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AVANT-PROPOS

Cette theése a été rédigée sous forme de trois articles écrits en anglais, chacun correspondant
a-un chapitre. Au moment de la publication de ce document, un article a été€ accepté et est en
voie d’€tre publi€, un article a été soumis et est en révision par un comité de lecture et un
article est en attente des retours des co-auteurs avant soumission & une revue a comité de
lecture. La mise en page de ces trois chapitres suit les directives du Guide de présentation
des mémoires et des théses (version 2.0, septembre 2017) du service des bibliothéques de

I’Université du Québec 2 Montréal (UQAM).

Mon travail pour cette thése a commencé par la sélection et la commande de 158 échantillons
de sédiments aupres de I’ International Ocean Discovery Program (I0DP). Deux carottes de
- forages ont été sous-échantillonées aﬁ centre d’archivage de I’TODP a I’Université de Bréme
en Allemagne (IODP Bremen Core Repository). Ces carottes ont été prélevées au cours de
deux campagnes de forage du navire de recherche Joides Resolution dans le cadre de I’ Ocean
Drilling Program (ODP 105 dans la Mer du Labrador et la Baie de Baffin en 1985) et de
I’Integrated Ocean Drilling Program (10DP 303 dans I’ Atlantique Nord en 2004). J’ai été
responsable des traitements physiques et chimiques de ces échantillons dans le laboratoire de
micropaléontologie du centre de recherche sur la dynamique du systéme Terre (Geotop) a
PUQAM et de leurs analyses’ par microscopie optique au Geotop et a I’Alfred Wegener
Institute for polar research (AW]) lors d’un stage & Bremerhaven en Allemagne pendant 1’été
2017. J*ai co-organisé un atelier sur I’identification des dinokystes du Pliocéne au Geotop en
janvier 2017 en invitant deux spécialistes des dinokystes du Pliocéne : Martin J. Head de

I’Université de Brock en Ontario et Stijn De Schepper de I’Université de Bergen, en Norvege.
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L’objectif était d’acquérir une expertise pour I’identification des dinokystes et de résoudre
des problémes taxonomiques préalablement nécessaires a I’utilisation des données de
comptage. J’ai également réalisé I’ensemble des traitements statistiques, les interprétations
des résultats et la rédaction des manuscrits 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
thése, Anne de Vernal. Les co-auteurs de mes articles ont contribué a mon travail en
fournissant des échantillons et des données complémentaires ainsi que par leurs expertises,
conseils, critiques et précieux échanges. Stijn De Schepper a partagé avec moi ses résultats
d’analyses palynologiques de 37 échantillons du Site IODP U1307 et a fourni 17 échantillons

supplémentaires déja traités a analyser (cf. Chapitres I et II).

Le premier chapitre est accepté pour publication (janvier 2020) dans la revue Journal of
Micropaleontology et s’intitule Dinocyst and Acritarch biostratigraphy of the late Pliocene
to early Pleistocene of IODP Site U1307, Labrador Sea. Cet article est co-€crit avec Stijn De
Schepper et Anne de Vernal. Il présente une nouvelle biostratigraphie (dinokystes et
acritarches) détaillée de la transition Plio-Pleistocene (3,2 a 2,2 Ma) dans la Mer du Labrador
et plus particulierement au Site IODP U1307, auquel un nouveau modele d’age vient d’étre
établi (Blake-Mizen et al. 2019). Cet article apporte donc des informations solides sur la
chronologie des apparitions et/ou disparitions d’espéces de dinokystes et acritarches dans le
nord-ouest de I’ Atlantique Nord. Il permet ainsi d’établir une corrélation entre la Mer du
Labrador, le reste de I’ Atlantique Nord et les mers nordiques (Mer d’Islande, Mer de Norvege
et Mer du Groenland) et discute notamment de la synchronisation ou non des bio-événements

durant la transition Plio-Pleistocéne.

Le deuxiéme chapitre sera soumis & 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 U1307, Labrador Sea. Cet article

est écrit, tout comme le précédent, en collaboration avec Stijn De Schepper et Anne de Vernal
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et discute des conditions paleocéanographiques dans la Mer du Labrador ainsi que de
I’évolution spatiale et temporelle de la glace sur le sud du Groenland durant la transition Plio-
Pléistocéne, 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 troisieme et dernier chapitre de la thése a été soumis a la Revue canadienne des sciences
de la Terre. 11 est intitulé Baffin Bay late Neogene palynostratigraphy at ODP Site 645 eta
pour co-auteurs Anne de Vernal et Paul Knutz du Geological Survey of Denmark and
Greenland a Copenhague. Cet article utilise les dinokystes et acritarches afin d’établir une
biostratigraphie de la fin du Mioceéne/début du Pliocéne au Pléistoceéne au Site ODP 645 dans
la Baie de Baffin et d’identifier la transition Plio-Pléistoceéne. Cet article fait référence a la
biostratigraphie du premier chapitre et souligne la difficulté et le peu de matériel disponible

pour retracer I’histoire paléoclimatique de la Baie de Baffin au cours des temps géologiques.

L’Appendice A correspond & un article publié en 2016 dans la revue Paleoceanography se
nommant The « warm » Marine Isotope Stage 31 in the Labrador Sea: Low surface salinities
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 thése. Il présente les conditions de surface et de subsurface dans la Mer du Labrador
(Site IODP U1305) pendant le stade isotopique marin (marine isotopic stége, MIS) 31
reconstruites & partir d’une approche multi-proxy qui combine : des reconstructions basées
sur les assemblages de dinokystes (surface) et les foraminiféres planctoniques (subsurface),
ainsi que des analyses géochimiques sur la composition isotopiques de 1’oxygéne et du
carbone & partir des foraminiféres planctoniques et benthiques. Il m’a en particulier permis
d’inférer I’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 thése et suis responsable de I’écriture du manuscrit qui a été faite au début
de mon doctorat. Cet article constitue un point de départ fondamental qui m’a transmis
I’envie I’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 P'UQAM avec Michel Preda et I’aide de deux étudiants : Cesar Elies et Tiffany
Audet. Les résultats bruts sont présentés dans l’Appeﬁdice B. Un quatrieme article traitant de
I’origine des IRD dans la Mer du Labrador durant la transition du Plio-Pléistoceéne et de
I’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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RESUME

Depuis quelques années, la transition-Plio-Pléistocene (2,58 Ma) suscite une attention
particuliére 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 CO» atmosphérique (~400 ppm au Pliocéne versus 180-280 ppm au
Pléistocéne), et par conséquent d’une intensification des grandes glaciations dans
I’Hémisphere Nord menant au développement de la calotte groenlandaise. Si la calotte
du Groenland est la seule de I’Hémisphere Nord a avoir persisté pendant la plupart des
interglaciaires du Pléistocéne, contrairement aux inlandsis laurentidien, innuitien et
fennoscandinave, elle est présentement menacée par le réchauffement climatique en
cours. Un facteur ayant certainement joué un role déterminant dans I’intensification
des glaciations de I’Hémisphére Nord est la circulation océanique de surface de
I’Atlantique Nord, et notamment le courant nord-atlantique (ou en anglais, North
Atlantic Current-NAC) qui est a I’origine de masses d’air chaudes et humides vers les
hautes latitudes. C’est pour cela que mon projet de doctorat s’intéresse a I’intéraction
entre le climat, la végétation et la circulation océanique de surface dans le nord-ouest
de I’Atlantique Nord, afin de documenter I’évolution spatio-temporelle de la glace
continentale sur le sud du Groenland pendant la transition Plio-Pléistocene.

Cette étude se base sur le couplage entre les signaux océaniques et terrestres a 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 thémes complémentaires :

- La palynologie marine a servi, dans un premier temps, a 1’établissement d’une
biostratigraphie de référence des bio-événements marqués par des transitions dans les
assemblages de palynomorphes marins (dinokystes et acritarches) du Pliocéne tardif au
début du Pléistocéne (3,2-2,2 Ma), incluant I’optimum climatique du Pliocéne et la
transition Plio-Pléistocéne au Site IODP U1307. Cette biostratigraphie a ensuite été
comparée avec les schémas biostratigraphiques du reste de 1’ Atlantique Nord et des
mers nordiques afin de discriminer les événements locaux et régionaux.

