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comptage. J'ai également réalisé l'ensemble des traitements statistiques, les interprétations 

des résultats et la rédaction des manùscrits des articles (incluant les figures, les tableaux, les 

. annexes et le corps du texte). Le tout a été réalisé sous la supervision de ma directrice de 

thèse, Anne de Vernal. Les co-auteurs de mes articles ont contribué à mon travail en 
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Labrador, le reste del' Atlantique Nord et les mers nordiques (Mer d'Islande, Mer de Norvège 

et Mer du Groènland) et discute notamment de la synchronisation ou non des bio-évènements 

durant la transition Plio-Pleistocène. 

Le deuxième chapitre sera soumis à la revue Palaeogeography, Palaeoclimatology, 

Palaeoecology. 11 a pour titre Late Pliocene to early Pleistocene dinocyst and acritarch 

assemblages of the northwest North Atlantic, IODP Site Ul 307, Labrador Sea. Cet article 
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et discute des conditions paleocéanographiques dans la Mer du Labrador ainsi que de 

l'évolution spatiale et temporelle de la glace sur le sud du Groenland durant la transition Plio-

Pléistocène, entre 3,2 et 2,2 Ma. Il se base sur la composition des assemblages de dinokystes 

et acritarches mais utilise également des indicateurs· terrestres tels que les grains de pollen, 

les spores de ptéridophytes ainsi que les particules transportées par les icebergs (ice rafted 

detritus, IRD). 

Le troisième et dernier chapitre de la thèse a été soumis à la Revue canadienne des sciences 

de la Terre. Il est intitulé Baffin Bay late Neogene palynostratigraphy at ODP Site 645 et a 

pour co-auteurs Anne de Vernal et Paul Knutz du Geological Survey of Denmark and 

Green/and à Copenhague. Cet article utilise les dinokystes et acritarches afin d'établir une 

biostratigraphie de la fin du Miocène/début du Pliocène au Pléistocène au Site ODP 645 dans 

la Baie de Baffin et d'identifier la transition Plio-Pléistocène. Cet article fait référence à la 

biostratigraphie du premier chapitre et souligne la difficulté et le peu de matériel disponible 

pour retracer l'histoire paléoclimatique de la Baie de Baffin au cours des temps géologiques. 

L'Appendice A correspond à un article publié en 2016 dans la revue Paleoceanography se 

nommant The « warm » Marine Isotope Stage 31 in the Labrador Sea: Low surface sa/inities 

and cold subsurface waters prevented winter convection. Cet article, dont je suis premier 

auteur, a été écrit en collaboration avec Anne de Vernal et Claude Hillaire-Marcel au début 

de ma thèse. Il présente les conditions de surface et de subsurface dans la Mer du Labrador 

(Site IODP U1305) pendant le stade isotopique marin (marine isotopie stage, MIS) 31 

reconstruites à partir d'une approche multi-proxy qui combine: des reconstructions basées 

sur les assemblages de dinokystes (surface) et les foraminifères planctoniques (subsurface), 

ainsi que des analyses géochimiques sur la composition isotopiques de l'oxygène et du 

carbone à partir des foraminifères planctoniques et benthiques. Il m'a en particulier permis 

d'inférer l'abscence de convection dans la Mer du Labrador il y a 1 Ma. J'ai réalisé la totalité 

des analyses palynologiques, micropaléontologiques, géochimiques et statistiques avant de 
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commencer ma thèse et suis responsable de l'écriture du manuscrit qui a été faite au début 

de mon doctorat. Cet article constitue un point de départ fondamental qui m'a transmis 

l'envie l'explorer les temps géologiques dans la Mer du Labrador par le biais d',une approche 

palynologique. 

Enfin, des analyses sur la composition géochimique des IRD provenant des deux sites (ODP 

645 et IODP U1307) ont été réalisées dans les laboratoires du département des Sciences de 

la Terre de l'UQAM avec Michel Preda et l'aide de deux étudiants: Cesar Elies et Tiffany 

Audet. Les résultats bruts sont présentés dans l' Appendice B. Un quatrième article traitant de 

l'origine des IRD dans la Mer du Labrador durant la transition du Plio-Pléistocène et de 

l'englacement du Groenland est en cours d'écriture sous la supervision d'Anne de Vernal et 

de Claude Hillaire-Marcel, respectivement ma directrice et mon co-directeur de recherche. 
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RÉSUMÉ 

Depuis quelques années, la transition Plia-Pléistocène (2,58 Ma) suscite une attention 
particulière du point de vue environnemental et climatique. Cette période est en effet 
marquée par des changements globaux, incluant une diminution importante de la 
concentration de CO2 atmosphérique ( ~400 ppm au Pliocène versus 180-280 ppm au 
Pléistocène), et par conséquent d'une intensification des grandes glaciations dans 
!'Hémisphère Nord menant au développement de la calotte groenlandaise. Si la calotte 
du Groenland est la seule de !'Hémisphère Nord à avoir persisté pendant la plupart des 
interglaciaires du Pléistocène, contrairement aux inlandsis laurentidien, innuitien et 
fennoscandinave, elle est présentement menacée par le réchauffement climatique en 
cours. Un facteur ayant certainement joué un rôle déterminant dans l'intensification 
des glaciations de !'Hémisphère Nord est la circulation océanique de surface de 
l'Atlantique Nord, et notamment le courant nord-atlantique (ou en anglais, North 
Atlantic Current-NAC) qui est à l'origine de masses d'air chaudes et humides vers les 
hautes latitudes. C'est pour cela que mon projet de doctorat s'intéresse à l'intéraction 
entre le climat, la végétation et la circulation océanique de surface dans le nord-ouest 
de l'Atlantique Nord, afin de documenter l'évolution spatio-temporelle de la glace 
continentale sur le sud du Groenland pendant la transition Plia-Pléistocène. 

Cette étude se base sur le couplage entre les signaux océaniques et terrestres à partir de 
deux séquences sédimentaires de la Mer du Labrador (site IODP U1307) et de la Baie 
de Baffin (site ODP 645). Elle s'articule autour de trois thèmes complémentaires: 

La palynologie marine a servi, dans un premier temps, à l'établissement d'une 
biostratigraphie de référence des bic-événements marqués par des transitions dans les 
assemblages de palynomorphes marins ( dinokystes et acritarches) du Pliocène tardif au 
début du Pléistocène (3,2-2,2 Ma), incluant l'optimum climatique du Pliocène et la 
transition Plia-Pléistocène au Site IODP Ul307. Cette biostratigraphie a ensuite été 
comparée avec les schémas biostratigraphiques du reste de l'Atlantique Nord et des 
mers nordiques afin de discriminer les événements locaux et régionaux. 

Dans un second temps, l'analyse par composante principale a été utilisée pour 
définir des zones paléoécologiques et extraire le signal des espèces expliquant le mieux 
les variations observées. Les assemblages de dinokystes ont été interprétés 
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qualitativement et ont permis de reconstituer les conditions paléocéanographiques entre 
3,2 et 2,2 Ma dans la Mer du Labrador. La palynologie terrestre, quant à elle, a été 
utilisée pour établir des relations avec la végétation sur les terres adjacentes du 
Groenland. Les débris de vêlage de radeaux de glace et icebergs ont été utiÜsés comme 
indices de la croissance des calottes glaciaires jusqu'aux marges continentales. 

Enfin, le dernier aspect thématique traite de l'identification de la transition Plio-
Pléistocène dans_ les sédiments marins de la Baie de Baffin au site ODP 645 à partir des 
assemblages de dinokystes et acritarches et en exploitant la biostratigraphie de la Mer 
du Labrador 

Les données obtenues suggèrent que, malgré des conditions régionales relativement 
froides, la Mer du Labrador est fortement connectée avec l'Océan Atlantique Nord, 
notamment avec le secteur nord-est où est localisé le site DSDP 61 O. En effet, les sites 
U1307 (cette étude) et 610 (De Schepper et Head, 2009) partagent des limites 
biostratigraphiques communes à ~ 2,75 Ma et 2,56 Ma mettant en évidence des 
évènements d'envergure dans les milieux de moyennes et hautes latitudes de 
l'Atlantique Nord. 

L'intervalle chaud du Pliocène moyen est marqué par des changements-importants liés 
à une baisse de l'intensité du courant nord-atlantique vers la Mer du Labrador et à des 
apports accrus d'eau douce du Groenland vers 3,1 Ma. La transition Plio-Pléistocène 
fut très importante d'un point de vue paléoclimatique. En effet, au-delà du 
développement de grands glaciers continentaux dans l'Hémisphère Nord, c'est la 
réorganisation de la circulation océanique dans l'Atlantique Nord qui se produit. A 
partir de 2,65 Ma dans la Mer du Labrador, le front arctique et le passage du NAC 
migrent vers le sud et un peu plus tard, vers 2,60 Ma, dans le nord-est de l'Atlantique 
Nord. Les conditions terrestres montrent également une diminution du couvert végétal· 
et une augmentation des apports de vêlage témoignant de la progression des glaciers 
vers les marges continentales groenlandaises à partir de 2,65 Ma. 

En ce qui concerne la Baie de Baffin, aucun indice biostratigraphique n'a permis 
d'identifier clairement la transition Plio-Pléistocène au site ODP 645. Cette étude 
montre que la transition se situerait dans un hiatus de recouvrement des sédiments et 
démontre la nécessité de réaliser de nouveaux forages dans la Baie de Baffin. 

Mots-clés : Mer du Labrador, Baie de Baffin, dinokystes, acritarches, Pliocène, 
Pléistocène 



ABSTRACT 

The Pliocene-Pleistocene transition (2.58 Ma) was marked by global changes, 
including a significant reduction in the concentration of atmospheric CO2 ( ~ 400 ppm 
during Pliocene vs. 180--280 ppm in Pleistocene ), and as a consequence an 
intensification of the Northern Hemisphere glaciation that led to the growth of the 
Greenland Ice Sheet. Although the Greenland ice sheet is the only one in the Northern 
Hemisphere that have persisted during most the Pleistocene interglacials unlike the 
Laurentide Ice Sheet , Innuitian and F ennoscandian ice sheets, it is currently threatened 
by the ongoing global warming. An -important factor that have played a significant role 
in the intensifi~ation of the North Hemisphere glaciations is the North Atlantic surface 
circulation and especially the North Atlantic Current (NAC). In this context, my PhD 
thesis project focused on the interaction between climate, oceanic circulation and the 

impact on vegetation in the northwest North Atlantic to understand the conditions that 
prevailed during the initial growth of the Greenland ice sheet in the Plio-Pleistocene. 

This study is based on coupling marine and terrestrial signais from the sediments of 
two drilled sites from the Labrador Sea (IODP Site U1307) and the Baffin Bay (ODP 
Site 645) and is organized around three major thematics: 

First, we established a detailed marine palynology biostratigraphy based on 
dinocysts and acritarchs bio-events encompassing the late Pliocene to early Pleistocene 
(3.2-2.2 Ma) including the mid-Pliocene warm Period (mPwP) and the Plio-Pleistocene 
transition at IODP Site U1307. This biostratigraphy has been compared with 
biostratigraphic schemes from the North Atlantic and Nordic Seas to discriminate local 
and regional events. 

Secondly, principal component analysis was performed to define 
ecostratigraphic zones from the relative occurrences (percentages) of taxa and to 
identify which taxa are the most sensitive. W e also investigated the pollen and spore 
records in order to assess the vegetation from Greenland and we examined the ice rafted 
de bris to simultaneously assess the ice cover and glacial expansion of the Greenland 
Ice Sheet. Finally, analyses of marine and terrestrial palynomorphs at ODP Site 645 in 
the Baffin Bay led us to refine the biostratigraphy in order to defined better the Plio-
Pleistocene transition in this area. 
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This study suggests that despite relatively cold regional conditions, the Labrador Sea 
was strongly connected to the North Atlantic during the Plio-Pleistocene especially to 
the northeast North Atlantic sector where DSDP Site 610 is located. The two sites, 
U1307 (this study) and 610 (De Schepper and Head, 2009) share common 
biostratigraphic boundaries at ~3.17, 2.75 Ma and 2.56 Ma, thus highlighting large 
amplitude changes affecting the mid and high latitudes of the North Atlantic. 

The study also shows that the mPwP was affected by high amplitudes changes due to 
variation in advection of NAC warm and saline water into the Labrador Sea and to 
cooling/freshening pulses of the surface waters from Greenland. Hence, the late 
Pliocene was marked by important changes in ocean surface circulation with southward 
migration of the Arctic front and NAC path at 2.65 Ma in the Labrador Sea, which is 
slightly earlier than in the northeast North Atlantic, where it is recorded at 2.60 Ma. 
Reduced warm and saline water penetration into the Labrador Sea possibly fostered the 
cooling which was accompahied with significant expansion of the Greenland Ice Sheet 
at about 2.65 Ma. 

The pollen assemblages suggest input from humid boreal-type forests located likely in 
the southwest Greenland. Decrease in abundances of terrestrial palynomorphs and 
higher IRD suggests a reduce vegetation caver and an increase of ice caver with glacial 
activity reaching the coast over south Greenland from 2.65 Ma .. 

Finally, this study permitted to refine the late Miocene to Pleistocene biostratigraphic 
and seismic stratigraphy schemes at ODP Site 645 in the Baffin Bay. However, the 
position of the Pliocene to Pleistocene,transition at ODP 645 was not identified as it is 
situated in a sediment recovery gap. Hence, this study demonstrates the need of new 
drilled hales in the Baffin Bay 

Keywords: Labrador Sea, Baffin Bay, dinocysts, acritarcha, Pliocene, Pleistocene 



INTRODUCTION 

0.1 Contexte de l'étude 

0.1.1 Le Pliocène 

Le Pliocène (5,33 à 2,58 Ma) est caractérisé par un changement important et global du 

climat de la planète, et marque le passage progressif du climat relativement chaud du 

Tertiaire au refroidissement du Quaternaire. Malgré un refroidissement général depuis 

le début du Cénozoïque (Zachos et al., 2001 ), le Pliocène était une époque en moyenne 

plus chaude que l'actuel et, bien qu'il existe quelques indices de glaciers locaux depuis 

environ 44 Ma (Tripati et al., 2008) et des signes circonstanciés d'englaciations (De 

Schepper et al., 2014), !'Hémisphère Nord était dépourvu de calottes glaciaires 

permanentes, contrairement à l'Antarctique. Un des éléments intéressants du système 

climatique durant la période du Pliocène est sa concentration de CO2 atmosphérique, 

qui était élevée et proche des valeurs actuelles de 411,97 ppmv (mars 

2019, NOAA/ESRL). En effet, les concentrations de CO2 atmosphérique sont estimées 

entre 330 ppmv et 400 ppmv durant le Pliocène (Krüshner et al., 1996 ; Raymo et al., 

1996; Seki et al., 2010; Pagani et al., 2010; Martinez-Boti et al., 2015) avec un 

maximum possible de 425 ppmv (Raymo et al., 1996) voire· de 450 ppmv durant 

l'optimum climatique du Pliocène d'après les compilations réalisées pour le rapport du 

groupe d'experts intergouvernementaux sur l'évolution du climat (IPCC, 2013). 
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L'optimum climatique du Pliocène (mid-Pliocene warm Period, mPwP), entre ~3,264 

et 3,025 Ma, est considéré comme la dernière période géologique significativement 

plus chaude que l'actuel, avant la mise en place du régime de glaciations du 

Pléistocène. C'est pourquoi cet intervalle fait l'objet d'une attention particulière, portée 

par de grands projets internationaux tels que le Pliocene Mode! Jntercomparison 

Project (PlioMIP) et les modélisations du Pliocene Research, lnterpretation and 

Synoptic Mapping (PRISM) del' US Geological Survey (voir Dowsett et al., 2016 pour 

la version la plus récente du projet). Le mPwP peut en effet servir d'analogue ou de 

référence dans une perspective de réchauffement climatique futur (Schneider et 

Schneider, 2009; IPCC, 2013). 

Durant le mPwP, les températures moyennes de l'air étaient 2 à 3,6 °C plus élevées que 

les valeurs préindustrielles (Dowsett et al., 2009, 201 0a,.2016). Il existait un très fort 

contraste entre les basses et les hautes latitudes, avec un réchauffement accentué aux 

hautes latitudes de !'Hémisphère Nord, où les valeurs moyennes supérieures sont 

estimées à 8 °C de plus que celles de l'actuel et allant jusqu'à~ 11/12 °C de plus dans 

l'Arctique canadien (Csank et al., 2013). Le climat global était également plus humide, 

ce qui a favorisé le développement d'une végétation plus luxuriante, quelle que soit la 

latitude (Salzmann et al., 2008, Pound et al. 2014, Dowsett et al., 2016). Les 

températures moyennes de surface des océans étaient supérieures à l'actuel de 0 °Cà 

6 °C (Dowsett et al., 2010a et 2010b; IPCC 2013) avec une amplification du 

phénomène aux hautes latitudes de !'Hémisphère Nord (Dowsett et al. 2010b). Le 

niveau moyen des océans était aussi plus élevé de 22 ± 5-10 m par rapport à l'actuel 

(Miller et al., 2012). 
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0.1.2 La transition Plia-Pléistocène 

À la transition entre le Pliocène et le Pléistocène (2,581 Ma), un refroidissement 

important (Zachos et al., 2001) a été accompagné par le changement d'un régime de 

petits glaciers locaux à une glaciation d'abord régionale puis généralisée dans 

!'Hémisphère Nord (Flesche Kleiven et al., 2002; Matthiessen et al., 2009; De 

Schepper et al., 2014). Bien que le Pliocène ait été ponctué par le développement de 

calottes glaciaires (voir De Schepper et al., 2014), l'englaciation de l'HémisphèreNord 

(NHG) semble avoir été progressive (Ravelo et al., 2004). À partir de l'analyse des 

courbes 8180, réalisées sur les tests de foraminifères-benthiques, indicatrices de la 

variation du volume global de glace continentale, Mudelsee et Raymo (2005) proposent 

une initiation des NHG dès le début du Pliocène supérieur à ~ 3,6 Ma. Les premières 

évidences directes s'enregistrent vers 3,3 Ma au niveau du Groenland avec un premier 

pic significatif de particules terrestres transportées par la glace (lce Rafted Debris, 

IRD), indiquant une augmentation du passage des radeaux de glace (iceberg et/ou glace 

de mer) transportant des particules provenant du continent (Flesche Kleiven et al., 

2002). L'englacement s'intensifia de manière plus générale dans le reste de 

!'Hémisphère Nord vers 2, 7 Ma, comme en atteste l'augmentation synchrone des IRD 

et de la fraction grossière(> 63 µm) dans les sédiments marins de l'Atlantique Nord 

(Shackleton et al., 1984 ; Winkler et al., 2002 ; Flesche Kleiven et al., 2002), de la Mer 

du Labrador (Blake-Mizen et al., 2019), des mers nordiques (Flesche Kleiven et al., 

2002; Polyak et al., 2010) et du Pacifique Nord (Haug et al., 2005). La récente étude 

de Clotten et al. (2018) dans la Mer d'Islande démontre, à partir de biomarqueurs, une 

expansion majeure de la calotte groenlandaise à partir de ~2,75 Ma associée à 

l'établissement d'un couvert de glace de mer permanent proche des côtes est 

groenlandaises. 
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Les causes de ces changements sont encore débattues à l'heure actuelle. Il semble 

cependant que la chute du CO2 atmosphérique fut indispensable à l' englaciation de 

!'Hémisphère Nord (Lunt et al., 2008a). En effet, au début du Pléistocène, vers 2,8 Ma, 

la concentration de CO2 atmosphérique avoisinait 280 ppmv (DeConto et al., 2008 ; 

Seki et al., 2010; Bartoli et al., 2011) représentant ainsi une diminution d'environ 190 

ppmv depuis l'optimum climatique du Pliocène. 

0 .1.3 L'état du Groenland pendant le Pliocène 

Pendant le Pliocène, l'étendue des glaciers sur le Groenland était donc limitée. La 

présence d'IRD et de dropstones en provenance du Groenland dans la Mer du 

Groenland (ODP Sites 913 et 985, Thiede et al., 2011), la Mer d'Irminger (ODP 

Site 918, St. John et Krissek, 2002) et la Mer du Labrador (ODP Site 646, Korstgard et 

Nielsen, 1989) témoigne du développement de glaciers de montagne ayant atteint la 

mer à l'est de l'île, et ce depuis au moins le Miocène supérieur (~7 Ma). En ce qui 

concerne la Baie de Baffin (ODP Site 645), les IRD et dropstones provenant del' ouest 

de l'île et des terres environnantes canadiennes suggèrent également la présence de 

glaciers dès 8 Ma (Cremer et Legigan, 1989; Korstgard et Nielsen, 1989). Durant le 

mPwP, l'inlandsis groenlandais n'aurait représenté qu'environ 25 % de sa taille 

actuelle et était majoritairement concentré sur les reliefs situés à l'est et au sud de l'île 

(Figure 0.1 ; Koening, et al., 2011 ; Dolan et al.; 2015; Dowsett et al., 2016). 

Les quelques données disponibles et les expériences de modélisation de la végétation 

durant le mPwP font état d'une végétation mixte avec la présence de forêts tempérées, 

boréales et de formation arbustives, de prairies et d'une toundra sur le Groenland 
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(Salzmann et al., 2011 ; Dowsett e~ al., 2016), plaçant ainsi la limite des arbres à 

2500 km plus au Nord que la limite moderne (Figure 0.1, Salzmann et al., 2008). Ces 

reconstructions s'appuient en partie sur la découverte de macrofossiles et microfossiles, 

comme par exemple les macrorestes végétaux retrouvés sur l'île de France qui 

suggèrent la présence d'un~ forêt boréale ou d'une toundra forestière dans la région 

nord-est du Groenland, autour de 3,4 à 3 Ma (Bennike et al., 2002). Au nord de l'île, 

dans la formation du Kap Kobenhavn, des macrorestes végétaux, des insectes et des 

restes de mammifères confirment l'absence de calotte glaciaire à cette latitude ainsi 

que la présence d'une végétation plus abondante de type toundra forestière vers 2,4 Ma 

(Funder et al., 1985, 2001). L'abondance de plantes et d'organismes d'eau douce laisse 

supposer la présence de terres humides parsemées de nombreux lacs ou étangs dans la 

région (Bennike et Botcher, 1990). De même, dans les sédiments de la Mer du 

Labrador, un contenu pollinique abondant dans les sédiments pliocènes reflète une 

végétation de type boréale subarctique au niveau de la région source du Groenland ( de 

Vernal et Mudie, 1989a). 
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Figure 0.1 Reconstitution PRISM4 (A) des températures de surfaces des océans, (B) de 

la topographie des continents et de la bathymétrie des océans, (C) des biomes, (D) des 

sols, (E) de la glace continentale, (F) des grands lacs pendant l' optimum climatique du 

Pliocène (Dowsett et al. , 2016) 
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0.1.4 Le rôle de l'Atlantique Nord 

Dans l'Atlantique Nord, le courant nord-atlantique (North Atlantic Current, NAC) 

semble avoir joué un rôle crucial dans l'établissement des conditions décrites plus haut, 

en particulier pour l'expansion de la calotte groenlandaise. En effet, suite à la fermeture 

du passage del' Amérique centrale (CAS), l'intensification du NAC aurait entraîné une 

augmentation du transport de chaleur et d'humidité vers les hautes latitudes de 

l'Atlantique Nord (Klocker, 2005, Lunt et al. 2008a, 2008b ). Les eaux chaudes et salées 

des tropiques sont alors transportées vers les hautes latitudes via le NAC (Haug et 

Tiedman, 1998; Bartoli et al., 2005, Klocker et al., 2005). D'après les modélisations 

de Driscoll et Haug (1998), la fermeture du CAS est aussi responsable de 

l'augmentation du transport d'humidité vers les hautes latitudes, nécessaire à 

l'expansion du couvert de glace sur le Groenland (Lunt et al., 2008a, 2008 b; Klocker 

et al., 2005). 

Le NAC a ainsi fait l'objet d'une attention particulière quant à son intensité et sa 

trajectoire durant le Pliocène tardif et la transition Plio-Pléistocène, notamment par 

l'étude des microfossiles préservés dans les sédiments. Par exemple, les kystes de 

dinoflagellés ( ou dinokystes) permettent de documenter la température, la salinité et la 

productivité des eaux de surface (de Vernal et Marret, 2007). L'espèce Operculodinium 

centrocarpum sensu Wall and Dale ( 1966) ( dorénavant Operculodinium centrocarpum 

dans le reste de ce document) a été utilisée comme un indicateur du passage et de 

l'intensité du NAC dans l'Atlantique Nord et les mers nordiques durant la période 

moderne (Knies et al. 2002 ; Van Nieuwenhove et al. 2008), mais également au cours 

du Pliocène (De Schepper et al., 2009a, 2013 ; Hennissen et al., 2014, 2017 ; Panitz et 

al., 2017). 
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De Schepper et al. (2009a) ont mis en évidence, grâce à l'abondance relative des 

principales espèces de dinokystes et à partir d'analyses géochimiques, une influence 

réduite et un changement de trajectoire du NAC aux sites DSDP 610A et IODP 1308C 

durant l'événement froid du MIS M2 (~ 3,3 Ma, Figure 0.2), rendant possible le 

développement de glaciers sur le Groenland (De Schepper et al., 2014). De plus, De 

Schepper et al. ont proposé en 2013 qu'une brève réouverture du CAS aurait été 

responsable de l'intensité du refroidissement du MIS M2. En effet, la pénétration des 

eaux de surface plus froides et moins salées du Pacifique dans l'Atlantique aurait 

contribué à la diminution de l'intensité du NAC, limitant ainsi le transport de chaleur 

vers les hautes latitudes del' Atlantique Nord (De Schepper et al., 2013). 

À partir des alkénones, biomarqueurs produits par des haptophytes, des reconstitutions 

similaires ont été faites poùr les intervalles glaciaires du Pliocène tardif, entre 3,68 et 

2,45 Ma, au site IODP U1313 situé dans les moyennes latitudes au niveau de la gyre 

subtropicale del' Atlantique Nord (Naafs et al., 2010). En utilisant des reconstructions 

de température et productivité, les auteurs suggèrent un refroidissement général à partir 

de 3,1 Ma et proposent que durant les épisodes glaciaires de l'intensification des NHG, 

le NAC avait une trajectoire ouest-est associée avec une baisse du front polaire 

jusqu'aux moyennes latitudes (Figure 0.2). 

Plus récemment, Hennissen et al. (2014) ont utilisé les dinokystes et la géochimie des 

tests de foraminifères benthiques et planctoniques aux sites DSDP 610 et IODP Ul313 

pour mettre en évidence une baisse latitudinale du front polaire et un changement de la 

trajectoire du NAC à 2,61 Ma (MIS 104) qui aurait caractérisé la transition Plio-

Pléistocène (Figure 0.2). De même, Panitz et al. (2017) ont montré, avec les 

assemblages de dinokystes, la pénétration d'eaux chaudes et ~alées del' Atlantique dans 

la Mer de Norvège pendant le mPwP (3,320 à 3,137 Ma). Cet évènement fut suivi d'une 

diminution de l'intensité du NAC associée à des températures de surface plus froides 
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enregistrées par les alkénones, et d ' un changement de végétation sur les côtes de la 

Norvège, tel que démontré par les assemb lages polliniques durant les MIS KM4-KM2 

(3 , 184-3, 137 Ma, Figure 0.2). 
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Figure 0.2 Localisation des sites mentionnés dans le texte (cercles bleu clair) et 

positionnement du courant Nord Atlantic (flèches rouges) et du front arctique ( ligne 

pointillée bleu foncée) pendant (a) les périodes chaudes et (b) froides du Pliocène 

tardifs. Modifié d ' après Naafs et al. (2010) 
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0.2 Limites des connaissances 

Les expériences de modélisation du projet PRISM visent à comprendre et à reconstituer 

la dynamique du climat global pendant l'optimum climatique du Pliocène. Cependant, 

la robustesse des exercices de modélisation est limitée par le nombre restreint de 

données disponibles. Par exemple, la première étude qui reconstitue les différents types 

de sols à l'échelle mondiale pendant l'intervalle PRISM se base sur la modélisation de 

la végétation (Salzmann et al., 2008) à partir d'extrapolations sur un nombre restreint 

d'échantillons (54 pour l'ensemble de la planète) dont aucun sur le Groenland ou 

l'Amérique du Nord (Pound et al., 2014). Par ailleurs, des simulations numériques ont 

pu reconstituer les biomes à partir de 202 sites mais incluant seulement une dizaine de 

sites localisés dans l'Arctique (Salzmann et al., 2008). Les reconstitutions de la calotte 

groenlandaise utilisant les paramètres de PlioMIP sont très diversifiées et dépendent 

des modèles et des conditions initiales prescrites (Dowsett et al., 2010 a ; Haywood et 

al., 2010; 2011 ; Contoux et al., 2015; Dolan et al., 2015; Dowsett et al., 2016). Les 

simulations numériques peuvent varier, rendant compte d'une calotte groenlandaise 

semblable à ceHe de l'actuel à une situation caractérisée par le Groenland totalement 

dénudé de glace (Dolan et al., 2015). Les données fossiles, suggérant une étendue 

limitée des glaces au nord et à l'est du Groenland, permettent d'orienter les résultats 

(Salzmann et al., 2008). Généralement, la configuration retenue est celle discutée 

précédemment, soit une présence réduite de la glace qui est limitée à l'est et au sud du 

Groenland, où les reliefs sont importants, couplée à une végétation de type boréale 

subarctique recouvrant une grande partie de l'île (Dowsett et al., 2016). 

Sur le Groenland, les archives continentales sont également confrontées à 

d'importantes limites telles que le faible nombre de sites pliocènes explorés, les 
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perturbations des affleurements suite à l'érosion glaciaire du Quaternaire ou encore la 

difficulté d'obtenir un modèle d'âge robuste. En effet, les sites pliocènes du Groenland 

et de l'Arctique sont en général assez mal datés et ce, notamment dû à l'absence de 

séquences continues de référence couvrant le Plio-Quaternaire. La biostratigraphie, 

principalement à partir des organismes marins, permet quant à elle de corréler certains 

affleurements entre eux et en apportant par exemple une précision sur l'âge du sédiment 

(Funder et al., 1985 ; 2001 ; Bennike et al., 2002; Bennike et Botcher, 1990). 

Afin de pallier au problème de hiatus sédimentaire dans les archives continentales, 

l'étude de carottes sédimentaires marines prélevées près des côtes s'avère être une 

alternative. Les carottes marines donnent la possibilité d'obtenir un enregistrement 

quasi continu des variations climatiques âu cours du temps ainsi que d'établir des 

relations entre les conditions terrestres et marines ( de Vernal et Hillaire-Marcel, 2008 ; 

Panitz et al., 2017). Cela permet une meilleure compréhension des relations entre le 

climat, les conditions terrestres et la circulation océanique dans un monde riche en CO2 

atmosphérique, et ce notamment aux hautes latitudes où s'est développée la calotte 

groenlandaise ( de Vernal et Hillaire-Marcel, 2008 ; Thiede et al., 2011 ). 

Le nord-ouest del' Atlantique Nord, soit la Mer du Labrador et la Baie de Baffin, qui 

est directement en contact avec la calotte groenlandaise constitue une région influencée 

à la fois par une branche du NAC et par des apports de !'Océan Arctique. Toutefois, 

jusqu'à présent, aucun enregistrement paléocéanographique de haute résolution 

couvrant tout le Pliocène et la transition Plio-Pléistocène ne fait état des conditions de 

surface (Figure 0.3). 
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0.3 Objectifs de la thèse 

Mon projet de doctorat se concentre donc sur l'interaction entre le climat, la végétation 

et la circulation océanique de surface dans le nord-ouest de l'Atlantique Nord, dans le 

but de documenter l'évolution de la glace continentale sur le sud du Groenland pendant 

la transition Plio-Pléistocène. Les objectifs spécifiques de cette thèse sont les suivants: 

(1) L'établissement d'une biostratigraphie de référence de la transition Plio-Pléistocène 

dans la Mer du Labrador, basée sur les bioévénements des palynomorphes marins 

(dinokystes et acritarches) au siteIODP U1307 afin de caractériser le Pliocène tardif et 

le début du Pléistocène (3,2-2,2 Ma). 

(2) La comparaison de cette biostratigraphie avec les schémas biostratigraphiques 

existants du reste de l'Atlantique Nord et des mers nordiques afin de discriminer les 

événements locaux et régionaux (Head and Norris, 2003; De Schepper and Head, 2009; 

De Schepper et al., 2017). 

(3) L'interprétation des informations écologiques des assemblages de dinokystes et 

d'acritarches afin de retracer l'influence du NAC dans la Mer du Labrador, ainsi que 

les conditions océaniques de surface et leurs relations avec le reste de l'Atlantique Nord 

(De Schepper et al., 2009, 2011, 2013; Naafs et al., 2008; Hennissen et al., 2014, 

2015, 2017) et des mers nordiques (Panitz et al., 2017; Clotten et al., 2018) durant le 

mPwP et la transition Plio-Pléistocène (3,2 et 2,-2 Ma). 

( 4) La reconstitution des conditions terrestres sur le sud du Groenland à partir des 

assemblages de grains de pollen et des spores ainsi que des IRD afin d'établir la relation 
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entre les changement continentaux, les variations paleocéanographiques et l'expansion 

de la calotte groenlandaise. 

(5) L'utilisation des outils biostratigraphiques afin d'identifier la transition Plio-

Pléistocène dans la Baie de Baffin au site ODP 645 et par la suite d'évaluer la portée 

d'études palynologiques dans cette région. 

0.4 Contexte régional et matériel utilisé pour l'étude 

0.4.1 Contexte régional moderne 

La Mer du Labrador est un bassin océanique directement connecté à l'Atlantique Nord 

au sud et à la Baie de Baffin au nord, par le détroit de Davis. La Baie de Baffin est 

quant à elle en contact avec l' Océan Arctique au travers de différents détroits tels que 

les détroits de Jones, de Landcaster et de Nares dans l'archipel arctique canadien 

(Figure 0.3). 
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Figure 0.3 Carte de l'Atlantique Nord, présentant les deux sites d ' études IODP U 1307 

et ODP 645 ainsi que la circulation océanique de surface moderne. Le fond de carte 

provient du logiciel Ocean Data View (Schlitzer, 2018). 

