

variations in total organic carbon (TOC) and nannofossil fluxes, are thus used to discuss the 

environmental conditions prevailing during the late Pliocene of the Punta Grande/Punta 
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Piccola composite section. This section exhibits two series of organic-rich sedimentary layers 

(so-called sapropels) which can be explained by distinct mechanisms of formation. Whereas 

sapropels S101-S112 are likely due to a better preservation of organic matter, due to the 

development of a thermohaline stratification of the water column and to oxygen depleted 

bottom waters, sapropels A3-A5 were likely formed thanks to enhanced primary productivity. 

1. Introduction 

In modern oceans, alkenones are produced by a few extant unicellular haptophyte algae 

belonging to the Isochrysidales clade, which includes the cosmopolitan calcifying haptophytes 

(coccolithophores) Emiliania huxleyi and Gephyrocapsa oceanica (Marlowe et al., 1984; 

Volkman et al., 1980, 1995). Certain non-calcifying Isochrysidales, such as Isochrysis 

galbana, also produce alkenones but they are restricted to coastal areas and are not considered 

as an important source of alkenone in the open ocean (Marlowe et al., 1990). The alkenone 

unsaturation index UK’
37 exploits the link between the production of di- and tri-unsaturated 

C37 alkenones (C37:2 and C37:3, respectively) and the producing species growth temperature 

(Brassell et al., 1986; Prahl and Wakeham, 1987), and has been used as a proxy to reconstruct 

past sea-surface temperatures, especially during the Quaternary period (e.g., Müller et al., 

1998; Eltgroth et al., 2005; Pahnke and Sachs, 2006; Bolton et al., 2010).

The alkenone-based temperature proxy has been calibrated on coccolithophore cultures (E. 

huxleyi and G. oceanica) and Quaternary sediments (e.g. Conte et al., 1995, 1998; Müller et 

al., 1998; Popp et al., 1998; Riebesell et al., 2000), but there is a huge gap between the first 

record of alkenones in the Cretaceous at ~120 Ma (Farrimond et al., 1986; Brassell et al., 

2004) and the first occurrence of the modern alkenone producers (-0.27 Ma for E. huxleyi,

Thierstein et al., 1977, and -1.85 Ma for G. oceanica, Pujos-Lamy, 1977). Since E. huxleyi 

andG. oceanica cannot be responsible for alkenone production during most of the Cenozoic, 

the biological sources of alkenones preserved in pre-Quaternary sediments need to be 

elucidated in order to better constrain paleoenvironmental reconstructions based on the 

alkenone paleothermometer. Based on the consistent co-occurrence of Reticulofenestra

coccoliths and alkenones in marine sediments dating back to the Eocene (45 Ma), Marlowe et 

al. (1990) suggested that the most probable Cenozoic alkenone producers are to be found 

within the genus Reticulofenestra, which belongs to the Noelaerhabdaceae Family, the same 

asEmiliania and Gephyrocapsa. So far, only a few studies have interpreted Reticulofenestra

species as alkenone producers during the early Pliocene (Beltran et al., 2011) and the early 

Pleistocene (Bolton et al., 2010). Recently, we demonstrated that another genus of the 
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Noelaerhabdaceae Family, namelyCyclicargolithus, was a major alkenone producer during 

the late Oligocene-early Miocene at Deep Sea Drilling Project (DSDP) Site 516 in the South 

Atlantic Ocean (Plancq et al., 2012). 

The Piacenzian stage (late Pliocene; 3.6-2.59 Ma; Gradstein et al., 2012) of the Punta 

Grande/Punta Piccola composite section (southwest Sicily) constitutes an interesting case 

study. First, it represents a key period for the evolution of the Noelaerhabdaceae family with 

the first occurrence of the two genera Pseudoemiliania and Gephyrocapsa (Kamptner, 1943;

Gartner, 1969; Young, 1998). Second, late Pliocene deposits from this section are 

characterized by carbonate-rich and carbonate-poor alternations, with regular intercalations of 

dark layers rich in organic matter (sapropels). Several studies have suggested that the 

formation of these sapropels was due to enhanced freshwater supplies to the Mediterranean 

Sea by river runoff linked to strengthening in the precessionally-controlled African monsoon 

(e.g., Cita et al., 1977; Rossignol-Strick, 1985; Béthoux, 1993; Foucault and Mélières, 1995, 