- Dans un second temps, I’analyse par composante principale a été utilisée pour
définir des zones paléoécologiques et extraire le signal des especes expliquant le mieux
les variations observées. Les assemblages de dinokystes ont ¢€té 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 a elle, a été
utilisée pour établir des relations avec la végétation sur les terres adjacentes du
Groenland. Les débris de vélage de radeaux de glace et icebergs ont été utilisés comme
indices de la croissance des calottes glaciaires jusqu’aux marges continentales.

- Enfin, le dernier aspect thématique traite de I’identification de la transition Plio-
Pléistocene dans les sédiments marins de la Baie de Baffin au site ODP 645 4 partir des
assemblages de dinokystes et acritarches et en exploitant la biostratigraphie de la Mer
du Labrador

Les données obtenues suggérent que, malgré des conditions régionales relativement
froides, la Mer du Labrador est fortement connectée avec 1’Océan Atlantique Nord,
notamment avec le secteur nord-est ou est localisé le site DSDP 610. En effet, les sites
U1307 (cette étude) et 610 (De Schepper et Head, 2009) partagent des limites
biostratigraphiques communes a ~ 2,75 Ma et 2,56 Ma mettant en évidence des
évenements d’envergure dans les milieux de moyennes et hautes latitudes de
I’ Atlantique Nord.

L’intervalle chaud du Pliocéne moyen est marqué par des changements importants liés
a une baisse de I’intensité du courant nord-atlantique vers la Mer du Labrador et & des
apports accrus d’eau douce du Groenland vers 3,1 Ma. La transition Plio-Pléistocéne
fut trés importante d’un point de vue paléoclimatique. En effet, au-dela du
développement de grands glaciers continentaux dans ’Hémisphére Nord, c’est la
réorganisation de la circulation océanique dans I’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 1’ Atlantique
Nord. Les conditions terrestres montrent également une diminution du couvert végétal
et une augmentation des apports de vélage témoignant de la progression des glaciers
vers les marges continentales groenlandaises a 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-Pléistocéne 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, Pliocéne,
Pléistocéne



ABSTRACT

The Pliocene-Pleistocene transition (2.58 Ma) was marked by global changes,
including a significant reduction in the concentration of atmospheric CO> (~ 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 Fennoscandian ice sheets, it is currently threatened
by the ongoing global warming. An-important factor that have played a significant role
in the intensification 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 signals 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. We also investigated the pollen and spore
records in order to assess the vegetation from Greenland and we examined the ice rafted
debris 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 accompanied 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 cover and an increase of ice cover 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 holes in the Baffin Bay

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



INTRODUCTION

0.1 Contexte de I’étude

0.1.1 Le Pliocéne _

Le Plioceéne (5,33 a 2,58 Ma) est caractérisé par un changement important et global du
climat de la planéte, et marque le passage progressif du climat relativement chaud du
Tertiaire au refroidissement du Quaternaire. Malgré un refroidissement général depuis
le début du Cénozoique (Zachos et al., 2001), le Pliocéne était une époque en moyenne
plus chaude que I’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), I’Hémisphe¢re Nord était dépourvu de calottes glaciaires
permanentes, contrairement a 1’ Antarctique. Un des éléments intéressants du systéme
climatique durant la période du Plioceéne est sa concentration de CO; atmosphérique,
qui était élevée et proche des valeurs actuelles de 411,97 ppmv (mars
2019, NOAA/ESRL). En effet, les concentrations de CO; atmosphérique sont estimées
entre 330 ppmv et 400 ppmv durant le Pliocéne (Kriishner ef al., 1996 ; Raymo et al.,
1996 ; Seki et al., 2010 ; Pagani et al., 2010 ; Martinez-Boti ef al., 2015) avec un
maximum possible de 425 ppmv (Raymo et al., 1996) voire de 450 ppmv durant.
I’ optimum climatique du Pliocéne d’apres les compilations réalisées pour le rapport du

groupe d’experts intergouvernementaux sur I’évolution du climat (IPCC, 2013).
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L’optimum climatique du Pliocéne (mid-Pliocene warm Period, mPwP), entre ~3,264
et 3,025 Ma, est considéré comme la derniere période géologique significativement
plus chaude que I’actuel, avant la mise en place du régime de glaciations du
Pléistocéne. C’est pourquoi cet intervalle fait I’objet d’une attention particuliére, portée
par de grands projets internationaux tels que le Pliocene Model Intercomparison
Project (PlioMIP) et les modélisations du Pliocene Research, Interpretation and
Synoptic Mapping (PRISM) de I’ 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 I’air étaient 2 a 3,6 °C plus élevées que
les valeurs préindustrielles (Dowsett et al., 2009, 2010a, 2016). 1l existait un tres fort
contraste entre les basses et les hautes latitudes, avec un réchauffement accentué aux
hautes latitudes de I’Hémisphére Nord, ou les valeurs moyennes supérieures soht
estimées a 8 °C de plus que celles de I’actuel et allant jusqu’a ~11/12 °C de plus dans
I’ Arctique canadien (Csank ef 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 a ’actuel de 0 °C 2
6 °C (Dowsett et al., 2010a et 2010b; IPCC 2013) avec une amplification du
phénomeéne aux hautes latitudes de I’Hémisphére Nord (Dowsett et al. 2010b). Le
niveau moyen des océans était aussi plus €levé de 22 + 5-10 m par rapport a 1’actuel
(Miller et al., 2012).
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0.1.2 Latransition Plio-Pléistocéne

A la transition entre le Pliocéne et le Pléistocéne (2,581 Ma), un refroidissement
important (Zachos et al., 2001) a été accompagné par le changement d’un régime de
petits glaciers locaux & une glaciation d’abord régionale puis généralisée dans
l’Hémisphére Nord (Flesche Kleiven ef al., 2002 ; Matthiessen et al., 2009 ; De
Schepper et al., 2014). Bien que le Pliocene ait été ponctué par le développement de
calottes glaciaires (voir De Schepper ef al., 2014), I’englaciation de I’Hémisphére Nord
(NHG) semble avoir été progressive (Ravelo ef al., 2004). A partir de ’analyse des
courbes §'80, réalisées sur les tests de foraminif“éres-benthiques, indicatrices de la
variation du volume global de glace continentale, Mudelsee et Raymo (2005) proposent
une initiation des NHG dés le début du Pliocéne supérieur a ~ 3,6 Ma. Les premiéres
évidences directes s’enregistrent vers 3,3 Ma au niveau du Groenland avec un premier
pic significatif de particules terrestres transportées par la glace (Ice Rafted Debris,
IRD), indiquant une augmentation du passage des radeaux dé glace (iceberg et/ou glace
de mer) transportant des particules provenant du continent (Flesche Kleiven et al.,
2002). L’englacement s’intensifia de maniére plus générale dans le reste de
I’Hémisphére Nord vers 2,7 Ma, comme en atteste 1’augmentation synchrone des IRD
et de la fraction grossiere (> 63 pm) dans les sédiments marins de 1’ Atlantique Nord
(Shackleton et al., 1984 ; Winkler et al., 2002 ; Flesche Kleiven et al., 2002), de ia 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 e al., 2005). La récente étude
de Clotten et al. (2018) dans la Mer d’Islande démontre, a partir de biomarqueurs, une
expansion majeure de la calotte groenlandaise & partir de ~2,75 Ma associée a
Iétablissement d’un couvert de glace de mer permanent proche des cotes est

groenlandaises.
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Les causes de ces changements sont encore débattues a I’heure actuelle. Il semble
cependant que la chute du CO; atmosphérique fut indispensable a ’englaciation de
l’Hémiéphére Nord (Lunt et al., 2008a). En effet, au début du Pléistocéne, vers 2,8 Ma,
la concentration de CO2 atmosphérique avoisinait 280 ppfnv (DeConto et al., 2008 ;
- Seki et al., 2010 ; Bartoli ef al., 2011) représentant ainsi une diminution d’environ 190

ppmv depuis I’optimum climatique du Pliocene.