Les eaux de surface de la Mer du Labrador sont un mélange du NAC, une masse d ' eau 

chaude et salée provenant de l'Atlantique Nord, et de deux courants plus froids : (1) à 

l' est, le courant Ouest du Groenland (WGC, West Green/and Current) qui apporte vers 

le nord des eaux arctiques réchauffées le long des côtes groenlandaises, et (2) le long 

des marges canadiennes, le courant du Labrador (LC, Labrador current) transportant 

les eaux froides et peu salées de la Baie de Baffin vers le sud (Figure 0.3). Dans la mer 

du Labrador, un refroidissement des masses d ' eaux superficielles pendant l' hiver 

donne lieu à une convection verticale et à la formation d ' eaux intermédiaires/profondes 

(LSW, Labrador Sea Water). Cette convection prend place entre 150 met 1000-2000 

m de profondeur (Marshall et Schott, 1999 ; Lazier et al. , 2002) et joue un rôle clé dans 
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la circulation atlantique méridionale (AMOC : Atlantic Meridional Overturning 

Circulation) (Weaver et al., 1999 ; Yashayaev, 2007; Yashayaev et al., 2007). Or, la 

convection dans la Mer du Labrador est un élément instable du système climatique, qui 

sembles' être mis en place il y a seulement~ 7500 ans au cours du présent interglaciaire 

(Gibb et al., 2015). 

La circulation océanique de surface (0-300 m de profondeur) est dominée par une gyre 

antihoraire déterminée par les force de Coriolis rendant compte à l'est du courant chaud · 

et salé du WGC circulant vers le nord, et à l'ouest, des eaux froides et peu salées de 

l'Arctique s'écoulant vers la Mer du Labrador le long des côtes est canadiennes (BIC, 

Baffin Island Current; Rudels, 1986 ; Tang et al., 2004 ; Zweng et Münchow, 2006, 

Figure 0.3). De nos jours, la glace de mer recouvre la Baie de Baffin huit mois par 

année (début en septembre) et son développement suit notamment le BIC et les vents 

· de surface. La majorité des icebergs provient du nord-ouest du Groenland et circule le 

long de la trajectoire des courants marins, migrant vers le nord le long des marges ouest 

du Groenland, vers l'ouest et le sud en suivant les côtes canadiennes pour rejoindre la 

Mer du Labrador (Hanna et Cappelen, 2002). 
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0.4.2 Sites, échantillons et modèle d'âge 

Pour cette étude, 212 échantillons provenant de sédiments marins issus de campagnes 

de forage de"l'ODP et de l'IODP ont été analysés. Le matériel sédimentaire a été récolté 

durant les expéditions ODP 105 en 1985 et IODP 303 en 2004. 

Le site IODP Ul307 (58 ° 30,3'N; 46°24' W, Figure 0.3) se situe da}?.S la Mer du 

Labrador au niveau de la ride d'Eirik au sud du Groenland sous l'influence actuelle des 

eaux du EGC etdu NAC. D'après Rochon et de Vernal (1994) et les modélisations de 

la vitesse des vents réalisées par Smith et al. (2018) durant le mPwP, les apports de 

grains de pollen et de spores proviendraient du sud du Groenland. Un modèle d'âge du 

Site IODP U1307 a été récemment établi par Blake-Mizen et al. (2019). Il est basé sur 

les inversions magnétiques et la corrélation des variations de la paléo-intensité relative 

avec le Site IODP Ul308 (Channell et al., 2016). 

En ce qui concerne la Baie de Baffin, le site ODP 645 (70 ° 27,48'N, 64 ° 39,30'W, 

Figure 0.3) est localisé plus proche des côtes canadiennes que groenlandaises. 

Cependant, il n'existe pour l'instant, aucun autre site remontant jusqu'au Pliocène dans 

cette région. D'après Hiscott et al. (1989), les sédiments récoltés au site ODP 645 

enregistrent les apports de matériel terrestre provenant des archipels arctiques 

canadiennes, de l'île de Baffin et de l'ouest du Groenland. Ainsi, le signal 

palynologique du Site ODP 645· pourrait provenir de l'île de Baffin (Rochon et de 

Vernal, 1994) ou peut être du Nord du Groenland (Smith et al., 2018). 

Du fait de problèmes techniques lors du forage du site 645, la récupération des 

sédiments est incomplète (~55 %; Srivastava et al., 1987). L'établissement d'une 

magnétostratigraphie a été difficile (Clement et al., 1989; Baldauf et al., 1989), ~on 
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seulement en raison de la discontinuité de la séquence sédimentaire mais aussi à cause 

de la rareté des microfossiles calcaires et siliceux (Aksu et Kaminski, 1989; Baldauf et 

al., 1989 ; Knüttle et al., 1989 ; Lazarus et Pallant, 1989; Monjanel et Baldauf, 1989). 

Cependant, des microfossiles organiques tel que les dinokystes sont régulièrement 

observés tout au long de la séquence sédimentaire et ont permis d'établir une 

biostratigraphie de faible résolution (de Vernal et Mudie, 1989b; Head et al., 1989; 

Anstey 1992). La position de la transition Plio-Pléistocène reste néanmoins incertaine 

à ce site. 

0.5 Méthodes 

L'approche principale retenue est le couplage entre la palynologie marine et terrestre 

et les apports continentau?( via les IRD. La palynologie se décrit comme l'étude des 

microfossiles non minéralisés, c'est-à-dire organiques, qui peuvent être d'origine 

marine (dinokystes, acritarches, chitinizoiraires, etc.) ou terrestre (grains de pollen, 

spores, fragments de feuilles, de tiges et autres vestiges végétaux). 

Le traitement des échantillons a été réalisé selon les procédures du laboratoire de 

micropaléontologie du Geotop à l 'UQAM ( de Vernal et al., 1999). Chaque échantillon 

a été pesé à sec puis, au début du traitement, une tablette de Lycopodium clavatum a 

été ajoutée pour calculer les concentrations (Matthews, 1969; Mertens et al., 2009). 

Ensuite, les échantillons ont été tamisés entre 106 µm et 10 µm. La fraction supérieure 

à 106 µm a servi pour l'étude des IRD après avoir été retamisée à 150 µm. Celle 

comprise entre 106 µm et 10 µm a été traitée à l'acide chlorhydrique (HCl, 10%) et à 

l'acide fluorhydrique (HF, 49%) afin d'éliminer les particules carbonatées et siliceuses. 
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La méthode de séparation par liqueur dense (Munsterman et Kerstholt, 1996) a é_té 

appliquée afin d'éliminer les dernières particules silicieuses, puis le matériel résiduel a 

été monté dans de la glycérine gélatinée -entre lame et lamelle pour les analyses au 

microscope optique ( objectifs x400 et xl 000). 

La fraction supérieure à 150 µma quant à elle été broyée en poudre avant d'être placée 

sur des porte-échantillons pour analyse dans le diffractomètre à rayons X de l 'UQAM 

sous l'expertise de Mr .. Michel Preda du département de~ Sciences de la Terre. 

0.5.1 Les kystes de dinoflagellés ou dinokystes 

Les dinoflagellés sont des protistes algaires appartenant à la classe des Dinophycées et 

constituent, avec les diatomées et les coccolithophores, un des principaux producteurs 

primaires des océans actuels ( de Vernal ert Marret, 2007). Ils sont aquatiques (lacs, 

rivières, océans), ubiquistes ( de l'équateur aux pôles) et épi pélagiques (0 à 200 m) ainsi 

qu'hétérotrophes et/ou phototrophes (certaines espèces sont mixotrophes). Leur cycle 

de vie (Figure 0.4) est complexe alternant entre une phase mobile et une phase de 

dormance associée à la reproduction (sexuée ou asexuée). Au cours de cette dernière 

phase, un kyste est produit (Figure 0.4). Dans certains cas ce kyste est constitué de 

matière organique ( dinosporine ), lui permettant une certaine résistance et une bonne 

fossilisation (de Vernal et Marret, 2007; Bogus et al., 2014). Il est alors désigné sous 

l'appellation de dinokyste. 

Bien que seulement 10 à 20 % des espèces produisent un kyste fossilisable (Head, 

1996, de Vernal et Marret, 2007), les assemblages de dinokystes permettent de 

documenter quantitativement et qualitativement les propriétés physico-chimiques des 
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eaux de surface (température, salinité, glace de mer, etc.) _ainsi que la circulation de ces 

dernières (e. g., Rochon et al., 1999; de Vernal et Marret, 2007; de Vernal et al., 2013). 

Grâce à leur préservation et leurs diversité taxonomique, les dinokystes sont de plus en 

plus étudiés pour documenter le Néogène par l'établissement de schémas 

biostratigraphiques de référence (Head, 1993, 1996, 1997; Versteegh et Zevenboom, 

1995; Head et Norris, 2003; De Schepper et al., 2004, 2017; De Schepper et Head, 

2008a, 2008b, 2009, 2014; Schreck et al., 2012; Verhoeven et al., 2013; Mattingsdal 

et al., 2014; Matthiessen et al., 2018), et des reconstitutions paléocéanographiques et 

paléoécologiques (de Schepper et al., 2011, 2013; Panitz et al., 2017; Hennissen et al., 

2017; Schreck et al., 2017) dans l' Atlantique'Nord et les mers environnantes. 

Thecal ~. @~ ® ~(j)· stage \J/3/aFus,on (, 

/ \ . \ 
Oiploid 

' "f', "f' phase 

u'M~~ • ''~v- -, ~':~-e/f 
Cyst stage (fossilisable form) 

Figure 0.4 Cycle de vie des dinoflagellés avec l'alternance d'un stade motile (non 

fossilisable) et d'un stade de dormance (fossilisable) (de Vernal et Marret, 2007) 



46 

0.5.2 Les acritarches 

Les acritarches sont des organismes microscopiques (5-200 µm) fossiles présents 

depuis le Précambrien, pour lesquels il est impossible d'attribuer une affinité 

taxonomique. Généralement ils sont décrits comme possédant une cavité centrale 

entourée par un mur possédant plusieurs couches · composées de matière organique 

(Evitt, 1963). Il s'agit donc de palynomorphes marins, ayant probablement des affinités 

avec les dinokystes, sinon avec des Prasinophycées (une division des algues vertes). 

C'est par exemple le cas des genres Cymatiosphaera et Lavradosphaera qui, malgré 

leurs attributions au groupe des prasinophycées, restent dans la catégorie des 

acritarches pour les paléontologues. Récemment, une attention particulière leur a été 

apportée au vu de leur utilité en biostratigraphie, notamment pour l'étude du 

Cénozoïque dans l'Atlantique Nord où ils sont présents en très grande quantité (De 

Schepper et al., 2008; De Schepper et Head, 2009; 2013; Schreck et al., 2013; Schreck 

et Matthiessen, 2014). 

Dans cette thèse, les apparitions (lowest occurrence, LO) et disparitions (highest 

occurrence, HO) des espèces de dinokystes et acritarches seront considérées comme 

des bio-événements qui seront calibrés en fonction du modèle d'âge des sites 

concernés. Les zones biostratigraphiques seront ainsi définies en fonction de certains 

bio-événements et comparés à ceux d'autres études dans l'Atlantique Nord. Des 

analyses par composante principale (PCA) seront utilisées afin de définir des zones 

paléoécologiques et d'extraire des assemblages les espèces expliquant le mieux les 

variations observées. 
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0.5.3 Les palynomorphes terrestres: les grains de pollen et les spores 

Les spores et les grains de pollen sont des éléments indispensables du cycle de 

reproduction des végétaux terrestres. Leur taille microscopique (de l'ordre du µm) leur 

confère une grande capacité de dispersion par voie aérienne, au point qu'on en retrouve 

autant dans les sédiments continentaux que marins. Leur préservation à l'état de fossile 

est, comme celle des dinokystes et acritarches, due à la composition organique 

extrêmement résistante de leur membrane en sporo-pollinine. Dans les sédiments 

marins, les grains de pollen et spores permettent de retracer le couvert végétal dominant 

du continent adjacent (Moore et al., 1991; Sanchez Gofii et al., 2018). La présence de 

grains de pollen frais peut également être utilisée comme un indicateur de la densité de 

la végétation indirectement en lien avec la présence ou non de glace sur les terres 

adjacentes (de Vernal et Hillaire-Marcel, 2008). 

0.5.4 Les IRD 

Comme mentionné précédemment, les IRD correspondent à des particules minérales 

ou des fragments de roches terrigènes transportés par des radeaux de glace flottante 

(iceberg et/ou glace de mer), se déposant ensuite dans les sédiments marins après la 

fonte de cette dernière. L'abondance des IRD dans les régions polaires et subpolaires 

est donc considérée comme un indicateur du passage d'iceberg et du développement 

de glaciers atteignant les marges continentales (Kuijpers et al., 2016). Leur occurrence 



48 

est utilisée pour retracer la variabilité de la calotte groenlandaise (voir Thiede et al., 

2011; Knutz et al., 2011) au cours du temps et permet de mettre en évidence 

l'intensification des glaciations de !'Hémisphère Nord (Shackleton et al., 1984; 

Winkler et al., 2002 ; FI esche Kleiven et al., 2002 ; Haug et al., 2005 ; Pol yak et al., 

2010). 

0.6 · Organisation de la thèse 

Cette thèse s'articule en trois chapitres écrits en anglais, chacun correspond à un article 

en préparation pour soumission à une revue scientifique à comité de lecture. 

Le chapitre I présente la première biostratigraphie détaillée du Pliocène tardif au début 

Pléistocène (3.2-2.2 Ma) dans la Mer du Labrador, basée sur les dinokystes et les 

acritarches. Elle s'inscrit dans un schéma biostratigraphique plus large à l'échelle de 

l'Atlantique Nord et met en évidence la corrélation entre la Mer du Labrador et le 

·centre-est de l'Atlantique Nord. 

Le chapitre II traite des interprétations paléoécologiques et paléocéanographiques des 

assemblages de dinokystes et d'acritarches dans la Mer du Labrador entre 3,2 et 2,2 

Ma. Le chapitre couvre une partie du mPwP et la transition Plio-Pléistocène et 

contribue à documenter l'influence du NAC sur la partie nord-est del' Atlantique Nord. 

Le chapitre III vise à identifier la transition Plio-Pléistocène dans les sédiments marins 

de la Baie de Baffin au Site ODP 645 à l'aide des dinokystes et acritarches en se basant, 

entre autre, sur la biostratigraphie élaborée dans la Mer du Labrador dans le chapitre I. 
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Ce chapitre propose également une révision ,des corrélations des profils sismiques entre 

le Site ODP 645 et les transects d'est en ouest de la Baie de Baffin réalisés par Knutz 

et al. (2015). 
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Abstract 

We have analyzed marine palynomorphs (mainly dinocysts and acritarchs) from the 

Integrated Ocean Drilling Program Site U1307 in the Labrador Sea in order to establish 

a detailed biostratigraphy for the Late Pliocene to Earl y Pleistocene. W e have defined 

three magnetostratigraphically-calibrated dinocyst and acritarch biozones in the Late 

Pliocene to Early Pleistocene. Zone LS 1 is defined based on the highest occurrence of 

Barssidinium graminosum and covers the later Pliocene from 3.21 to 2.75 Ma. Zone 

LS2 is marked by the acme of Pyxidinopsis braboi which occurs between 2. 7 5 and 2.57 

Ma, thus encompassing the Plio/Pleistocene transition. Finally, zone LS3 extends from 

2.57 to 2.23 Ma in the Early Pleistocene. 

The palynostratigraphic record of IODP Site Ul307 is difficult to correlate to other 

· North Atlantic and Nordic Seas sites mainly because of different temporal resolution 

and lack of well-defined biostratigraphic marker species at basin scale. The low 

abundance, disc~ntinuous occurrence and asynchronous events ofwarm water Pliocene 

taxa such as lnvertocysta lacrymosa, Jmpagidinium solidum, Ataxiodinium confusum, 

Melitasphaerodinium choanophorum and Operculodinium? eirikianum suggest cooler 

conditions in the Labrador Sea than elsewhere in the North Atlantic, reflecting a strong 

regionalism. Nevertheless, as recorded at other locations in the North Atlantic, the 

disappearance of many dinocyst and acritarch taxa around 2.75 Ma at Site U1307 

reflects a strong ecological response accompanying the intensification of the Northem 

Hemisphere glaciation. 
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1.1 Introduction 

The Cenozoic was marked by large tectonic, paleoceanographic, and paleoclimatic 

events (Zachos et al., 2001) that ultimately led to the initiation and the intensification 

of the Northern Hemisphere glaciations (iNHG, Shackleton et al., 1985; Mudelsee and 

Raymo 2005). Well-constrained chronologies are crucial for documenting and better 

understanding the paleoceanographic conditions and palaeoclimatic changes around 

the iNHG at the end of the Cenozoic. However, the lack of stratigraphie control in high 

latitude oceans, due to for example poor carbonate preservation, often prevents to 

adequately constrain paleoceanographic and climatic events in time. The temporal 

coverage of existing stratigraphie schemes is often incomplete or the resolution too low 

(Harrison et al., 1999). Mattingsdal et al. (2014) demonstrated the importance of a 

robust chronology to reconstruct the regional history of the Fram Strait gateway in 

order to better understand exchange between the Arctic and Atlantic oceans as well as 

the intensification of glaciation in the Barents Sea and on Svalbard. Unfortunately, 

uncertainties remain about the relationships between the different ocean gateways, 

including the Bering Strait, the Canadian Arctic Archipelago, the Fram Strait and 

Isthmus of Panama and their implication in the intensification of the No~hern 

Hemisphere glaciation (iNHG, Sarnthein et al., 2009; Matthiessen et al., 2009). 

The Labrador Sea is well located to document past climate and ocean circulation in 

relation with the Northern Hemisphere glaciation because of its proximity to Greenland 

and northeast North America, and permits to identify important phases of glacial 

activity of the Greenland and Laurentide ice sheets through its sedimentary input 

(Thiede et al., 2011; Andrews and Tedesco, 1992). The Labrador Sea is also a 

transitional basin between the Baffin Bay and the western North Atlantic (Figure 1), 
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where winter convection presently accounts for a part in the Atlantic Meridional 

Overtuming Circulation (AMOC, Weaver, 1999, Yashayahev, 2007, Yashayahev et 

al., 2007). Two main surface currents characterize the Labrador Sea. Along the 

Greenland margins, the West Greenland Current (WGC) is composed of the warm 

waters _from the North Atlantic Drift (NAD) mixing with cold and arctic waters of the 

East Greenland Current (ECG). Along the Canadian margins, the Labrador Current 

(LC) flows southward carrying cold waters from the Arctic via Baffin Bay and the 

Hudson Strait. Hence, the paleoceanography of the Labrador Sea should permit to 

document exchanges between the Arctic and the North Atlantic. However, in the 

Labrador Sea as in many high latitude settings, biostratigraphy and paleoceanographic 

reconstructions from deep-sea sediments are challenging because of low preservation 

of biosiliceous and calcareous microfossils (e. g. Baldauf et al., 1989). Hence, in the 

Neogene sediments of subpolar North Atlantic and North Pacifie oceans, organic-

walled microfossils such as dinoflagellate cysts (hereafter dinocysts) and acritarchs are 

very useful to establish biostratigraphical schemes (Louwye et al., 2004; De Schepper 

and Head, 2008a, 2008b, 2009; De Schepper et al., 2009, 2014, 2017; Dybkjaer and 

Piasecki, 2010; Verhoeven et al., 2011; Schreck et al., 2012; Zorzi et al., 2019). Since 

the 1980s, several regional studies across the North Atlantic and the Nordic Seas 

(Iceland Sea, Norwegian Sea) led to improve the taxonomy of dinocysts and acritarchs 

(Head, 1993, 1996, 1997; Versteegh and Zevenboom, 1995; Head and Norris, 2003; 

De Schepper et al., 2004; De Schepper and Head, 2008a, 2014; Schreck et al., 2012; 

Verhoeven et al., 2014) and to develop well calibrated biozonations that may allow 

correlations (De Schepper and Head, 2009; Schreck et al., 2012; De Schepper et al., 

2017). Moreover, the palaeocecological affinities of extinct Neogene taxa were also 

explored to better understand the significance of bioevents (De Schepper et al., 2009, 

2011; Hennissen et al., 2015, 2017; Schreck et al., 2017). 
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The number of studies dealing with Neogene dinocysts and acritarchs in the western 

part of the subpolar North Atlantic remains, however, very low and their spatial 

coverage is still incomplete. 0nly a few sites drilled in the northwestern North Atlantic 

cover the Pliocene. They include the 0cean Drilling Program (0DP) Site 646 off 

southwest Greenland, Site 647 in the south central Labrador Sea, Site 645 in Baffin 

Bay and the Integrated Ocean Drilling Program (I0DP) sites U1306 and U1307 both 

located at the southern tip of Greenland on the Eirik Drift in the Labrador Sea (Figure 

1) (Baldauf et al., 1989; Channel et al., 2010, Blake-Mizen et al., 2019). In the 

Labrador Sea, marine palynological studies at the above mentioned 0DP sites have led 

to coarse resolution biostratigraphy of dinocysts and acritarchs encompassing from 

upper Miocene to Pleistocene ( de Vernal and Mudie, 1989; Head et al., 1989). At 0DP 

Site 646, de Vernal and Mudie (1989) defined 5 biostratigraphic zones encompassing 

the Early Pliocene (~5.4 Ma) to Holocene (0 Ma) based on acmes and the common 

occurrence of dinocyst and acritarch taxa. The age mod_el was based on calcareous 

nannofossil biostratigraphy (Knüttel et al., 1989) and magnetostratigraphy (Clement et 

al., 1989). The dinocyst biostratigraphy of de Vernal and Mudie (1989) deserves to be 

revisited in the light of the new dinocyst descriptions ( cf. above) and because of the 

low resolution of the initial stratigraphie study. Here, we focus on the nearby and more 

recently drilled I0DP Site U1307 (58°30.3'N; 46°24'W, Figure 1), where a 

continuously spliced sedimentary sequence has been recovered and a detailed age 

model was established (Blake-Mizen et al., 2019). The present study has been 

undertaken to establish a detailed palynostratigraphy covering the Late Pliocene to 

Early Pleistocene in the Labrador Sea with the double objective of (i) identifying 

bioevents that may be used for biostratigraphic purpose at large scale and (ii) to 

pinpoint dinocyst and acritarch assemblage transitions that rather represent regional 

ecological responses to ocean changes related to the ice sheet growth over Greenland. 

To do so, we have defined biozones and bioevents which we compare to calibrated 
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dinocyst and acritarch biostratigraphic schemes from the North Atlantic and Nordic 

·Seas (Head and Norris, 2003; De Schepper and Head, 2008a, 2008b, 2009, 2014; De 

Schepper et al., 2017). 

1.2 Materials and methods 

1.2.1 Marine sediments 

IODP Site U1307 is located near the southem tip of Greenland (58°30.3 'N; 46°24'W) 

at a water depth of 2575 meters on the Eirik Drift (Figure 1.1). Two holes (U1307A 

_and Ul307B) were drilled, reaching a maximum depth of 162.6 meters below sea floor 

(mbst). The composite sequence from the 2 holes yields a complete and an almost 

continuous section of~ 175 meters of Late Pliocene through Holocene sediments. 

The lithology has been divided into three units from the top to the bottom (Expedition 

303 Scientists, 2006). Unit I (49.55-0 mcd-meters composite depth) consists of 

predominant silty clay with foraminifers and foraminifer and nannofossil oozes. Unit 

Il (49.55 to 133.86 mcd) consists of almost exclusively silty clay. Unit Ill (133.86 to 

173.6 mcd) consists mainly of silty clay and silty clay with nannofossils oozes and 

occasional diatom mats. All samples for this study were collected from the lower part 

of Unit Il and Unit III between 116.43 and 172.99 mcd. 
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1.2.2 Palynological work 

Palynological preparation 

The 180 samples were prepared in two different laboratories. A total of 126 samples 

were treated with the standard palynological preparation method of de Vernal et al. 

1999 and processed at the micropaleontological laboratory of Geotop at UQAM. 

Sampi es were first dried and weighed prior to be wet sieved on 10 and 106 µm mesh 

sieves. One Lycopodium clavatum spore tablet (Batch no. 177745, n = 18584 ± 829 

spores; no.124961, n = 12542 ± 931 spores; no. 483216, n = 18583 ± 1708 spores; no. 

3862, n = 9666 ± 671 spores per tablet) was added to the remaining 10-106 µm fraction 

and digested in warm hydrochloric acid (HCl, 10%) to rem ove carbonate partiel es. This 

was followed by a hydrofluoric acid (HF, 49%) treatment to dissolve silicates. Between 

each step samples were washed with water. Finally, the residues were sieved again on 

10 µm mesh sieve. In addition, heavy liquid separation in a solution of sodium 

polytungstate calibrated for a specific density of2 was used (Munsterman et al., 1996) 

was done for the removal of the remaining silicates and heavy minerais. According to 

Mertens et al. (2009), heavy liquid separation does not bias the results. Residues were 

mounted on microscope slides with glycerin jelly. 

The 54 remaining sampl~s were prepared at Palynological Laboratory Services Ltd 

(Holyhead, UK) and followed the palynological preparation described in De Schepper 

et al. (2017). The samples were dried, weighed and put in a beaker. One Lycopodium 

clavatum spore tablet (Batch no. 483216, n = 18583 ± 1708 spores and no. 124961, n 

= 12542 931 spores per tablet) was added prior to chemical degradation with cold 

acids. First HCI (50%) was added followed by adding water and sieving using a 10-µm 

sieve cloth. The collected residue was retumed to the beaker and 100 ml HF (60%) was 
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added. After dilution with water, the residue was again sieved using a 10-µm sieve 

cloth. Oxidation or ultrasound was not used. Polyvinyl alcohol (1 %) was added to the 

residue to prevent dumping and some samples were stained with Safranin-O. Residues 

were mounted on microscope slides with glycerin jelly. 

Microscopie analysis and counts 

The microscope analyses of 143 samples were done by A. Aubry using a Leica DMR 

microscope, while 37 samples were counted by S. De Schepper using a Zeiss 

Axiolmager A2 microscope. All counts were done using transmitted light at 400X and 

lO00X magnification. Dinocyst and acritarch assemblages were the focus ofthis study 

but spores, pollen grains, benthic foraminifer linings, freshwater algae and reworked 

palynomorphs were also enumerated. Reworked palynomorphs were distinguished 

based on the preservation state and/or their known extinct range. The concentrations of 

palynomorphs were calculated using the marker grain method of Stockmarr (1971) and 

are reported as specimens per gram (g) of dry sediment with an approximate error of± 

10% for a confidence interval of 0.95 (de Vernal et al., 1987; Mertens et al., 2009). 

The stratigraphie occurrence of selected dinocyst and acritarch taxa is reported in 

Figure 1.3 with reference to absolute abundance as follows: occasional ( < 10 cysts/g), 

few (10-100 cysts/g), common (100-..._ 1000 cysts/g), abundant (> 1000 cysts/g). 

The list of taxonomie names and their full authorial citations of taxa encountered in 

this study is presented in the Supplementary material A. Raw data are available in 

Supplementary material B. 



Taxonomy and nomenclatures 

The taxonomie nomenclature follows DINOFLAJ3 database of Williams et al. 

(2017). Sorne taxa were grouped only into generic categories when identification at 

species level was equivocal: Spiniferites/Achomosphaera spp., Impagidinium spp., 

Lejeunecystsa spp. and Operculodinium spp. 
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The identification of the "round hairy" cysts was not always easy and sometimes it 

was not possible to distinguish the crucial morphological features of Filisphaera 

filifera, Filisphaera microornata, and Bitectatodinium tepikiense .. This led us to group 

some specimens as Filisphaera spp. or Filisphaera/Bitectatodinium indet. when · 

classification to species level was not possible. The subspecies Filisphaera filifera 

filifera and Filisphaera filifera pi/osa (Head et al., 1993) were grouped as 

Filisphaera filifera. The vermiculate and columellate forms of Bitectatodinium 

tepikiense were identified but grouped as Bitectatodinium tepikiense. 
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1.2.3 Age model, resolution and uncertainties 

The age model established in the initial report of the expedition was mainly based on 

nannofossil and magnetostatigraphic datums (Figure 1.2; Expedition 303 Scientists, 

2006; Channell et al., 2010). Later measurements in planktonic foraminifera 

(Neogloboquadrina atlantica) from 117 .64 to 173 .32 mcd and correlation with the 

LR04 benthic foraminiferal 8180 stack ofLisiecki and Raymo (2005) led Samthein et 

al. (2009) to propose another age model. Hence, there were two different age models 

for the interval spanning from 2.6 to 3.6 Ma, both relying on the shipboard 

magnetostratigraphy and biostratigraphy (Expedition 303 Scientists, 2006; Channell et 

al., 2010). The age models differed in the identification of the Kaena and Mammoth 

magnetic events and in the position of the pronounced cold Marine Isotopie Stage 

(MIS) M2 in the ô 180 record (Figure 1.2). Samthein et al. (2009) also used the highest 

occurrence (HO) of two dinocyst species, Operculodinium? eirikianum and 

Barssidinium pliocenicum, as tie points for the isotopie stratigraphy at ~3.3 Ma. 

However, the HOs of these species have been shown to be asynchronous in the North 

Atlantic and the Nordic Seas (De Schepper et al., 2015, 2017) and the age of 3.3 Ma 

based on correlation with the discontinuous ODP Hole 646B sequence ( de Vernal and 

Mudie, 1989; Clement et al., 1989) was not warranted. Further uncertainty about using 

these dinocyst events is the resolution of the ship board palynological analyses for Site 

U1307. As the onboard analyses were done in core catcher sediments, the intervals 

between samples was at least 10 m (Expedition 303 Scientists, 2006; Channell et al., 

2010). 

Recently, Blake-Mizen et al. (2019) published a new high-resolution magnetic 

susceptibility record and proposed a revised chronostratigraphy for IODP Site U1307. 
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Their age model spans the last ~3.2 Myrs and is based on magnetostratigraphic 

reversais and the relative paleointensity (RPI), which was tuned to the RPI of IODP 

Site U1308 (Channell et al., 2016). The lowest paleomagnetic reversai is identified to 

be the top the Mammoth subchron (3.20 Ma) and not the Gauss/Gilbert reversai (3.58 

Ma) as previously thought (Expedition 303 Scientists, 2006; Sarnthein et al., 2009; 

Channell et al., 2010). The revised chronostratigraphy for Site U1307 ·permits a better 

correlation of the 8180 record by Sarnthein et al. (2009) with LR04 (Figure 1.2). 

For this study, we used the new IODP U1307 splice and age model (Table 1.1) 

established by Blake-Mizen et al. (2019), which is continuous for an interval 

encompassing the Late Pliocene to Holocene. For each of our samples, we converted 

meters below sea floor (mbsf) in Holes U1307 A and U1307B to revised meters 

composite depth (rmcd) according to the splice of Blake-Mizen et al. (2019). W e 

calculated the age for each sample based on linear interpolations between their age 

model tie points (Table 1.1 ). 

The error of paleomagnetic reversai age corresponds to half the age difference between 

the two samples that record the reversai (Weaver and Clement, 1987). ln IODP Site 

U1307 cores, the extent of the reversais varied from 32 to 77 cm with an average of 48 

cm. Considering an average sedimentation rate of ~6 cm/kyr (Blake-Mizen et al., 2019) 

the error ranges from 5.3 to 12.8 kyr. The sampling resolution also affects the accuracy 

of the highest occurrence (HO) and lowest occurrence (LO) because the real 

disappearances and appearances may occur anywhere between the analyzed samples 

(see Versteegh, 1997). We analyzed a total of 180 sediment samples between 116.43 

and 175.11 rmcd, with a sample spacing varying between 1 to 400 cm (average 33 cm). 

This corresponds to a time resolution of 0.1 to 30 kyr (average 5.5 kyr), which thus 

applies to the error in the timing of HO and LO. 
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I.1.4 Origin of partiel es ( dinocysts and acritarchs) 

Lateral paiticle transport can be relatively high in the Labrador Sea due to the surf~ce 

currents (EGC) and deep circulation (W estem Boundary Un der Current -WBUC; 

Nootenboom et al., 2019). Based on high-resolution sedimentological records, Blake-

Mizen et al. (2019) inferred that bottom current dominated depositional processes at 

IODP Site U1307 before ~2.9 Ma. A sedimentary change recorded between 2.9 and 

2.7 Ma was interpreted as a change in the depth of the flow path of the WBUC relative 

to the site (Blake-Mizen et al., 2019). Although assessment on the strength of the 

WBUC remains equivocal, the change in sedimentary regime implies possibly 

variation in lateral transport from ,....,2.9-2.7 Ma. Hence, taphonomical processes cannot 

be discarded as an important factor of the palynological signal at our study site as 

elsewhere in the ocean (Nootenboom et al., 2019). As lateral transport would follow 

the route of the EGC and WBUC, upstream origin of small size particles is possible 

and our record could represent fluxes from along the southem or southeastem 

Greenland margins (see also planktondrift.org). 
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1.3 Results 

1.3 .1 General 

In the 180 analyzed samples, organic palynomorphs are well preserved. Dinocysts and 

acritarchs dominate the palynomorph assemblages but freshwater algae, pollen grains 

and spores, and reworked marine and terrestrial palynomorphs are also common. 

Dinocysts occur in all samples and only 3 samples contain less than 10 cysts per slide. 

Two samples have been discarded because of mislabeling (#13C316 and #13C317). 

Concentrations range from 27 to 3126 cysts/g dry sediment with an average of 442 

cysts/g dry sedinient. Acritarch concentrations are higher with an average of 1352 

acritarchs/g dry sediment and maximum value of 8975 acritarchs/g dry sediment. 

Terrestrial palynomorphs (pollen and spores) are less abundant. Among samples 

analyzed, 10 yielded less than 10 terrestrial palynomorphs per slides. They are 

nevertheless common with concentrations ranging up to 1209 palynomorphs/g dry 

sediment (average of 262 palynomorphs/g dry sediment). Freshwater algae occur 

occasionally, with maximum value of 106 algae/g dry sediment and an average of 11 

algae/g dry sediment. 

The number of dinocyst species is high with 115 taxa identified, among which 43 are 

extinct. The number of taxa ranges from 4 to 26 per sample with an average of 14. The 

two most dominant taxa are Operculodinium centrocarpum sensu Wall and Dale 

(1966) (Operculodinium centrocarpum hereafter) and the round brown cysts group. 

Round brown cysts combine all sub-spherical brown protoperidinoid cysts without 

processes and with or without a visible archeopyle (for example they include all cysts 
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of Brigantedinium ). In addition, the other dominant taxa are Nematosphaeropsis 

labyrinthus, Impagidinium aculeatum, Habibacysta tectata, Filisphaera filifera, 

lmpagidinium pallidum, Filisphaera microornata, cysts of Pentapharsodinium dalei, 

Spiniferites/Achomosphaera spp., Bitectatodinium tepikiense and lmpagidinium 

paradoxum. 

Acritarchs dominate the marine assemblages with up to 96 percent and an average of 

63%. A total of 24 taxa were recorded. Common to abundant species include 

Cymatiosphaera? invaginata, Cymatiosphaera? fensomei, Cymatiosphaera? aegirii, 

Cymatiosphaera? icenorum, Lavradosphaera crista and Lavradosphaera canalis. 

Sphaeromorph acritarchs are also abundant and globally correspond to discoïdal to 

spherical forms as illustrated in Schreck et al. (2013). 