2000; Combourieu Nebout et al., 2004). This increased continental influx promoted an 

increased primary productivity and, finally, an enhanced organic matter input to marine 

sediments (Pedersen and Calvert, 1990; Calvert and Pedersen, 1992) or, alternatively,

improved organic matter preservation because of enhanced sea-water stratification and 

production of anoxic bottom waters (e.g., Cita et al., 1977; Béthoux, 1993). Also, a 

combination of the two processes (enhanced preservation and productivity) has been 

suggested (e.g., Rohling, 1994). Many of these paleoenvironmental, chemical and 

mineralogical studies have been performed on the late Pliocene (Piacenzian) sapropels from 

the Punta Piccola section. However, these studies have only been focused on a restricted 

number of sapropel layers (S104-S107) and the characterization of long-term 

paleoenvironmental changes throughout the Piacenzian has received little attention. 

We thus propose to compare variations in sea-surface temperatures (SSTs) derived from 

the alkenone temperature proxy UK’
37 with changes in nannofossil assemblages to describe 

paleoenvironmental changes throughout the Piacenzian of these Sicilian sections. Beltran et 

al. (2007) used the UK’
37 at Punta Piccola section, but they only studied a limited time interval

comprised between 3.01 and 2.95 Ma and they did not definitely identify the alkenone 

producers. Here, we investigate alkenone producers by comparing Noelaerhabdaceae species-

specific fluxes with alkenone concentrations in the same sediments from the Punta

Grande/Punta Piccola composite section. This allows the identification of Reticulofenestra 

minutulaas being the major alkenone producers during the Piacenzian. The applicability of 

the UK’
37 index to reconstruct temperature changes in Pliocene sediments is also discussed.
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Then, variations in SSTs, coupled with variations in TOC and in nannofossil fluxes, allow 

characterizing long-term changes environmental conditions throughout the Piacenzian of this 

Sicilian section, and distinguishing two distinct mechanisms for the formation of sapropels 

S101-S112 and sapropels A3-A5.

2. Materials and methods 

2.1. Geological setting and sampling 

The Capo Rossello composite section (Cita and Gartner, 1973), located in the Caltanissetta 

basin (south-west of Sicily), is considered as the reference for the orbital calibration of the 

Pliocene timescale, thanks to an excellent stratigraphy based on magnetic and isotopic data, 

and on calcareous nannofossil record, and contains the stratotypes of both the Zanclean and 

the Piacenzian stages (Rio et al., 1984; Hilgen, 1991; Langereis and Hilgen, 1991; Lourens et 

al., 1996). The Punta Grande and Punta Piccola sections, outcropping along the south-west 

Sicilian coast near Agrigento (Figure 4-1), represent the upper part of the Capo Rossello 

composite section and contain the GSSP (Global Stratotype Section and Point) of the 

Zanclean/Piacenzian (early/late Pliocene) boundary, defined at the top of the lithological 

cycle 77 of Hilgen (1991) with an age of 3.6 Ma (Castradori et al., 1998). During the 

Pliocene, the studied sites were situated in an open marine slope-basin setting in the Sicily 

sill, at a water-depth of about 600-800 m (Brolsma, 1978; Sprovieri, 1986; Sgarrella et al., 

2012).

The Punta Grande and Punta Piccola sections were logged and a total of 61 samples were 

collected with an average sampling spacing of 80 cm; biomarker and nannofossil analyses 

were conducted on the same samples (Figure 4-1). The Punta Grande section and the lower 

part (first 14 m) of the Punta Piccola section are characterized by marls and marly limestones 

of the Trubi Formation, that show cyclically deposited sequences (of approximately 1 m 

thickness), each corresponding to four successively grey, white, beige and white colored 

marly facies (Hilgen, 1987, 1991; Figure 4-1). The uppermost part of the Punta Piccola 

section comprises regular alternations of grey marls and light-grey marly limestones of the 

Monte Narbone Formation, with the cyclical occurrence of dark laminated (sapropel) marl 

layers noted S101 to S112 and A1 to A5 (Hilgen, 1991; Lourens et al., 1996; Sprovieri et al., 

2006; Figure 4-1). The studied time interval spans the Piacenzian (late Pliocene; Lourens et 

al., 1996), from the Zanclean/Piacenzian boundary (3.6 Ma) to the Piacenzian/Gelasian 

boundary coincident with the sapropel A5 mid-point (2.59 Ma) (Figure 4-1). 
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