0.1.3 L’état du Groenland pendant le Pliocéne

Pendant le Pliocéne, I’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 er al., 2011), la Mer d’Irminger (ODP
Site 918, St. John et Krissek, 2002) et la Mer du Labrador (ODP Site 646, Korstgérd et
Nieilsen, 1989) témoigne du développement de glaciers de montagne ayant atteint la
mer a ’est de I’1le, et ce depuis au moins le Miocéne supérieur (~7 Ma). En ce qui
concerne la Baie de Baffin (ODP Site 645), les IRD et dropstones provenant de 1’ouest
de I’7le et des terres environnantes canadiennes suggerent également la présence de
glaciers dés 8 Ma (Cremer et Legigan, 1989; Korstgérd et Nielsen, 1989). Durant le
mPwP, I’inlandsis groenlandais n’aurait représenté qu’environ 25 % de sa taille
actuelle et était majoritairement concentré sur les reliefs situés a I’est et au sud de I’ile

(Figure 0.1 ; Koening, et al., 2011 ; Dolan et al.; 2015 ; Dowsett ef 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 foréts tempérées,

boréales et de formation arbustives, de prairies et d’une toundra sur le Groenland
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(Salzmann et al., 2011 ; Dowsett et al., 2016), placant ainsi la limite des arbres a
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 I’ile de France qui
suggerent la présence d’une forét boréale ou d’une toundra forestiere dans la région
nord-est du Groenland, autour de 3,4 a 3 Ma (Bennike et al., 2002). Au nord de I’ile,
dans la formation du Kap Kobenhavn, des macrorestes végétaux, des insectes et des
restes de mammiféres confirment ’absence de calotte glaciaire a cette latitude ainsi
que la présence d’une végétation plus abondante de type toundra forestiére 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 méme, dans les sédiments de la Mer du
Labrador, un contenu pollinique abondant dans les sédiments pliocénes refléte une
végétation de type boréale subarctique au niveau de la région source du Groenland (de
Vernal et Mudie, 1989a). |
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0.1.4 Le role de I’Atlantique Nord

Dans 1’Atlantique Nord, le courant nord-atlantique (North Atlantic Current, NAC)
semble avoir joué un role crucial dans I’établissement des conditions décrites plus haut,
en particulier pour I’expansion de la calotte groenlandaise. En effet, suite a la fermeture
du passage deil’Amérique centrale (CAS), I’intensification du NAC aurait entrainé une
augmentation du transport de chaleur et d’humidité vers les hautes latitudes de
I’ Atlantique Nord (Klocker, 2005, Lunt ez 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 e al., 2005). D’apres les modélisations
de Driscoll et Haug (1998), la fermeture du CAS est aussi responsable de
I’augmentation du transport d’humidité vers les hautes latitudes, nécessaire a
’expansion du couvert de glace sur le Groenland (Lunt et al., 2008a, 2008 b ; Klocker
et al., 2005).

Le NAC a ainsi fait ’objet d’une attention particuliere quant & son intensité et sa
trajectoire durant le Pliocéne tardif et la transition Plio-Pléistocéne, notamment par
I’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’espece Operculodinium
centrocarpum sensu Wall and Dale (1966) (dorénavant Operculodinium centrocarpum
dans le reste de ce document) a été utilis'ée comme un indicateur du passage et de
’intensité du NAC dans I’Atlantique Nord et les mers nordiques durant la période
moderne (Knies et al. 2002 ; Van Nieuwenhove et al. 2008), mais également au cours
du Pliocene (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, gridce a 1’abondance relative des
principales espéces de dinokystes et a partir d’analyses géochimiques, une influence
réduite et un changement de trajectoire du NAC aux sites DSDP 610A et IODP 1308C
durant I’événement froid du MIS M2 (‘~ 3,3. Ma, Figure 0.2), rendant possible le
développement de glaciers sur le Groenland (De Schepper e al., 2014). De plus, De
Schepper et al. ont proposé en 2013 qu’une bréve réouverture du CAS aurait été
responsable de I’intensité du refroidissement du MIS M2. En effet, la pénétration des
eaux de surface plus froides et moins salées du Pacifique dans I’ Atlantique éurait
contribué a la diminution de I’intensité du NAC, limitant ainsi le transport de chaleur

vers les hautes latitudes de I’ Atlantique Nord (De Schepper et al., 2013).

A partir des alkénones, biomarqueurs produits par des haptophytes, des reconstitutions
similaires ont été faites pour les intervalles glaciaires du Pliocéne tardif, entre 3,68 et
2,45 Ma, au site IODP U1313 situé¢ dans les moyennes latitudes au niveau de la gyre
sub.tropicale de l"Atlantique Nord (Naafs et al., 2010). En utilisant des reconstructions
de température et productivité, les auteurs suggerent un refroidissement général a partir
de 3,1 Ma et proposent que durant les épisodes glaciaires de I’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 ez al. (2014) ont utilisé les dinokystes et la géochimie des
tests de foraminiféres benthiques et planctoniques aux sites DSDP 610 et IODP U1313
pour mettre en évidence une baisse latitudinale du front polaire et un changement de la
trajectoire du NAC a 2,61 Ma (MIS 104) qui aurait caractérisé la transition Plio-
Pléistocéne (Figure 0.2). De méme, Panitz et al. (2017) ont montré, avec les
assemblages de dinokystes, la pénétration d’eaux chaudes et salées de I’ Atlantique dans
la Mer de Norvege pendant le mPwP (3,320 a 3,137 Ma). Cet événement fut suivi d’une

diminution de I’intensité du NAC associée a des températures de surface plus froides
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0.2 Limites des connaissances

Les expériences de modélisation du projet PRISM visent & comprendre et a reconstituer
la dynamique du climat global pendant I’optimum climatique du Pliocéne. Cependant,
la robustesse des exercices de modélisation est limitée par le nombre restreint de
données disponibles. Par exemple, la premiére étude qui reconstitue les différents types
de sols a I’échelle mondiale pendant I’intervalle PRISM se base sur la modélisation de
la végétation (Salzmann ef al., 2008) a partir d’extrapolations sur un nombre restreint
d’échantillons (54 pour ’ensemble de la planéte) dont aucun sur le Groenland ou
I’ Amérique du Nord (Pound ot al., 2014). Par ailleurs, des simulations numériques ont
pu reconstituer les biomes a partir de 202 sites mais incluant seulement une dizaine de
sites localisés dans I’ Arctique (Salzmann et al., 2008). Les reconstitutions de la calotte
groenlandaise utilisant les paramétres de PlioMIP sont tres diversifiées et dépendent
des modeles 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 a celle de I’actuel & 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 & I’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 & 1’est et au sud du
Groenland, ou les reliefs sont importants, couplée a une végétation de type boréale

subarctique recouvrant une grande partie de 1I’Tle (Dowsett et al., 2016).

Sur le Groenland, les archives continentales sont également confrontées a

d’importantes limites telles que le faible nombre de sites pliocénes explorés, les
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perturbations des affleurements suite a 1’érosion glaciaire du Quaternaire ou encore la
difficulté d’obtenir un modé¢le d’age robuste. En effet, les sites pliocenes du Groenland
et de I’Arctique sont en général assez mal datés et ce, notamment di & ’absence de
séquences continues de référence couvrant le Plio-Quaternaire. La biostratigraphie,
principalement a partir des organismes marins, permet quant a elle de corréler certains
affleurements entre eux et en apportant par exemple une précision sur 1’age du sédiment

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

Afin de pallier au probléme de hiatus sédimentaire dans les archives continentales,
I’étude de carottes sédimentaires marines prélevées prés des cotes s’avere €tre une
alternative. Les carottes marines donnent la possibilité d’obtenir un enregistrement
quasi continu des variations climatiques au 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 ol s’est développée la calotte

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

Le nord-ouest de 1’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
a la fois par une branche du NAC et par des apports de I’Océan Arctique. Toutefois,
jusqu’a présent, aucun enregistrement paléocéanographique de haute résolution
couvrant tout le Plioceéne et la transition Plio-Pléistocéne ne fait état des conditions de

surface (Figure 0.3).
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0.3 Objectifs de la theése

Mon projet de doctorat se concentre donc sur I’interaction entre le climat, la végétation
et la circulation océanique de surface dans le nord-ouest de I’ Atlantique Nord, dans le
but de documenter 1’évolution de la glace continentale sur le sud du Groenland pendant

la transition Plio-Pléistocéne. Les objectifs spécifiques de cette thése sont les suivants:

(1) L*établissement d’une biostratigraphie de référence de la transition Plio-Pléistocéne
dans la Mer du Labrador, basée sur les bioévénements des palynomorphes marins
(dihokystes et acritarches) au site. IODP U1307 afin de caractériser le Pliocene tardif et
le début du Pléistocéne (3,2-2,2 Ma).