1.3 .2 Age calibration of selected bioevents 

We have identified biostratigraphic events as described in De Schepper and Head 

(2008b ). The highest occurrence (HO) is the last sample with the presence of a given 

taxon and, conversely, the lowest occurrence (LO) is the first sample with the 

occurrence of a taxa. The highest persistent occurrence (HPO) is the highest 

successive occurrence of a species, even in low abundance, and sporadic occurrence 

after the HPO might be reworked specimens. The highest common occurrence (HCO) 

is the highest notable and abundant occurrence of a taxon, which can still occur 

higher up in the record but then in lower numbers. 
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Calibrated ages for dinocyst and acritarch HO, LO, HPO and HCO are summarized in 

Table 1.2. Standard zonations of calcareous nannofossils (Martini, 1971 ), planktonic 

foraminifers (Berggren et al. 1985, 1995) and diatoms (Baldauf 1987, Baldauf et al., 

1989) are used for correlation ( see also Hilgen et al., 2012), as well as the A TNTS2012 

for polarity and chron (Ogg, 2012). 

1.3.3 Biostratigraphy and biozonation 

Our Labrador Sea biozonation is the first high resolution biostratigraphy of the 

Neogene to Quaternary for the Labrador Sea. It has been made to better document the 

biostratigraphy of the Plio-Pleistocene transition in this region in order to lay 

foundations for future regional and supra-regional correlations with other records from 

the North Atlantic and Arctic oceans. It has been suggested that bioevents recorded 

during the Neogene-Quaternary primarily represent a response to ecological stresses 

due to climatic changes rather than being evolutionary features (De Schepper and Head, 

2008b; 2013 Schreck et al., 2012; De Schepper et al. 2015). However, some di~ocysts 

and acritarchs have stratigraphically well-defined ranges. This is the case for 

Habibacysta tectata and Filisphaera filifera, which have been used for supra-regional 

stratigraphie correlation between the Arctic Ocean and adjacent basins (Matthiessen et 

al., 2018), and the acritarch genus Lavradosphaera and Cymatiosphaera that also 

seems to _have a stratigraphical range allowing correlations at mid- to high latitudes of 

the Northem Hemisphere (De Schepper and Head, 2004; this study). 
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The biozonation we developed here follows the nomenclature of the "International 

Stratigraphie Guide" (abridge version of Murphy and Salvador, 1999). Accordingly, 

the zones are defined as assemblage (LS 1, LS3) and abundance ( acme) biozones (LS2). 

Zone boundaries are defined from bioevents, which occur almost synchronously across 

the high latitude North Atlantic including the Labrador Sea. These bioevents iriclude 

the HO of Barssidinium graminosum and the acme of Pyxidinopsis braboi (Figure 1.3, 

1.4; Table 1.2). Most dinocyst and acritarch taxa used as stratigraphie markers in the 

study are illustrated in the Supplementary Plate 1 and Plate 2. The biozones have been 

given informai names (LSl to LS3) in reference to the location ofIODP Site U1307 in 

the Labrador Sea. Dinocyst and acritarch taxa in each zone are described based on their 

relative abundances: rare (1-3%), frequent (3-10%), common (10-30%), abundant (3-0-

50%) and dominant (>50%). 

LS 1 Barssidinium graminosum Assemblage Zone 

Definition: This zone is characterized by the association of almost continuous 

occurrence of Barssidinium graminosum, Lavradosphaera crista and Corrudinium 

harlandii. It spans from the base of the studied interval to the HO of Barssidinium 

graminosum. 

Other bioevents: Operculodinium? eirikianum eirikianum and Operculodinium? 

eirikianum crebrum have limited occurrences restricted from the base of the zone to 

167.61 rmcd and 169.63 rmcd respectively. 

At the top of zone LSl, the HPO of Lavradosphaera crista occurs at 130.00 rmcd. Near 

the top of zone LS 1, the HPO of Lejeunecysta hatterasensis occurs between 134.15 
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and 130.80 rmcd, an acme of the acritarch Cymatiosphaera? fensomei occurs at 

136.80-130.80 rmcd and the HCO of Lavradosphaera canalis occurs at ~ 130.00 rmcd. 

The lowest common occurrence of Lavradosphaera canalis occurs at 136.50 rmcd. 

Reference section: Samples U1307A-19H07-28-30 cm to U1307B-14H03-30-32 cm 

or 175.11 to 130.00 rmcd. 

Age: Late Pliocene, from >3.21 to 2.75 Ma. 

Calibration: calcareous nannofossil zone NN16, planktonic foraminifer zone N20-21, 

Nitzschia jouseae diatom zone and correspond to subchron C2An.2n, C2An. l r and 

C2An.ln. 

Correlation: The top zone LSl coincides with the top of Invertocysta lacrymosa 

Interval Zone or RT5 zone at DSDP 610A placed at 2.74 Ma (De Schepper et al., 

2008b). 

Dinocyst association: Dominant to rare round brown cysts, Operculodinium 

centrocarpum, Filisphaera filifera and Nematosphaeropsis labyrinthus. Abundant to 

rare Impagidinium aculeatum and Habibacysta tectata. Common to rare Impagidinium 

paradoxum, Spiniferites/Achomosphaera spp., Bitectatodinium tepikiense/Filisphaera 

microornata, Impagidinium pallidum, Pyxidinopsis braboi and cysts of 

Pentapharsodinium dalei. Rare Impagidinium sp. 2 of De Schepper and Head, 2009 

and Corrudinium? labradori. 

Acritarch association: Dominant to abundant Cymatiosphaera? invaginata. Dominant 

to common Lavradosphaera crista. Abundant to rare Cymatiosphaera? fensomei. 

Common to rare Cymatiosphaera? aegirii. Frequent to rare Cymatiosphaera? 

icernorum. Rare Cymatiosphaera latisepta. 
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LS 2 Pvxidinopsis braboi Abondance Zone 

Definition: The body of strata from the HO of Barssidinium graminosum to the top of 

the acme of Pyxidinopsis braboi. 

Other events: The HPO of Lavradosphaera canalis (124. 71 rmcd) occurs near the top 

of the zone. 

Reference section: Samples U1307B-14H03-28-30 cm to U1307 A 14H03-120-122 

cm, or from 130.00 to 124.51 rmcd. 

Age: Late Pliocene to early Pleistocene, from 2. 75 to 2.57 Ma. 

Calibration: upper calcareous nannofossil zone NN16, planktonic foraminifer zone 

N20-21, upper Nitzschia jouseae diatom zone and uppermost part of subchron C2An.1 n 

to C2r.2r. The top of the zone broadly corresponds to the Matuyama/Gauss reversai 

and the Plio/Pleistocene boundary. 

Correlation: Zone LS2 correlates well with zone RT6 at DSDP Hole 610A of De 

Schepper and Head (2009) in eastern North Atlantic. The HO of Barssidinium 

graminosum defines the base of zone RT6, which is placed at 2.74-2.69 Ma. The 

Pyxidinopsis braboi acme was missed by De Schepper and Head (2009) probably 

because of a 2.1 m sample gap between 126.37 and 128.47 mbsf. Hennissen et al. 

(2014) covered this interval in more detail and recorded the Pyxidinopsis braboi acme 

~etween 127.55 and 128.21 mbsf (2.59-2.61 Ma, corresponding to MIS 104), at the 

boundary between zones RT6 and RT7 as defined by De Schepper and Head (2009). 
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Dinocyst association: Dominant to rare round brown cysts, Operculodinium 

centrocarpum. Abundant to rare lmpagidinium aculeatum and Habibacysta tectata. 

Common to rare lmpagidinium pallidum, Nematosphaeropsis labyrinthus, 

lmpagidinium paradoxum, Spiniferites/Achomosphaera, Bltectatodinium tepikiense 

and Filisphaera microornata. Rare Corrudinium? 

labradori and lmpagidinium sp. 2 of De Schepper and Head, 2009. 

Acritarch association: Dominant to frequent Cymatiosphaera? invaginata. Dominant 

to rare Cymatiosphaera? aegirii. Frequent to rare Lavradosphaera canalis. Rare and 

sporadic Cymatiosphaera? fensomei and Cymatiosphaera? icenorum. 

LS 3 Habibacysta tectata Assemblage Zone 

Definition: The body strata from the acme of Pyxidinopsis braboi to the top of the 

studied interval. The zone is characterized by the association of Habibacysta tectata, 

Filisphaera filifera and Filisphaera microornata and Bitectatodinium tepikiense. 

Other events: HPOs of Cymatiosphaera? aegirii (120.85 rmcd) and lmpagidinium sp. 

2 of De Schepper and Head 2009 (122.41 rmcd). 

Reference section: Samples U1307A 14H03-120-122 cm to U1307B-13H01-60-62 

cm, or from 124.51 to 116.43 rmcd. 

Age: early Pleistocene, from 2.57 to 2.23 Ma. 
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Calibration: calcareous nannofossil zone NNl 7 and NN18, planktonic foraminifer 

zone N20-21, latest Nitzschia jouseae and Nitzschia marina diatom zone and subchron 

C2r.2r. The base of the zone broadly corresponds to the Matuyama/Gauss reversai and 

the Plio/Pleistocene boundary. 

Correlation: Precise correlation with the eastem North Atlantic zonation is difficult, 

but the dinocyst association of zone LS3 shows great similarities with zone RT7 

characterized by Habibacysta tectata (De Schepper and Head, 2009; Hennissen et al. 

2014). 

Dinocyst association: Dominant to rare round brown cysts. Sporadic occurrence peaks 

of Pyxidinopsis braboi. Abundant to rare lmpagidinium aculeatum, 

Spiniferites/Achomosphaera, Bitectatodinium tepikiense, Habibacysta tectata, 

Nematosphaeropsis labyrinthus and Filisphaera microornata. Common to rare 

lmpagidinium paradoxum, lmpagidinium pallidum, Filisphaera filifera. Frequent. to 

rare Operculodinium centrocarpum. 

Acritarch association: Dominant to frequent Cymatiosphaera? invaginata. Dominant 

to rare Cymatiosphaera? aegirii. Rare and sporadic Cymatiosphaera? fensomei. Rare 

Cymatiosphaera? icenorum 
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1.4 Discussion 

1.4.1 Comparison with previously established zonation at the nearby ODP Hole 646 

W e analyzed 180 samples from Late Pliocene to Early Pleistocene at intervals ranging 

between 1 and 400 cm (0.1 and 30 kyr). Our study focused on the Plio/Pleistocene 

transition and was made with considerably higher temporal resolution than that of de 

Vernal and Mudie (1989), who investigated 155 samples at 1.5 m interval in the 

Pliocene to Holocene sediments recovered at ODP Hole 646B. The pioneering work of 

de Vernal and Mudie (1989) identified a rich palynological assemblage, including 

several new taxa characteristic of the Pliocene that were left in open nomenclature. The· 

knowledge of the North Atlantic Neogene dinocyst and acritarchs has improved 

considerably over the last two decades as several new taxa were described (Head, 1993, 

1996, 1997; Versteegh and Zevenboom, 1995; Head and Norris, 2003; De Schepper et 

al., 2004; De Schepper and Head, 2008a, 2014; Schreck et al., 2012; Verhoeven et al., 

2014). Using the state-of-the-art taxonomy, we identified 115 dinocyst and 24 acritarch 

taxa at Site U1307, which represents a much higher species diversity than the one 

reported by de Vernal and Mudie (1989) who reported ~51 dinocyst and ~8 acritarch 

taxa at ODP Hole 646B. 

De Vernal and Mudie (1989) defined 5 intervals: The interval V (~5.4-4.8 Ma) is based 

on the occurrence of the dominant taxa: Brigantedinium spp., Nematosphaeropsis 

labyrinthus (as Nematosphaeropsis labyrinthea), Filisphaera filifera, 

Cymatiosphaera? invaginata ( as Cymatiosphaera sp. I) and Batiacasphaera sphaerica; 

Interval IV (~4.8-4.0 Ma) is defined by the stratigraphie range and abundance of cyst 
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type 1; Intervall III ( 4-2.3 Ma) is distinguished by the common-to-abundant occurrence 

of Lavradosphaera crista (as Incertae sedis 1). The base oflnterval II ( ~2.36-~ 1.23 Ma) 

corresponds to the common occurrence of Cymatiosphaera latisepta ( as 

Nematosphaeropsis sp. I) and Pyxidinopsis braboi (as Tectatodinium sp. Il), and the 

top corresponds to the HOs of Filisphaera filifera and Cymatiosphaera? invaginata. 

Finally, Interval I (~1.2-0 Ma) is characterized by modern dinocyst species common in 

the Labrador Sea such as Operculodinium centrocarpum, Nematosphaeropsis 

labyrinthus and Brigantedinum spp. 

The comparison of the biostratigraphical schemes is hampered by the temporal 

resolution and the definition of the biozones and their boundaries in the different 

studies. While de Vernal and Mudie (1989) defined biozones using abundances of 

dinocyst and acritarch, we used bioevents such as HOs and acme to define our biozone 

limits. Nevertheless, our zones LS 1, LS2 and most part ofLS3 correspond generally to 

Interval III o~ de Vernal and Mudie (1989) (Figure 1.4). Their Interval III is 

characterized by common to abundant occurrence of Lavradosphaera crista and the 

top of this interval correspond to the last record of this acritarch in IODP Site U1307 

at 2.38 Ma. Interval III is also defined by the dominance of the acritarchs 

Cymatiosphaera? invaginata and Lavradosphaera crista accompanied with the 

dinocysts Brigantedinium spp., Filisphaera filifera, Nematosphaeropsis labyrinthus 

and Operculodinium centrocarpum. W e also identified these species throughout our 

study interval at IODP Site U1307 as an important part in the dinocyst assemblage. 

However, the lower part of Interval III does not have overlap with our biozonation. It 

is characterized by the last common occurrence of Operculodinium? eirikianum ( as 

Operculodinium longispinigerum in de Vernal and Mudie, 1989). At IODP Site U1307, 

both subspecies Operculodinium? eirikianum var. crebrum and Operculodinium? 

eirikianum var. eirikianum occur at the base of zone LSl, which thus extend their 

stratigraphie range in the Labrador Sea. 



72 

The uppermost part of zone LS3 corresponds to the lowest part of Interval II (Figure 

1.4). The base of Interval II was defined based on common occurrence of 

Cymatiosphaera latisepta (as Nematosphaeropsis sp. I in de Vernal and Mudie, 1989) 

and Pyxidinopsis braboi ofwhich the end of the acme marked the base of zone LS3. 

1.4.2 Comparison with the North Atlantic Ocean and the adjacent seas 

Restricted time resolution 

The comparison of our new dinocyst and acritarch zonation for the Labrador Sea with 

the palynostratigraphy of other regions is difficult. The time interval and resolution of 

the biostratigraphic record differs from site to site and our study interval (3.2-2.2 Ma) 

is often poorly represented in previously published zonations (see Figure 1.4). Our 

study interval is situated in the Melitasphaeridium choanophorum zone of William and 

Bujak (1977) from offshore eastem Canada, Zone III ofHarland (1979) defined from 

DSDP 400 in Bay of Biscay, Zone II of Mudie (1987) at DSDP Sites 607 and 611 in 

the North Atlantic, and in the PMS Filisphaera filifera acme zone at ODP Sites 

642/643/644 in the Norwegian Sea (Mudie, 1989). Only two studies reporting data with 

a temporal resolution highlighting boundaries within our studied time interval allow à 
comparison with our record: one is from the Danish North Sea onshore-offshore well 

section compilation o_f Dybkjaer and Piasecki (2010) and the other is from the North 

Atlantic DSDP Hole 610A (De Schepper and Head, 2009) (Figure &.4). 
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Absence of Pliocene stratigraphie marker species in the Labrador Sea 

Despite the relatively high temporal resolution of our analyses, the occurrence of 

indicator taxa used in the Neogene biostratigraphy of the North Atlantic is rare and 

discontinuous. The indicator taxa include lmpagidinium solidum, Ataxiodinium 

confusum and lnvertocysta lacrymosa, which occur occasionally making them 

unsuitable for robust biostratigraphic assessment at IODP Site Ul307 (see Figure 1 .4). 

The top of zone RT4 in the North Atlantic DSDP Hole 610A is•defined by the HO of 

Jmpagidinium solidum at 3.25 Ma (De Schepper et al., 2009). This species, which has 

not been recorded in the Labrador Sea by de Vernal and Mudie (1989), is identified 

only in two samples as single occurrences in our study (Figure 1.3, 1 .4). Ataxiodinium 

confusum seems to disappear at the end of the Pliocene around 2.6 Ma across the North 

Atlantic (De Schepper and Head, 2008b, 2009; Hennissen et al., 2014). In our Labrador 

Sea record, Ataxiodinium confusum has three single occurrences before 2. 75 Ma 

(Figure &.4). The HO of Jnvertocysta lacrymosa that characterizes the top of zone RT5 

at DSDP Hole 61 0A (2. 72 Ma; De Schepper et al., 2009) seems to be a widespread 

bioevent during the iNHG across the mid latitudes in the North Atlantic Ocean: in the 

Gulf of Biscay it occurred at 2.84 Ma (Harland, 1979), in the central north Atlantic site 

DSDP 607/607A and the Singa section southern Italy at 2.74 Ma (Versteegh, 1997), in 

the western North Atlantic DSDP Hole 603C at 2.81 Ma (M.J. Head unpublished data 

in De Schepper and Head, 2008b), in Hole U1313C at 2.74 Ma (Hennissen et al., 2014). 

Its HO occurs around 2.79 Ma at IODP Site Ul307, which is consistent with other 

North Atlantic records, but a single specimen was only found in three samples. 

Other taxa that could be used as stratigraphical markers are conspicuously present in 

our study interval and have a continuous range of occurrence with marked HOs. These 

taxa include Barssidinium graminosum, Lavradosphaera crista and Lavradosphaera 
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canalis (Figure 1.3, 1.4 and 1.5). Barssidinium species are used in both 

biostratigraphical schemes of the Danish North Sea onshore-offshore well section 

compilation of Dybkjaer and Piasecki (2010) and of the North Atlantic DSDP Hole 

61 0A of De Schepper and Head (2009). ln the scheme of Dybkjaer and Piasecki (2010) 

the boundary between the Barssidinium pliocenicum zone and the 

lmpletosphaerodinium multiplexum zone, defined at 2.4-2.6 Ma, encompasses our 

LS2/LS3 limit at 2.57 Ma (Figure 1.4). This boundary is based on the HO of 

Barssidinium pliocenicum, and the LO of lmpletosphaerodinium multiplexum followed 

by the LO of Bitectatodinium tepikiense. At IODP Site U1307, lmpletosphaerodinium 

multiplexum is not recorded~ Bitectatodinium tepikiense is common throughout the 

interval studied (3.2-2.2 Ma) but Barssidinium pliocenicum is found until 2.66 Ma 

(Figure 1.3). Specimens of Barssidinium pliocenicum were identified in younger 

sediments of southwest England ( ~ 2.1-1.95 Ma; Head, 1993), the North Sea ( 2.4-

1.8 Ma; Head et al., 2004), ODP Site 986 on the Svalbard-Barents shelf (up to 2.17 

Ma; Smelor, 1999; Knies et al., 2009) and northem Iceland (>2 Ma; Verhoeven et al., 

2011 and references therein). At other North Atlantic sites, the HO of Barssidinium 

pliocenicum is older. It occurs around 2.75 Ma in ODP Hole 603C (M.J. Head 

unpublished) and around 2. 72 Ma at DSDP Hole 61 0A (De Schepper, 2006). The HO 

of Barssidinium pliocenicum seems therefore diachronous across the North Atlantic. 

On the contrary, the HO of Barssidinium graminosum that we use to define the top of 

zone LSl seems to occur simultaneously in the Labrador Sea (2.75 Ma), the western 

North Atlantic (DSDP Hole 603C, ~2.76-2.77, M.J. Head unpublished) and the eastem 

North Atlantic (DSDP Hole 610A, 2.74 Ma, De Schepper et al., 2008b) (Figure 1.4). 
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Regional paleoceanographic conditions overprinting the biostratigraphy 

While most sites used to establish a late Neogene stratigraphical schemes are under the 

influence of warm North Atlantic waters, IODP Site U1307 is situated in the path of 

the East Greenland Current, which carries relatively fresh and _cool waters (Figure 1.1 ). 

Hence, the ocean circulation and distribution of water masses may have played an 

important role in the geographical occurrences of Neogene species such as 

Impagidinium solidum, Ataxiodinium confusum, Invertocysta lacrymosa and 

Melitaspharodinium choanophorum, thus causing asynchronous events and hampering 

the biostratigraphic correlations throughout the Labrador Sea and North Atlantic. 

Impagidinium solidum and Ataxiodinium confusum have preference for warmer waters 

(De Schepper et al., 2011; Hennissen et al., 2017) and their low abundance during the 

Late Pliocene in the Labrador Sea may indicate cooler waters than those in the eastem 

North Atlantic, where they persisted longer. In the Norwegian Sea, De Schepper et al. 

(2017) also found rare occurrences of Impagidinium solidum but restricted to the early 

Pliocene until 3.59 Ma. We may thus suggest a strong diachronism between the 

Norwegian Sea, the North Atlantic and the Labrador Sea. Hennissen et al. (2017) 

interpreted Invertocysta lacrymosa as a warm water species typical of open oceanic 

condition. Again, the low occurrences of Invertocysta lacrymosa in the Labrador Sea 

and its earlier Hüs in the Norwegian Sea (3,27 Ma, De Schepper et al., 2017) and 

Iceland Sea (4.45 Ma, Schreck et al., 2012) during early Pliocene are concordant with 

conditions in the northem part of the North Atlantic Ocean cooler than at middle 

latitudes. 

The low occurrence of Melitasphaeridinium choanophorum in only two samples before 

2.29 Ma atour study site contrasts with the persistent, rare to common record in DSDP 

Hole 61 0A until 2.98 Ma (De Schepper, 2006). The occurrence of Melitasphaeridinium 
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choanophorum in the western North Atlantic in DSDP Hole 603C through the Pliocene 

and early Pleistocene, (M.J. Head unpublished in De Schepper et al., 2017), on the 

Scotian Shelf-Grand Banks in the Pliocene and the late Gelasian (Williams and Bujak, 

1977) and even in recent sediments of the Gulf of Mexico (Limoges et al., 2013, 2014; 

Price et al., 2017) indicate a more extended range than previously thought and affinities 

for subtropical conditions. This species is considered typical of the Pliocene across the 

North Atlantic Ocean (Williams and Bujak, 1977; De Schepper and Head 2009; 

Dybkjaer and Piasecki, 201 O; De Schepper et al., 2017). Its diachronous disappearance 

from the North Atlantic and persistence in the Gulf of Mexico may reflect southward 

migration associated with cooling and the intensification of glaciation during the 

Quatemary. 

At DSDP 610A, the top of zone RT6 dated at 2.62 Ma corresponds to the HO of 

Operculodinium? eirikianum var. eirikianum. However, at IODP Site U1307 both 

subspecies Operculodinium? eirikianum var. eirikianum and Operculodinium? 

eirikianum var. crebrum are restricted to the beginning of zone LS 1 with HOs around 

3.18-3.16 Ma. Operculodinium? eirikianum is a cool-intolerant species that prefers 

warmer waters (De Schepper et al., 2015; Hennissen et al., 2017). During the early 

Pliocene, this taxon disappeared from the Iceland Sea records, which is interpreted to 

result from regional cooling due to changes in oceanic gateway configuration at the 

onset of the modem circulation in the Nordics Seas and deep ocean circulation in the 

North Atlantic (De Schepper et al., 2015). Thus, the Operculodium? eirikianum HOs 

highlight an asynchronous disappearance across the North Atlantic, the Nordic Seas 

and the Labrador Sea, possible due to regional changes and reorganization of ocean 

circulation. 

At IODP Site U1307, we noticed low abondance but recurring occurrence of 

Corrudinium harlandii until 2. 7 6 Ma. This species is considered extinct, but it shares 
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morphological similarities with the modem taxon Pyxidinopsis reticulata, notably in 

the expression of crests. A morphological gradation between the two taxa was reported 

to occur in DSDP Hole 61 0A (De Schepper and Head, 2009) with typical Corrudinium 

harlandii being more frequent during the Pliocene and typical Pyxidinopsis reticulata 

extending to the Pleistocene. It is thus possible that Corrudinium harlandii and 

Pyxidinopsis reticulata represent a morphological gradation of a same genotype that 

evolved naturally or in respqnse to changing environmental conditions. In modern 

sediments, Pyxidinopsis reticulata is found from equatorial to subpolar waters but with 

a preference for temperate conditions in the Pacifie Ocean ( de Vernal and Marret, 2007; 

de Vernal et al., 2019). The rare and low occurrence ofthis taxa in the Labrador Sea is 

consistent with cool conditions. Although no paleoecological affinity is known for 

Corrudinium harlandii, the rare and low occurrence of transitional morphotypes 

suggests distinct conditions in the Labrador Sea compared to the eastern North Atlantic. 

Finally, in the Labrador Sea, we defined the top of zone LS2 at 2.57 Ma based on the 

end of the acme of Pyxidinopsis braboi, which is recorded in DSDP Hole 610A at~2.58 

Ma, during MIS 104 (Hennissen et al., 2014 ). Pyxidinopsis braboi is also found in low 

numbers in sediment of MIS 104 at IODP Hole Ul313C (~2.61-2.59 Ma; Hennissen et 

al., 2014). This species is interpreted as a c_old-polar, opportunistic taxa (Watny et al., 

2009; Hennissen et al., 2014, 2017) and its acme is suggested to result from the Arctic 

Front moving south, close to the DSDP Hole 61 0A position in the North Atlantic at the 

Plio/Pleistocene boundary (Hennissen et al., 2014, 2017). Thus, its acme at IODP Site 

Ul307 may provide evidence for increasingly cool and freshwater transport via the 

EGC into the Labrador Sea at the Plio/Pleistocene transition. However, there are 

several samples above the Plio-Pleistocene transition that record very few dinocysts, 

clearly indicating changes in environmental conditions, which may have blurred the 

stratigraphie range of the different taxa (see Supplement B). 
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1.4.3 Paleoceanographic and paleoclimatic implications 

In general, the transitions in the dinocyst and acritarch records, which led us to define 

stratigraphie zones and bioevents at IODP Site U1307, seem to reflect regional cooling 

phases. These could be related to the EGC strengthening and the development of the 

Greenland ice sheet during the Plio-Pleistocene transition. 

Among common taxa recorded at IODP Site Ul307, Operculodinium centrocarpum 

sensu Wall and Dale 1966 is a cosmopolitan modem species particularly abundant in 

the path of the North Atlantic Current (NAC) (Rochon et al., 1999). In the Plio-

Pleistocene sediments of the North Atlantic and the Nordic Seas, this species was 

interpreted to indicate (warmer) Atlantic waters (De Schepper et al., 2009, 2013; 

I:Jennissen, 2013; Hennissen et al., 2014, 2017). The dominance ofthis species in zone 

LS 1 and the lower half of zone LS2 (Figure 1.4) suggest Atlantic water inflow into the 

Labrador Sea possibly through the Irminger Current until about 2.65 Ma. At the base 

of zone LS 1, the common occurrence of both Operculodinium? eirikianum var. 

eirikianum and Operculodinium? eirikianum var. crebrum suggest warm conditions. 

Operculodinium? eirikianum was reported as a cool-intolerant species by Hennissen et 

al. (2017). ln the Iceland Sea the disappearance of this species in the Early Pliocene 

was associated with the establishment of the proto-EGC, whereas its contiriued 

presence in the Late Pliocene ( < 3 fyfa) Norwegian Sea reflects the continued influence 

of Atlantic water there (De Schepper et al. 2015). Operculodinium? eirikianum var. 

crebrum has also been linked to warm, stable conditions following MIS M2 (De 

Schepper et al. 2014). Hence, at IODP Site U1307, the occurrence ofboth subspecies 

. of Operculodinium? eirikianum at the base of LS 1 (Figure 1.4, Table 1.2) suggest 

relatively warm, Atlantic water influenced sea surface conditions before 3.1 Ma. 
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At about 2.75 Ma, several dinocyst and acritarch taxa have HO, HPO or HCOs at IODP 

Site U1307 (Figure 1.4, Table 1.2). Among the taxa, Jmpagidinium solidum, 

Ataxiodinium confusum and Invertocysta lacrymosa are Pliocene markers. Their 

disappearance suggests a regional cooling contemporaneous with the onset of 

persistent ice-rafted deposition at ~ 2. 72 Ma in response to major expansion of the 

Greenland ice sheet (Blake-Mizen et al., 2019). Subsequently, between 2.65 and 2.57 

Ma, we record the acme of Pyxidinopsis braboi at ·Site U1307 as well as at the eastern 

North Atlantic DSDP Hole 610A (Hennissen et al., 2014). Pyxidinopsis braboi is 

_interpreted as a cold-polar, opportunistic taxa and its acme suggests the proximity of 

the Arctic Front (Warny et al., 2009; Hennissen et al., 2014, 2017). After 2.57 Ma, 

zone LS3 is characterized by the occurrence of typical late Neogene cool-water species 

such as Habibacysta tectata, Filisphaera microornata and Filisphaera filifera. These 

disappeared from the North Atlantic, the Nordic Seas, the Arctic and the North Pacifie 

oceans during the early Pleistocene after 2.0 Ma (Matthiessen et al., 2018). Filisphaera 

filifera, Filisphaera microornata and Habibacysta tectata are considered cool-tolerant 

(De Schepper et al., 2011; Hennissen et al., 2017; Schreck et al., 2017). In the Arctic 

Ocean, their acme has been associated with inflow of North Atlantic waters 

(Matthiessen et al., 2018). However~ at North Atlantic DSDP Site 610, high abundance 

of Filisphaerafilifera characterized the cold MIS M2 (3.26-3.31 Ma; De Schepper et 

al., 2009), whereas Habibacysta tectata dominated the Early Pleistocene (2.57-2.20 

Ma) assemblages and was associated with reduced influence of Atlantic waters and a 

southward shift of the NAC (De Schepper et al. 2009; Hennissen et al., 2014). At IODP 

Site U1307, the increased occurrence of Habibacysta tectata is concomitant with 

minima of Operculodinium centrocarpum percentages after 2.65 Ma, which could be 

attributed to further surface water cooling. 
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1.4.4 The use of the acritarchs in marine palynostratigraphy across the Plio-
Pleistocene transition 

Compared to dinocysts, acritarchs are extremely abundant and have a continuous range 

of occurrence in the Labrador Sea throughout the entire study interval (Figures 1.3 and 

5). Common taxa from IODP Site U1307 also occurred at other sites from the North 

Atlantic (De Schepper and Head, 2014) making potential correlation possible between 

the North Atlantic and the Labrador Sea during the Late Pliocene. 

De Vernal and Mudie (1989) defined biostratigraphic Interval II in ODP Hole 646B 

based on the common to abundant occurrence of Lavradosphaera crista ( as Incertae 

sedis I) until ~2.3 Ma, which broadly corresponds to the last appearance ofthis species 

at IODP Site U1307, where it is dated of2.38 Ma. The three single occurrences above 

the HPO at 2.75 Ma may represent reworking (Figure 1.5). Lavradosphaera crista is 

extremely abundant in middle · Late Pliocene of the North Atlantic with an HPO 

between 3.05 and 2.91 Ma a~DSDP Sites 603,610 and IODP Site U1308 (De Schepper 

and Head, 2014). The record of Lavradosphaera crista in the Labrador Sea is also 

restricted to the Late Pliocene with very abundant specimens between 3.05 and 3.00 

Ma. De Schepper and Head (2014) found specimens in the Bering Sea (IODP Site 

U 1314) making the species a potential marker for correlation between the North Pacifie 

and the North Atlantic. However, its stratigraphie distribution in the Bering sea appears 

to be restricted to 3.66 to 3.40 Ma. Zorzi and de Vernal (in prep.) extended its 

geographic distribution to the western North Pacifie (ODP Site 882), where specimens 

are common between ~3.8 to ~2.9 Ma. Hence, Lavradosphaera crista could be a good 

indicator of the middle and late Late Pliocene, mostly across the mid and high latitude 

of the North Atlantic, but also in the North Pacifie. 
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Cymatiosphaera? fensomei encompasses the entire study interval, from 3.21 to 2.33 

Ma, thus making it impossible to assess its specific range at IODP Site U1307. Across 

the North Atlantic, this species has a total range spanning from 3.38 Ma to 2.57 Ma 

(De Schepper and Head, 2014) making it a good marker for the latest Pliocene. 

Cymatiosphaera?fensomei in the Labrador Sea is more abundant from 3.08 to 2.76 Ma 

and the HCO at 2.76Ma is useful, thus adding another Late Pliocene bioevent around 

2.75 Ma in the Labrador Sea (Figure 1.5). Similarly, Lavradosphaera canalis is found 

mainly between 2.8 and 2.58 Ma in the Labrador Sea with maximum abundance 

recorded between 2.8 and 2.75 Ma. Other sporadic and single occurrences after the 

Plio-Pleistocene transition might be related to reworking (Figure 1.5) as this species 

has a very narrow stratigraphie range from 2.8 to 2.6 Ma at IODP Site U1308 and 

DSDP Site 610A (De Schepper and Head, 2014), suggesting that this taxon is a good 

marker at mid and high latitudes of the North Atlantic (Figure 1.5). 

On the contrary, Cymatiosphaera? icenorum does not seem to have any stratigraphie 

significance. This species is present throughout our study interval and its total 

stratigraphie range spans from 5.7 Mato 1.71 Ma (this study and DSDP 603C, M.J. 

Head unpublished in De Schepper et al., 2017). It has its HCO at 2. 72 at IODP Site 

U1308 (De Schepper et al., 2014) and at 2.74 Ma in DSDP Hole 610A (De Schepper 

and Head, 2009) (Figure 1.5). 
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1.5 Conclusion 

We have established a new marine Late Pliocene to Early Pleistocene 

palynostratigraphic scheme based on the analyses of 180 samples, spanning from 3.2 

to 2.2 Ma at the Labrador Sea Site U1307. The succession of three distinct biozones 

(LSl, LS2 and L3) is based on the HO of Barssidinium graminosum (LS1/LS2) at 2.75 

Ma and the end of the acme of Pyxidinopsis braboi (LS2/LS3) at 2.57 Ma. Most sites 

with comparable biostratigraphical schemes are from the North Atlantic and have been 

influenced by warm waters from the North Atlantic Current. In contrast, IODP Site 

U1307 is situated in the path of the East Greenland Current marked by cold and low 

saline waters of Arctic origin. As a result, a strong regionalism marks the Labrador Sea 

dinoflagellate cyst and acritarch assemblage, which is reflected in asynchronous 

bioevents between the North Atlantic, Nordic Seas and Labrador Sea. Nevertheless, 

despite diachronous stratigraphie ranges for several taxa, our Labrador Sea zone 

boundaries were constructed with bioevents that are in large part contemporaneous 

with those of the eastem North Atlantic DSDP Hole 610A (RT5, RT6 and RT7; De 

Schepper and Head, 2009). 
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Figure 1.1 Map of the Labrador Sea showing the location of Site IODP U 1307, other 

sites mentioned in the text, and the modern surface currents (made with Ocean Data 

View, Schlitzer, 2018) 
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Figure 1.2 Age models at IODP Site Ul 307. Magnetostratigraphy and lithology of 

IODP Site U 1307 from Channel! et al. , (2004). Stable oxygen isotope data based on 

the planktic foraminifer Neogloboquadrina atlantica and two proposed age model s 

from Sarnthein et al. (2009). Most recent age mode! based on magnetic reversais and 

a paleointensity record tuned to IODP Site U 1308 (B lake-Mizen et al. , 2019). M = 

Mammoth subchron, K = Kaena subchron , MIS = Marine Isotope Stage, RPI = Relative 

Paleo-1 ntensity. 
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Figure 1.3 IODP Site U1307 stratigraphie occurrence of selected dinocyst and acritarch 

taxa and biozones defined in this study, calibrated against Blake-Mizen et al. (2019) 

age model. All raw data are available in Supplementary Data A. 
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Figure 1.4 Left: Late Pliocene-early Pleistocene dinocyst biozonation schemes from 

different locations in the North Atlantic. Right: Adapted from De Schepper et al. 

(2017). Late Pliocene dinocyst extinction events in the Labrador Sea (this study). the 

western North Atlantic (DSDP Hole 603C, Head and Norris, 2003 ; M.J. Head, 

unpublished data), eastern North Atlantic (DSDP Hole 61 0A, De Schepper and Head, 

2008a, 2008b, 2009) and the Norwegian Sea (ODP Hole 642B, De Schepper et al. , 

2017). 
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Tables 

118.51 2.2687 RPI U1308 
120.52 2.31938 RPI U1308 
121.3 2.34027 RPI U1308 
121.86 2.3642 RPI U1308 
122.05 2.37048 RPI U1308 
122.4 2.38028 RPI U1308 
123.11 2.42918 RPI Ul308 
123.53 2.46437 RPI U1308 
123.96 2.52141 RPI U1308 
124;88 2.595 Reversai q~4i~Zrxi~i~Y~œ~· V.!~QZtr+1t!::?.!4~ ..•• f!1:l.••·••••··••··!?4:Z.4 Y!~QZ~:!4fü47,?çm 125.06 
127.32 2.66445 RPI U1308 
129.1 2.73077 RPI U1308 
129.73 2.74782 RPI U1308 
132 2.77611 · RPI U1308 
135 2.80408 RPI Ul308 
136.03 2.82958 RPI U1308 
136.86 2.84671 RPI U1308 
137.47 2.88009 RPI Ul308 
138.13 2.89464 RPI Ul308 
138.54 2.90858 RPI Ul308 
138.8 2.93008 RPI U1308 
139.31 2.94014 RPI U1308 
141.12 2.96667 RPI U1308 
143.76 3.00041 RPI U1308 

151.01 3.05942 RPI U1308 
155.41 3.09399 RPI U1308 

166.48 3.14918 RPI U1308 
168.96 3.16734 RPI U1308 
170.7 3.18776 RPI U1308 
174.48 3.207 Reversai Mammoth(tl U1307A~19H-6 60 è:m 173.93 Ui307À-19t·F6l.2Ücm >··174.53 

Table 1.1 Age model tie point used at IODP Site U1307 from Blake-Mizen et al., 2019 
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Event Species Sample Depth Age Errer 

(rmcd} (Ma} (Ma} 

Dinocysts 

HO Melitaspharodinium choanophorum U1307B-13H03,57.5-59.S cm 119.4 2.291 0.0068 

HO lmpagidinium sp.2 of De Schepper and U1307A-14H02, 60-62 cm 122.41 2.381 0.0041 

Head (2009) 

HO Lejeunecysta hatterasensis u 1307 A-14H03,54-56cm 123.85 2.5068 0.0079 

HO Pyxidinopsis tuberculata U1307A-14H03, 110-112 cm 124.41 2.5574 0.008 

Acme (top) Pyxidinopsis braboi U1307A-14H03, 120-122 cm 124.S 2.5654 0.008 

Acme (bottom) Pyxidinopsis braboi U1307B-13H07, 55-57 cm 126.75 2.6482 0.0057 

HO Barssidinium p/iocenicum U1307B-14H01, 30-32 cm 127.0 2.6553 0.0028 

HO Corrudinium harlandii U1307B-14H03,28-33 cm 129.98 2.7509 0.0093 

HO Barssidinium graminosum U13078-14H03, 30-32 cm 130.0 2.7512 0.0003 

HO Ataxiodinium confusum U1307B-14H03, 50-52 cm 130.2 2.7537 0.0025 

HPO Lejeunecysta hatterasensis U13078-14H03,110-112 cm 130.8 2.7612 0.0038 

HO lnvertocysta lacrymosa U13078-14H05, 130-132 cm 134.01 2.7948 0.0046 

HO lmpagidinium solidum U1307B-15H01, 50-52 cm 136.5 2.8393 0.0041 

HO Operculodinium? eirikianum eirikianum U1307A-19H02, 28-30 cm 167.61 3.1575 0.014 

HPO Operculodinium? eirikianum crebrum U1307A-19H03, 80-82 cm 170.63 3.1899 0.0103 

Acritarchs 

HPO Cymatiosphaera? aegirii U1307B-13H04, 52-54 cm 120.85 2.3282 0.0067 
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HPO Lavradosphaera canalis U1307B-14H03, 140-142 cm 124.71 2.5814 0.0043 

HCO Lavradosphaera canalis ·U1307B-14H03, 30-32 cm 130.0 2.7512 0.0003 

HPO Lavradosphaera crista U1307B-14H03, 50-52 cm 130.2 2.7537 0.0253 

Acme (top) Cymatiosphaera? fensomei U1307B-14H03, 110-112 cm 130.8 2.7612 0.0038 

Acme (bottom) Cymatiosphaera? fensomei U1307B-15H01, 80-82 cm 136.8 2.8455 0.0062 

HCO Lavradosphaera crista U1307B-15H02, 80-82 cm 138.3 2.9004 0.0078 

Table 1.2 Dinocyst and acritarch bioevents at IODP Site Ul307. The age model error 

is from Blake-Mizen et al., (2019) and the age error is based on sampling interval. HO: 

highest occurrence, HCO: highest common occurrence, HPO: highest persistent 

occurrence 
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Abstract 

In this study we report about a new record of dinoflagellate cysts and acritarcha 

spanning 3.2-2.2 Ma from the Integrated Ocean Drilling Program Site U1307, Labrador 

Sea. Dinocyst assemblage dominated by Operculodinium centrocarpum sensu Wall and 

Dale ( 1966) reflects an important penetration of the warm and saline surface waters of 

the North Atlantic current (NAC) into the Labrador Sea during part of the late Pliocene. 

The latest part of the Pliocene, at ~ 2.65 Ma was marked by a very sharp increase of 

ice rafted debris (IRD), the decline of Operculodinium centrocarpum and the acme of 

Pyxidinopsis braboi in dinocyst assemblages, which indicates the onset of polar 

influence and southward shift of the NAC. Above this transition and during the early 

Pleistocene low occurrence ofNAC taxa and the dominance of subpolar taxa such as 

Habibacysta tectata, Filisphaerafilifera, Filisphaera microornata and Bitectatodinium 

tepikiense characterized the dinocyst assemblages. Together, the composition of 

assemblages, low concentrations and low species diversity of both marine and 

terrestrial palynomorphs associated with high abundance of IRD reflect the onset of 

harsh condition likely related with significant expansion of the Greenland ice sheet at 

about 2.65 Ma. Beyond this main transition, important variations occurred as 

exemplified by high resolution analyses of dinocyst assemblages in the interval 

spanning 3.2 to 3.0 Ma (marine isotope stages -MIS- KM5 to G20). The result suggest 

advection ofNAC warm and saline water into the Labrador Sea until the end of MIS 

KM2 ( ~ 3.12 Ma) followed by cooling/freshening pulses of the surface waters as shown 

from successive abundance peaks of Habibacysta tectata, Filisphaera filifera, cysts of 

Pentaspharodinium dalei and Operculodinium centrocarpum-short processes form 

until MIS G22 ( ~ 3.05 Ma). 
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2.1 Introduction 

The Plio-Pleistocene boundary, dated at 2.58 Ma and corresponding to the 

Matuyama/Gauss magnetic reversai (Gibbard et al., 2010), is associated with major 

climatic changes in the Northern Hemisphere, notably marked by the transition from 

relatively stable and warm climate to glacial-interglacial oscillations with recurring ice 

sheets (Zachos et al., 2001; Flesche Kleiven et al., 2002; Tripati et al., 2008; 

Matthiessen et al., 2009; De Schepper et al., 2014). However, the timing of the onset 

of the North Hemisphere Glaciations (NHG) is unclear. Whereas marine data such as 

ice-rafted debris (IRD) in the Greenland Sea suggest episodic glac.ier or ice sheet 

advance in the circum-Arctic regions as early as ~44-30 Ma {Tripati et al., 2008), most 

marine and terrestrial data from the Northern Hemisphere rather evidence glacial 

events without development of large ice sheet during the Pliocene as highlighted by the 

compilation of De Schepper et al. (2014). Based on the oxygen isotope (8180) data in 

benthic foraminifera, which record both the changes in deep water temperatures and 

global continental ice volumes (Mudelsee and Raymo, 2005), it is generally accepted 

that the onset of NHG occurred progressively during the Pliocene. The 8180 data 

indicate an increase in the amplitude of glacial cycles after 3.6 Ma and a general 

intensification of North Hemisphere Glaciations (iNHG) at approximately 2 . .7 Ma, 

during the Marine Isotopie Stage (MIS) G6 (Mudelsee and Raymo, 2005). 

The NHG may have started on Greenland as documented by an important IRD pulse at 

3.3 Ma in the Greenland Sea (Flesche Kleiven et al., 2002). The synchronous increase 

of IRD around 2.7 Ma in the North Atlantic (Shackleton et al., 1984; Winkler et al., 

2002; Flesche Kleiven et al., 2002; Bailey et al., 2010), the Nordic seas (Flesche 

Kleiven et al., 2002; Polyak et al., 2010), the Svalbards-Barents sea region (Knies et 
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al., 2009) and the North Pacifie (Haug et al., 2005), suggests ice sheet development in 

Greenland as well as Northem Eurasia at the end of the Late Pliocene (see also De 

Schepper et al., 2014 ). On the contrary, there is no evidence that the North American 

ice sheet expanded before 2.64 Ma (Bailey et al., 2013). 

Poor preservation - or absence - of biosiliceous and calcareous microfossils in the late 

Neogene-early Quatemary sediments of subpolar North Atlantic and North Pacifie 

have been a limitation for paleoceanographic studies (Matthiessen et al., 2018). Bence, 

organic-walled microfossils including dinoflagellate cysts and acritarcha has revealed 

very useful for biostratigraphical and paleoceanographical investigations in the 

subarctic North Atlantic (Hennissen, 2013; Hennissen et al., 2014, 2015; De Schepper 

and Head, 2008a, 2009), the Yermark Plateau area (Matthiessen and Brenner, 1996), 

the Iceland Sea (Schreck et al., 2012, 2013), the Norwegian Sea (Mudie, 1989; De 

Schepper et al., 2017), the Labrador Sea ( de Vernal and Mudie, 1989a; Head et al., 

1989, Aubry et al., in prep ), the Baffin Bay ( de Vernal and Mudie, 1989b; Aubry et al., 

sub.), the subarctic North Pacifie (Zorzi et al., 2019, in prep.) and the Bering Sea (De 

Clercq, 2015). 

Dinoflagellate cysts (hereafter dinocysts) were widely used to reconstruct sea surface 

parameters from the analyses of their assemblages in late Quaternary sediments ( e.g., 

Radi and de Vernal, 2008; de Vernal et al., 2005, 2013). However, because of species 

evolution with appearance and disappearance of taxa, the Pliocene and early 

Pleistocene assemblages are not fully comparable to those of the surface sediment and 

late Quaternary. Recent attempts to compare the relative abundances of dinocyst and 

acritarch taxa with sea-surface temperatures were made by confronting the Pliocene 

and/or Neogene palynological data with temperatures estimatès from Mg/Ca in the 

epipelagic planktonic foraminifera Globigerina bulloides (De Schepper et al., 2011; 

Hennissen et al., 2017) and alkenones (Schreck et al., 2017). The above-mentioned 
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studies revealed useful to explore the ecological affinities of extinct taxa including 

acritarcha that are also very useful biostratigraphical indicators (De Schepper and 

Head, 2014). 

In this study, we have paid special attention to the southem Greenland margins in the 

Labrador Sea, northwest North Atlantic (Figure 2.1) as it may help to establish linkages 

between the Greenland onshore climate history and paleoceanographical conditions. 

The present day oceanography of thè Labrador Sea is characterized by northward flow 

of warm waters from the North Atlantic Current (NAC) and the West Greenland 

Current (WGC), in addition to cold and fresh polar waters of the East Greenland 

Current (ECG) and the Labrador Current (LC), which flows southward and carry cold 

and low saline waters originating from the Arctic ocean through Baffin Bay and the 

Canadian Arctic Archipelago (Figure 2.1 ). Vertical convection in the Labrador Sea that 

leads to the formation of the Labrador Sea Water (LSW), which presently constitutes 

one of the main sources of the North Atlantic Deep Water (e.g. Yashayaev, 2007), is not 

a permanent feature of the Quatemary (cf. Hillaire-Marcel et al., 2001) and apparently 

developed lately, at about 7.5 ka during the present interglacial (Gibb et al., 2015) 

Hence the Labrador Sea is · a highly sensitive region with regard to ocean circulation 

and appears strategically located to document past ocean circulation and the Atlantic 

meridional overtuming. Moreover, because of the proximity of Greenland and 

northeast North America, the Labrador Sea basin contains the geological archives of 

the growth and decay of the Greenland and Laurentide ice sheets ( de Vernal and 

Hillaire-Marcel, 1987, 2008; Andrews and Tedesco, 1997; Thiede et al., 2011). A few 

sites were drilled in this area. They include the Ocean Drilling Program (ODP) Sites 

646 and 647 (Figure 2.1; Srivastava et al., 1989) and Integrated Ocean Drilling 

Program (IODP) Sites U1306 and U1307 (Figure 2.1; Channell et al., 2010) that 

reached the mid-Pliocene (~3.6 Ma). Palynological studies in ODP cores collected in 

1985 (Srivastava et al., 1989) resulted in the establishment of biostratigraphical 
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schemes of dinocysts and acritarcha from Late Pliocene to Pleistocene at ODP Sites 

647 (de Vernal and Mudie~ 1989a) and from upper Miocene to lowermost Pleistocene 

at ODP 646 ( de Vernal and Mudie, 1989a; Head et al., 1989), but with a coarse temporal 

resolution and a taxonomy now deserving to be updated. 

The Site U1307 is located off southwest Greenland, 180 km from the coastline, where 

the ECG flows westward (Figure 2.1 ). It is thus ideally situated to make linkages 

between ocean and terrestrial conditions based on paleoceanographical proxies and 

pollen and spores ( e.g. de Vernal and Hillaire-Marcel, 2008). The interval of interest 

here encompasses the Pliocene to Pleistocene transition from 3.2 to 2.2 Ma, which is 

comprised between 175.11 and 116.43 rmcd, thus allowing analyses with a relatively 

high temporal resolution. Here we present palynological data with special attention 

paid to dinocysts and acritarcha with the aim to document the sea surface conditions of 

the Labrador Sea during the iNHG. 
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2.2 Materiel and methods 

2.2.1 Stratigraphy of the core 

The IODP Site U1307 was collected at a water depth of 2575 meters on the Eirik Drift 

(58°30.3'N; 46°24'W; Figure 2.1). Two hales were drilled, reaching a maximum depth 

of 162.6 meters below sea floor (mbsf). The composite sequence made from the 2 

hales, yields to a complete and an almost continuous record (Expedition 303 Scientists, 

2006). The lithology has been divided into three units (Expedition 303 Scientists, 

2006). Unit I ( 49.55-0 mcd) consists in hemipelagic mud composed of foraminifera, 

silty clay and nannofossils, with some layers of foraminifer oozes. Unit II (49.55 to 

133.86 mcd) consists of silty clay with little biogenic contents. Unit III (133.86 to 173.6 

mcd) consists of silty clay, silty clay with nannofossils and nannofossils silty clay. The 

samples examined for this study were collected from the Unit III and the lower part of 

Unit II. 

W e used the new paleomagnetostratigraphy age model of Blake-Mizen et al. (2019), 

which is based on the combination of reversai and relative paleointensity (RPI) tuned 

to IODP Site U1308 (Channell et al., 2016). Blake-Mizen et al. (2019) identified the 

last paleomagnetic reversai as the top the Mammoth subchron (3.201 Ma) rather than 

in Gauss/Gilbert reversai (3.581 'Ma) as previously defined (Expedition 303 Scientists, 

2006; Sarnthein et al., 2009; Channell et al., 2010). Hence, the new age model reveals 

a complete recovery of a sequence spanning the last ~3.2 Myrs in which the oxygen 

isotope (8180) stratigraphy in planktonic foraminifera (Neogloboquadrina atlantica) 

established by Sarnthein et al. (2009) correlates well with the benthic foraminiferal 
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8180 stack reference of Lisiecki and Raymo (2005) referred to as LR04 (Figure 2.2). 

W e converted all mbsf of Ho les A and B in revisited meter composite depth (rmcd) 

according to Blake-Mizen et al. (2019) and calculated numerical ages for each sample 

and bio-event based on linear interpolation between tie points (Table 2.1 ). 

2.2.2 Palynological preparation 

We collected 180 sediment samples between 116.43 and 175.11 rmcd, which 

represents an average time resolution of 5.5 kyr from 2.2336 to 3.2102 Ma. 

For this study the samples were prepared and analyzed in 2 different laboratories. In 

the Palynological Laboratory Services Ltd. (Holyhead, UK), 54 samples were prepared 

following the technique described in De Schepper et al. (2017). In brief, weighted 

samples were wet-sieve on 63 and 150 µm mesh sieves and Lycopodium clavatum 

spores were added in the remaining < 63 µm fraction for calculating concentration of 

palynomorphs (Matthews, 1969; Mertens et al., 2009). Hydrochloric acid (HCl-50%) 

was added until reaction stopped to dissolve carbonates. The samples were rinsed with 

water and sieved at 10 µm. Hydrofluoridric acid (HF-60%) was added to the residue 

and left for 2 days while stirring to remove silicate. After the chemical treatments, the 

samples were rinsed with water and sieved at 10 µm. Finally, a short ultrasonic 

treatment was made prior to sieving at 10 µm. Polyvinyl alcohol (1 %) was added to 

prevent clumping and samples were stained with Safranin-O. 
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In the micropaleontological Iaboratory of Geotop at UQAM (Montréal, QC) A.M.R. 

Aubry prepared 126 samples following the procedures of de Vernal et al. (1999). 

Samples were first weighted wet and dried. Lycopodium clavatum tablets were added 

to the samples, which were wet-sieved to eliminate the coarse fraction (> 106 µm) and 

fine silts and clays (< 10 µm). Ice rafted debris (IRD) were counted in the> 150 µm 

fraction after dry sieving. The remaining fraction between 106 and 10 µm was treated 

with warm HCL (10%) during 20 min, rinsed with distilled water and treated with 

warm HF ( 48%) during 20 min. These chemical treatments were repeated three times, 

one with HF for 12 hours. Finally, the samples were sieved at 10 µm to remove 

remaining fine particles. In some samples containing abundant minerai particles, we 

also used heavy liquid separation to remove the remaining silicates and heavy minerais 

with a solution of sodium polytungstate calibrated for a specific gravity of 2 

(Munsterman and Kerstholt, 1996). Such a treatment should not yield different results 

·(cf. Mertens et al., 2009). 

The residues of samples prepared in both laboratories were mounted between glass 

slides and cover glass in glycerinjelly. 

2.2.3 Palynological analysis 

Dinocyst and acritarch counts were performed with optical microscope by A.M.R. 

Aubry (Leica DMR) and S. De Schepper (Zeiss Axiophot and Zeiss Axio imager A2) 

using transmitted light and at 400X and 1 000X magnification. The nomenclature 

followed Rochon et al. (1999), De Schepper and Head (2008b, 2014), De Schepper et 



111 

al. (2004, 2017), and Williams et al., (2017). The dinocyst and acritarch taxa identified 

here are listed in Table 2.2. 

Spores of pteridophytes and Sphagnum, pollen grains, benthic foraminifer linings, fresh 

water algae (Pediastrum, Botryoccocus, etc.) and reworked palynomorphs were also 

counted. Spores and pollen grains were identified following the nomenclature of 

McAndrews et al. (1973), Bassett et al. (1978) and Kapp et al. (2000). Terrestrial 

reworked palynomorphs were distinguished based on the preservation state often 

characterized by flattening and alteration of the exine and sporoderm. The reworked 

dinocysts were distinguished based on and their known stratigraphical range. All 

palynomorph counts are presented in Supplementary Table A. 

The concentrations of palynomorphs (Figure .22) are reported as specimens per gram 

(g) of dry sediment. It was calculated using the marker grain method (Stockmarr, 1971; 

Mertens et al., 2009). IRD are expressed in number of grains> 150µm per g of dry 

sediment. Pollen percentages were calculated excluding Pinus sp. due to over-

representation in marine sediments, and notably in the Labrador Sea ( e.g., Rochon and 

de Vernal, 1994). 

The Shannon-Wienner index (Figure 2.2) and Principal Component Analysis (PCA, 

Figure 2.3) were performed with the Paleontological Statistics Software (PAST, 

Hammer et al., 2001 ). The Shannon-Wiener index is used to measure the species 

diversity taking into consideration the number of species and the number of specimens 

. counted in each sample. PCA were performed to better de fine ecostratigraphic zones 

from the relative occurrences (percentages) of taxa, which were log-transformed in 

order to inèrease the weight of accompanying taxa. 

The ratio of peridinioid (P) and gonyaulacoid (G) was used to calculate the P/G index 

(Figure 2.2). Peridinioid cysts (P) include Barssidinium spp., Brigantedinium spp., 
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Lejeunecysta spp., Selenopemphix spp., Trinovantedinium spp and the round brown 

cysts which combine ail sub-spherical brown peridinioid cysts. The P /G index could 

be used as proxy of prodtictivity ( cf. Radi and de Vernal, 2008). 

The proportion of pollen and spores (P) and dinocysts (D) led to calculate the P/D 

index, which can be used as indicator of continentality ( cf. de Vernal and Giroux, 1991 ). 

Although results were obtained after sample preparation and microscope analyses in 

distinct laboratories, the data are comparable for what concern the relative abundance 

of taxa and species diversity (cf. also Mertens et al., 2009). However, some differences 

are recorded in absolute concentrations, which can be due in part to the loss of marker 

grains during the preparation (Mertens et al., 2009) thus, authors decided to not put too 

much weight in a directed comparison and focus of the trends of concentration 

variations (see supplementary Table B). Reproducibility tests by de Vernal et al. (1987) 

and Mertens et al. (2009) suggest an error of+/- 10% for a confidence interval of 0.95. 

The standard deviation of the number of Lycopodium spores per tablet calculated · 

following Stockmarr (1971) and Maher (1981) is reported in the Supplementary Table 

A. 

Both observers worked together in order to standardize their taxonomy and compare 

their results. Nevertheless, some taxa were grouped into generic categories to avoid 

biases. This is the case of Spiniferites!Achomosphaera spp., lmpagidinium spp., 

Lejeunecystsa spp. or Operculodinium spp. The two subspecies Filisphaera filifera 

filifera and Filisphaera filifera pi/osa (Head et al., 1993) are grouped as Filisphaera 

filifera. Moreover, identification of "round hairy" cysts is not always simple and 

uncertainties to distinguish the characteristic morphological features between 

Filisphaera filifera, Filisphaera microornata, Bitectatodinium tepikiense vermiculate 

and columellate forms, lead us to groups several specimens as Filisphaera spp., 
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Bitectatodinium tepikiense and Filisphaera/Bitectatodinium indet. in case of equivocal 

identification. We also grouped Bitectatodinium tepikiense columellate for_m and 

Filisphaera microornata, which share morphological similarities and ecological 

affinities (Hennissen et al., 2017). 

Operculodinium centrocarpum cysts bearing small pro.cesses ( < 2µm; cf. Rochon et al., 

1999) were counted separately as the process length may be related with salinity as it 

was shown from the morphometry of cysts in the Bal tic Sea ( cf. Mertens _et al., 2011 ). 

The relative abundance of selected dinocyst taxa is reported Figure 2.3 as follows: rare 

= 1-3%; frequent = 3-10%; common. = 10-30%; abundant = 30-50%; dominant=> 

50%. 

2.3 Results 

Organic palynomorphs are generally well preserved. Among the 180 samples analyzed, 

177 contained enough dinocysts and acritarcha for the calculation of concentrations 

and percentages. The good preservation of palynomorphs is also indicated by the high 

and common occurrence of peridinioid cysts, which are more sensitive to oxidation 

(Zonneveld et al., 2008) and by high values of the P/G index (Figure 2.2). Three 

samples with low dinocyst counts ( < 10 cysts per slide) were discarded for dinocyst 

percentage calculation. The detailed counts including those of discarded samples are 

reported in Supplementary Table A. 
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2.3.1 Palynological assemblages 

Dinocysts occur in all samples with concentrations ranging 27 to 3126 cysts/g and 

averaging 448 cysts/g. Acritarcha are generally more abundant than dinocysts with up 

to 8975 acritarcha/g and mean concentrations of 1317 acritarcha/g (Figure 2.2). 

The identified fresh water palynomorphs that include Pediastrum, Botryoccocus and 

Gelasinicysta vangeelii in low number through the study sequence with concentrations 

averaging 11 specimens/g, except between ~2.7 and ~2.4 Ma, where an abundance peak 

of about 100 specimen/g is recorded (Figure 2.2). 

Reworked palynomorphs are rare, especially in Pliocene sediments. Their 

concentration average 29 specimens/g. Three concentration peaks occurred at 2.68, 

2.42 and 2.37 Ma with values of 922, 269 and 342 specimens/g respectively. Among 

reworked palynomorphs, pollen and spores are more abundant with concentrations 

averaging 768/g (Figure 2.2). The IRD content of the sediment is very low in the late 

Pliocene with an average of 487 grains/g but it drastically increased after 2.66 Ma with 

an average of 14593 grains/g in the early Pleistocene (Figure 2.2). 

Pollen grains are abundant with concentrations averaging 178 pollen grains/g and 

ranging up to 996 pollen grains/g. Assemblages are largely dominated by tree pollen 

grains such as Pinus, Picea, Tsuga, and Abies which together average about 73% of 

the pollen sum. Shrubs pollen of Betula, Alnus, Ericaceae and Sa_lix are common 

averaging about 20% of the assemblages. The proportion of herb pollen is low ( ~ 7% 

on the average), the most common taxa being Poaceae, Caryophyllaceae, Asteraceae, 

Ambrosia, Artemisia. Spores reach up to 465 spores/g with an average of 84 spores/g. 

There is a high dominance of Sphagnum, which is accompanied by Lycopodium, 
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Sellaginella, and Osmunda. There is no major change in the composition of pollen and 

spore assemblages throughout the study sequence, except a slight decrease in pollen 

abundance from the Pliocene to the early Pleistocene. Detail terrestrial palynomorph 

identification and count are reported in Supplementary Table A. 

2.3 .2 Species diversity 

The number of dinocyst species is high with 112 taxa identified, among which at least 

43 are extinct (see Figure 2.2 and Table 2.2). The number of taxa averages 14 per 

sample, with maximum of 26 taxa at 2.79 Ma. The taxonomie diversity of acritarcha is 

relatively high with 24 taxa, including the genera Leiosphera, Cymatiosphaera and 

Lavradosphaera. Among those, the most common taxa are Cymatiosphaera? 

invaginata, Cymatiosphaera? fensomei, Cymatiosphaera? aegirii, and 

Lavradosphaera crista, which is restricted to the late Pliocene. The number of dinocyst 

and acritarch species is generally higher during the Pliocene than during the Pleistocene 

(Figure 2.2). 

The Shannon-Wienner index shows slight variations in diversity, with maximum in the 

samples from the upper part of the sequence, after 2.41 Ma and during the mid-Pliocene 

warm Period (mPwP, 3.26-3.00 Ma), when considering dinocyst. The index yields 

similar values when the acritarch are included (Figure 2.2). 
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2.3.3 Dinocyst zones 

The PCA analyses performed on all dinocyst taxa led to distinguish two main ecozones 

and 7 subzones (Figures 2.3-2.4). The first axis (PCl) on the vertical that explains 16% 

of the variance shows the opposition between Operculodinium centrocarpum and 

lmpagidinium taxa (lmpagidinium aculeatum, paradoxum and pallidum) on the 

negative side and Filisphaera microornata, Filisphaera filifera, Habibacysta tectata, 

Pyxidinopsis braboi and the cyst of Pentaspharodinium dalei on the positive side. The 

known distribution of the second axis (PC2) on the horizontal helped to define the 

subzones and accounts for 12% of the variance. It shows an opposition between round 

brown cysts and Operculodinium centrocarpum on the negative side and Habibacysta 

tectata, lmpagidinium aculeatum, lmpagidinium taxa, Pyxidinopsis braboi and 

Spiniferites/Achomosphaera spp. on the positive side (Figure 2.3). 

Hence the PCA distribution (Figure 2.3) suggests that some taxa record significant 

changes throughout the sequences likely in response to ecological stress. In Figure 2.4, 

we reported the relative abundances (%) of these taxa, which include Operculodinium 

centrocarpum sensu Wall and Dale (l966)(Operculodinium centrocarpum hereafter), 

round brown cysts, Habibacysta tectata, Nematosphaeropsis labyrinthus, 

lmpagidinium aculeatum, pallidum and paradoxum, Filisphaera filifera, Filisphaera 

microornata, cysts of Pentaspharodinium dalei, Spiniferites/Achomosphaera spp., 

Bitectatodinium tepikiense and Pyxidinopsis braboi. In addition, we also represent 

Spiniferites mirabilis/hyperacanthus despite its rather neutral position according to its 

PCA scores because of its temperate to tropical waters affinities in the modem oceans 

(e.g., Zonneveld et al., 2013). The "Other species" group include taxa with neutral 

scores from PCA analyses (Figure 2.4-2.5; Table 2.2). 
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The Ecozone 1 (3.21-2.65 Ma) corresponds to the Late Pliocene. It is characterized by 

abundant Operculodinium centrocarpum leading to negative PC 1 scores. The first 

subzone (la), spanning from 3.21 to 3.18 Ma (MIS KM5 -KM4), is characterized by 

Operculodinium centrocarpum in addition to Filisphaera filifera. A decrease of 

Filisphaera filifera and an increase of round brow cysts (up to 55%) marked the 

transition that corresponds to the subzone lb (3.176-3.10 Ma, MIS KM4-KM2). In 

Sub-ecozone le (3.099-3.004 Ma, MIS K2 to MIS G20), the round brown cysts are the 

most common and abundant taxa with maximum values up to 82% and 

Nematosphaeropsis labyrinthus records high percentages at the end of the subzone. 

The abundance · of Habibacysta tectata, Filisphaera filifera, the cyst of 

Pentapharsodinium dalei, and Operculodinium centrocarpum bearing short processes 

record maximum peaks at the beginning of subzone le (Figure 2.4). The successive 

abundance peaks of subzone 1 c suggest very important changes, which we illustrate 

with more details in Figure 2.5. Subzone ld (3.004-2.65 Ma) is characterized by the 

dominance of round brown cysts and Operculodinium centrocarpum and by very low 

percentages of extinct dinocyst taxa (Figures 2.2 and 2.4). 

The transition from Ecozone 1 to Ecozone 2 at ~2.65 Mais marked by a sharp decrease 

in Operculodinium centrocarpum (Figure 2.4) concomitant with increase of IRD 

(Figure 2.2). The Ecozone 2 (2.65 -2.045 Ma) is characterized by positive PC 1 scores 

and abundant Habibacysta tectata. In subzone 2a (2.65-2.39 Ma) the abrupt 

replacement of Operculodinium centrocarpum by Pyxidinopsis braboi, which largely 

dominates the assemblages from MIS G2 to MIS 102 (2.65-2.565 Ma), is followed by 

the dominance of round brown cysts until MIS 97 (2.45 Ma). In Subzone 2b (2.39 to 

2.29 Ma), Impagidinium taxa are relatively abundant together with 

Spiniferites/Achomosphaera spp. Subzone 2c (MIS 88 to 85; 2.29-2.24 Ma) is marked 

by the decrease of Impagidinium taxa and the dominance of Habibacysta tectata in 

association with Filisphaera taxa (Figure 2.4). 
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2.3.4 Close-up on the assemblages of subzone le (3.1-3.0 Ma, MIS K2 to MIS G20) 

In the interval from 175.11 to 144.24 rmcd (3.1-3.0 Ma), the analyses of 80 samples 

yield an average temporal resolution of2 400 years (Figure 2.5). The assemblages show 

successive àbundance peaks of several taxa. At the base, the MIS K2 is characterized 

by Habibacysta tectata (up to 37%) and Filisphaera filifera. Spiniferites 

mirabilis/hyperacanthus, which is otherwise practically absent of the entire study 

interval, also records an abundance peak (up to 6%) centered at 3.088 Ma. At, the 

transition from MIS K2 to MIS KI, Filisphaerafilifera increases to a maximum (53%) 

which is followed by increase of Jmpagidinium taxa, Habibacysta tectata and the cysts 

of Pentaspharodinium dalei. The MIS K2 corresponds to a high percentages of 

Operculodinium centrocarpum bearing short processes,which reach maximum 

between 3.076 and 3.065 Ma. The top of MIS K2 is characterized by abundant cysts of 

Pentaspharodinium dalei and the MIS G22-G20 record dominant Nematosphaeropsis 

labyrinthus and round brown cysts. 
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2.4 Discussion 

2.4.1 Paleoecological interpretation of dominant dinocyst taxa in Pliocene sediment 
ofIODP Site U1307 

One of the most abundant dinocyst taxon, Operculodinium centrocarpum, is a 

cosmopolitan species which tolerates a large amplitude of temperatures and salinities 

( e.g., Rochon et al., 1999; Mertens et al., 2011; de Vernal et al., 2001, 2013; Zonneveld 

et al., 2013). In the surface sediments, it is particularly abundant in the temperate to 

subpolar North Atlantic Ocean, notably in the path of the North Atlantic Current (NAC) 

(Rochon et al., 1999). In the Plio-Pleistocene sediments of the North Atlantic and the 

Nordic Seas, this species was interpreted as a proxy for the NAC influence (De 

Schepper et al., 2009, 2013; Hennissen, 2013; Hennissen et al., 2014, 2017). The IODP 

U1307 zone 1 characterized by Operculodinium centrocarpum abundances could 

reflect NAC inflow into the Labrador Sea possibly through warm and saline waters 

from Irminger Current until about 2.65 Ma (Figure 2.4). 