(2) La comparaison de cette biostratigraphie avec les schérﬁas biostratigraphiques
existants du reste de 1’ 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 ’influence du NAC dans la Mer du Labrador, ainsi que
les conditions océaniques de surface et leurs relations avec le reste de I’ Atlantique Nord
(De Schepper et al., 2009, 2011, 2013 Naafs ef 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-Pléistocéne (3,2 et 2,2 Ma). |

(4) La reconstitution des conditions terrestres sur le sud du Groenland a 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 I’expansion

de la calotte groenlandaise.

(5) L’utilisation des outils biostratigraphiques afin d’identifier la transition Plio-
Pléistocéne 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 I’étude

0.4.1 Contexte régional moderne

La Mer du Labrador est un bassin océanique directement connecté a I’ Atlantique Nord
au sud et a la Baie de Baffin au nord, par le détroit de Davis. La Baie de Baffin est
quant a elle en contact avec I’Océan Arctique au travers de différents détroits tels que

les détroits de Jones, de Landcaster et de Nares dans I’archipel arctique canadien
(Figure 0.3).
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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 systéme climatique, qui

semble s’étre 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 a I’est du courant chaud
et salé du WGC circulant vers le nord, et a ’ouest, des eaux froides et peu salées de
I’ Arctique s’écoulant vers la Mer du Labrador le long des cotes est canadiennes (BIC,
Baffin Island Current; Rudels, 1986 ; Tang et al., 2004 ; Zweng et Miinchow, 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 I’ouest et le sud en suivant les cotes canadiennes pour rejoindre la
Mer du Labrador (Hanna et Cappelen, 2002).
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0.4.2 Sites, échantillons et mod¢le d’age

Pour cette étude, 212 échantillons provenant de sédiments marins issus de campagnes
de forage de I’ODP et de ’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 U1307 (58 © 30,3°N; 46°24° W, Figure 0.3) se situe dans la Mer du
Labrador au niveau de la ride d’Eirik au sud du Groenland sous I’influence actuelle des
eaux du EGC et du NAC. D’apres 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 modele d’age du
Site IODP U1307 a été récemment établi par Blake-Mizen et al. (2019). 11 est basé sur
les inversions magnétiques et la corrélation des variations de la paléo-intensité relative
avec le Site IODP U1308 (Channell et al., 2016).

En ce qui concerne la Baie de Baffin, le site ODP 645 (70 ° 27,48‘N, 64 °v39,30'W,
Figure 0.3) est localisé plus proche des cotes canadiennes que groenlandaises.
Cependant, il n’existe pour I’instant, aucun autre site remontant jusqu’au Pliocéne dans
cette région. D’apreés Hiscott et al. (1989), les sédiments récoltés au site ODP 645
enregistrent les apports de matériel terrestre provenant des archipels arctiques
canadiennes, de I’lle de Baffin et de I’ouest du Groenland. Ainsi, le signal
palynologique du Site ODP 645 pourrait provenir de I’ile de Baffin (Rochon et de
Vernal, 1994) ou peut étre du Nord du Groenland (Smith et al., 2018).

Du fait de probleémes techniques lors du forage du site 645, la récupération des
sédiments est incompléte (~55 %; Srivastava et al., 1987). L’établissement d’une

magnétostratigraphie a été difficile (Clement et al., 1989 ; Baldauf ef al., 1989), non
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seulement en raison de la discontinuité de la séquence sédimentaire mais aussi a cause
de la rareté des microfossiles calcaires et siliceux (Aksu et Kaminski, 1989; Baldauf et
al., 1989 ; Kniittle et al.; 1989 ; Lazarus et Pallant, 1989; Monjanel et Baldauf, 1989).
Cependant, des microfossiles organiques tel que les dinokystes sont régulieérement
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 ;
Anst¢y 1992). La position de la transition Plio-Pléistocéne reste néanmoins incertaine

a ce site.

0.5 Meéthodes

L’approche principale retenue est le couplage entre la palynologie marine et terrestre
et les apports continentaux via les IRD. La palynologie se décrit comme 1’étude des
microfossiles non minéralisés, c’est-a-dire organiques, qui peuvent &tre 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 a ’'UQAM (de Vernal et al., 1999). Chaque échantillon
a été pesé a sec puis, au début du traitement, une tablette de Lycopodium clavatum a
€té ajoutée pour calculer les concentrations (Matthews, 1969; Mertens et al., 2009).
Ensuite, les échantillons ont été tamisés entre 106 pum et 10 pm. La fraction supérieure
a 106 um a servi pour I’étude des IRD aprés avoir été retamisée & 150 pm. Celle
- comprise entre 106 pum et 10 pm a été traitée a I’acide chlorhydrique (HCI, 10%) et a

’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 été
appliquée afin d’éliminer les dernicres 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 x1000).

La fraction supérieure a 150 um a quant a elle été broyée en poudre avant d’étre placéé
sur des porte-échantillons pour analyse dans le diffractométre a rayons X de P'UQAM

“sous I’expertise de Mr. Michel Preda du département des Sciences de la Terre.

0.5.1 Les kystes de dinoflagellés ou dinokystes

Les dinoflagellés sont des protistes algaires appartenant a 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,
rivieres, océans), ubiquistes (de 1’équateur aux poles) et épipélagiques (0 4 200 m) ainsi
qu’hétérotrophes et/ou phototrophes (certaines espéces sont mixotrophes). Leur cycle
de vie (Figure 0.4) est complexe alternant entre une phase mobile et une phase de
dormance associée a la reproduction (sexuée ou asexuée). Au cours de cette dernicre
phase, un kyste est produit (Figure 0.4). Dans certains cas ce kyste est constitué de
matiére organique (dinosporine), lui permettant une certaine résistance et une bonne
fossilisation (de Vernal et Marret, 2007 ; Bogus et al., 2014). 11 est alors désigné sous
I’appellation de dinokyste.

Bien que seulement 10 & 20 % des espéces 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
derniéres (e. g., Rochon et al., 1999; de Vernal et Marret, 2007; de Vernal et al., 2013).
Gréce a leur préservation et leurs diversité taxonomique, les dinokystes sont de plus en
plus étudiés pour documenter le Néogéne par [’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 I’ Atlantique Nord et les mers environnantes.

stage Fusion

\

oo - ~>\.,

Cyst stage (fossilisable form)

Figure 0.4 Cycle de vie des dinoflagellés avec I’alternance d’un stade motile (non

fossilisable) et d’un stade de dormance (fossilisable) (de Vernal et Marret, 2007)
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0.5.2 Les acritarches

Les acritarches sont des organismes microscopiques (5-200 pm) 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 matiere organique
(Evitt, 1963). 11 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 particuliére leur a été
apportée au vu de leur utilit¢ en biostratigraphie, notamment pour I’étude du
Cénozoique dans I’Atlantique Nord ou ils sont présents en trés grande quantité (De
Schepper et al., 2008; De Schepper et Head, 2009; 2013; Schreck et al., 2013; Schreck
et Matthiessen, 2014).

Dans cette theése, les apparitions (lowest occurrence, LO) et disparitions (highest
occurrence, HO) des especes de dinokystes et acritarches seront considérées comme
des bio-événements qui seront calibrés en fonction du modéle d’4ge des sites
concernés. Les zones biostratigraphiques seront ainsi définies en fonction de certains
bio-événements et comparés a ceux d’autres études dans I’Atlantique Nord. Des
analyses par composante principale (PCA) seront utilisées afin de définir des zones
paléoécologiques et d’extraire des assemblages les espéces 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 I’ordre du pm) leur
confére une grande capacité de dispersion par voie aérienne, au point qu’on en retrouve
autant dans les sédiments continentaux que marins. Leur préservation a I’état de fossile
est, comme celle des dinokystes et acritarches, due a la composition organique
extrémement 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 ef al., 1991; Sanchez Goiii ef al., 2018). La présence de
grains de pollen frais peut également étre 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).

0.54 LesIRD

Comme mentionné précédemment, les IRD correspondent a des particules minérales
ou des fragments de roches terrigénes transporfés par des radeaux de glace flottante
(iceberg et/ou glace de mer), se déposant ensuite dans les sédiments mrarins apres la
fonte de cette derniére. 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 ef al., 2016). Leur occurrence
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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
I’intensification des glaciaﬁons de I’Hémispheére Nord (Shackleton et al., 1984 ;
Winkler et al., 2002 ; Flesche Kleiven et al., 2002 ; Haug et al., 2005 ; Polyak et al.,‘
2010).

0.6  Organisation de la thése

Cette these s’articule en trois chapitres écrits en anglais, chacun correspond a un article

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

Le chapitre I présente la premiére biostratigraphie détaillée du Pliocene tardif au début
Pléistocéne (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 a I’échelle de
I’ Atlantique Nord et met en évidence la corrélation entre la Mer du Labrador et le

centre-est de 1’ Atlantique Nord.

Le chapitre 1I 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 partic du mPwP et la transition Plio-Pléistoceéne et

contribue & documenter 1’influence du NAC sur la partie nord-est de I’ Atlantique Nord.

Le chapitre III vise a identifier la transition Plio-Pléistocéne dans les sédiments marins
de la Baie de Baffin au Site ODP 645 a I’aide des dinokystes et acritarches en se basant,

entre autre, sur la biostratigraphie élaborée dans la Mer du Labrador dans le chapitre .
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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
etal (2015).



CHAPITRE1
DINOCYST AND ACRITARCH BIOSTRATIGRAPHY OF THE LATE
PLIOCENE-EARLY PLEISTOCENE OF IODP SITE U1307, LABRADOR SEA

AM.R. Aubry!, S. De Schepper?, A. de Vernal

I GEOTOP, Université du Québec 3 Montréal, CP 8888, Montréal, QC, H3C '3P8,

Canada

2 NORCE Climaté, Norwegian Research Centre, Bjerknes Centre for Climate
Research, Jahnebakken 5, N-5007 Bergen, Norway

Keywords: Labrador Sea; Dinocysts; Acritarcha; Biostratigraphy; Pliocene;

Pleistocene

Article accepté dans Journal of Micropaleontology



51

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 Early Pleistocene. We have defined
three magnetostratigraphically-calibrated dinocyst and acritarch biozones in the Late
Pliocene to Early Pleistocene. Zone LS1 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 2.75 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 U1307 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, discontinuous occurrence and asynchronous events of warm water Pliocene
taxé such as Invertocysta lacrymdsa, Impagidinium 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
disappeafance of many dinocyst and acritarch taxa around 2.75 Ma at Site U1307
reflects a strong ecological response accompanying the intensification of the Northern

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 ez 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 stratigraphic 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 stratigraphic schemes is often incomplete or the resolution too low
(Harrison et al., 1999). Mattingédal 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 Northern

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
Overturning 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 ez al., 1989). Hence, in the
Neogene sediments of subpolar North Atlantic and North Pacific oceans, 6rganic-
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; Vefhoeven 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 ef al.,
2017). Moreover, the palacocecological affinities of extinct Neogene taxa were also
explored to better understand the significance of bioevents (De Schepper et al., 2009,
2011; Hennissen ef 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. Only a few sites drilled in the northwestern North Atlantic
cover the Pliocene. They include the Ocean Drilling Program (ODP) Site 646 off
southwest Greenland, Site 647 in the south central Labrador Sea, Site 645 in Baffin
Bay and the Integrated Ocean Drilling Program (IODP) 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 ODP sites have led
to coarse resolution biostratigraphy of dinocysts and acritarchs encompassing from
upper Miocene to Pleistocene (de Vernal and Mudie, 1989; Head e al., 1989). At ODP
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 model was based on calcareous
nannofossil biostratigraphy (Kniittel ez 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 stratigraphic study. Here, we focus on the nearby and more
recently drilled IODP 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 southern 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 U1307B) were drilled, reaching a maximum depth of 162.6 meters below sea floor
(mbsf). 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
11 (49.55 to 133.86 mcd) consists of almost exclusively silty clay. Unit I (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 IT 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.
Samples were first dried and weighed prior to be wet sieved on 10 and 106 pm mesh
sieves. One Lycopodium clavatum spore tablet (Batch no. 177745, n = 18584 + 829
spores; n0.124961, 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 um fraction
and digested in warm hydrochloric acid (HCI, 10%) to remove carbonate particles. 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 pm mesh sieve. In addition, heavy liquid separation in a solution of sodium
polytungstate calibrated for a specific density of 2 was used (Munsterman et al., 1996)
was done for the removal of the remaining silicates and heavy minerals. 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 samples 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-um

sieve cloth. The collected residue was returned 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-um sieve
cloth. Oxidation or ultrasound was not used. Polyvinyl alcohol (1%) was added to the
residue to prevent clumping and some samples were stained with Safranin-O. Residues

were mounted on microscope slides with glycerin jelly.

Microscopic analysis and counts

The microscope analyses of 143 samples were done by A. Aubry using a Leica DMR
miéroscope, 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
1000X magnification. Dinocyst and acritarch assemblages were the focus of this 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 stratigraphic 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 taxonomic 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.
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Taxonomy and nomenclatures

The taxonomic nomenclature follows DINOFLAJ3 database of Williams ef al.
(2017). Some taxa were grouped only into generic categorievs when identification at
species level was equivocal: Spiniferites/Achomosphaera spp., Impagidinium spp.,

Lejeunecystsa spp. and Operculodinium spp.

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 subspécies Filisphaera filifera
filifera and Filisphaera filifera pilosa (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 ef al., 2010). Later measurements in planktonic foraminifera
(Neogloboquadrina atlantica) from 117.64 to 173.32 mcd and correlation with the
LRO04 benthic foraminiferal 8180 stack of Lisiecki and Raymo (2005) led Sarnthein 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 e
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 Isotopic Stage
(MIS) M2 in the 8180 record (Figure 1.2). Sarnthein ez al. (2009) also used the highest
occurrence (HO) of two dinocyst species, Operculodinium? eirikianum and
Barssidinium pliocenicum, as tie points for the isotopic stratigraphy at ~3.3 Ma.
However, the HOs of these species have been shown to be asynchrdnous in the North
Atlantic and the Nordic Seas (De Schepper ef 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 shipboard 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 ef 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
reversals and the relative paleointensity (RPI), which was tuned to the RPI of IODP
Site U1308 (Channell et al., 2016). The lowest paleomagnetic reversal is identified to
be the top the Mammoth subchron (3.20 Ma) and not the Gauss/Gilbert reversal (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 6180 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 (mbsﬂ in Holes U1307A and U1307B to revised meters
composite depth (rmcd) according to the splice of Blake-Mizen ef al. (2019). We
calculated the age for.each' sample based on linear interpolations between their age

model tie points (Table 1.1).

The error of paleomagnetic reversal age corresponds to half the age difference between
the two samples that record the reversal (Weaver and Clement, 1987). In IODP Site
U1307 cores, the extent of the reversals 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 particles (dinocysts and acritarchs)

Lateral particie transport can be relatively high in the Labrador Sea due to the surface
currents (EGC) and deep circulation (Western Boundary Under 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 southern or southeastern

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 palynomorbhs 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 s¢dim’ent. 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,
Impagidinium pallidum, Filisphaera microornata, cysts of Pentapharsodinium dalei,
Spiniferites/Achomosphaera spp., Bitectatodinium tepikiense and Impagidinium

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 discoidal to

spherical forms as illustrated in Schreck ez 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 Hilgeﬁ etal.,2012), as well as the ATNTS2012
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 diqocy'sts
and acritarchs have stratigraphically well-defined ranges. This is the case for
Habibacysta tectata and Filisphaera filifera, which have been used for supra-regiohal
stratigraphic 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 Northern Hemisphere (De Schepper and Head, 2004; this study).
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The biozonation we developed here follows the nomenclature of the “International
Stratigraphic Guide” (abridge version of Murphy and Salvador, 1999). Accordingly,

the zones are defined as assemblage (LS1, LS3) and abundance (acme) biozones (LS2).