The round brown cysts that are often associated with neritic conditions and lower 

salinities in the recent Labrador Sea records (Rochon et al., 1999; de Vernal et al., 

2013; Gibb et al., 2015) may correspond also to high nutrient availability and primary 

productivity ( e.g., Rochon et al, 1999; Radi and de Vernal, 2008). ln the Pliocene 

sediments of the northern North Atlantic, round brown taxa are not a dominant part of 

the assemblages (De Schepper et al., 2013; Hennissen et al., 2014, Clotten et al., 2018; 

·Schreck et al., 2017), except at ODP Hole 999A, situated in the Caribbean Sea, where 

it was associated with high productivity related to the inflows of Pacifie waters (De 
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Schepper et al., 2013), and at ODP Site 911 situated off Svalbard, where it might 

indicate cold conditions and seasonal sea-ice cover (Matthiessen and Brenner, 1996). 

In our record, the round brown cysts are recurrent throughout the study interval · 

(Figure 2.4). In the context of the study area and taking into consideration the diversity 

of accompanying taxa, abundant round brown cysts suggest high productivity with 

possibility of seasonal sea ice cover. This would be compatible with the biogenic opal 

data from ODP Site 646, which led to suggest seasonal sea ice cover in the Labrador 

Sea since 4 Ma in association with the onset of the modem EGC (Bohrmann et al., 

1990). High abundance of round brown cysts and high P/G index generally 

concomitant with high P/D index values together suggest high nutrient inputs from 

surrounding areas of the Greenland (Figure 2.2) during the late Pliocene and early 

Pleistocene, at least until ~2.45 Ma. A decrease ofterrestrial and marine palynomorph 

concentrations including the acritarcha Cymatiosphaera and Lavradosphaera (Figure 

2.2), strongly suggest reduced productivity after 2.45 Ma. 

Filisphaerafilifera, Filisphaera microornata and Habibacysta tectata occurred almost 

continuously in our study interval. They are extinct species, which disappeared from 

the North Atlantic, the Nordic Seas, the Arctic and the North Pacifie oceans during the 

Pleistocene after 2.0 Ma (Matthiessen et al., 2018). Filisphaera filifera and 

Habibacysta tectata are both considered cool-tolerant water species (De Schepper et 

al., 2011; Hennissen et al., 2017; Schreck et al., 2017). Filisphaera microornata is also 

considered as a cool-tolerant species in the Pliocene of the North Atlantic (Hennissen 

et al., 2017) and was grouped with the extant species Bitectatodinium tepikiense 

vermiculate var. as they share similar morphological and paleoecologic affinities 

(Hennissen et al., 2017). According to Matthiessen et al. (2018), the acme of 

Filisphaera filifera, Filisphaera microornata and Habibacysta tectata in the Arctic 

Ocean could be associated to inflow from the North Atlantic. At the North Atlantic 
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DSDP Site 610, high abundance of Filisphaera filifera characterized the cold MIS M2 

between 3.264 and 3.312 Ma (De Schepper et al., 2009) whereas Habibacysta tectata 

dominated the assemblages during MIS 103 (2.595-2.575-Ma) and was associated with 

reduced influence of Atlantic waters and a southern shift of the NAC path (Hennissen 

et al., 2014, 2017). At IODP Site U1307, the increased abundance of Habibacysta 

tectata is concomitant with minimum percentages of Operculodinium centrocarpum in 

· Ecozone 2 after 2.65 Ma and during,a brief interval around 3.1 Ma can be attributed to 

significant cooling. 

One of the major species of the Plio-Pleistocene transition at IODP U1307 is 

Pyxidinopsis braboi which records an acme from MIS G2 to 102 (2.65-2.565 Ma). This 

extinct species was described from Pliocene of Belgium where it occurred in low 

number (De Schepper et al., 2004) as in the North Atlantic at IODP Hole 1313C 

(Hennissen, 2013; Hennissen et al., 2014). A peak in abundance is found in the Ross 

Sea, Antarctica, during the middle Miocene climatic optimum (Warny et al., 2009). At 

DSDP Site 610 the acme ofthis species occurred during the Plio-Pleistocene transition 

but is restricted to the MIS 104 (Hennissen, 2013; Hennissen et al., 2014). Pyxidinopsis 

braboi is considered as a cold-polar opportunistic species (Warny et al., 2009; 

Hennissen et al., 2014, 2017; De Schepper et al., 2004) and its acme at DSDP Site 

610A was associated with a southward shift of the Arctic Front in the North Atlantic 

(Hennissen, 2013; Hennissen et al., 2014, 2017). This is consistent with our results at 

IODP Site U1307 where this taxon characterized the base of the Ecozone 2 at about 

2.65 Ma. 

Other cool water indicators in the dinocyst assemblages are extant species including 

the cysts of Pentaspharodinium dalei and Impagidinium pallidum ( e.g., Rochon et al., 

1999; de Vernal et al., 2001, 2013, subm.; Zonneveld et al., 2013). In recent sediments 

of the Northern Hemisphere, the cysts of Pentaspharodinium dalei occurs in high 
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percentages (> 40%) at many sites from the Arctic and subarctic seas in addition to 

temperate continental margin areas and appear to characterized a wide ·range of sea-

surface temperature and salinity in summer, from -1 to 16°C and from 20 to 35 psu (de 

Vernal et al., subm.). It can thus be considered as a highly tolerant taxon in neritic 

settings of high latitudes. From the study of Plio-Pliocene sediments the cysts of 

Pentaspharodinium dalei was also considered as a cool water species (Hennissen et al., 

2017). The recent distribution of Jmpagidinium pallidum shows a relatively narrow 

range in offshore setting of Arctic and subarctic seas, with percentages > 10% where 

summer sea-surface temperature is lower than 7°C and summer salinity higher than 31 

psu (de Vernal et al., subm.). From Plio-Pleistocene studies this species is associated 

to warmer conditions than the modem ones (De Schepper et al., 2011; Hennissen et 

al., 2017). 

Among dinocyst taxa, Operculodinium centrocarpum bearing small processes records 

a significant abundance peak in MIS K 1 sediments. This peak could relate to a low 

salinity pulse as the average process length variation of Operculodinium centrocarpum 

was shown to be correlated with sea surface salinity in the Baltic Sea (Mertens et al., 

2011). A similar peak in abundance (up to 20%) has been observed earlier in the 

Norwegian Sea during MIS KM4 and KM3 interpreted as a freshening of the water 

masses (Panitz et al., 2017). However, such an interpretation is not unequivocal as the 

relationship between the process lengths of Operculodinium centrocarpum and the 

salinity is reverse in the North Pacifie, rather painting to different cryptic species 

(Mertens et al., 2012). 

In surface sediments, Nematopshaeropsis labyrinthus is a cosmopolitan species with a 

wide temperature tolerance (e.g. Rochon et al., 1999; de Vernal et al., 2001, 2013; 

Zonneveld et al., 2013). In recent sediments of the Northem Hemisphere, it is dominant 

with percentages > 40% at sites where summer sea-surface temperature and salinity 
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range 2-14°C and 30-35.5 psu respectively (de Vernal et al., subm.). In the northern 

North Atlantic and subpolar seas, it dominates the postglacial sediment together with 

Operculodinium centrocarpum ( e.g., Solignac et al., 2004; Van Nieuwenhove et al., 

2016) and characterized most interglacial stages of the last million years in the 

Labrador Sea ( de Vernal and Mudie, 1992) which were likely characterized by subpolar 

conditions not unlike those of the present interglacial. The occurrence of 

Nematosphaeropsis labyrinthus in Mio-Pliocene sediments of the Iceland Sea seems to 

correspond to the higher temperature range of the species according to alkenone 

paleothermometry (Schreck et al., 2017). High abundance ~f Nematosphaeropsis 

labyrinthus in Pliocene was also linked to transitional climatic conditions and 

oligotrophic conditions (Hennissen et al., 2017). However, in subzone lC where 

Nematosphaeropsis labyrinthus is particularly abundant, such conditions are not 

compatible with the high proportion of heterotrophic dinocyst taxa and the high 

acritarch concentration, especially those belonging to Cymatiosphaera and 

Lavradosphaera (Figures 2.2, 2.4 and 2.5), which are often associated with cool surface 

waters and high productivity (Schreck et al., 2017, De Schepper and Head, 2014). 

Low to moderate abundance of Impagidinium aculeatum and· Impagidinium 

paradoxum indicated that cold or polar conditions could not have characterized the 

study interval ( e.g., Rochon et al., 1999; Zonneveld et al., 2013; De Sèhepper et al., 

2011; Hennissen et al., 2017). Impagidinium aculeatum is a temperate-warm water, 

oligotrophic species in the modern ocean (e.g., Zonneveld et al., 2013). The dominance 

of Impagidinium aculeatum and lmpagidinium paradoxum instead of round brown 

cysts at ODP Site 999 during MIS M2 was interpreted as the result of diminishing 

inflow of nutrients from the Pacifie via the American Seaway (De Schepper et al., 

2013). At IODP Site U1307, the opposition between abundant heterotrophic round 

brown cysts and the oligotrophic Impagidinium taxa throughout the study interval also 
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suggests variations _in productivity. Accordingly, more oligotrophic conditions 

apparently prevailed during the Pleistocene after ~2.45 Ma in the Labrador Sea (Figure 

2.3). 

2.4.2 Paleoceanography of the Mid-Piacenzian Warm Period from MIS KM5 to MIS 
G20 (3.21-3.00 Ma) in the Labrador Sea 

According to the new age model of Blake-Mizen et al. (2019), the palynological 

analyses performed in samples from IODP Site Ul307 provide a very high temporal 

resolution dinocyst and acritarch records of most of the mid-Piacenzian warm Period 

(mPwP) that extend from 3.264 to 3.025 Ma and corresponds to the time target of 

the Pliocene Research, Interpretation and Synoptic Mapping (PRISM) project 

(Dowsett et al., 2010, 2016). At IODP Site Ul307, the mPwP is represented by our 

subzones la to le encompassing from 3.21 to 3.00 Ma (MIS KM5-G20; Figure 2.5). 

The early mPwP including the cold glacial MIS M2, Ml and KM6 were not recovered 

(Blake-Mizen et al., 2019). 

The mPwP is described as the last geological period significantly warmer than present 

(e.g., Dowsett et al., 2010, 2016). Global air temperatures were estimated ~2-3 °C 

higher than preindustrial ones (Salzmann et al., 2011, Dowsett et al., 2016). Similar 

reconstructions were made for the mean oceanic temperatures, which are evaluated to 

range between O and 6 °C higher than at present (Dowsett et al., 2016). This interval is 

widely studied and used for numerical climate simulation in order to understand the 
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response to global warming as the one expected during the 21 st century (Dowsett et al., 

2016). 

From the MIS KM5 to the beginning of MIS KMl (3.21-3.117 Ma), the surface ocean 

conditions in the North Atlantic were apparently influenced by a strong NAC (De 

Schepper et al., 2009, 2011, 2013; Hennissen et al., 2017, Panitz et al., 2017). Our data 

showing high percentages of Operculodinium centrocarpum suggest that warm and 

saline waters penetrated into the Labrador Sea during this interval. However, the 

increase of Filisphaera '1,t the end of MIS KM5 and during MIS KM2 suggest cooling 

pulses (Figure 2.5). Such cooling pulses as also recorded at ODP Sites 642 and 982 

from the Norwegian Sea and northeast North Atlantic where the alkenone based sea-

surface temperatures and IRD were associated to an eastward shift of the subpolar gyre 

into the Nordic Seas (Bachem et al., 2016). The MIS KM2 is one of the cold phase of 

the mPwP also identified from increase IRD at ODP Hole 907 A (Jansen et al., 2000) 

and 61 0A (Flesche Kleiven et al., 2002). Although we have no IRD data characterizing 

the event, the dinocysts assemblages clearly show a cooling in the surface waters based 

on a marked decrease in the diversity of species. 

From MIS KMl to MIS Kl, the decrease in abundance of Operculodinium 

centrocarpum, the increase of percentages of Habibacysta tectata and round brown 

cysts may reflect a reduced influence of Atlantic waters in the Labrador Sea and higher 

productivity from MIS KMl throug~ the end of subzone le (MIS G20). The overall 

assemblages characterized by Filisphaera, Bitectatodinium and lmpagidinium 

pallidum are consistent with relative cool surface waters, while the abundance peaks 

of the cysts of Pentapharsodinium dalei may suggest some freshening and stronger 

stratifications in the upper water masses. 
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In the MIS K2, the dinocyst assemblages are dominated by Habibacysta tectata, 

Filisphaera filifera and cysts of Pentaspharodinium dalei, which indicate cool surface 

water. In contrast, the significant occurrence of Spiniferites mirabilis and Impagidinium 

aculeatum at the base of MIS K 1 together suggest relatively warm and saline conditions 

(e.g., Zonneveld et al., 2013; de Vernal et al., subm.), at least episodically. In the upper 

part of MIS K 1 the most striking feature in the abundance of Operculodinium 

centrocarpum bearing short processes. This taxon may lead to infer a freshening of 

surface waters in the Labrador Sea (cf. Mertens et al., 2011) possibly related to 

freshwater flux from the Greenland or freshwater supply from the Arctic via the EGC. 

According to Clotten et al. (2018) strengthening of the EGC only occurs after 2.9 Ma, 

which makes it unlikely inputs through the EGC. Actually, the increase concentration 

of terrestrial palynomorphs at IODP Site U1307 during MIS Kl (Figure 2.5) indicates 

larger vegetation cover over south Greenland and inputs from wind pattern (Smith et 

al., 2018) and/or runoff from Greenland. 

After MIS Kl, the mid-MIS G22 characterized by increased èi 180 (Sarnthein et al., 

2009) probably corresponds to ice volume increase in addition to regional cooling. The 

transition is marked by an important increase of Nematosphaeropsis labyrinthus 

percentages, which likely relate to a major change in surface ocean conditions. In this 

interval spanning MIS G22-G20, acritarcha are far more abundant than dinocysts. At 

IODP U1308 and DSDP 610A, acritarcha outnumbering the dinocysts are associated 

to less oligotrophic conditions and temperatures estimated between 10°C and l 7°C (De 

Schepper and Head, 2014). 
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2.4.3 Paleoceanography of the late Pliocene-early Pleistocene Labrador Sea (3.0-2.2 
Ma) 

From MIS G 19 to G3 (3 Ma to 2.65 Ma; see Figures 2.2 and 2.4), the dinocysts 

assemblages are composed of dominant round brown cysts altemating with abundant 

Operculodinium centrocarpum. Such changes in assemblages likely reflect variations 

in productivity and inflow from the NAC in the Labrador Sea. The occurrence of 

lmpagidinium paradoxum and lmpagidinium aculeatum also indicates relatively warm 

environments. 

The MIS G3 upper boundary at ca. 2.65 Mais marked by an important IRD peak, which 

is contemporaneous with that of other records in the North Atlantic and marks the initial 

development of the ice sheet over the Northem Hemisphere (see De Schepper et al., 

2014 and ref. therein). A drop in dinocyst species diversity and increase in reworked 

palynomorphs also reflect massive cooling in the Labrador Sea and input from erosion 

of sedimentary formations along the Greenland during the iNHG. 

From MIS G2 to 102 including the Plio-Pleistocene transition, the most important 

feature is the turnover in the dinocyst assemblages with the replacement of 

Operculodinium centrocarpum by Pyxidinopsis braboi. Such a change is al_so recorded 

at the ODP Hole 61 0A but mostly during MIS 104, where it is interpreted as being the 

result of southward shift of the Polar Front and the NAC (Naafs et al., 201 0; Hennissen, 

2013; Hennissen et al., 2014, 2017). The earlier transition at IODP Site U1307 could 

be explained by the northem and closer position ofIODP Site Ul307 to theArctic Front 

compared to DSDP Site 610. 
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Hennissen et al. (2014) hypothesized a change in the atmospheric pattern and NAC 

path due to ice sheet growth and topography changes near the Plio-Pleistocene 

transition. Such a change is concomitant with increased IRD in the North Atlantic 

(Flesche Kleiven et al., 2002) and at IODP Site U1307, where it is also marked by a 

decrease of palynomorph concentrations associated with decreased primary 

productivity and diversity in marine waters, together with reduced inputs from 

vegetation of surrounding land. These features are consistent with extensive growth of 

continental ice sheet and fondamental reorganization of the ocean circulation leading 

to cool-cold conditions in the Labrador Sea during the early Pleistocene. 

From MIS 102 to MIS 97, the palynological assemblages are marked by high P/G 

values, high freshwater algae concentrations, but low dinocyst concentration and 

species diversity whereas acritarcha are still a major component of the assemblages 

(Figure 2.2). Such assemblages reflect neritic conditions. After MIS 97 at about 2.45 

Ma, the drop in concentrations of both acritarcha and dinocysts suggests very low 

productivity, whereas abundant IRD ,inputs indicate ice calving and iceberg transport 

along the EGC (Clotten et al., 2018) likely as the result of major expansion of the 

Greenland ice Sheet. 

2.5 Conclusion 

This study presents a new Plio-Pleistocene transition (~3.2-2.2 Ma) record of dinocyst 

and acritarch assemblages from IODP Site U1307 in the Labrador Sea. Our results 

highlight two major dinocysts ecozones, which we tentatively associate with the 
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strength of NAC inflow into the Labrador Sea. During the late Pliocene, generally 

warm and saline surface waters from the North Atlantic penetrated in the Labrador Sea, 

whereas this was apparently restricted to interglacial stages of the Pleistocene ( cf. de 

Vernal and Mudie, 1992). The Plio-Pleistocene transition was also marked by a 

turnover of the assemblage, which occurred mostly from MISG2 to MIS 102, with the 

acme of the Pyxidinopsis braboi, indicating a southern position of the Arctic front and 

a shift of the NAC at the iNHG. 

Our study also provided high temporal resolution records of palynological assemblages 

during the mPwP, which was characterized by large amplitude changes related to 

variable advection of NAC and cooling/freshening of the surface waters due to 

freshwater discharges from Greenland. 
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Figure 2.1 Map of the Labrador Sea showing the location of the study Site lODP 

U 1307, the other sites rnentioned in the text, and the present day surface currents (made 

with Ocean Data Yiew, Schlitzer, 2018) 
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Figure 2.2 Concentration of dinocysts, acritarcha, fresh water algae, marine reworked 

palynomorphs ( dinocysts and acritarcha), terrestrial reworked palynomorphs (pollen 

grains and spores), ice rafted debris > 150µm, and pollen grains and spores expressed 

in number of specimens per g of dry bulk sediment in IODP Site U1307. Pollen 

assemblage composition (%) of trees ( dark green), shrubs (light green) and herbs 

(yellow), are expressed without Pinus as this genus is usually over-represented in 

marine sediments, notably in the Labrador Sea (Rochon and de Vernal, 1994). P/G 

index, P/D index. Shannon-Wienner index is showed with only dinocysts (black) and 

taking account of dinocysts and acritarcha (grey). Cumulated representation of the 

number of species of acritarcha (blue ), extinct dinocycts (purple) and extand dinocysts 

(orange). Proportion of extinct species in the dinocysts assemblages in purple 
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Figure 2.3 Results from Principal Component Analysis (PCA) perforrned on dinocyst 

percentages in samples from IODP Site U 1307 after a logarithmic transformation to 

increase the weight of accompanying taxa. The first component (PC 1) is represented 

on the vertical axis and the second component (PC2) is represented on the horizontal 

axis 
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Figure 2.4 Relative abundance (%) of selected dinocysts according to PC scores and 

associated to variations of the PCl and PC2 axis in IODP Site U1307 between 3.2 to 

2.2 Ma. "Other species" includes all taxa cited in Table 2.2 in regular text and white 

background. Ecozone boundaries are shown with plain back lines and the subzone 

boundaries with dashed lin es. Samples with less than 10 cysts/sample are not included 

in the figure. Samples counted by S. De Schepper are shown with purple triangles and 

samples counted by A. Aubry are shown with black diamonds. The age model is from 

Blake-Mizen et al. (2019) based magnetic inversions (blue stars) and Relative Paleo-

Intensity (RPI) correlation with IODP Site U1308 (white rectangles). Planktic 

foraminifer stable oxygen isotope data are from Samthein et al. (2009) in black and the 

reference stack of benthic foraminifer stable isotope from Lisiecki and Raymo (2005) 

referred to as LR04 is in grey with marine isotopie stages indicated 
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Figure 2.5 Close-up of terrestrial palynomorph concentration (per g) and the relative 

abundances (%) of selected dinocyst taxa according to PC scores and associated to 

variations of the PCI and PC2 axis in IODP Site Ul307 from the mPwP (subzones la, 

lb and le) between 3.2 to 3.0 Ma. Cold Marine Isotope Stage are shaded in light blue 
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Tables 

118.51 2.2687 RPI U1308 
120.52 2.31938 RPI U1308 
121.3 2.34027 RPI U1308 
121.86 2.3642 RPI U1308 
122.05 2.37048 RPI U1308 
122.4 2.38028 RPI U1308 
123.11 2.42918 RPI U1308 
123.53 2.46437 RPI U1308 
123.96 2.52141 RPI U1308 
J24'.8& 2.595 Reversal §~!-l~~lM~tµyarrj~ . U1307A;14H~3,143 êiri ... '124.74 µi~tj7i-:i4tEfi~irn . 125.06 
127.32 2.66445 RPI U1308 
129.1 2.73077 RPI U1308 
129.73 2.74782 RPI Ul308 
132 2.77611 RPI U1308 
135 2.80408 RPI U1308 
136.03 2.82958 RPI U1308 
136.86 2.84671 RPI U1308 
137.47 2.88009 RPI U1308 
138.13 2.89464 RPI U1308 
138.54 2.90858 RPI U1308 
138.8 2.93008 RPI U1308 
139.31 2.94014 RPI U1308 
141.12 2.96667 RPI U1308 
143.76 3.00041 RPI U1308 

151.01 3.05942 RPI U1308 
155.41 3.09399 RPI U1308 

166.48 3.14918 RPI U1308 
168.96 3.16734 RPI U1308 
170.7 3.18776 RPI Ul308 
174.48 3.207 Reversai Mammoth(t} U1307A~19H-6 60cm 173.93 U1307A~19H-6120 cm 174.53 

Table 2.1 Age model tie points used in IODP Site U1307 from Blake-Mizen et al. 

(2019) 



Amiculosphaera umbraculum 
Ataxiodinium choane 

Ataxiodinium con/usum x x i . ! x 
Ataxiodinium ? sp. x x j l 

cf. Alexandrium? 
Barssidinium graminosum 
Barssidinium pliocenicum : 1 1 : 

Barssidinium sp. X X 

Botiacasphaera minuta 
Batia"'!f'htJe_ra sp. ? 

Bitectatodinium readwaldii 
Bitectatodinium tepikiense 

Bitectotodinlum tepikiense_-_collumelate 
llitectatodinium tepikiense- vermiculate 

Bitectatodinium sp. A De Schepper et al. (2017) 

12-! 
...l.ï~--

Bitectatodinium spp. ! 
Cerebrocystsa? namocensis x x 

cf. Cerebrocysta x x 
Cordospharodium mini!'7_!!_ffl x X-+--;.-..;--

Corrudinium harlandii 
Corrudinium harlandii / Pyxi<J~psis reticu/ata 

Corrudinium /abradori 
<:_or_rudinium sp. 

Dubridinium spp. 1 1 ! ! x ! ! x 

Echinid:I;:i:~::::: : x x ~:_J::: ...... !.: .. 
Filisphaera fil/fera 

Filisph,,_er_a_ microornata 
Habibacysta tectata 

Habibacysta sp. A 
Habibacysta sp. Head et al., 1994 

Heterau/acacysta sp. Co_sta_& Downie 1979 
/mpa,idinium aculeatum 

lmpagidinium cant_a_brigiense 
lmpagidinium cf. cantabrigiense 

lmpagidinium pallldum 
lmpagidinium paradaxum 

lmpagidinium sp. cf. paradoxum 
lmpagidinium patulum 

X ! 

/m;:;~:::5::;~: X : : ........ ! .... : .... 1 ... - .. 

lmpagidinium strialatum x x ( 
lmpagidinium cf. ve/orum X ! X 

impagidinium_sp. granular form X Ï X 

lmpagidinium spp. lndet 1 ! 1 x ! ! x l 
lmpa_gidinium se. 2 o_f_ De Schepper & Head 2009 

lnvertocystsa spp. 
/nvertocys!a l_acrymosa 

W•~~ : • -)=i 
Leje1Jn~cysta catomus ! x j ! ! . x . i ! x 

l.ej~ecysta hattersensis? 1 X ! I ~L•~J l x 
Lej~unecysta marieae I x ! ! ! x ! ! x 

Lejeunecystsa sp. A ! x 1 ! ! x ! ) x 
Ungu/odinium machaerophorum 

Melitasphaeridium choanophorum 
Nematasphae_rapsis labyrinthus 

Nematosphaeropsis lativittata 
Operculodinium spp. 

Operculodinium œntrocarpum sensu Wall & Dale 
(1966) 

Operculodinium centrocarpum sensu stricto 

Operculodinium centrocarpum sensu Wall & Dale 
(1966) short praceos form 

Operculodinlum piaseckii (Schreck, 2012) x x 

X i 
Opercu/odinium 1 eirikianum eirikianum x x ! 

Operculodinium ? eirikianum crebrum x x Î i 
CJperculodiniufTI_ centrocarpum/israelianum I l 1 l 
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C tof Pentospharodiniumdalei .... !!.J .. !.. x, .. 
Picco/adinium sp ?? i 

1 Po/ykrikos sp.? 1 1 1 1 .. ... ; ......... . 
Pyxidinapsis braboi x x ; 
Pyxidinopsis psi/ata 

Pyxidinopsis reticulata 
Pyxidinopsis tubercu/ata 

Pyxidinopsis spp. 
Reticulatosphaera actinocoronata 

Selenopemphix brevispinosa I x I I I x ! 
Selenopenphix dionaeacysta I x 1 1 1 x ! 

cf. Selenopenphix quanta x x ! t x 
Selenopenphix nephoides x . x i_ ... - .. x 

Selenopemphix spp. x ! x 
Spiniferites e/of)gatus X ! i 

Spiniferites membranaceus X ! 
Spiniferites mirabilis/hyperacanthus 

Spiniferites ramosus ? 
Spiniferites rubinus 

Spiniferites granular form 
Spiniferites sp. A 

Splniferites/khomosphaera spp, lndet. 
T ectatodinium sp. A 

Tectatodinium pellitum 

Trinovantedinium variabile x .. x - ......... 1. x 
Trinovantedinium glorianum x x ! x 

Trinovantedinium spp. x .. x .. Î x 
Brigantedinium auranteum x x j 

Brigantedinium cariacoense X ; 

Brigantedinium majusculum 1 1 x ! ! x ! 
8!_igantedinium simplex 1 1 x I l X J 

Brigantedinium op. ! 1 x ! ! x l 
roundbrownc-vsts ! ! x~ xj 

1 Brown lndet. cysts ! ! x j j x i 
Brown cysts spp. 

Cyst of Scrippsiella trifida 
Cysts type I of de Vernal & Mudie 1989 

Dinocyst? sp. A 
Dinocyst sp. B 

Dinocyst spp. lndet. .. 
Aêiitài'chà h~tiiritl G RN 

OfmatitJsphaera ? aegiril 
Cymatiosphaera? fensamel 

Cymatiosphaera ?_icernarum 
Cymatiosphaera? invagingt_a 
Cymatiosphaera? laptisepta 

Cymatiosphaera sp.2 of Schreck 2013 
Cymatiosp"'1era sp.1 of Schreck 2013 

O,,matiosphaera spp. 
Lavradosphaera canalis 

Lavradasphaera crista 
Lavradosphaera lucifer 

Lavradosphaera spp. 
Leiosphaeridia rockhallensis 

Leiosphere spp. 
Ornemented leiosphere 

• Leiosphere large folded • 
-_Leiosphere, small spherical th_ic_k_wall • 

• Leiosphere 'ornamented_', a_n ___ gu_la_r --'py_lo_m_e •-+----+----+---+-+----+--
r.-fycristridium spp. ! x 

Cystidiopsis certa 
Nannobarphora wal/dalel 

Pterospermella sp. ! ......... ; ......... . 
Cyst 1 of de Vernal & Mudie 1989 . c,. ....... 

Acritarch sp. 1 of Hennissen 2013 

Acritarch sp. 6 of Hennlssen 2013 

Acritarch sp. 9 of Hennissen 2013 

Acritarch spp. indet 
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Table 2.2 List of dinocyst and acritarch taxa recovered in samples from IODP Site 

U1307 between 3.2 and 2.2 Ma. Indication about their stratigraphie range, extinct or 

extend to modern, their ecological known affinities (from de Vernal et al.,2013; 

Zonneveld et al. 2013 ; De Schepper et al.,2011; Hennissen et al., 2017), taxonomical 

affinities (P: Peridinoid cysts, G: Gonyaulacoid cysts), and neritic (N) to oceanic (0) 

distribution are given. The grouping of taxa is mentioned. Species used in Figure 4 are 

in bold with a grey background, all taxa grouped in "Other species" or "Other 

acritarcha" are in regular text with a white background 
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Abstract 

Analyses of marine and terrestrial palynomorphs of ODP Site 645 in Baffin Bay led us 

to define a biostratigraphical scheme covering the late Miocene to Pleistocene based 

on dinocyst and acritarch assemblages. Four biozones were defined. The first one, from 

438.6 mbsf (meters below sea floor) to 388 mbsf, can be assigned a late Miocene to 

early Pliocene age (>4.5 Ma), based on the common occurrence of Cristadinium 

diminutivum and Selenopemphix brevispinosa. Biozone 2, spanning from an erosional 

unconformity to a recovery hiatus, is marked by the highest occurrences (HO) of 

Veriplicidiumfranklinii and C. diminutivum, which suggest an early Pliocene age (>3.6 

Ma). Biozone 3, above the recovery hiatus and up to 220.94 mbsf, corresponds to late 

Pliocene or early Pleistocene based on occurrences of Bitectatodinium readwaldii, 

Cymatiosphaera? icenorum and Lavradosphaera canalis. Finally, ~etween 266.4 and 

120.56 mbsf, biozone 4, marked by the HO of Filisphaera filifera, Filisphaera 

microornata and Habibacysta tectata, has an early Pleistocene age. 

Our biostratigraphy implies that horizon b 1 of the Baffin Bay seismic stratigraphy by 

Knutz et al. (2015) corresponds to the recovery hiatus at ODP Site 645, which suggests 

a very thick Pliocene sequence along the Baffin Island slope. Dinocyst assemblages 

and terrestrial palynomorphs indicate that the late Miocene-early Pliocene were 

characterized by relatively warm coastal surface waters and boreal forest-forest tundra 

vegetation over surrounding lands. In contrast, the early Pleistocene diriocyst 

assemblages above the recovery hiatus indicate cool surface waters, while pollen data 

suggest reduced vegetation on surrounding lands. 
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3 .1 Introduction 

Baffin Bay is an important transitional basin for heat and sait exchanges between the 

Arctic and North Atlantic (NA) (Figure 3.1); it receives more than one third of the 

freshwater discharge fr~m the drainage of the western Greenland ice sheet (e.g. Rignot 

and Mouginot 2012; Rignot et al. 2016). In the west, the Baffin Island Current (BIC), 

which feeds the Labrador Current (LC), carries large amounts of freshwater from the 

Arctic (Aksenov et al. 2010), impacting the surface water salinity and density in the 

Labrador Sea, thus the formation of intermediate/deep water mass (Cheng and Rhines 

2004) and the Atlantic meridional overturning circulation (AMOC) (Lozier 2012; 

Rhein et al. 2015). In eastern Baffin Bay, the West Greenland Current (WGC) carries 

relatively warm and saline Atlantic waters northward (Tang et al. 2004; Zweng and 

Münchow 2006; Figure 3.1). 

. The Late Neogene ocean circulation in Baffin Bay may have been different from the 

modem pattern but large uncertainties about the paleo-configurations ofthrough-flow 

remain. Regional plate tectonic reconstructions suggest that the channels of the 

Canadian Arctic Archipelago (CAA) were closed (Torsvik et al. 2002; Matthiessen et 

al. 2008)~ thus limiting regional inflow of Arctic waters. Moreover, the seismic profiles 

and sediment structures at Ocean Drilling Program (ODP) Site 645, situated in central 

Baffin Bay (Figure 3.1), led to suggest that local production of deep waters may have 

occurred after the middle Miocene, with strong contour currents in western Baffin Bay 

carrying dense water southward into the Labrador Sea (Cremer and Legigan 1989; 

Arthur et al. 1989; Hiscott et al. 1989). More recently, high-quality seismic reflection 

data from Baffin Bay provided evidence of contourite drift accumulations along the 

margins, which would correspond to an interval spanning the middle Miocene to late 
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Pliocene (Knutz et al. 2015). According to Knutz et al. (2015), the sedimentation was 

controlled by transport ofNorth Atlantic water masses from the Labrador Sea/Irminger 

Sea across the Davis Strait and into eastem Baffin Bay. Northward flow of Atlantic 

waters is compatible with a mild regional climate over northeastem Canada, as inferred 

· from boreal forest and peatland remains of Pliocene and early Pleistocene age on 

Ellesmere Island (Matthews and Ovenden 1990; Tedford and Harington 2003; Elias et 

al. 2006; Ballantyne et al. 2010) and Bylot Island (Csank et al. 2011; Guertin-Pasquier 

2012). Hence, northward transport ofwarm and humid air masses toward high latitudes 

in the Labrador Sea-Baffin Bay corridor during the Pliocene likely played arole in the 

climate over Greenland and eastem Canada (Knutz et al. 2015). By the end of the 

Pliocene, the intensification of the Northem Hemisphere glaciation (iNHG) was 

followed by a general cooling, marking the transition from relatively warm conditions 

with atmospheric pCO2 around 400 ppmv (Raymo et al. 1996; Seki et al. 201 O; Bartoli 

et al. 2011) to the onset of the Quatemary glacial-interglacial oscillations (Zachos et 

al. 2001; Flesche Kleiven et al. 2002; Tripati et al. 2008; Matthiessen et al. 2008; De 

Schepper et al. 2014). In northwest Greenland, this transition was marked by westward 

expansion of the Greenland Ice Sheet on the shelves after ~2.7 Ma (Knutz et al. 2019). 

The Ocean Drilling Program (ODP) Site 645 in central Baffin Bay (70°27.48'N, 

64°39.30'W, 2018 m; Figure 3.1), drilled in 1985, provided a stratigraphie anchoring 

point to understand the Baffin Bay oceanographic gateway and its role in the iNHG 

(Srivastava et al. 1987). However, the sedimentary sequence recovered provided a 

limited paleoclimatological record due to poor recovery (~55%), sedimentary 

discontinuities, mass-transport deposits and rare microfossil content (Srivastava et al. 