Zone boundaries are defined from bioevents, which occur almost synchronously across
the high latitude North Atléntic including the Labrador Sea. These bioevents include
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 stratigraphic markers in the
study are illustrated in the Supplementary Plate 1 and Plate 2. The biozones have been
given informal names (LS1 to LS3) in reference to the location of IODP 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 (30-
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. Tt 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 rmed and 169.63 rmcd respectively.

At the top of zone LS1, the HPO of Lavradosphaera crista occurs at 130.00 rmed. Near
the top of zone LS1, 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 rmed and the HCO of Lavradosphaera canalis occurs at ~130.00 rmed.

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 rmed.

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

Calibration: calcareous nannofossil zone NN1 6, planktonic foraminifer zone N20-21,

Nitzschia jouseae diatom zone and correspond to subchron C2An.2n, C2An.1r and
C2An.1n. '

Correlation: The top zone LS1 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 Pyxidinopsis braboi Abundance 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 U1307A 14H03-120-122
cm, or from 130.00 to 124.51 rmed.

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.1n
to C2r.2r. The top of the zone broadly corresponds to the Matuyama/Gauss reversal

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
between 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 Impagidinium aculeatum and Habibacysta tectata.
Common to rare Impagidinium pallidum, Nematosphaeropsis labyrinthus,
Impagidinium paradoxum, Spiniferites/Achomosphdera, Bltectatodinium tepikiense

and Filisphaera microornata. Rare Corrudinium?
labradori and Impagidinium 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 Impagidinium 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 NN17 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 reversal and

the Plio/Pleistocene boundary.

Correlation: Precise correlation with the eastern 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 ef al.
2014).

Dinocyst association: Dominant to rare round brown cysts. Sporadic occurrence peaks
of Pyxidinopsis braboi. Abundant to rare Impagidinium aculeatum,
Spiniferites/Achomosphaera, Bitectatodinium tepikiense, Habibacysta tectata,
Nematosphaeropsis labyrinthus and Filisphaera microornata. Common to rare
Impagidinium paradoxum, Impagidinium 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

We 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. 1) and Batiacasphaera sphaerica,

Interval IV (~4.8-4.0 Ma) is defined by the stratigraphic range and abundance of cyst
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type 1; Intervall I1I (4-2.3 Ma) is distinguished by the common-to-abundant occurrence
of Lavradosphaera crista (as Incertae sedis I). The base of Interval II (~2.36-~1.23 Ma)
corresponds to the common occurrence of Cymatiosphaera latisepta (as
Nematosphaeropsis sp. 1) and Pyxidinopsis braboi (as Tectatodinium sp. II), 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 LS1, LS2 and most part of LS3 correspond generally to
Interval III of 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. We 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 I1I 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 LS1, which thus extend their

stratigraphic range in the Labrador Sea.
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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. 1 in de Vernal and Mudie, 1989)

and Pyxidinopsis braboi of which 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 eastern Canada, Zone III of Harland (1979) defined from
DSDP 400 in Bay of Biscay, Zone Il 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 a
comparison with our record: one is from the Danish North Sea onshore-offshore well
section compilation of 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 stratigraphic 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 Impagidinium solidum, Ataxiodinium
confusum and Invertocysta lacrymosa, which occur occasionally making them

unsuitable for robust biostratigraphic assessment at IODP Site U1307 (see Figure 1.4).

The top of zone RT4 in the North Atlantic DSDP Hole 610A is defined by the HO of
Impagidinium 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 seemsv to disappear at the end of the Pliocene around 2.6 Ma across the North
Atlantic (De Schepper and Head, 2008b, 2009; Hennissen ef al., 2014). In our Labrador
Sea record, Ataxiodinium confusum has three single occurrences before 2.75 Ma
(Figure &.4). The HO of Invertocysta lacrymosa that characterizes the top of zone RTS
at DSDP Hole 610A (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 U1307, 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
610A of De Schepper and Head (2009). In the scheme of Dybkjaer and Piasecki (201 0)
the boundary between the Barlssidinium pliocenicum zone and the
Impletosphaerodinium 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 Impletosphaerodinium multiplexum followed
by the LO of Bitectatodinium tepikiense. At IODP Site U1307, Impletosphaerodinium
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 northern 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 610A (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 LS1 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 eastern
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 eastern
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 HOs 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 northern 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 at our study site contrasts with the persistent, rare to common record in DSDP

Hole 610A 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 subtrbpical 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, 2010; 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

Quaternary.

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 LS1 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 ef 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 modern circulation in the Nordics Seas and deep ocean circulation in the
North Atlantic (De Schepper ef 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 abundance but recurring occurrence of

Corrudinium harlandii until 2.76 Ma. This species is considered extinct, but it shares
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morphological similarities with the modern taxon Pyxidinopsis reticulata, notably in
the expression of crests. A morphological gradation between the two taxa was rep‘orted
to occur in DSDP Hole 610A (De Schepper and Head, 2009) with typical Corrudinium
harlandii being more frequent during the Pliocene and typical Pyxz;dinopsi;v 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 response 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 Pacific Ocean (de Vernal and Marret, 2007;
de Vernal et al., 2019). The rare and low occurrence of this 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 Pyxz'dinopsis 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 U1313C (~2.61-2.59 Ma; Hennissen et
al., 2014). This species is interpreted as a cold-polar, opportunistic taxa (Warny 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 610A position in the North Atlantic at the
Plio/Pleistocene boundary (Hennissen ef al., 2014, 2017). Thus, its acme at IODP Site
U1307 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

stratigraphic 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
stratigraphic zones and bioevents at IODP Site U1307, seem to reflect regional cooling
phases. These could be related to the EGC stréngthening and the development of the

Greenland ice sheet during the Plio-Pleistocene transition.

Among common taxa recorded at IODP Site U1307, Operculodinium centrocarpum
sensu Wall and Dale 1966 is a cosmopolitan modern 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;
Hennissen, 2013; Hennissen et al., 2014, 2017). The dominance of this species in zone
LS1 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 LS1, 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). In the Iceland Sea the disappearance of this species in the Early Pliocene
was associated with the establishment of the proto-EGC, whereas its continued
presence in the Late Pliocene (< 3 Ma) Norwegian Sea reflects the continued influence
of Atlantic water there (De Schépper et al. 2015). Operculodinium? ei'rikianum 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 of both subspecies
. of Operculodinium? eirikianum at the base of LS1 (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, Impagidinium 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 ef 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 Pacific
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 ef al., 20‘17; Schreck et al., 2017). In the Arctic
Ocean, their acme has been associated with inflow of North Atlantic waters
(Matthiessen et,dl., 2018). However;, at North Atlantic DSDP Site 610, high abundance
of Filisphaera filifera 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). At10DP
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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1.44 The use of the acritarchs in marine palynostratigraphy across the Plio-
Pleistocene transition

Comi)ared 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 1) until ~2.3 Ma, which broadly corresponds to the last appearance of this species
at IODP Site U1307, where it is dated of 2.38 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 at 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
U1314) making the species a potential marker for correlation between the North Pacific
and the North Atlantic. However, its stratigraphic 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 Pacific (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 Pacific.
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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 stratigraphic 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 stratigraphic
significance. This species is present throughout our study interval and its total
stratigraphic range spans from 5.7 Ma to 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
(LS1,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 (LS2/1.S3) 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
dinoﬂageflate cyst and acritarch assemblage, which is reflected in asynchronous
bioevents between the North Atlantic, Nordic Seas and Labrador Sea. Nevertheless,
despite diachronous stratigraphic ranges for several taxa, our Labrador Sea zone
boundaries were constructed with bioevents that are in large part contemporaneous
with those of the eastern North Atlantic DSDP Hole 610A (RTS, RTé6 ahd RT7; De
Schepper and Head, 2009).
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Figure 1.3 IODP Site U1307 stratigraphic occurrence of selected dinocyst and acritarch
taxa and biozones defined in this study, calibrated against Blake-Mizen ef al. (2019)

age model. All raw data are available in Supplementary Data A.
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Event Species_ Sample Depth Age Error
(rmcd) (Ma) (Ma)