1987). Consequently, it was not possible to generate a robust paleomagnetic record 

from the correlation of geomagnetic polarity time scale with biostratigraphic data 

(Clement et al. 1989; Baldauf et al. 1989). Dinoflagellate cysts (hereafter dinocysts) 

and acritarchs, composed of resistant organic matter, were the only microfossils to be 
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regularly recovered in sediments from ODP Site 645 (de Vernal and Mudie 1989a; 

Head et al. 1989; Anstey 1992). However, the lack of a well-established reference Plio-

Pleistocene dinocyst biostratigraphical scheme in the 1980s prevented precise dating 

inferences from dinocysts. Since then, major progress has been made conceming the 

Neogene dinocyst and acritarch taxonomy (Head 1993, 1996, 1997; Versteegh and 

Zevenboom 1995; Head and Norris 2003; De Schepper et al. 2004; De Schepper and 

Head 2008a, 2014; Schreck et al. 2012; Verhoeven et al. 2014) and the biostratigraphic 

scheme for the North Atlantic and Arctic Ocean bas been completely revised (De 

Schepper and Head 2009; De Schepper et al. 2015, 2017; Schreck et al. 2012; 

Mattingsdal et al. 2014; Matthiessen et al. 2018). The above-mentioned studies yield 

relatively well documented regional palynostratigraphy and provide us with the 

opportunity to improve the biostratigraphic scheme of ODP Site 645 and to document 

paleoenvironmental conditions in the light of a better constrained stratigraphical 

context. In the present paper, we revisit the palynostratigraphy of ODP Site 645 with 

the aim to optimize the definition of the Pliocene-Pleistocene transition in relation with 

the iNHG. Additionally, we revise the paleoenvironmental interpretation of the 

Pliocene to early Pleistocene interval and improve the chronology of a regional seismic 

marker horizon. 

3.2 Stratigraphical context 

The sedimentary sequence at ODP Site 645 covers the last ~ 16-24 Ma. It is 

characterized by terrigenous silty clay and muds and sandy silts, with three major 

lithological units (cf. Srivastava et al. 1987; Figure 3.2). Unit I (0-168.1 meters below 
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sea floor - mbsf) is composed of altemating beds of calcareous muddy sands and silts 

with gravel associated with ice rafted debris (IRD). Unit II (168.1-335 mbsf) comprises 

silty mud, clayey silt and silty clays with some dropstones and other IRD. Unit III (335-

114 7 .1 mbsf) consists of homogeneous, poorly sorted muddy sand with IRD associated 

with turbiditic currents (subunit IIIA) and bottom currents (subunits IIIB and IIIC) 

(Srivastava et al. 1987; Arthur et al. 1989; Busch 1989; Hall and King 1989). 

Four seismic sequences have been defined based on their uniformity and seismic 

characteristics (Figure 3. 2, Srivastava et al. 1987). Sequence 1 from the seafloor to the 

top of reflector Rl (388 mbsf) corresponds to lithologie units I and II. It is subdivided 

in subsequence lA (0-167 mbst), which is composed of horizontal and uniform 

interbedded deposits, subsequence lB (167-~388 mbsf), which has chaotic intemal 

reflectors suggesting multiple episodes of sediment redeposition or mass transport 

deposit ( cf. Knutz et al. 2015), and subsequence 1 C. Subsequence 1 C is relatively thin 

at Site 645 and nearly absent westward but reaches thickness of 900 meters in the 

eastem basin. At Site 645, subsequence 1 C consists of interbedded sediments between 

330 and 388 mbsf, just above reflector Rl that marks an erosional unconformity 

(Srivastava et al. 1987; Arthur et al. 1989). Seismic sequence 2 encompasses lithologie 

units IIIA and IIIB and comprises fiat layers from below reflector Rl down to ~546 

mbsf. The high-resolution seismic profiles of Knutz et al. (2015) show disorganized 

structures in the lower part of unit IIIA, which was interpreted as the result of mass 

transport deposition. The base of seismic sequence 3 corresponds to the strong reflector 

R2, expressing an unconformity at 913 mbsf. Sequence 3 is composed of relatively 

continuous reflectors and corresponds to lithologie subunit IIIC. 

The detailed seismic survey of the northwest Greenland margin by Knutz et al. (2015) 

includes long-distance, cross-basin correlations with the ODP Site 645 stratigraphy, 

which led to propose a middle Miocene to late Pliocene age for Unit III and a 
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· Pleistocene age for Unit II and Unit I (Figure 3.2). However, the seismic profile does 

not precisely cross ODP Site 645 as the nearest point of the line is located 17 km south 

of the drilling site and the exact well-tie is complicated by a series of submarine slides 

that back-step from the deep basin across the rise and lower part of the slope. Moreover, 

because of a ~40 m recovery hiatus between Unit III and Unit II at ODP Site 645, the 

location of the Pliocene to Pleistocene transition at ODP 645 remains uncertain. 

3 .3 Material and methods 

3.3.1 Palynological preparation 

A total of 32 samples collected at about ~ 10 m intervals were analyzed. Samples were 

taken in cores from 2 different holes: 12 samples were collected below the recovery 

hiatus in Hole 645D between 438.6 mbsf and 340.6 mbsf in the lithological Unit IIIA; 

20 samples were. collected above the hiatus in Hole 645B between 302.05 mbsf and 

120.56 mbsf in Units II (n=l4) and 1B (n=6). 

Samples were prepared and analyzed at the Geotop Micropaleontology Laboratory in 

Montreal. Standard laboratory procedures of de Vernal et al. (1999) were used for 22 

of the samples. Lycopodium clavatum spore markers were added to each sample before 

chemical treatment for quantitative estimation of palynomorph concentrations 

(Matthews 1969; Mertens et al. 2009). Sample preparation includes wet sieving at 10 

and 106 µm to remove the fine fraction including fine silts and clays and the coarse 

fraction (IRD, foraminifera, radiolaria, etc.), chemical treatment of the remaining 
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fraction (10-106 µm) with warm hydrochloric acid (HCl, 10%) and warm hydrofluoric 

acid (HF, 48%) to dissolve calcium carbonate and silicate particles respectively (cf. de 

Vernal et al. 1999). In addition, to remove remaining silicates, we used sodium 

polytungstate in a solution calibrated at a specific gravity of 2 (Munsterman and 

Kerstholt 1996). According to Mertens et al. (2009), this technique does not change 

dinocyst results. In order to enhance the sampling resolution between 130 mbsf and 

326 mbsf and above the recovery hiatus, we also used the residue of 10 samples from 

the previous study by de Vernal and Mudie (1989a), which were archived at Geotop. 

For these samples, a Eucalyptus globulus suspension was used for concentration 

calculations instead of Lycopodium tablets. Samples were wet sieved between 10 and 

125 µm and the 10-125 µm fraction was successively treated with cold HCl (10%), 

warm HF (48%) and warm HCl (10%) prior to wet sieving with distilled water at 10 

µm. 

The residual organic matter of all 34 samples was mounted between slide and cover 

slide in glycerin jelly. All samples are stored at the Geotop Micropaleontology 

Laboratory. 

3 .3 .2 Palynological analysis 

Identification and count of palynomorphs were performed on a Leica DMR at a 

magnification of x400 or xlO00, using transmitted light. Concentrations (Figure 3.3) 

were calculated with the marker grain method (Matthews 1969; Mertens et al. 2009). 

This approach yields results with an accuracy of± 10% for a confidence interval of 
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95% (de Vernal et al. 1987; Mertens et al. 2009). When possible, 2 or 3 slides were 

analyzed to achieve a statistically representative number of specimens per sample. 

Despite our efforts, some samples remain poorly defined because of low material 

availability and/or low content of dinocycts (Table S 1). Samples with less than 20 

dinocysts per sample were not taken into consideration for paleoecological 

interpretations. Dinocyst and acritarch identification follow the nomenclature of 

Williams et al. (2017). Reworked dinocysts were identified according to their known 

stratigraphie range (extinct in the Mesozoic and/or Tertiary) and/or preservation state 

(Figure 3.4). Stratigraphie occurrence of selected dinocysts and acritarchs is illustrated 

in Figure ?·5 based on concentrations ~s follows: occasional (<10 cysts/g), few (10-

100 cysts/g), common (100-1000 cysts/g), abundant (> 1000 cysts/g). 

Spores and pollen grains were identified based on the nomenclature of MciX.ndrews et 

al. (1973), Bassett et al. (1978) and Kapp et al. (2000). The preservation state of 

terrestrial specimens was used to distinguish 3 categories (Table 3.1, Figure 3.4). For 

clarity purposes and to avoid interpretation bias, we discarded intermediate forms 

( category 2); we show only the results from well-preserved pollen and spores ( category 

1) and unquestionably reworked palynomorphs (category 3) in Figure 3.3. 

All raw data and the list of all dinocyst and acritarch taxa encountered are available in 

Supplementary Tables S 1 and S2. 
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3.4 Results 

3.4.1 Palynological content 

In the 32 analyzed samples, palynomorphs were moderately, to well preserved but 

folding or orientation prevented identification of some specimens. The palynological 

assemblages include dinocysts, acritarchs, freshwater algae, Halodinium, pollen grains 

and spores in addition to reworked palynomorphs. In general, palynomorph 

concentrations are high in lithologie units HIA and II, between 220.94 and 438.6 mbsf, 

and very low in lithologie unit IB, between 209.89 and 120.56 mbsf (Figure 3.3, Table 

S1). 

Dinocysts occur in all samples between 120.56 mbsf and 438.6 mbsf except for one at 

302.05 mbsf (Figure 3.3), and concentrations range from 5 to 2969 cysts/g with an 

average of 472 cysts/g. The concentration of acritarchs is lower than that of dinocysts 

with an average of 237 acritarchs/g and a maximum of 2239 acritarchs/g (Figure 3.3). 

Two intervals are characterized by particularly high concentration of pollen grains and 

spores: one between 220.94 and 276 mbsf (average 765/g) and the other between 353.4 

and 392 mbsf (average of 1372/g) (Figure 3.3). 

Marine and terrestrial reworked palynomorph concentrations are higher in the lower 

part of the study interval between 353.4 and-438.6 mbsf with a maximum of 2131 

marine reworked palynomorphs/g at 421.94 mbsf and 1733 terrestrial older reworked 

palynomorphs/g at 399.2 mbsf (Figure 3.3). In the upper part of the study sequence, 

above the recovery hiatus, concentrations of reworked palynomorphs are very ·1ow 

(Figure 3.3). 
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3.4.2 Biostratigraphy 

Four dinocyst and acritarch biozones were defined based on species distribution and 

assemblages using Lowest (LO) ~nd Highest Occurrence (HO) of taxa (Figure 3.5, 

Figure 3.6) in addition to species diversity and abundances. We used bio-events and 

stratigraphical range of marker species (Table 3.2) as defined from the eastem North 

Atlantic Ocean (DSDP Site 610, De Schepper and Head 2008a, 2008b, 2009), the 

Norwegian Sea (ODP Site 642, De Schepper et al. 2015, 2017) and the Iceland Sea 

(ODP Site 907, Schreck et al. 2012, 2013). 

3.4.3 Dinocyst assemblages 

The dinocysts assemblages include a total of 58 taxa (Table S2) among them 16 taxa 

were used for paleoecological interpretations (Figure 3.7, Table 3.3). Assemblages are 

commonly dominated by Protoperidinale cysts (100% at 130 mbsf), which include all 

brown cysts and brown spiny cysts·, Echinidinium spp., Selenopemphix brevispinosa, 

Selenopemphix nephroides, Selenopemphix dionaceacysta, Lejeunecysta cinctoria, 

Lejeunecysta fallax, Lejeunecysta mariae (Table S 1 ). The second most abundant 

dinocyst taxa include Filisphaerafilifera and Filisphaera microornata/Bitectatodinium 

tepikiense (vermiculate var.) group with up to 42% and 55% at 372.6 and 286.42 mbsf, 
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respectively (Figure 3.7; Table Sl). The remaining part of the assemblages is composed 

of Operculodinium centrocarpum, Reticulatosphaera actinocoronata, 

Melitaspharodinium · choanophorum, Impagidinium aculeatum, Impagidinium 

paradoxum, Nematosphaeropsis labyrinthus, Spiniferites/Achomosphaera spp., 

Bitectatodinium tepikiense (columellate var.), Habibacysta tectata, Impagidinium 

pallidum, Spiniferites elongatus/frigidus, Pyxidinopsis braboi and the cyst of 

Pentapharsodinium dalei (Figure 3.7). 

3.4.4 Pollen grains and spores 

We report only the well-preserved terrestrial palynomorphs in Fig. 3 (Table 3.1). They 

record concentrations ranging from 12 to 3219 pollen grains/g (Table Sl, Figure 3.3). 

Pollen and spore assemblages are relatively uniform in the study interval. They are 

dominated by tree pollen, recording an average of70% (Figure 3.3, Table Sl). Shrubs 

percentages (~26%) are higher in the lower part of our study interval below the 

recovery hiatus with mean values of 82 grains/g, while an average of 22 grains/g is 

recorded above. Herb pollen grains are present in low concentration and represent only 

4% of the assemblages (Figure 3.3, Table Sl). 

Spore concentrations are high between 392 and 353.4 mbsf (up to 996 spores/g). The 

dominant spore type is Sphagnum, which is a bryophyte typical of peatbogs that 

accounts roughly for 70% of the assemblages (Figùre 3.3, Table Sl). 
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3 .5 Discussion 

3.5.1 Palynostratigraphy and chronological implication 

The age determinations from biostratigraphical markers made below assume that 

dinocysts and acritarchs have similar stratigraphie ranges at the study site compared 

with other northern North Atlantic Ocean sites (DSDP Site 610: De Schepper and Head 

2008a, 2008b, 2009; ODP Site 642: De Schepper et al. 2015, 2017; ODP Site 907: 

Schreck et al. 2012, 2013; Table 3.2; Figure 3.1). The recent studies of De Schepper et 

al. (2015, 2017) and Matthiessen et al. (2018), however, highlighted diachronism in 

stratigraphical ranges of bio-events (acme), HO and LO of dinocysts and acritarchs 

across the North Atlantic Ocean, the Nordic Seas and the Arctic Ocean. Nevertheless, 

we defined biozones (Figure 3.5) and made attempts to provide age estimates based on 

the dinocyst and acritarch occurrences at ODP 645 using biostratigraphical information 

from the literature (Table 3.2). 

Biozone 1 (> 4.5 Ma) 

Biozone 1 ( 438.6 - 392 mbsf) is consistent with a late Miocene to early Pliocene age, 

older than ~ 4.5 Ma based on common occurrences of Cristadinium diminutivum and 

S. brevispinosa (Figure 3.5, Figure 3.6), which both range up in the early Pliocene (~4.6 

Ma) in the Norwegian and Iceland seas and charact~rize the Miocene in the Labrador 

Sea (Table 3.2). Moreover, the acritarch Veriplicidium franklinii (Figure 3.6) has a 

known range extending from late Miocene to early Pliocene (8.2- 4.5 Ma) in the 
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northern North Atlantic (Table 3.2), and the HO of Reticulosphaera actinocoronata 

(Figure 3.6) occu~ed between 4.8 and 4.4 Ma at several sites of the North Atlantic 

(Table 3.2). Other species restricted to Biozone 1 and suggesting a late Miocene to 

early Pliocene age include Batiacasphaera hirsuta, Lejeunecysta cintoria and 

Operculodinium? eirikianum eirikianum (Table 3 .2). These taxa, however, occur in 

low numbers. 

The base of Biozone 1 corresponds to undisturbed sediments (Srivastava et al. 1987; 

Arthur et al. 1989) likely representing in situ deposition of pelagic microfossils, such 

as dinocysts and acritarchs. The seismic reflector RI at 388 mbsf, which is interpreted 

as an erosional unconformity (Srivastava et al. 1987; Arthur et al. 1989), marks the top 

of Bi ozone 1. 

Biozone 2 (> 3.6 Ma) 

In Biozone 2 (380.65-340.6 mbsf) the HOs of V. franklinii, C. diminutivum, the 

Batiacasphaera micropapillata complex and S. brevispinosa indicate an early Pliocene 

age, necessarily older than 3.6 Ma (Figure 3.5, Table 3.2). Biozone 2 is also marked by 

the first continuous occurrence of F. filifera, which is also consistent with a Pliocene 

age assignment (see Matthiessen et al. 2018). 

Bi ozone 2 ranges from the sedimentary hiatus (reflector RI) at 388 mbsf to the recovery 

hiatus (Srivastava et al. 1987; Arthur et al. 1989). It corresponds to ODP Site 645 

seismic unit 1 C that consists of a thin layer ( ~50 m) of interbedded muddy sand and 

silt (Srivastava et al. 1987; Arthur et al. 1989). 
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Biozone 3: Late Pliocene or early Pleistocene? (302.05-220.94 mbsf) 

The top of Biozone 3 (302.05 - 276 mbsf) is defined based on the highest significant 

occurrence of R. actinocoronata, Operculodinium cf. tegillatum and Bitectatodinium 

readwaldii (Figure 3.5). The dinocyst and acritarch assemblages in Biozone 3 are 

difficult to interpret. The occurrence of R. actinocoronata may suggest an early 

Pliocene age, but acritarchs Cymatiosphaera? icenorum and Lavradosphaera canalis 

rather point to a late Pliocene-early Pleistocene age (Table 3.2). This interval is also 

marked by relatively high number of dropstones (Figure 3.3) as reported by Korstgard 

and Nielsen (1989), thus suggesting a significant expansion of marine-based ice 

. margins around Baffin Bay at the time. A supporting argument for a late Pliocene age 

is the strong IRD pulse around 300 mbsf with the onset of trough-mouth fan 

pro gradation (Knutz et al. 2019; Hofmann et al. 2016). The HO of R. actinocoronata 

was used as a synchronous bio-event for early Pliocene ( ~4.4 Ma) correlation 

throughout the North Atlantic including the Nordic Seas (Table 3.2). Specimens of this 

species were found in low number in late Pliocene sediments of Belgium and the 

Norwegian Sea and were interpreted to be reworked (Louwye and De Schepper 2010; 

De Schepper et al. 2017). At ODP site 645, the sample at 276 mbsf in Biozone 

contains high number of R. actinocoronata (~ 228 cysts/g; Figure 3.5), challenging the 

reworking interpretation. In Biozone 3, the co-occurrence of Cymatiosphaera? 

fensomei, Lavradosphaera canalis and Lavradosphaera crista in addition to 

Invertocystsa lacrymosa up to 278.9 mbsf indicates an age not younger than 2.3 Ma 

(Anstey 1992), which is also compatible with a late Pliocene-early Pleistocene age . 

Biozone 3 corresponds to seismic subsequence 1B, which is composed of chaotic 

internai reflectors that may be interpreted as mass-transport disturbance (Srivastava et 

al. 1987; Arthur et al. 1989; Knutz et al. 2015; Figure 3.8 and Figure S1). Hence, 

although we should be cautious with the biostratigraphical interpretation of 
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microfossils, our results indicate that mass transport in this interval dates back to the 

Pliocene/ early Pleistocene. 

Biozone 4 (early Pleistocene) 

The dinocyst and acritarch assemblage of Biozone 4 (266.4 to 120.56 mbsf) suggests 

an early Pleistocene age based on HO of F. filifera, F. microornata and H. tectata 

(Figure 3.5, Table 3.2, see Matthiessen et al. 2018). Sediments below 170 mbsf are 

older than ~ 1.4 Ma according to the highest persistent occurrence (HPO) of H. tectata 

and the top of the acme of F. filifera, whichare considered as super bio-events across 

the North Atlantic and Arctic oceans ( cf. Matthiessen et al. 2018). Furthermore, the 

common occurrence of C.? invaginata up to 220.94 mbsf at ODP 645 may suggest an 

age of 2.3 Ma, perhaps slightly younger, based on a comparison with the IODP Site 

1307 record in the Labrador Sea (Aubry et al. accepted). 

Biozone 4 corresponds to the lithologie units II and IB, which contain abundant IRD 

(Srivastava et al. 1987, Arthur et al. 1989). It also corresponds to early Pleistocene unit 

mu-a ofKnutz et al. (2015). 
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3.5.2 Implications for the interpretation of the seismic stratigraphy 

The transition between biozones 1 and 2 has an early Pliocene age (~4.5 Ma) according 

to our study. It is located above horizon b 1 in the seismic profile of Knutz et al. (2015), 

which was assigned to the late Pliocene in the original interpretation (Knutz et al., 

2015). Consequently, our biostratigraphy and the recognition of back-stepping slide 

scars in the upper part of the seismic profile led us to revise the seismic stratigraphie 

interpretation in the vicinity of ODP Site 645 (Figure 3.8). According to our 

biostratigraphy, horizon hl transgresses now across two slide scars and intersects ODP 

·. Site 645 at its nearest point at a level corresponding to the recovery hiatus (~340-300 

mbsf), thus indicating higher sediment thickness of unit mu-b. This interpretation of 

the seismic stratigraphy implies that the contourite features on the middle to upper 

slope influenced by mass-wasting are part of unit mu-b. Despite remaining 

uncertainties due to disrupted package and distance from the borehole, this 

interpretation is in better harmony with the observation of similar upslope climbing 

contourite features on the northwest Greenland margin (Knutz et al. 2015). Moreover, 

it implies a late Pliocene age for horizon b 1, which also agrees with stratigraphical 

correlation with West Greenland wells (Knutz et al. 2019). 

According to our biostratigraphy, the study interval encompasses the stratified interval 

of late Miocene/early Pliocene age below horizon b 1 and early Pleistocene above the 

recovery hiatus. Horizon b 1 now corresponds to the base of the recovery hiatus with a 

late Pliocene age (Figure 3.8). 
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3 .5 .3 Paleoclimatic inferences 

Abundant pollen grain and spores (1000-3000 grains/g) in samples older than 2.3 Ma 

(Figure 3.3) suggest close location of the vegetation source area. The concentrations of 

terrestrial palynomorphs and fresh algae exceed those of marine palynomorphs, 

including dinocysts and acritarchs (Figure 3.3), which indicates · a nearshore 

environment with inputs from runoff and hydrodynamical transport ( e.g., Rochon and 

de Vernal 1994) from the late Miocene/early Pliocene to early Pleistocene. 

The variable preservation state of terrestrial palynomorphs may result from multiphase 

grain transport and deposition with wet-dry cycles (rivers-subaerial weathering) and/or 

chemical-mechanical damaging environmental conditions such as oxidation, turbid 

transport, bacterial degradation, etc. (see Camphell 1999; Tweddle and Edwards 2010 

and references therein). Considering the epicontinental context of Baffin Bay, inputs 

from washed soils through runoff and river flow are compatible with our observations. 

For example, similar concentrations of palynomorphs, including dinocysts, pollen 

grains, spores and reworked material, have been reported in postglacial sediment from 

Hudson Bay (Bilodeau et al. 1990). 

Pollen and spore assemblages of the study interval reflect inputs from boreal forest 

and/or forest tundra. Conifer tree taxa such as spruce (Picea), pine (Pinus) and fir 

(Abies) are common, together with shrub taxa such as willow (Salix), birch (Betula), 

aider (Alnus) and Ericaceae. Assemblages contàin abundant Pinus. However, this 

genus is usually over-represented in marine sediment cores because of high pollen 

production and long-distance atmospheric and hydrodynamic transport (Rochon and 

de Vernal, 1994). Hence, despite the dominance of Pinus pollen, the overall 

assemblages may indicate open coniferous woodland. High concentration of spores, 
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especially pteridophytes (Lycopodium, Selaginella) and Sphagnum, implies humid land 

conditions and extensive peatlands (Figure 3.3). Such·assemblages are concordant with 

those of other high latitude Pliocene records, such as those from the Beaufort formation 

and reflect humid, cool-temperate to subarctic vegetation over the landmasses 

surrounding Baffin Bay (Matthews et al. 1986; Matthews and Ovenden 1990; Vincent 

1990; Fyles et al.1994; Matthews and Fyles 2000; Tedfort and Harington 2003; Elias 

et al. 2006; Ballantyne et al. 2010; Csank et al. 2011; Guertin-Pasquier 2012). 

The decrease in pollen and spore concentrations above the recovery hiatus implies 

changes in the density of the vegetation cover. It corresponds to a slight increase in 

herb percentages, probably due to more open vegetation linked to a cooling climate 

during the Pleistocene at the time of the iNHG, prior to about 2.3 Ma according to our 

biostratigraphical scheme. 
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3.5.4 Marine paleoenvironments 

The abundance of Protoperidinale cysts suggest inputs from .t;iearshore environments 

(Figure 3.7; Table 3.3). Moreover, the much lower diversity of dinocyst and acritarch 

species in Baffin Bay compared to the Labrador Sea suggests limited penetration of 

North Atlantic waters, notably during the late Pliocene and early Pleistocene (de Vernal 

and Mudie 1989a, 1989b; Aubry et al. accepted). 

In the late Miocene to early Pliocene interval of Biozone 1, the dominance of R. 

actinocoronata and H tectata suggests warm surface water conditions (Figure 3.7, 

Table 3.3). In Miocene sediments from the Iceland Sea, the significant occurrence (> 

2.5%) of R. actinocoronata is associated with sea surface temperatures greater than 

18°C (Schreck et al. 2017; Table 3.3). H tectata has been associated with a broader 

temperature range, with a preference for warm temperate waters during the Mio-

Pliocene (8-26°C; Schreck et al. 2017; Table 3.3) but slightly cooler during the 

Plio/Pleistocene (l l-l 7°C; De Schepper et al. 2011; Hennissen et al. 2017; Table 3.3). 

The presence of other warm water taxa s~ch as Batiacasphaera spp., O.? erikianum 

and Lingulodinium machaerophorum confirms relatively warm conditions in Baffin 

Bay during the late Miocene-early Pliocene. However, the cyst of P. dalei, which is 

presently a high latitude taxon ( e.g. de Vernal et al. 2001; Matthiessen et al. 2005), 

may suggest episodic cool and low saline surface water events (Figure 3.7; Table 3.3). 

In the interval covering the early Pliocene to early Pleistocene (biozones 2-4 ), the 

assemblages are characterized by F. filifera, F. microornata and B. tepikiense (Figure 

3.7). Given the distribution of these taxa in the Pliocene and early Pleistocene 

sediments of the North Atlantic and Arctic oceans, their common occurrence likely 

relates to cool conditions (Table 3 .3; De Schepper et al. 2011; Hennissen et al. 2017; 
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Matthiessen et al. 2018). The extant taxon B. tepikiense is presently found in coastal 

areas with low sea surface salinities and large winter to slimmer temperature contrasts 

(e.g. Rochon et al. 1999; de Vernal et al. 2001, 2005, 2013). lt was a dominant taxon 

in dinocyst assemblages throughout the northem North Atlantic during the last glacial 

maximum ( de Vernal et al. 2005). At the end of the study interval, the increase in O. 

centrocarpum may also suggest more open ocean conditions (Figure 3.7, Table 3.3). 

The very low concentration would point to low productivity, possibly due to harsh sea-

surface conditions, as it is presently the case in central Baffin Bay ( e.g. Gibb et al. 

2015). 

3 .6 Conclusion 

This study has allowed us to refine the biostratigraphical scheme, the 

chronostratigraphy and the environmental interpretation of the late Neogene sequence 

at ODP Site 645. Our results indicate that the late Miocene to early Pliocene interval 

(Biozones 1 and 2) at this site was characterized by nearshore environments, with very 

limited open ocean water inflow but strong fluvial and terrigenous inputs. W arm 

surface waters apparently prevailed, while the surrounding lands were covered by 

boreal forest or tundra forest with extensive peatlands. In the early/late? Pliocene to 

early Pleistocene interval (Biozone 3 and 4), cool stratified surface waters and reduced 

vegetation cover with southward migration of the tree line are inferred. The position of 

the Pliocene to Pleistocene transition is ambiguous due to poor chronological control 

and a recovery hiatus, but it was likely associated with a major IRD pulse linked to ice 

sheet growth. 
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This study also made it possible to improve the correlation between the seismic 

stratigraphy of Baffin Bay and the West Greenland margins. However, it highlights the 

need for new drilling sites in Baffin Bay to better define the regional stratigraphy and 

reconstruct past ocean conditions at the time of the intensification of the North 

Hemisphere Glaciation and opening of the Canadian Arctic Archipelago gateway. 
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Figure 3.1 Map of the northwest North Atlantic Ocean with surface current and sites 

mentioned in the text. The map was made with Ocean Data View (Schlitzer, 2018) 
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Figure 3.3 Concentrations of marine and detailed terrestrial palynomorphs. Number of 

dropstones from Korstgard and Nielsen (1 989). 
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category 1 category 2 category 3 

a C 

d e 

known extinct range 

Figure 3.4 Pollen grains and preservation categories (as in Table 1 ). Scale bars are 10 
µm. 

a. Weil preserved specimen of A/nus rugosa. ODP 645D-1 0R-1 ,90-91 cm, R31 /4, 

s i ide 3305-5. Eq uatorial view. b. Moderately preserved specimen of A/nus cf. rugosa. 

ODP 6450-1 0R-1 ,90-91 cm, V20/0, si ide 3305-5. Equatorial view. c. Poorly 

preserved specimen of A/nus sp. ODP 645D-1 0R-1 ,90-91 cm, Y20/1 , si ide 3305-5. 

Equatorial view. d. Weil preserved specimen of Shagnum sp. ODP 645D-17R-4,30-
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31 cm, 261/1, slide 3350-3. Equatorial view. e. Moderately preserved specimen of 

Shagnum sp. ODP 645B-26X-1,40-41 cm, Y41/0, slide 3497-3. Equatorial view. f. 

Poorly preserved specimen oftrilete spore. ODP 645B-26X-1,40-41 cm, V63/0, slide 

3497-3. Equatorial view. g, j. Well preserved specimen of Pinus sp. ODP 645B-26X-

1,40-41 cm, 255/3, slide 3497-3. High (g) and low G) focus in proximal view. h. 

Moderately preserved specimen of Picea sp. ODP 645B-26X-1,40-41 cm, S30/1, 

slide 3497-3. Proximal view. i. Poorly preserved specimen of Gymnosperm. ODP 

645D-17R-4,30-31 cm, X71/4, slide 3350-3. Proximal view. k. Spore of 

Cicatricosisporites (pre-Neogene). ODP 645D-16R-2,130-132 cm, M22/0, slide 

3341-4.1. Cyst of Wetzeliella sp. (pre-Neogene). ODP 645D-17R-6,19-21 cm, U42/0, 

slide 3351-5. Dorsal view. m. Cyst of Chatangiella sp. (pre-Neogene) ODP 645D-

17R-6,19-21 cm, X28/1, slide 3351-5. Dorsal view. 
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Figure 3.5 Biostratigraphical zonation based on dinocysts and acritarchs at ODP Site 

645. Results with less than 20 cysts counted per sample (see* in the sample solumn) 

were not used 
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• 
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-

Figure 3.6 Photographs of the most biostratigraphically important dinocyst and 

acritarch taxa recovered in sediments from ODP Site n645. Scale bars are 10 µm. 

a-c. Reticulatosphaera actinocoronata, ODP 645D-16R-2, 130-132 cm, Q44/3 , si ide 

3341-4. d, h, 1. " Veriplicidium franklinii" of Anstey (1992), ODP 645D-16R-2, 130-

132 cm, L20/1 , slide 3341-4. e, f, g. Selenopemphix brevispinosa, ODP 645D-16R-

2, 130-132 cm, V54/0, si ide 3341-4. i, j, k. Selenopemphix brevispinosa, ODP 645D-
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16R-2,130-132 cm, V57/4, slide 3341-4. m, n. Cristadinium diminutivum, ODP 645D-

17R-4,30-31 cm, 270/0, slide 3350-3. 
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Figure 3.7 Relative abundances (percentages) of selected dinocysts. "Other species" 

includes: A. zevenboomii, Batiacasphaera spp., B. hirsuta, B.micropapillata complex, 

Bitectatodinium spp. , Bitectatodinium/Filisphaera spp., B. raedwaldii, 
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Cordospharodinium spp., C. labradori, Corrudinium spp., C. diminutivum, Filisphaera 

spp., Habibacysta of Head 94, Habibacysta spp., Jmpagidinium sp. A of De Schepper 

and Head (2009), lmpagidinium spp., ·brown lmpagidinium spp., L. machaerophorum, 

Lingulodinium spp., Nematosphaeropsis spp., O. centrocarpum, O.? eirikianum 

eirikianum, O~? eirikianum crebrum, O. tegillatum, Operculodinium spp., 

Palaeocystidium spp., P. tuberculata, Pyxidinopsis spp., indet. Results with less than 

20 cysts counted per sample (see * in the sample column) are not presented. 
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Figure 3.8 Revised correlation of the seismic profile of Knutz et al. (2015) with the 

upper part of the ODP Site 645 sequence. The lithological units at ODP Site 645 follow 

the new stratigraphical interpretation oh horizons and mega-units from this study. The 

vertical axis shows two-way travel-time (twtt). The vertical blue bar correspond to the 

interval of the present biostratigraphy study. Mass transport deposit associated to si ide 

scars (black arrows) are highlighted with the pale blue line. 
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Tables 

Categories Identification Preservation Comments 

1. Well-preserved Very good, genus and No signs of deterioration 
species 

2.Damaged Medium, genus Sporoderm alteration but 
exite visible and flattening 

3.Reworked Poor (gymnosperm, spores Flattened and/or very Know extinct 
or «other pollen grains») alterated sproroderm, range 

brocken, deteriorated 

Table 3.1 Pollen grain preservation state categories 
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Norwegian Sea Iceland Sea Western North Eastern North Other 
Atlantic Atlantic 

ODP Site 642B ODP Site 907 DSDPHole DSDP Site 6to.f.c 
a,b c,d 603Ce IODP1308 

DINOCYSTS 

A. zevenboomii LO: 5.3 Ma 

B. pliocenicum/ HO:<3Ma HO:4.5 Ma HO: 2.74Ma HO: 2.1- 1.95 Ma in 
graminosum Englandh 

HO: 3.6 to 2.6-2.4 Ma in 
Denmark 

B. hirsuta HO:4.98Ma HO: 8.4Ma 
HPO/HCP: 5.53 

Ma 

B. micropapillata HO:4.64Ma HO: 3.4 Ma HCO: 4.0Ma HO: 3.83 Ma 
complex HCO:4.5Ma 

C. labradori HO: 3.27Ma HO:4.5Ma Lower Pleistocene in 
Labrador Sea i 

C. diminutivum HO: 4.91Ma HO:5.81 Ma HO: 5.3 Ma in Nordic seas 
kHO: 5.5 Ma in Labrador 

sea 1 

F.filifera LO: 5.18 Ma HO/HPO: 1.44 Ma Acme:~1.8 Ma mandreferences 

(subsp.filifera) therein 

H. tectata LO: 14.2Ma HPO: 1.7 Ma HO: 0.8Ma HPO : Pleistocene m and 

HPO: 2.07Ma ref erences therein 

L. cinctoria HO: 5.31 Ma 

M choanophorum HO: 3.27Ma HO:4.5Ma 
HPO:8.4Ma 

O.? eirikianum HO:4.5 Ma HPO: 3.59Ma HO: 2.62Ma HO: 2.34 Man 
LO: 13.0Ma LO: 14.0Ma 

O.? eirikianum LO: ~3Ma HO:4.5Ma HO: 2.62Ma HO: 2.34 Man 
eirikianum 

O.? eirikianum HO: 3.45 Ma LO: 3.33Ma 
cerbrum LO: 4.23 Ma 

O. tegillatum HO: 4.49 Ma HO:4.5 Ma HCO: 4Ma HO: 3.71 Ma 
LO: 5.29Ma LO: 8.9Ma LO: 5.02Ma 

P. tuberculata 

R. actinocoronata HO:4.64Ma HO:4.5 Ma HO:4Ma" HO: 4.4 Ma in Belgium 0 

HCO: 4.5 Ma" HO: Lower Pliocene 1 in 
Labrador Sea and Davis 

Strait • 
HO: 4.8 Ma in Greenland 

Sea' 

S. brevispinosa HO: 4.64 Ma HO: 8.4 Ma Late Pliocene in Belgium P 

HPO:10.4 Ma 

S. nephroides HPO: 8.5 Ma Lower Pliocene 

ACRITARCHS 



C.? icernorum 

C.? invaginata 

L. crista HO: :S3Ma 

L. canalis 

HO: 1.71 Ma HO: 2.14- 2.53 Ma 
LO: 3.69 Ma HPO: 2.7-2.74 Ma 

LO: 3.74-3.35 Ma 
HO: l.82Ma 

HPO: 2.74Ma 
HO:2.67Ma 

HCO: 3.00Ma 
HO:2.75Ma 
LO: 2.84Ma 
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HO: 2.9-3.0 Ma g. q 

HO: 2.60Ma 
LO: 2.81 Ma at IODP 1308 

V.franklinii of Anstey HO: 5.29 Ma HO: 4.5 Ma HO: 5.3 Ma 
(1992) LO: 5.9 Ma LO: 8.2 Mar 

Table 3.2 Stratigraphie ranfe of selected dinocyst and acritarch markers. Modified from 

De Schepper and Mangerud (2O17).a De Schepper et al. (2017); b De Schepper et al. 