Dinocysts

HO Melitaspharodinium choanophorum U1307B-13H03,57.5-59.5 cm 1194 2.291 0.0068
HO Impagidinium sp.2 of De Schepper and  U1307A-14H02, 60-62 cm 12241 2.381 0.0041

Head (2009)

HO Lejeunecysta hatterasensis U1307A-14H03,54-56cm 123.85 25068 0.0079
HO Pyxidinopsis tuberculata U1307A-14H03, 110-112 cm 124.41 25574 0.008
Acme (top) Pyxidinopsis braboi U1307A-14H03, 120-122 cm 1245 25654 0.008
Acme (bottom) Pyxidinopsis braboi U13078-13H07, 55-57 cm 126.75 26482  0.0057
HO Barssidinium pliocenicum 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 graminos;lm U13078-14H03, 30-32 cm 130.0 2.7512  0.0003
HO Ataxiodinium confusum U13078-14H03, 50-52 cm 130.2 2.7537 0.0025
HPO Lejeunecysta hatterasensis U1307B-14H03,110-112 cm 130.8 27612  0.0038
HO Invertocysta lacrymosa U1307B-14H05, 130-132 cm 134.01 2.7948  0.0046
HO Impagidinium 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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0.0043
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0.0078

Table 1.2 Dinocyst and acritarch bioevents at IODP Site U1307. 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 sﬁrface 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 of NAC taxa and the dominance of subpolar taxa such as
Habibacysta tectata, Filisphaera filifera, 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 analysés of dinocyst assemblages in the interval
spanning 3.2 to 3.0 Ma (marine isotope stages -MIS- KMS5 to G20). The result suggest
advection of NAC warm and saline water into the Labrador Sea until the end of MIS
KM2 (~ 3.12 Ma) followed by qooling/freshening pulses of the surface waters as sh.own
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 reversal (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 glacier 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 (5!30) 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 880 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 Isotopic 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 ez 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 Pacific (Haug et al., 2005), suggests ice sheet development in
Greenland as well as Northern 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 Quaternary sediments of subpolar North Atlantic and North Pacific
have been a limitation for paleoceanographic studies (Matthiessen et al., 2018). Hence,
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 etal.,
sub.), the subarctic North Pacific (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 estimates 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 southern 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 the 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 wafers 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 Quaternary (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 overturning. 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
ﬁigh 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. o
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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 holes were drilled, reaching a maximum depth
of 162.6 meters below sea floor (mbsf). The composite sequence made from the 2
holes, 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 I1I (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.

We used the new paleomagnetostratigraphy age model of Blake-Mizen ez al. (2019),
which is based on the combination of reversal and relative paleointensity (RPI) tuned
to IODP Site U1308 (Channell et al., 2016). Blake-Mizen et al. (2019) identified the
last paleomagnetic reversal as the top the Mammoth subchron (3.201 Ma) rather than
in Gauss/Gilbert reversal (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).
We converted all mbsf of Holes A and B in revisited meter composite depth (rmcd)
according to Blake-Mizen ef 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 ef al. (2017). In brief, weighted
samples were wet-sieve on 63 and 150 pm mesh sieves and Lycopodium clavatum
spores were added in the remaining < 63pm fraction for calculating concentration of
palynomorphs (Matthews, 1969; Mertens et al., 2009). Hydrochloric acid (HCI-50%)
was added until reaction stopped to dissolve carbonates. The samples were rinsed with
water and sieved at 10 pm. 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 pm. Finally, a short ultrasonic
treatment was made prior to sieving at 10 pm. Polyvinyl alcohol (1%) was added to

prevent clumping and samples were stained with Safranin-O.
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In the micropaleontological laboratory 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 pm) and
fine silts and clays (< 10 pm). Ice rafted debris (IRD) were counted in the >150 um
fraction after dry siéving. The remaining fraction between 106 and 10 um 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 um to remove
remaining fine particles. In some samples containing abundant mineral particles, we
also used heavy liquid separation to remove the remaining silicates and heavy minerals
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 glycerin jelly.

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 1000X magnification. The nomenclature
followed Rochon ef al. (1999), De Schepper and Head (2008b, 2014); De Schepper et
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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 er 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 >150um 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 ef 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 define ecostratigraphic zones
from the relative occurrences (percentages) of taxa, which were log-transformed in

order to increase 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 all sub-spherical brown peridinioid cysts. The P/G index could

be used as proxy of productivity (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 ez al. (1987)
and Mertens ef 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., Impagidinium spp.,
Lejeunecystsa spp. or Operculodinium spp. The two subspecies Filisphaera filifera
filifera and Filisphaera filifera pilosa (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 form and
- Filisphaera microornata, which share morphological similarities and ecological

affinities (Hennissen et al., 2017).

Operculodinium centrocarpum cysts bearing small processes (< 2pm; 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 Baltic 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 vahgeelii 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. Assemblageé 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 Salix 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, excépt 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 taxonomic diversity of acritarcha is
relatively high with 24 taxa, including the genera Leiosphera, Cymatiosphaera and
Lavradosphaera. Among those, the most common taxa are Cymatiosphaefa‘?
invaginata, ~ Cymatiosphaera?  fensomei, Cymatio&phaera? 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 (PC1) on the.vertical that explains 16%
of the variance shows the opposition between Operculodinium centrocarpum and
Impagidinium taxa (Impagidinium 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, Impagidinium aculeatum, Impagidinium 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 (1966)(Operculodinium centrocarpum hereafter),
round brown cysts, Habibacysta tectata, Nematosphaeropsis labyrinthus,
Impagidinium 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 modern 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 éharacterized by
abundant Operculodinium centrocarpum leading to negative PC1 scores. The first
subzone (1a), 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 1b (3.176-3.10 Ma, MIS KM4-KM2). In
Sub-ecozone 1c¢ (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 1c (Figure 2.4). The successive
abundance peaks of subzone 1c suggest very important changes, which we illustrate
with more details in Figure 2.5. Subzone 1d (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 Ma is 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 PC1 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
229 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 1c (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 of 2 400 years (Figure 2.5). The assemblages show
successive abundance 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 K1, Filisphaera filifera increases to a maximum (53%)
which is followed by.increase of Impagidinium 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
of IODP 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 ef al.,
2013; Gibb et al., 2015) may correspond also to high nutrient availability and primary
productivity (e.g., Rochon ef al, 1999; Radi and de Vernal, 2008). In 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 e 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 Pacific 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 modern 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 of terrestrial and marine palynomorph
concentrations including the acritarcha Cymatiosphaera and Lavradosphaera (Figure

2.2), strongly suggest reduced productivity after 2.45 Ma.

Filisphaera filifera, 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 Pacific 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 er 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 er 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 ef al., 2014). A peak in abundance is found in the Ross
Sea, Antarctica, during the middle Miocene climatic optimum (Warny ef al., 2009). At
DSDP Site 610 the acme of this 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
'1ODP 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 Impagidinium 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 modern ones (De Schepper ef al., 2011; Hennissen et
al., 2017).

Among dinocyst taxa, Operculodinium centrocafpum bearing small processes records
a significant abundance peak in MIS K1 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 ef al., 2017). However, such an interprétation is not unequivocal as the
relationship between the process lengths of Operculodinium centrocarpum and the

salinity is reverse in the North Pacific, rather pointing 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 ef al., 2001, 2013;
Zonneveld et al., 2013). In recent sediments of the Northern 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 ef al., subm.). In the northern
North Atlantic and subpolar seas, it dominates the postglacial sediment together with
Operculodiniu}n centrocarpum (e.g., Solignac et al., 2004; Van Nieuwenhove ef 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 er al.,2017). High abundance of Nematosphaeropsis
labyrinthus in Pliocene was also linked to transitional climatic conditions and
oligotrophic conditions (Hennissen et al., 2017). However, in subzone 1C 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 ef al., 1999; Zonneveld et al., 2013; De Schepper 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 Impagidim'um aculeatum and Impagidinium paradoxum instead of round bfown
cysts at ODP Site 999 during MIS M2 was interpreted as the result of diminishing
inflow of nutrients from the Pacific 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



124

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 KMS 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 U1307 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 U1307, the mPwP is represented by our
subzones la to 1c encompassing from 3.21 to 3.00 Ma (MIS KM5-G20; Figure 2.5).
The early mPwP including the cold glacial MIS M2, M1 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 0 and 6 °C higher than at present (Dowsett ef 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% century (Dowsett et al.,
2016).