(2015); c Schreck et al. (2012); d Schreck et al. (2013); e Head and Norris (2003); fDe 

Schepper and Head (2OO8b ); g De Schepper and Head (2009); h Head (1997); 1 Dybkjaer 

and Piasecki (2010) ; j de Vernal and Mudie (1989b ); k Mudge and Bujak (1996); 1 Head 

et al. (1989); m Mattheissen et al. (2018); n Versteegh (1997); 0 Louwye et al. (2004); P 

Louwye and De Schepper (2010); qDe Schepper and Head (2014); rvan Ranst (2015); 

s Piasecki et al. (2002); 1 Channell et al. (1999); u Canninga et al. (1987). HO: highest 

occurrence, LO: lowest occurrence, HPO: highest persistent occurrence, HCP: highest. 

common occurrence. 
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Mio-Pliocene Exi N 0 Oli Paleoecology a Comments 
Dinocysts 

wann water, subtropical/tropical cosmopolitan 
R. actinocoronata X X X cold intolerant sporadic occurrence 

temperate/subarctic 
Batiascasphaera spp. X X X warm water - cool tolerant cosmopolitan 
O. centrocarpum 

X warm water sensu stricto 
O.? eirikianum X cold intolerant 

N. labyrinthus X X subpolar to temperate region cosmopolitan 

similar to modern h, c 

L. machaerophorum wann water, temperate to tropical endemic to the Gulf of Mexico 
(modern)a 

S. elongatus X X cool water - cold tolerant 

I. pallidum warmer waters than modern cold water affinity (modem) h, c X distribution 

H. tectata X X subtropical/tropical wider temperature distribution than 
Plio/Pleistocene •./ 

Acritarchs 

C.? invagina/a cool water - cold tolerance 

Plio/Pleistocene Exi N 0 Oli Paleoecology e,f Comments 

Dinocysts 

Protoperidinale cyst X temperate regions abundant in coastal regions 
O. centrocarpum 
sensu Wall and Dale X X cosmopolitan North Atlantic Current indicator 
(1966) 
!. aculeatum· X X warm water 

I. paradoxum x. X warm water optimum lower than /. aculeatum 

N. labyrinthus X X subpolar to temperate region transitional climatological 
conditions 

Spiniferites spp. X cosmopolitan (modern) h. c 

B. tepikiense 
X X cool water tolerant high seasonality, low salinity (columellate var.) 

F.filifera X cool water/moderate cold tolerant 

B. tepikiense 
(vermiculate var.) (x) (x) cool water tolerant high seasonality, low salinity 
+ F. microornata group 

H. tectata cool water affinities to cold- cool transitional character X X tolerant 

I. pallidum polar to subpolar water but tolerance for warmer waters 
X thanmodern 

S. elongatus cool-temperate to subpolar 
(modern) h,c,g 
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P. braboi polar waters X cool-cold polar water associated with Arctic Front and 

cyst of P. dalei x x x cool-cold water tolerant ice cover, low salinity (modern) b. g 

Table 3.3 Paleoecological affinities of selected Mio-Pliocene and Plio-Pleistocene 

dinocyst and acritarch taxa based on the literature. a Schreck et al. (2017), b de Vernal 

et al. (2013), c Zonneveld et al. (2013), d Limoges et al. (2013), e De Schepper et al. 

(2011), fHennissen et al. (2017), and g Rochon et al. (1999). Exi: extinct, N: neritic, 0: 

oceanic, Oli: oligotrophic. 



CONCLUSION 

Cette thèse avait pour but de documenter la transition Plio-Pléistocène aux hautes 

latitudes du nord-ouest del' Atlantique Nord (Mer du Labrador et Baie de Baffin) dans 

l'optique de mieux comprendre l'enjeu des variations du climat et des conditions 

océaniques de surface dans le contexte de l' englaciation du Groenland. En effet, la 

transition Plio-Pléistocène, située autour de 2,58 Ma, est marquée par une 

intensification des grandes glaciations de !'Hémisphère Nord menant notamment au 

développement de la calotte groenlandaise. La zone d'intérêt, la Mer du Labrador et la 

Baie de Baffin, constitue un corridor qui mérite plus d'attention à la fois (1) pour son 

rôle dans les échanges d'eaux froides et peu salées de l'Océan Arctique avec les eaux 

relativement chaudes et salées de l'Océan Nord Atlantique, (2) mais également pour sa 

position entre le Canada et le Groenland en constituant un bassin de déversement des 

apports fluviatiles et atmosphériques des deux continents. L'originalité de ce travail 

repose sur le couplage entre des indicateurs marins et terrestres. J'ai choisi d'exploiter 

les dinokystes et les acritarches, qui sont sensibles aux conditions océanographiques de 

surface. Pour caractériser l'évolution du couvert de glace continentale, j'ai également 

utilisé les grains de pollen et les spores qui donnent une image de la végétation du 

continent adjacent, et les débris de vêlage de radeaux de glace (ice rafted debris - IRD) 

qui se déposent lors du passage d'icebergs ou de glace de mer. 

Les seules études de palynologie marine concernant la Mer du Labrador et la Baie de 

Baffin au Pliocène datent de 30 ans (de Vernal et Mudie, 1989a, 1989b; Head et al., 

1989 ; Anstey, 1992). Depuis lors, la taxonomie des dinokystes et acritarches du 

Néogène de l'Atlantique Nord a fait l'objet de nombreux· travaux de révisions et 
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réajustements (Head, 1993, 1996, 1997 ·; Versteegh et Zevenboom, 1995 ; Head et 

Norris, 2003; De Schepper et al., 2004; De Schepper et Head, 2008a, 2014; Schreck 

et al., 2012 ; Verhoeven et al., 2013). De plus, la faible résolution temporelle des 

travaux réalisés par de Vernal et Mudie (1989a-b) et Head et al. (1989) ne permettait 

ni de définir précisément la position de la transition Plio-Pléistocène, ni d'effectuer des 

corrélations avec les nouveaux schémas biostratigraphiques établis dans l'Atlantique 

Nord et les mers nordiques (De Schepper et Head 2008a, 2008b, 2009; De Schepper 

et al., 2017 ; Schreck et al., 2012 ; Mattingsdal et al., 2014 ; Matthiessen et al., 2018). 

Or, de telles corrélations sont indispensables pour comprendre les relations entre les 

conditions paléocéanographiques de surface régionales avec le courant nord-atlantique 

(North Atlantic Current, NAC) qui semblent jouer un rôle très important dans la 

dynamique des changements climatiques et l'englaciation de !'Hémisphère Nord au 

Pliocène ( e.g., de Schepper et al., 2013 ; Hennissen et al., 2014, 2015 ; Panitz et al., 

2017). 

Cette thèse a permis, à partir de 180 échantillons de sédiments marins provenant du 

Site IODP U1307, d'établir la première palynostratigraphie détaillée du Pliocène 

supérieur au Pléistocène inférieur (3,2 -2,2 Ma) dans la Mer du Labrador. Basée sur 

des bio-événements (apparition ou disparition d'espèces de dinokystes et/ou 

acritarches), d'acmées calibrées et à partir d'un nouveau, et plus robuste modèle d'âge 

de Blake-Mizen et al. (2019), nous avons défini trois biozones (LSl, LS2 et L83) qui 

peuvent servir de références pour des corrélations régionales et extra-régionales. 

Malgré l'expression d'un certain régionalisme par de nombreux bio-événements 

asynchrones entre la Mer du Labrador, l'Atlantique Nord et les mers nordiques, notre 

étude montre que les changements enregistrés dans la Mer du Labrador se corrèlent 

bien avec ceux du nord-est de l'Atlantique Nord. Les bio-événements marquant les 

limites des biozones que nous avons définies dans la Mer du Labrador (LS 1, LS2, LS3) 

sont généralement uniques au vu des taxa qui les caractérisent. Toutefois, ils ont eu lieu 
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simultanément aux limites des biozones établies dans le centre de l'Atlantique Nord 

(RT4, RT5, RT6 et RT7) au site DSDP 610 (De Schepper et Head, 2009). Seules les 

biozones LS 1 et R T5 ont des limites correspondantes aux disparitions synchrones 

d 'Invertocysta lacrymosa et de Barssidinium graminosum. Les différences de la 

composition taxonomique des assemblages dans la Mer du Labrador sont dues à la 

faible abondance ou la très sporadique présence d'espèces ayant des affinités 

écologiques pour les eaux de surface chaudes mettant en évidence le caractère régional 

relativement froid en comparaison avec le reste del' Atlantique Nord. 

Le second chapitre de cette thèse répond aux objectifs visant les reconstitutions 

paléoécologiqu'es des assemblages de dinokystes et acritarches et a également permis 

de retracer les conditions terrestres au sud du Groenland à partir des assemblages de 

grains de pollen et des spores. Il présente les assemblages de dinokystes comme 

traceurs qualitatifs des conditions paléocéanographiques de surface. Dans l'Atlantique 

Nord et les mers nordiques, l'étude des dinokystes a permis de documenter les 

variations des conditions des eaux de surface durant le Pliocène tardif et la transition 

Plio-Pléistocène (De Schepper et al., 2009a, 2013, 2015, Hennissen, 2013 ; Hennissen 

et al., 2014 ; Panitz et al., 2017). Comme démontré par plusieurs travaux dans la 

dernière décennie (De Schepper et al., 2013; Hennissen, 2013; Hennissen et al., 2014, 

2015 ; Panitz et al., 2017), notre travail confirme que l'espèce Operculodinium 

centrocarpum s'est révélée utile pour caractériser l'intensité et la trajectoire du courant 

nord-atlantique durant le Pliocène. Cependant, bien que la Mer du Labrador soit 

présentement influencée par une branche occidentale du NAC, aucune étude 

paléocéanographique n'avait permis de faire des inférences à l'échelle du Pliocène. 

Les tests statistiques des analyses en composantes principales réalisés sur les 

assemblages de dinokystes de nos échantillons ont permis d'identifier des espèces 

particulièrement plus sensibles aux changements environnementaux, menant à la 
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définition de deux écozones majeures qui peuvent être associées à des changements 

dans l'intensité de l'influence du NAC dans la Mer du Labrador. Cette étude montre 

que peu avant la limite Plio-Pléistocène, une transition très importante a eu. lieu à une 

échelle régionale. Elle se caractérise par un changement abrupt des assemblages avec 

la diminution de l'abondance d'Operculodinium centrocarpum (~2,65 Ma) et l'acmée 

de Pyxidinopsis braboi (~2,65-2,55 Ma). Ces résultats permettent de mettre en 

évidence la connexion entre la Mer du Labrador et le nord-est del' Atlantique Nord. En 

effet, des évènements similaires se produisent presqu'au même moment au site DSDP 

610 dans le nord-est de l'Atlantique Nord (Hennissen, 2013; Hennissen et al., 2014), 

indiquant une modification ~e la trajectoire du NAC et une position plus méridionale 

du front arctique suite à lune augmentation des apports d'eaux de surface polaires vers 

les basses latitudes. Le changement majeur de la composition des assemblages de 

dinokystes dans l'Atlantique Nord et la Mer du Labrador coïncide avec l'intensification 

des glaciations de !'Hémisphère Nord et du Groenland. 

Avec le nouveau modèle d'âge de Blake-Mizen et al. (2019) au site U1307, nous avons 

également produit une palynostratigraphie de haute résolution temporelle du mPwP 

dans la Mer du Labrador. Cet intervalle est largement étudié comme un analogue du 

réchauffement climatique en cours. Notre étude apporte des informations 

supplémentaires permettant de mieux comprendre les relations entre les conditions 

paléocéanographiques et le volume des glaces sur le Groenland pendant cet intervalle. 

L'optimum climatique du Pliocène a été marqué, dans la Mer du Labrador, par des 

changements de large amplitude reliés à un changement dans l'intensité de la 

pénétration du NAC à ~ 3,11 Ma menant à un refroidissement des masses d'eaux 

superficielles, une augmentation des apports d'eau douce en provenance du Groenland, 

et à une expansion du volume des glaces sur le Groenland. 
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De plus, les assemblages polliniques ainsi que les IRD ont permis de mettre en relation 

les changements _paléocéanographiques avec l'expansion de la calotte groenlandaise, 

et donc de répondre à l'un de nos objectifs spécifiques visant à documenter le lien entre 

les milieux marin et terrestre. D'après les exercices de modélisation de Smith et al. 

(2018) proposant des trajectoires atmosphériques au Pliocène, nous suggérons que les 

assemblages polliniques au site IODP U1307 résultent de la présence d'un couvert 

végétal sur le Groenland pendant le Pliocène tardif. 

Ces assemblages polliniques fond état d'une végétation de type forêt boréale-tempérée 

composée de conifères comme le pin, l'épinette, la pruche et le sapin, mais aussi de 

noisetier et chêne et bouleau traduisant un climat plus doux et tempéré, sans doute 

localisée sur le sud du Groenland. Les grains de pollen d'arbustes sont également très 

présents et proviennent d'aulne, de saule et de la famille des plantes éricacées souvent 

associées à des conditions plus humides. Les quelques grains de pollen d'herbacées 

appartiennent majoritairement à la famille des astéracées. La très forte concentration 

de spores de ptéridophytes· et de bryophytes, suggère un climat humide. Les 

assemblages ne montrent pas de changement significatif au cours de l'intervalle 

d'étude (3,2-2,2 Ma) ni pendant le mPwP ou la transition Plio-Pléistocène, mais ceci 

pourrait être due à un comptage insufissant de palynomorphes. Cependant une 

diminution des concentrations des palynomorphes terrestres simultanée à une 

augmentation drastique des IRD indiquerait une diminution du couvert végétal et une 

augmentation de la superficie occupée par les glaciers sur le Groenland autour de 2,65 

Ma, soit de façon synchrone avec le changement principal observé dans les 

assemblages de dinokystes. 

Finalement, le seul site foré dans la Baie de Baffin et permettant de remonter jusqu'au 

Miocène (ODP 645) a également fait l'objet d'analyses dans le cadre de cette thèse. 

Des problèmes de discontinuité dans les enregistrements sédimentaires font que la 
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transition Plio-Pléistocène n'a jamais été clairement identifiée. Le troisième chapitre 

de la thèse exploite donc la taxonomie et les études biostratigraphiques basées sur les 

dinokystes et les acritarches del' Atlantique Nord, et maintenant la Mer du Labrador, 

afin de caractériser la transition Plio-Pléistocène dans la Baie de Baffin. 

C'est pourquoi, 32 échantillons correspondant au Pliocène et Pléistocène d'après De 

Vernal et Mudie (1989b) et Knutz et al. (2015) ont été analysés. Comme il n'existe pas 

de modèle d'âge probant pour le site ODP 645, la distribution stratigraphique des 

espèces a été utilisée pour attribuer un âge aux sédiments. Quatre zones 

biostratigraphiques ont pu être définies et nous avons proposé un âge pour leurs limites. 

Cependant, une de ces limites est associée à un hiatus sédimentaire et l'autre à une 

discontinuité dans la récupération des sédiments lors du forage. L'intervalle étudié 

correspond à des sédiments attribués à la toute fin du Miocène-début du Pliocène (> 

4,5 Ma) jusqu'au milieu du Pléistocène(> 1,4 Ma). Malgré ce large intervalle temporel, 

aucun indice biostratigraphique n'a permis d'identifier de façon univoque la transition 

Plio-Pléistocène au site ODP 645 qui se situerait ainsi, d'après cette étude, dans le 

hiatus de recouvrement des sédiments. 

Grâce à ce travail, nous pouvons proposer une réinterprétation des profils sismiques 

réalisés entre le site ODP 645 et ceux publiés par Knutz et al. en 2015, dont 

l'acquisition a été faite à 17 km de notre site et dans l'est de la Baie de Baffin le long 

des marges groenlandaises. De plus, nous avons démontré que les assemblages de 

dinokystes se sont déposés dans un environnement néritique avec une influence 

océanique très limitée traduisant une faible connexion avec la Mer du Labrador. 

Globalement, les conditions étaient plus chaudes à la fin du Miocène-début du Pliocène 

que pendant le Pléistocène, respectivement avant et après le hiatus de récupération des 

sédiments. 
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Nous avons établi une nouvelle biostratigraphie détaillée basée sur les dinokystes et 

acritarches au Site IODP U1307, et démontré que malgré des conditions régionales plus 

froides, la Mer du Labrador est fortement connectée avec !'Océan Atlantique Nord. Le 

mPwP a été marqué par des changements importants liés à l'intensité du courant nord-

atlantique et à la fonte de glace sur le Groenland. Au-delà du simple développement de 

glace pérenne dans !'Hémisphère Nord, la transition Plia-Pléistocène s'est singularisée 

par une réorganisation des conditions paléocéanographiques dans l'Atlantique Nord. 

La mise en place du front arctique et la migration vers le sud du NAC se sont faites à 

partir de 2,65 Ma dans la Mer du Labrador, ce qui serait un peu antérieur à 

l'enregistrement dans le nord-est de l'Atlantique Nord et à la limite formelle entre le 

Pliocène et le Pléistocène. Les conditions en milieu terrestre montrent également une 

diminution du couvert végétal et une augmentation du couvert de glace à partir de 2,65 

Ma. 

Les résultats de ce travail établissent de solides bases pour de futurs travaux de 

palynologie marine et terrestre dans la Mer du Labrador et la Baie de Baffin tout en 

démontrant la pertinence de telles études le long des marges groenlandàises. En effet, 

il serait opportun de revisiter, d'un point de vue palynologique, le site ODP 646 qui a 

été foré en 1985 en même temps que le site 645, et qui est situé juste au sud du site 

IODP U1307. Bien que le modèle d'âge ne soit pas aussi précis qu'au Site IODP 

U1307, le Site 646 couvre un intervalle plus long allant du milieu du Miocène à l'actuel 

(Srivastava et al., 1989). L'utilisation de la biostratigraphie de la transition Plio-

Pléistocène que nous avons établie au site U1307 permettrait de raffiner le modèle 

d'âge initial basé sur les inversions magnétiques et la biostratigraphie des coccolithes 

et foraminifères planctoniques (Baldauf et al., 1989). De plus, il serait possible 

d'identifier clairement la transition Plia-Pléistocène et d'établir une 

palynostratigraphie régionale couvrant l'ensemble du Pliocène. Les analyses des 

assemblages de dinokystes permettraient des reconstitutions paléocéanographiques 
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alors que les assemblages polliniques contribueraient à retracer les changements 

paléogéographiques et paléoclimatiques en milieu continental sur le long terme. Ainsi, 

il serait possible de préciser quelles sont les relations entre la Mer du Labrador et 

l'Atlantique Nord au moment de l'initiation des grandes glaciations de !'Hémisphère 

Nord vers environ 3,6 Ma (Mudelsee et Raymo, 2005). 

En ce qui concerne la Baie de Baffin, il paraît nécessaire de réaliser de nouveaux 

forages continus afin de documenter les conditions paléocéanographiques, 

paléogéographiques et paléoclimatiques au Néogène et au moment de l'intensification 

des glaciations de !'Hémisphère Nord. En effet, la compilation des données effectuée 

par Matthiessen et al. (2008) et les efforts de modélisation de PlioMIP (Dowsett et al., 

2016) laissent supposer que la connexion entre la Baie de Baffin et l'Océan Arctique 

n'existait pas pendant le Pliocène. 

Enfin, cette thèse souligne l'importance de la proposition de mission de forage IODP 

909 par Knutz et al. (2018). Les sites proposés permettraient de documenter l'évolution 

de la calotte groenlandaise du début du Néogène à l'Holocène et, ainsi, de démontrer 

comment l'expansion de la calotte groenlandaise est· liée à l'intensification des 

glaciations de !'Hémisphère Nord, notamment lors de la transition Plia-Pléistocène. 



ANNEXE A 

SUPPLEMENTARY INFORMATION A DU CHAPITRE I 

List of taxonomie names and their full authorial citations of dinocysts and 

acritarcha from the late Pliocene-early Pleistocene of IODP Site 01307 

Dinocysts 
Achomosphaera Evitt, 1963 
Amiculatosphaera umbraculum Harlan, 1970 
Ataxiodinium Reid, 1974 
Ataxiodinium choane Reid, 1974 
Ataxiodinium confusum Versteegh and Zevenboom, 1995 
Barssidinium Lentin, Fensome and Williams, 1994 
Barssidinium graminosum Lentin, Fensome and. Williams, 1994 
Barssidinium pliocenicum Head, 1994 emend. De Schepper and Head, 2004 
Batiacasphaera Drugg, 1970 emend. Morgan, 1975 
Batiacasphaera minuta (Matsuoka, 1983) Matuoka and Head, 1992 emend. Mastuoka and 
Head, 1992 
Bitectatodinium Wilson, 1973 
Bitectatodinium raedwaldii Head, 1997 
Bitectatodinium tepikiense Wilson, 1973 
Bitectatodinium sp.A of De Schepper et al., 2017 
Brigantedinium Reid, 1977 ex Lentin and Williams, 1993 
Brigantedinium auranteum Reid, 1977 ex Lentin and Williams, 1993 
Brigantedinium cariacoense (Wall, 1967) Lentin and Williams, 1993 
Brigantedinium majusculum Reid, 1977 ex Lentin and Williams, 1993 
Brigantedinium simplex Wall, 1965 ex Lentin and Williams, 1993. 
Cerebrocysta Bujak in Bujak et al., 1980 



cf. Cerebrocystsa? namocensis Head, Norris and Mudie, 1989 
Cordosphaeridium minimum (Morgenroth, 1966) Benedek, 1972 
Corrudinium Stover and Evitt, 1978 
Corrudinium harlandii Matuoka, 1983 
Corrudinium labradori Head, Norris and Mudie, 1989 
Cyst of Pentaspharodinium dalei Indelicato and Loeblich III, 1989 
Cyst of Scrippsiella trifida Lewis, 1991 ex Head 1996 
Cysts type I de de Vernal and Mudie, 1989 . 
Dubridinium Reid, 1977 
Echinidinium Zonneveld 1997 ex Head, Harland and Matthiessen, 2001 
Echinidinium zonneveldiae Head, 2003 
Filisphaera Bujak, 1984 
Filisphaera filifera Bujak, 1984 
Filisphaera microornata (Head Norris and Mudie, 1989) Head, 1994 
Habibacysta Head et al., 1989 
Habibacysta sp. of Head et al., 1994 
Habibacysta sp. A 
Habibacysta tectata Head Norris and Mudie, 1989 
Heteraulacacysta sp. of Costa and Downie, 1979 
lmpagidinium Stover and Evitt, 1978 
lmpagidinium aculeatum (Wall, 1967) Lentin and Williams, 1981 
lmpagidinium cantabrigiense De Schepper and Head, 2008 
lmpagidinium cf. velorum of Bujak 1984 
lmpagidinium pallidum Bujak, 1984 
lmpagidnium paradoxum (Wall, 1967) Stover and Evitt, 1978 
lmpagidinium patulum (Wall, 1967) Stover and Evitt, 1978 
lmpagidinium plicatum Versteegh and Zeven~oom 1995 
lmpagidinium solidum Versteegh and Zevenboom in Versteegh, 1995 
lmpagidinium sphaericum (Wall, 1967) Lentin and Williams, 1981 
lmpagidinium strialatum (Wall, 1967) Stover and Evitt, 1978 · 
lmpagidinium cf. velorum Bujak, 1984 
lmpagidinium sp. 2 of De Schepper and Head, 2009 
lnvertocysta Edwards, 1984 
lnvertocysta lacrymosa Edwards, 1984 
lnvertocysta tabulata Edwards, 1984 
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lslandinium? cezare (de Vernal et al., 1989 ex de Vernal in Rochon et al. 1999) Head et al., 
2001 

. Jslandinium brevispinosa Pospelova and Head, 2002 
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Islandinium minutum (Harland and Reid in Harland et al., 1980) Head et al., 2001 
Lejeunecysta Artzner and Dorhofer, 1978 emend. Lentin and Williams, 1976 and Bujak in 
Bujak et al., 1980 
Lejeunecysta catomus? Harland et al., 1991 
Lejeunecysta hatterasensis Head and Norris, 2003 
Lejeunecysta marieae (Harland in Harland et al., 1991) Lentin and Williams, 1993 
Lejeunecysta sp. A 
Lingumodinium machaerophorum (Deflandre and Cookson 1955) Wall, 1967 
Melitasphaeridium choanophorum (Deflandre and Cookson 1955) Wall, 1967 · 
Nematosphaeropsis labyrinthus (Ostenfeld 1903) Reid, 1974 
Nematosphaeropsis lativittata Wrenn, 1988 
Operculodinium Wall, 1967 emend. Matsuoka, McMinn and Wrenn, 1997 
Operculodinium ? eirikianum cerebrum Head et al., 1989 emend. Head, 1997 
Operculodinium ? eirikianum eirikianum (Head et al., 1989) De Schepper and Head, 2008 
Operculodinium centrocarpum sensu Wall and Dale ( 1966) 
Operculodinium centrocarpum sensu stricto (Deflandre and Cookson, 1995) Wall, 1967 
Operculodinium piaseckii Strauss and Lund, 1992 emend. de Verteuil and Norris, 1996 
Piccoladinium Versteegh and Zevenboom, 1995 
Polykrikos Bütschli, 1873 
Pyxidinopsis Habib, 1976 
Pyxidinopsis braboi De Schepper, Head and Louwye, 2004 
Pyxidinopsis psilata (Wall and Dale, 1973) Head, 1994 
Pyxidinopsis reticulata McMinn and Sun Xuekun, 1994 emend. Marret and de Vernal, 1997 
Pyxidinopsis tuberculata Verteegh and Zevenboom, 1995 
Reticulatosphaera actinocoronata (Benedel, 1972) Bujak and Matsuoka 1986 emend. Bujak 
and Matsuoka, 1986 
Round brown cysts 
Selenopemphix Benedek, 1972 emend. Head 1993 
Selenopemphix brevispinosa Head, 1989 
Selenopemphix dionaeacysta Head, Norris and Mudie, 1989 
Selenopemphix nephroides Benedek 1972 emend. Bujak in Bujak et al., 1980 
Spiniferites Mantell, 1850 emend. Sarjeant, 1970/Achomosphaera Evitt, 1963 
Spiniferites elongatus Reid, 1974 
Spiniferites hyperacanthus (Deflandre and Cookson 1955) Cookson and Eisenack 1974 
Spiniferites membranaceus (Rossignol, 1964) Sarjeant, 1970 
Spiniferites mirabilis (Rossignol 1964) Sarjeant 1970 
Spiniferites ramosus (Ehrenberg, 1828) Mantell, 1854 
Spiniferites rubinus (Rossignol, 1962 ex Rossignol, 1964) Sarjeant, 1970 
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Spiniferites sp. A 
Tectatodinium pellitum (Wall, 1967) Head, 1994 
Tectatodinium sp. A 
Trinovantedinium Reid, 1977 emend. de Verteuil and Norris, 1992 
Trinovantedinium glorianum (Head, Norris and Mudie, 1989) de Verteuil and Norris, 1992 
Trinovantedinium variabile (Bujak, 1984) de Verteuil and Norris, 1992 
Dinocyst sp. A 
Dinocyst sp. B 
Dinocyst spp. 

Acritarchs 
Cymatiosphaera Wetzel, 1933 ex Deflandre, 1954 
Cymatiosphaera? aegirii De Schepper and Head, 2014 
Cymatiosphaera? fensomei De Schepper and Head, 2014 
Cymatiosphaera? icernorum De Schepper and Head, 2014 
Cymatiosphaera? invaginata Head, Norris and Mudie, 1989 
Cymatiosphaera. latisepta De Schepper and Head, 2008 
Cymatiosphaera sp. l of Schreck, 2013 
Cymatiosphaera sp.2 of Schreck, 2013 
Lavradosphaera spp. De Schepper and Head, 2008 
Lavradosphaera canalis De Schepper and Head, 2014 
Lavradosphaera crista De Schepper and Head, 2008 
Lavradosphaera lucifer De Schepper and Head, 2008 

Leiosphaeridia rockhallensis Head and Norris, 2002 
Leiosphaeridia spp. Eisenack, 1985 emend. Downie, Evitt and Sarjeant, 1963 
Micrystridium spp. 
Cj;stidiopsis certa Nagy, 1965 
Nannobarbophora walldalei Head, 1996 
Pterospermella spp. Eisenack, 1972 
Cyst 1 of de Vernal and Mudie, 1989 
Acritarch sp; 1 ofHennissen, 2013 
Acritarch sp. 6 of Hennis sen, 2013 
Acritarch sp. 9 ofHennissen, 2013 
Acritarch spp. indet. 



ANNEXEB 

SUPPLEMENTARY INFORMATION B DU CHAPITRE II 

Concentration comparison for 4 Samples prepared and analyzed in Norway (S. 

De Schepper) and Canada (A. Aubry) 



, Hole 

Core 

Section 

Intervalle 

Depth (mbsf) 

Lab number 

Dry weight (g) 

Tablets added 

Batch number 

Number of Lycopodium clavatum grains added 

Standard deviation 

Coefficient of variation(¾) 

Number of Lycopodium clavatum counted 

SDS:Stijn De Schepper; AA=Aurélie Aubry 

Pollen grain concentration (grain/g) 

Total of marine reworked palyno1T1orphs counted 

Total of terrèstrial reworked palyiwmorplÏs counted 
Reworked palynomorph concentration 

(palynorriorph/g} 

B 

13 

04W 

30-32cm 

114,1 

13C316 1 3287-1 

16,17 1 5,77 

334 1516 1 
SOS AA 1 

216 

B B B 

14 15 15 

06W 0lW 04W 

30-32cm 30-32 cm 30-32cm 

126,6 128,6 133,1 

13062 1 3147-6 13063 1 3148-3 13065 1 3285-3 

10,49 1 9,0383 16,95 1 4,7264 22,78 1 7,4 

483216 

18583 

1708 

9,19 

687 1274 1 819 1920 1 1203 1293 

SOS AA 1 SOS AA 1 SOS AA 



ANNEXEC 

SUPPLEMENTARY INFORMATION B DU CHAPITRE I ET A DU CHAPITRE II 

Palynomorph counts, including pollen, spores, dinocysts and acritarcha, from 

3.2 to 2.2 Ma in sediment samples from IODP Site 01307 

Étant trop volumineux, le fichier est disponible au format tableur excel dans le lien 

suivant. Après acceptation des articles des chapitres I et II, le fichier sera accessible en 

ligne via le site des revues. 

https://www .dropbox.com/s/zahdvd76rnzkfl 0/ Annexe%20C%20Aubry%20PhD 

%202019.xlsx?dl=O 



ANNEXED 

SUPPLEMENTARY INFORMATION S2 DU CHAPITRE III 

List of taxonomie names and their full authorial citations of dinocysts and 

acritarcha from the late Miocene to early Pleistocene of ODP Site 645 

Dinocysts 
Achomosphaera Evitt, 1963 
Ataxiodinium zevenboomii Head, 1997 
Barssidinium pliocenicum (Head, 1993) Head, 1994 emend. De Schepper and Head, 2004 
Batiacasphaera Drugg, 1970 emend. Morgan, 1975 
Batiacasphaera hirsuta Stover 1977 
Batiacasphaera micropapillata complex (Stover 1977) Schreck and Matthiessen (2013) 
Bitectatodinium Wilson, 1973 
Bitectatodinium raedwaldii Head, 1997 
Bitectatodinium tepikiense Wilson, 1973 
Brown cysts spp. 
Brown spiny cysts spp. 
Cordosphaeridium Eisenack, 1963 emend. Morgenroth, 1968; Davey, 1969; Sarjeant, 1981; 
Chengquan, 1991 
Corrudinium Stover and Evitt, 1978 
Corrudinium labradori Head et al., 1989 
Cyst of Pentaspharodinium dalei Indelicato and Loeblich III, 1989 
Cristadinium diminutivum Head et al., 1989 
Echinidinium Zonneveld, 1997 ex Head et al., 2001 
Filisphaera Bujak, 1984 
Filisphaerafilifera Bujak, 1984 
Filisphaera microornata (Head et al., 1989) Head, 1994 
Habibacysta Head et al., 1989 
Habibacysta tectata Head et aL, 1989 
Impagidinium Stover and Evitt, 1978 



lmpagidinium aculeatum (Wall, 1967) Lentin and Williams, 1981 
lmpagidinium pallidum Bujak, 1984 
lmpagidnium paradoxum (Wall, 1967) Stover and Evitt, 1981 
lmpagidinium sp. 2 of De Schepper and Head, 1999 
Lejeunecysta Artzner and Dorhofer, 1978 emend. Kjellstrom, 1972; Lentin and Williams, 
1976 and Bujak in Bujak et al., 1980 
Lejeunecysta marieae (Harland in Harland et al., 1991) Lentin and Williams, 1993 
Lejeunecysra fallax (Morgenroth 1966) Artzner and Dorhofer, 1978 emend. Biffi and 
Grignani, 1983 
Lejeunecysta cinctoria (Bujak in Bujak et al., 1980) Lentin and Williams, 1981 
Lingulodinium Wall, 1967 emend. Wall et al., 1973 
Lingumodinium machaerophorum (Deflrandre and Cookson, 1955) Wall, 1967 
Melitasphaeridium choanophorum (Deflrandre and Cookson, 1955) Wall, 1967 
Nematosphaeropsis Deflandre and Cookson, 1995 emend. Williams and Downie 1966, 
Wrenn 1988 
Nematosphaeropsis labyrinthus (Ostenfeld, 1903) Reid, 1974 
Operculodinium Wall 1967 emend. Matsuoka et al., 1997 
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Operculodinium ? eirikianum cerebrum Head et al., 1989 emend. Head, 1997 
Operculodinium ? eirikianum eirikianum Head et al., 1989 emend. Head, 1997 
Operculodinium centrocarpum sensu Wall and Dale 1966 (Deflandre and Cookson, 1995) 
Wall, 1967, sensu Wall and Dale, 1966 
· Operculodinium centrocarpum sensu stricto Deflandre and Cookson, 1995 
Opercullodinium sp. cf. tegillatum 
Pyxidinopsis Habib, 1976 
Pyxidinopsis braboi De Schepper, Head and Louwye, 2004 
Pyxidinopsis tuberculata Versteegh and Zevenboom , 1995 
Reticulatosphaera actinocoronata (Benedel, 1972) Bujak and Matsuoka, 1986 emend. Bujak 
and Matsuoka, 1986 
Round brown cysts = Brigantedinium Reid, 1977 ex Lentin and Williams, 1993 
Selenopemphix Benedek, 1972 emend. Bujak in Bujak et al., 1980 
Selenopemphix brevispinosa Head, 1989 
Selenopemphix dionaeacysta Head, Norris and Mudie, 1989 
Selenopemphix nephroides (Benedek, 1972) Bujak in Bujak et al., 1980 
Spiniferites Mantell, 1850 emend. Sarjeant, 1970 
Spiniferites elongatus Reid, 1974 
Spiniferites ramosus (Ehrenberg, 1828) Mantel, 1854 
Dinocyst spp. 

Acritarcha 
Cymatiosphaera (Wetzel, 1933) Deflandre, 1954 
Cymatiosphaera? aegirii De Schepper and Head 2014 
Cymatiosphaera? fensomei De Schepper and Head 2014 
Cymatiosphaera? icernorum De Schepper and Head 2014 
Cymatiosphaera? invaginata Head, Norris and Mudie 1989 



Cymatiosphaera latisepta De Schepper and Head 2008 
Cymatiosphaera sp. 1 of Schreck 
Cystidiopsis certa Nagy, 1965 
Lavradosphaera De Schepper and Head, 2008 
Lavradosphaera canalis_ De Schepper and Head 2014 
Leiosphaeridia rockhallensis Head and Norris, 2003 
Leiosphere spp. = Sphaeromorphitic acritarch of Schreck et al., 2013 
Omamented Leiosphaer = Sphaeromorphitic acritarch of Schreck et al., 2013 
Micrystridium (Deflandre, 1973) Sarj eant, 1963 
Nannobarbophora walldalei Head, 1996 
Veryhachium Deunff, 1954 
Veriplicidiumfranklinii of Anstey, 1992 
Acritarch sp. 6 ofHennissen 2013 
Acritarch spp. 
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ANNEXEE 

SUPPLEMENTARY INFORMATION S1 DU CHAPITRE III 

Full marine and terrestrial palynomorph counts in ODP Hole 645B between 

438.6 and 120.56 mbsf 
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ANNEXEF 

SUPPLEMENTARY FIGURE SI DU CHAPITRE III 

Overview of the seismic transect in southwest Baffin Bay (line TGS 2008) from 

Knutz et al. (2015) and correlation with ODP Site 645 displaying our new 

horizon and mega-unit interpretations. Vertical axis is in two-way traveltime 

(twtt). Original site survey lines and drilling site from the Shipboard Scientific 

Party (1987). Previous position of the hl horizon is indicated by white triangles 
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ANNEXEG 

SUPPLEMENTARY PLATES DU CHAPITRE I 
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Plate 1. 

m 
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Supplementary Plate 1. Photographs of the most biostratigraphically important 

dinocyst taxa recovered in sediments from IODP Site U1307. Scale bars are 10 µm. 

a-d. Barssidinium graminosum, a, b. IODP U1307 A-19H-4, 30-32 cm, U25/3, slide 

3181-4. c. IODP U1307A-19H-4, 30-32 cm, U48/2, slide 3181-4. d. IODP U1307B-

15H-5, 30-32 cm, AA39/0, slide 3285-1. 

e, f, g. Pyxidinopsis braboi, IODP U1307A-14H-3, 140-142 cm, Z33/4, slide 3550-2. 

h, I. Barssidinium pliocenicum, h. IODP U1307A-19H-4, 30-32 cm, AA38/4, slide 

3181-4.1. IODP U1307B-15H-3, 80-82 cm, Z19/4, slide 3285-5. 

i, j, k. Filisphaerafilifera, IODP U1307B-15H-3, 130-132 cm, L33/2, slide 3285-4. 

m, n. Habibacysta tectata, IODP U1307A-14H-3, 120-122 cm, Z52/3, slide 3550-1. 

o. Corrudinium harlandii, IODP U1307B-15H-1, 30-32 cm, W39/0, slide 3148-3. 

p. lnvertocysta lacrymosa, IODP U1307B-16H-2, 88-90 cm, U23/0, slide 3255-5. 

q, r. Operculodinium? eirikianum var. eirikianum, IODP U1307A-19H-2, 130-132 

cm; G50/0, slide 3181-2. 

s, t. Operculodinium? eirikianum var. crebrum, IODP U1307A-19h-6, 80-82 cm, 

AA46/1, slide 3182-4. 
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Supplementary Plate 2. Photographs of the most abundant acritarch taxa (and one 

dinocysts) recovered in sediments from IODP Site U1307. Scale bars are 10 µm. 

a, b, c. Lavradosphaera canalis, IODP U1307B-14H-3, 130-132 cm, V21/4, slide 

3053-1 

d, h, 1. Cymatiosphaera? invaginata, IODP U1307B-14H-3, 130-132 cm, 245/3, slide 

3053-1 

e, f, g. Lavradosphaera crista, IODP U1307B-15H-5, 30-32 cm, W46/l, slide 3285-

1. 

i, j, k. Cymatiosphaera? icenorum, IODP U1307B-15H-3, 80-82 cm, Q39/3, slide 

3285-5. 

m, n, o . .Cymatiosphaera? aegirii, IODP U1307B-13H-4, 52-54 cm, L41/3, slide 

3550-5. 

p, t. Operculodinium centrocarpum sensu Wall and Dale (1966), IODP U1307A-

14H-3, 120-122 cm, AA24/0, slide 3550-1. 

q, r, s. Cymatiosphaera?fensomei, IODP U1307B-14H-5, 80-82 cm, X57/4, slide 

3147-4 



APPENDICE A 

THE« WARM » MARINE ISOTOPE STAGE 31 IN THE LABRADOR SEA: LOW 
SURFACE SALINITIES AND COLD SUBSURF ACE WATERS P REVENTED 

WINTER CONVECTION 

Aubry, A. M. R., de Vernal, A., and Hillaire-Marcel, C. (2016). The "warm" 
Marine Isotope·Stage 31 in the Labrador Sea: Low surface salinities and cold 
subsùrface waters prevented winter convection. Paleoceanography, 31(9), 1206-
1224. doi:10.1002/2015PA002903. 
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. APPENDICE B 

RÉSULTATS BRUTS DE LA COMPOSITION MINÉRALOGIQUE DES IRD AU 
SITE IODP U1307 À PARTIR D'ANALYSES PAR DIFFRATION À RAYONS X 



.5 a, 

Age :Ë ] 
u 

:Ë l!l -~ l!l 

,.. 
·i 
0 

u 
C 

l!l 

254 

,.. 
:i 
0 

,.. 
-~ 
0 

l 
Hole Core Section Intervalle 

Depth 
fmbsf)_ 

Depth 
fr_mcdl {l<aj ii "ë ! =s "ë 

] 
=[ 

:g I 1 I ! .!:! 
J! -= :a 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

13 01W 60-62 cm 109,9 116,43 2233,6 37,3 1,1 3,6 0,1 · S,3 2? 10,8 1,6 0,5 2,1 1,5 0,7 32,7 

13 01 W 130-132 cm 109,9 117,13 2245,4 33,1 0,9 3,2 0,1 8,6 5,3 15,3 5,6 10,4 3,7 0,6 0,3 12,9 

13 02 W 30-32 cm 111,1 117,63 2253,8 38 0,7 1,6 0,1 6,6 3,8 3,5 0,5 0,7 4,3 0,7 O 39,S 

13 02 W 130-132 cm 112,1 118,63 2271,7 47,S 1,6 2,1 0,1 0,2 5,8 1,3 0,4 0,2 0,1 0,1 0,4 40,2 

13 03 W 12-14 cm 112,42 118,95 2279,8 13,1 8,9 O O 2,1 3,1 2,1 0,8 0,6 0,6 trace 0,2 68,2 O 0,3 

13 03W 30-32cm 112,6 119,13 2284,3 40,1 2,1 4,8 0,1 0,3 3,3 4,8 1 0,2 0,1 0,2 0,5 42,S 

13 03W 

13 03W 

55-57 cm 

80-82 cm 

13 04W 30-32cm 

13 04W 

13 04W 

52-54cm 

80-82 cm 

112,85 119,38 2290,6 23,1 11,1 0 0 2,9 6,3 3,1 0,9 1,2 0,7 0,9 1,1 48,3 

113,1 119,63 2296,9 36,6 1,8 3,3 0,1 0,2 0,9 0,8 0,6 0,1 0 0,1 0,3 55,2 

114,1 120,63 2322,3 39,5 2,5 1,4 0,1 0,2 2,8 1,2 6,8 0,1 0,1 1,2 0,3 43,8 

114,32 120,85 2328,2 17,4 11,S O O 2,2 3,8 2,5 5,7 0,9 0,4 2,8 1 49,4 

114,6 121,13 2335,7 3,8 0,5 0,6 0,1 0,2 2,9 1,3 84 0,1 0,1 1,2 0,3 4,8 

13 04 W 130-132 cm 115,1 121,63 2354,4 7,7 V U M U W U U U U 
13 osw 
13 

13 

osw 
osw 

115,36 121,89 2365,2 3,6 4,3 

115,6 122,13 2372,7 8,4 0,4 0,7 

115,77 122,3 2377,5 10,5 

0,4 0,9 0,6 0,4 0,5 0,3 trace 0,2 88,6 

0,1 0,2 5,1 1,1 77,9 0,1 0,1 

2,1 4,1 3,3 2 1,2 0,4 

1,9 

1,2 

0,4 3,6 

0,7 67,3 

0,4 

0 

0 

0,9 1,5 

0,2 

0,2 

" œw 
13 œw 
13 œw 
13 œw 
13 œw 

6-8cm 

30-32 cm 

47-49 cm 

62-64xm 

67-69cm 

80-82 cm 

84-86 cm 

88-90cm 

114,52 122,43 2382,3 3, 7 5,1 

115,97 122,57 2392 9,6 6,5 

U U U U U U M o U o 
U U U U M U U U O U 

116,1 122,76 2405,1 15,9 1,1 

116, 14 122,82 2409,2 19, 9 11, 7 

116,18 122,88 2413,3 10,5 5,7 

13 OS W 92-94 cm 116,22 122,93 2416,8 13,4 7,3 

14 02 W 113-115 cm 115,03 122,94 2417,5 11,9 7,1 

13 osw 96-98 cm 116,26 122,99 2420,9 17,9 9,7 

13 OS W 112-114 cm 116,42 123,23 2439,2 14,7 7,9 

14 03 W 2-4 cm 115.42 123,33 2447,6 36, 7 7,8 

14 

13 

14 

14 

03W 

osw 
03W 

03W 

" œw 
" œw 
" œw 
" œw 

12-14cm 

130-132 cm 

28-30cm 

32•34cm 

40-42 cm 

48-SOcm 

56-58 cm 

66-68 cm 

115,52 123,43 2456 19,7 10,7 

116,6 123,49 2461 8,1 0,4 0,7 

115,68 123,59 2472,3 22,1 11,1 0 

115.72 123,63 2477,6 35,6 7,4 

115.8 123, 71 2488,2 22,9 10,6 

115.88 123,79 2498,9 34,7 9,1 

115,96 123,87 2509,5 19,S 9,1 

116.06 123,97 2522,2 30,4 10 

14 

13 

14 

14 

03 W 78-80 cm · 116.18 124,09 2531,8 27,3 

06 W 30-32 cm 117,1 124,22 2542,2 26,1 1,2 2,2 

03 w 100-102 cm 116,40 124,31 2549,4 9,3 8,2 

œ W 112-114 cm 116,52 124,43 2559 25,3 15,7 

14 03 W 120-122 cm 116.6 124,51 2565,4 16,5 8,5 

14 03 W 140-142 cm 116.8 124,71 2581,4 18, 7 11 0 

u u u u u u 

0,1 

0 

U U V U " U U 
U U U M U U U 
U U U U U M 
1,7 2,4 1,1 0,6 0,5 0,4 trace 0,2 73,9 

2,4 4,3 0,9 1,1 0,9 0,9 0,8 0,3 60,S 

u u u u u u u 
3,3 6,8 3,7 0,3 0,2 0,2 trace 1,2 39,2 

2,6 4,7 

0,1 1,5 

2,7 4,8 

2,7 3,7 

u u 
u ™ 
U M 
u u u 

0,7 0,7 0,3 56,2 

0,1 5,4 0,4 8,3 

0,7 0,9 0,3 53,3 

0,2 trace 1,2 46,5 

2,4 4,4 2,1 0,4 1,5 0,4 trace 1,6 53,2 

0 3,3 3,1 2,3 0,3 0,3 0,3 trace 0,9 45,3 

2,2 2,1 0,5 1,2 0,6 1,3 2,1 57,1 

3,4 5,1 2,6 0,3 0,3 0,3 trace 0,9 46,3 

u u u u u u u u 
u u u u u u u 

2 U V U U U U 
O 3,8 5,4 3,3 1,9 1,7 1 trace 0,5 40,9 

0 U 5 U 1 U - U 
o "U U U· U U U 

14 

13 

13 

13 

03 W 148-150 cm 116.88 124,79 2587,8 23,1 11,4 O O 3,2 2,4 0,9 0,8 1,2 0,4 0 1,1 55,2 

06 W 100-102 cm 117,8 125,24 2623,8 30,3 1,4 2,3 0,1 0,2 2,3 10 0,3 1,4 1,3 0,5 41,9 

06 W 130-132 cm 118,1 125,68 2617,8 43,7 1,1 2,2 0,2 0,6 4,1 1,4 2,3 0,6 0 0,4 0,8 42,6 

06 W 145-147 cm 118,25 125,9 2624 19,3 1,6 1,2 0,2 0,3 1,2 2,1 0,6 0,4 2,4 0,2 0,2 70,3 

118,4 126,12 2630,3 36,5 1,4 3,5 0,2 0,1 1,9 1,9 0,6 0,5 4,8 0,3 0,5 47,8 

118,55 126,34 2636,6 34,1 1,5 3 0,1 0,1 1,2 4 0,6 0,4 3 0,3 0,3 51,4 

118,7 126,55 2642,5 39,6 1,9 3,9 0,1 0,1 1,4 3,3 3,9 0,3 2,9 0,3 0,2 42,1 trace 

118.85 126,75 2648,2 23,1 10,7 0 2,1 5,4 2,8 0,7 0,8 0,3 2,2 50,1 

119 

119,1 

126,9 2652,5 26 1,9 1,7 0,1 0,1 1,4 1,8 

127 2655,3 31, 7 1,1 2,5 0,1 0,4 2,3 

0,3 6,8 0,3 0,2 55,4 

0,4 0 0,3 0,2 59 

u 
u 

u 
u 
M 

0 

u 
u 
U 0 

u 
U 0 

M 
u u 
0 

u 
u 
u 
U V 
u 

0,8 

13 œw 
13 œw 
13 œw 
13 œw 
" mw 
" mw 
" œw 

10.12cm 

25-27 cm 

40-42 cm 

55-57 cm 

20-22 cm 

30-32 cm 

96-98cm 119,36 127,27 2663 7,9 6,9 V " U U U U o 
14 01 W 80-82 cm 119,6 127,5 2671,2 32,3 1,1 2,5 0,1 0,4 1 1 0,5 0,4 

14 01 W 130-132 cm 120, 1 128 2689,8 43,2 1,5 3,4 0,2 0,5 1,3 1.4 0,5 0,3 

14 

14 

14 

14 

06W 

02W 

02W 

02W 

60-62 cm 

46-48cm 

80-82 cm 

130-132 cm 

120,50 128,41 2705,1 14,5 6,9 

120,76 128,66 2714,4 15,9 11,2 

121,1 129 2727 63, 7 1,7 4,7 

121,6 129,5 2741,6 37 2,5 1,5 

0 1,7 3 2,4 0,4 0,4 0,4 

3,4 6,3 5,2 0, 7 1,2 0,7 

0,1 1 0,5 8,6 0, 7 0,2 

0,1 0,7 5,3 0,7 0,3 0,2 0,2 

u u 
M M 

u 0,9 

0,2 

1,9 

0,3 18,3 

0,4 49,2 

0,2 

0,4 



14 02 W 148-150 cm 121,78 129,68 2747,2 20,5 11,8 

14 

14 

03W 

03W 

14 03W 

14 03W 

30-32 cm 

66-68 cm 

80-82 cm 

96-98cm 

Hole Core Section Intervalle 

14 03 W 130-132 cm 

14 04 W 30-32 cm 

122,1 130 2751,2 35,1 3,3 5,2 

U2,46 130,36 2755,7 19,6 11,5 0 

122,6 130,5 2757,4 40,1 2,5 

122,76 130,66 2759,4 22,5 10,8 

Oepth 
(mbsf) 

123,1 

123,6 

Depth Age 
(rmcdl (ka) 

131 2763,6 

131,5 2769,9 

u 
"' .a 
ii 

34,8 

10,5 

-~ ] 
.Il 
E 

1,7 

0,7 

1,8 

1,6 4,9 0,9 1,1 0,7 1,2 1,8 52,8 

0,2 3,2 1,5 5,9 1,1 0,8 0 

2,5 4,8 3,4 1,4 1,5 0,4 

0,2 2,2 2,6 2,6 0,9 0,6 0 

0,5 

2,9 

0,6 42,6 

1,2 50,2 

0,4 0,5 43,4 

o U U M U M U 

i 
! 

0,3 

10,3 

-~ 
t 
0,8 

E 

4,5 

2,8 

] 
i 

1,3 

0,9 

u 
"' .li 
3 

22,8 

15,4 

l 
..!! 
-8 

1,4 

0 

2! 
1! 
i 

0,4 

0 

1 
3,4 

51,2 

i 
2,1 

1,8 

il-

24,7 

6,4 

] 

14 04 W 80-82 cm 124,1 132 2n6,1 7,6 0,6 O U o U M U o 
U O U U 

0 75,2 0,5 6,1 0 

14 04 W 130-132 cm 124,6 132,51 2780,9 24,2 0,8 0 5,3 0,8 31,7 0 

14 05W 

14 05W 

14 

14 

05W 

06W 

30-32 cm 

80-82 cm 

130-132 cm 

30-32 cm 

US,1 133,01 2785,5 6,5 0,8 

125,6 133,51 2790,2 16, 7 0, 7 

126,1 

U6,6 

134,01 2794,8 50,3 2,1 3,3 

134,51 2799,5 32,1 0,9 

14 06 W 80-82 cm 127,1 135,01 2804,3 10,6 1,3 

0,8 

1,3 

4,1 3,4 19,5 0 

6,6 10,4 31,6 

0,2 1,5 1,8 2,1 0,7 0,5 

1,5 0 6,7 3,3 17,2 0 

5,2 2,6 57 

49,9 0,5 14,S 

0 7,1 2,1 23,5 

0,3 1,1 36,1 

14,6 0,9 22,8 

5,3 1,2 15,8 

14 06 W 130-132 cm 127,6 135,44 2815 41,9 0,5 0,4 39,7 0,9 

0 

0 

0 

0 0,7 0,2 15,7 0 

14 

15 

15 

07W 

OlW 

OlW 

30-32 cm 

30-32 cm 

80-82 cm 

U8,l 135,84 2824,9 39, 7 3,3 3,3 U U U U M M U U 
128,6 136,3 2835,2 43,6 U O O U U O O U 
U9,l 136,8 2845,5 35,9 1,1 M o U U W o o U 

15 01 W 130-132 cm 129,6 137,3 2870,8 55,1 1,7 0,2 1,8 1,1 0,5 23,8 0,1 15,7 

15 

15 

02W 

02W 

30-32 cm 

80-82 cm 

130,1 

130,6 

137,8 2887,4 30,7 3,9 

138,3 2900,4 63,5 0,9 1,6 

U O U U U 
M U U 

0 0 33,2 1 23,1 

0,8 0,2 2,2 2,8 21, 7 

15 02 W 130-132 cm 131,1 138,8 2930,1 36,1 1,1 2,2 0,2 0,4 0,8 1,3 0,2 0,4 0,3 0,4 1 55,6 

15 

15 

15 

03 W 30-32 cm 

03 W 80-82 cm 

03 W 130-132 cm 

15 04W 30-32 cm 

80-82 cm 15 04W 

15 

15 

15 

04 W 130-132 cm 

OSW 30-32cm 

05W 80-82 cm 

131,6 139,3 2939,9 21,9 0,9 1,4 0,2 0,4 11,7 1,2 0,2 0,3 0,2 0,4 0,4 60,8 

132,1 140,07 2951,3 41,8 2,5 2,2 0,2 0,3 1 1,5 0,1 0,4 0,9 0,3 0,3 48,5 

132,6 140,9 2963,4 43,2 1,4 4 0,1 0,3 1,6 1,4 0,1 0,5 4,3 0,9 0,5 41,7 

133,1 141,74 2974,6 44,5 1,5 2,8 0,1 0,3 2,3 1,4 0,1 0,5 4,5 0,5 40,5 

133.6 142,57 2985,2 20,6 1,2 0, 7 0,2 0,4 0,8 43,1 0,2 0,2 13,5 0, 7 16,4 

134,1 143,41 2995,9 43,4 1,5 4,6 0,1 0,2 2,4 1,4 0,1 

134,6 144,24 3003,7 40,7 1,4 4,3 0,2 0,3 1,5 2 0,1 

135,1 145,07 3009,3 41,1 4,3 8,5 trace O 1,8 8,5 1,8 

U U 1 

0 W U 
U O U U 

15 OS W 130-132 cm 135,6 145,91 3015 38,l 3,2 6,2 trace O 1,3 4,8 6,8 1,1 13,9 2,1 22,5 

15 06W 

15 06W 

10-12 cm 

30-32 cm 

135,9 146,41 3018,4 24, 1 1,8 2,8 0,3 0,2 7,6 2,6 25,8 

136,1 146,74 3020,6 37,1 3,1 6,1 trace O 1,3 4,6 2,2 

1,1 9,1 21,6 

0,6 1,7 42,3 

15 

15 

06 W 47-48,5 cm 136,265 147,02 3022,5 49,9 2,8 4,3 U 2 U U U 1 U M 
U U U U U U M 06 W 64-65 cm 136,44 147,31 3024,5 39,3 2,2 3,3 

15 06 W • 80-82 cm 136,6 147,58 3026,4 33,6 11,2 14,6 trace 0,9 3,3 3,8 0, 7 0,4 1,2 30,3 

15 06 W 97-98,5 cm 136,765 147,85 3028,2 31,6 1,8 2,7 0,1 0,1 1,2 2,9 0,8 0,5 0,6 0,3 0,6 56,8 

15 

15 

15 

15 

15 

15 

06W 

06W 

06W 

06W 

07W 

07W 

113-115 cm 

128-130cm 

130-132 cm 

146-148 cm 

13-14,5cm 

28-30cm 

136,93 

137,08 

137,1 

137,26 

137,425 

137,6 

148,13 3030,6 41, 7 2,4 

148,38 3033,1 38,2 2,2 

148,41 3033,4 44,9 

148,68 3036,1 37,5 

148,95 3038,8 46, 7 

149,25 3041,8 38,9 

3,6 

2,1 

1,9 

2,3 

3,6 

3,3 

3,2 

3,8 

0,9 

0,1 

0,1 

trace 

0,1 

0,1 

0,1 

0,1 

0,1 

0,1 

0,1 

0,1 

1,6 

1,5 

0,6 

1,5 

1,3 

1,1 

3,8 

1,6 

2,3 

1,5 

1,3 

0,1 

0,9 

2,7 

0,9 

1,1 

0,9 

1,7 

1,6 

0,5 

19,6 

0,1 

0,1 

0,9 

0,8 

0,8 

0,7 

0,9 

0,5 

0,4 

0,3 

0,5 

0,4 

1,3 

15 07 W 46-47,5 cm 137,755 149,5 3044,3 38,8 2,3 0,9 0,1 0,1 1,1 0,1 1,1 0,1 0,9 1,3 

0,8 • 41,8 

0,8 48,5 

0,4 

0,5 

0,5 

38,7 

31,7 

42 

52,3 

52,2 

trace 

15 07W 62-64cm 137,92 149,7 3046,3 42,8 2,6 0,1 0,1 2,1 1,4 0,1 1,7 3,4 1,1 28,9 3,7 
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0,7 

0,6 0 

0 

0,7 0 

i 
s 
i 
-~ y 

0 0 

16 01 W 14-15,5 cm 137,935 149,71 3046,4 44,4 0,9 0,8 0,1 0,1 6,2 11,1 4,1 0,1 1,1 17,5 1,1 12,6 0 O 

16 OlW 

16 

16 

16 

16 

OlW 

OlW 

OlW 

OlW 

30-32 cm 

47-48,5 cm 

63-65 cm 

80-82 cm 
92,5-94,5 

138,1 149,88 3048,1 58,4 1,2 

138,265 

138,43 

138,6 

138,725 

150,04 3049, 7 30, 7 

150,21 3051,4 39, 1 

150,38 3053,1 48,8 

150,51 3054,4 22,6 

2,3 

3,9 

1,8 

3,4 

1,2 

3,2 

1,2 

0,1 0,1 5,4 0,3 10,7 0,1 1,5 1,4 

0,1 0,1 

0,1 0,1 

trace 

0,1 0,1 

1,3 

1 

0,7 

1,3 

0,4 

0,3 

2,5 

0,4 

1,1 

0,9 

6,5 

1,2 

0,1 

0,1 

0,6 

0,1 

0,4 

0,3 

0,4 

38,2 

38,5 

17,8 

50 

0,5 

0,6 

0,5 

0,8 

19,9 

23,6 

14,1 

17,6 

18,3 

16 01 W 105-107 cm 138,85 150,63 3055,6 50,2 3,5 1,3 0,1 0,1 1,9 0,4 5,9 0,1 0,4 15,1 2,3 18,7 0 

16 01 W 118-120cm 138,975 150,76 3056,9 12,1 1,3 1 0,2 0,2 2,3 0,5 2,3 0,1 0,4 63,3 2,8 13,5 O O 0 

16 

16 

OlW 

02W 

130-132 cm 

30-32 cm 

139,1 

139,6 

150,88 3058,1 38,1 2,9 

151,38 3062,3 36,5 2,8 

4,5 trace 

4,3 trace 

3,6 

3,5 

5,2 2,2 
2,2 

0,9 

0,8 

U,3 0,6 29,7 

11,9 4,7 28,3 



16 02W 

16 

16 

16 

16 

16 

16 

16 

14 

œw 
œw 
œw 
œw 
œw 
œw 
œw 
03W 

35-37 cm 

42-44cm 

49-50,5 cm 

55-56,5 

62-63,5 cm 

67-69cm 

73-75cm 

80-82 cm 

96-98 cm 

139,65 151,43 3062,7 28,9 3,3 1,9 0,5 0,3 8,8 18 0,4 0,8 0,9 19, 7 15,5 

139,72 151,5 3063,3 32,2 

139,785 151,57 3063,8 28,6 

139,845 151,63 3064,3 13,9 

139,915 151,69 3064,8 30,2 

1,6 

1,5 

0,9 

2,1 

1,8 

1,1 

2,9 

139,97 151,75 3065,2 27,8 1,8 3,6 

140,03 151,81 3065,7 26,4 1,5 2,7 

140,1 151,88 3066,3 27,8 2,2 3,3 

122,76 130,66 2759,4 22,5 10,8 0 

Depth ! 
"ii 

] 
] 
] 

0,5 

0,5 

0,3 

0,3 

0,3 13,9 

0,3 12,3 

0,2 4,3 

0,2 5,1 

1,5 20,1 

2,3 30,7 

1,4 18,9 

25,3 

0,6 

0,6 

0,6 

0,9 

1,2 

1,4 

3,2 

1,5 13,1 11,6 

2,2 7,7 10,3 

32,2 3,1 21,7 

7,4 3,6 16,9 

u u u u u u u u 
u u u u u u u 
u o u u u o u m 
0 U U M M U M U 

Il ·"' i f 
t -~ E 

] 
:c 
î 1! 

.!! :: l 1 1! ! 
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0,7 0 

Il ·"' C 
.!l -~ 
J! 

1 
] 
's. 
-~ ü 

Hole Core Section Intervalle 
Depth Age 
(rmcd! (ka) 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

16 02 W 97-98,5 cm 

16 02 W 105-107 cm 

16 

16 

16 

16 

œw 
02W 

02W 

03W 

16 03W 

16 03W 

16 

16 

16 

16 

03W 

03W 

03W 

04W 

16 04W 

16 04W 

113-115 cm 

121-123 cm 

130-132 cm 

5-7cm 

30.32cm 

55-57 cm 

80-82 cm 

105-107cm 

130-132 cm 

5-7cm 

30-32 cm 

55-57 cm 

16 

16 

04W 80-82 cm 

04 W 105-107 cm 

140,265 

140,35 

152,04 3067,5 

152,13 3068,2 

29,4 

18,7 0,9 

2,4 

2,3 

140,43 152,21 3068,8 25,2 1,8 3,7 

140,51 152,29 3069,5 45,9 2,1 4,3 

140,6 

140,85 

152,38 3070,2 37,3 3,7 

152,63 3072,1 30,4 2,8 

5,6 

3,4 

0,4 

0,4 

0,1 

0,1 

1,7 

1,6 

0,6 0,2 2,8 

0,5. 0,1 6,2 

0,1 

0,8 

10,1 

0,2 3,2 

0,2 

14,4 

13,7 

0,5 

0,5 

3,7 

3,5 

24,5 

40,2 

5,2 14,7 

16,9 

U 1 U 

u u u u u 
6,5 4,6 

0,5 20,2 

0,9 

0,9 10,5 

6,7 

3,9 

4,7 

3,6 

141,1 152,88 3074,1 28,5 1,2 1,8 0,2 0,6 3,1 0,9 0,4 0,4 0,3 32,7 

19,8 

19,6 

23,9 

o· 

0 

0 

141,35 153,13 3076,1 16,1 1,8 2,1 0,8 0,2 . 0,5 50,5 0,8 4,8 6,1 12,3 0 

141,6 153,38 3078 26,1 1,3 1,5 

141,85 153,63 3080 13,8 1,5 1,8 

142,1 153,88 3082 38,6 1,6 3,4 

142,35 154,13 3083,9 15,6 1,7 2,1 

0,3 0,6 8,9 1,3 31,6 0,3 0,3 1,7 7,6 18,5 

0,6 0,2 16,4 0,4 27,3 0,8 0 12,2 11, 7 13,3 

U O U U 0 U U 
U M o U U 

142,6 154,38 3085,9 37,8 1,5 3,3 0,1 0 16,2 6,6 15,7 0,8 1,6 1,7 14,7 

142,85 154,63 3087,9 18,1 1,7 2 0,7 0,2 15,1 0,5 40,9 3 

143,1 154,88 3089,8 31,3 1,5 3,3 

143,35 155,13 3091,8 7,5 0,8 1,1 
U O U 
u u u 

3,5 2,1 12,2 

1,5 

4,3 

8,7 14,9 

3,8 16,7 

0 

0 

0 

0 

0 

0 

16 04 W 130-132 cm 143,6 155,38 3093,8 18,2 0,8 1,2 0,2 0,4 9,1 0,6 28,1 0,4 2,2 21 2,4 15,4 o O 

16 05W 30-32 cm 

80-82 cm 

144,1 155,88 3099,4 24,1 0,7 1,5 0,1 2,8 5,1 3,6 0,6 0 18,2 0,9 42,4 

16 05W 144,6 156,38 3105,1 24,3 0, 7 1,5 0,1 

16 05 W 130-132 cm 145,1 156,88 3114,4 21,9 1,2 2,5 0,1 

19 02 W 80-82 cm 155,4 168,13 · 3161,3 41,1 2,2 4,7 0,3 

19· 02 W 130-132 cm 155,9 168,63 3164,9 24,2 2,4 5,1 0,3 

19 03 W 80-82 cm 156,9 169,63 3175,2 44 2,3 4,9 0,3 

19 04W 30-32cm 157,9 170,63 3186,9 44,5 1,8 5,9 0,2 

19 04 W 80-82 cm 158,4 171,13 3189,9 42,3 2,4 5,3 0,3 

19 04 W ·130-132 cm 158,9 171,63 3192,5 55,2 1,4 6,9 0,2 

u u u 
u u u 
u u u 

0 W U U 
U U 11 U 

u u 
3,3 

2,9 

4,8 0,5 0 

2,8 0,3 0 

19 05 W 80-82 cm 159,9 172,63 3197,6 27,9 2,1 3,4 0,3 O 11,6 13,1 11,9 0,5 

19 05 W 130-132 cm 160,4 173,13 3200,1 26,8 2 3,3 0,3 1,1 11,1 12,6 11,4 

19 

19 

06W 

07W 

19 07W 

80-82 cm 

20-22 cm 

70-72 cm 

161,4 

162,3 

174,13 3205,2 

175,03 3209,8 

40,2 . 1,5 

45 1,1 

3,1 

3,5 

0,2 

0,2 

5,7 

2,8 

7,4 

4,6 

6,4 

4,8 

7,1 

5,3 

0,8 

0,6 

162,8 175,53 3212,3 50 0,8 4,9 0,3 3,3 1,6 5,9 7,5 0,8 

18,3 0,9 43,8 

30,2 2,9 28,1 

2,8 5,5 20,3 

6,7 8,9 17,6 

2,7 2,5 25,8 

18,2 2,6 20,1 

8,1 11,6 20,4 0 

2,6 1,1 17,6 

2,3 8,3 18;7 

0,9 3,3 25,2 

0,9 

0,4 

5,3 

2,5 

21,4 

29,2 

0,5 5,6 18,8 

0 

0 

0 

0 

0 

0 

0 
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