From the MIS KMS to the beginning of MIS KM1 (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 at the end of MIS KMS5 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 907A (Jansen et al., 2000)
and 610A (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 KMI1 to MIS K1, 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 highef
productivity from MIS KMI1 through the end of subzone 1c (MIS G20). The overall
assemblages characterized by Filisphaera, Bitectatodinium and Impagidinium
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 K1 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 ef 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 K1 (Figure 2.5) indicates
larger vegetaﬁon cover over south Greenland and inputs from wind pattern (Smith ef

al., 2018) and/or runoff from Greenland.

After MIS K1, the mid-MIS G22 characterized by increased '°0 (Sarnthein ef al.,
2009) probably corresponds to ice volume increase in addition to regional éooling. 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 17°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 G19 to G3 (3 Ma to 2.65 Ma; see Figufes 2.2 and 2.4), the dinocysts
assemblages are composed of dominant round brown cysts alternating 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
Impagidinium paradoxum and Impagidinium aculeatum also indicates relatively warm

environments.

The MIS G3 upper boundary at ca. 2.65 Ma is 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 Northern 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 also recorded
at the ODP Hole 610A 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., 2010; Hennissen,
2013; Hennissen et al., 2014, 2017). The earlier transition at IODP Site U1307 could
be explained by the northern and closer position of IODP Site U1307 to the Arctic 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 fundamental 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, bﬁt 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 2.2 Concentration of dinocysts, acritarcha, fresh water algae, marine reworked
palynomorphs (dinocysts and acritarcha), terrestrial reworked palynomorphs (pdllen
grains and spores), ice rafted debris > 150pm, 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), afe 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 dinocysfs (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 2.4 Relative abundance (%) of selected dinocysts according to PC scores and
associated to variations of the PC1 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 lines. 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 Sarnthein ef al. (2009) in black and the
reference stack of benthic foraminifer stable isotope from Lisiecki and Raymo (2005)

referred to as LRO4 is in grey with marine isotopic 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 PC1 and PC2 axis in IODP Site U1307 from the mPwP (subzones la,
1b and 1c¢) between 3.2 to 3.0 Ma. Cold Marine Isotope Stage are shaded in light blue
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Tables

2.25384 RPI U1308

2.2687 RPI U1308
2.31938 RPI U1308
2.34027 RPI U1308
2.3642 RPI U1308
2.37048 RPI U1308
2.38028 " RPI U1308
2.42918 RPI U1308
246437 RPI U1308

2.52141

2.66445
129.1 2.73077
129.73 2.74782
132 277611
135 2.80408
136.03 2.82958
136.86 2.84671
137.47 2.88009
138.13 2.89464
138.54 2.90858
138.8 2.93008
139.31 2.94014
141.12 2.96667

U1307A-18H-2 31 cm.

3.14918
3.16734
1318776

U1308
- U1308 N— e P ——
_ Mammoth {t}  U1307A-19H-660cm  173.93

U1307A°19H-6 120'cm

Table 2.1 Age model tie points used in IODP Site U1307 from Blake-Mizen et al.
(2019)
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I x x Cyst of Pentaspharodinium dalei X ETATK
Ataxiodinium choane X x Piccoladinium sp 3?
it x x X Polykrikos sp.? X x
Ataxiodinium ? sp. x x % Pyxidinopsis braboi X x
of. ium? Pyxidinopsis psilata x
init i x X x Pyxidinopsis reticulata X
Barssidinium pliocenicum x 13 x Pyxidir is X X
Barssidinium sp. x x Pyxidinopsis spp. x
Batiacasphaera minuta x x Reticulatasphaera actinocoronata x x
Batigcasphaera sp. ? x le hix bi i x X X
Bitectatodinium readwaldii x x Selenopenphix dionaeacysta x X x
Bitectatodinium tepikiense . e x x cf. Selenopenphix quanta x x x
ikie L x x X i hoid x x x
dinit ikie x x (x} Selenopemphix spp. x x
sp. A De Schepper et al. (2017) x Spiniferites elongatus x x
Bitectatodinium spp. x x Spiniferites membranaceus x x
Cerebrocystsa? namocensis X x Spiniferites mirabilis/hyperacanthus x x
cf. Cerebrocysta 13 x Spiniferites ramosus ? x
Cordospharodium minimum X x Spiniferites rubinus x
Corrudinium harlandii X x Spiniferites granular form x
C inium harlandii / x Spiniferites sp. A X
Corrudinium labradori X x Spiniferites/Achomosphaera spp. Indet. X X
Corrudinium sp. x Tectatodinium sp. A
Dubridinjum spp. 13 X Tectatodinium pellitum X X
inidi Idic X x x i variabile x x X
Echinidinium spp. X 13 X gl X x x
Filisphaera spp. x x spp. X X x
Filisphaera filifera X X Brigantedinium auranteum x x x x
Filisphaera microornata x x i [ x X X
Habibacysta tectata x x ig x x x
Habibacysta sp. A X x simplex X X X
Habibacysta sp. Head et al., 1994 x x + Brigantedinium sp. X x x
sp. Costa & Downie 1979 x round brown cysts x X X
idini X x X Brown indet. cysts x x x
X x x Brown cysts spp.
Impagidinium cf. contabrigiense x x x Cyst of Scrippsiella trifida x
idinium pallidum X x x Cysts type | of de Vernal & Mudie 1989 x x
Impagidinium paradoxum x x x Dinocyst? sp. A
sp. cf. paradoxum x x x Dinocyst sp. B
Impagidinium patulum X x x Dinocyst spp. indet.
Impagidinium plicatum x x X | Acritarcha = o
inium sphaerit x X x Cy iosph: 2 aegirii X
Impagidinium solidum x x X Cymatiosphaera 7 fensomei. X
idinit i x X Cymatiosphaera 1 icernorum X
Impagidinium cf. velorum X x x Cy i ? it X
impagidinium sp. granular form x X Cy 7 ? X
spp. Indet x X Cymatic sp.2 of Schreck 2013
sp. 2 of De Schepper & Head 2009 x Gy h sp.1 of Schreck 2013
Invertocystsa spp. x (o) iosph spp. X
Invertocysta lacrymosa x x ' Lavradosphaera canalis x
Invertocysta tabulata x -’77 Lavradosphaera crista X
inium brevis x x - Lavradosphaera lucifer x
/i ? cesare X X X Lavradosphaera spp. X
Islandinium minutum X X 13 Leiosphaeridia rockhallensis x
Lejeunecysta spp. x x Leiosphere spp.
Lejeunecysta catomus X X X Omemented leiosphere
Lejeunecysta hattersensis? X X x * Lei large folded *
Lejeunecysta marieae x x X * Leiosphere, small spherical thick wall *
Lejeunecystsa sp. A X x x * Leiosphere ‘ornamented’, angular pylome *
L h horur x X Mycristridium spp. X
h horum X X Cystidiopsis certa x
iy X x X Nonnobarphora waildalei 13
h S x x Pteraspermella sp. x
Operculodinium spp. x Cyst 1 of de Vernal & Mudie 1989 x
‘Opefculoqinium centrocarpum sensy Wall & Dale x x. Acritarch sp. 1 of Hennissen 2013
e (1966)
Operculodinium centrocarpum sensu stricto x x Acritarch sp. 6 of Hennissen 2013
9 er‘g'ulodinium ""mgggg; s;:)":’pxii' ’:: x x Acritarch sp. 9 of Hennissen 2013
Operculodiniumn piaseckii (Schreck, 2012) X x Acritarch spp. indet.
op o 3 ok Py . X
Operculodinium ? eiriki crebrum x x
Operculoding - - .
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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 stratigraphic 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:vPeridinoid cysts, G Gonyaulacoid cysts), and neritic (N) to oceanic (O)
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
Veriplicidium franklinii 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; between 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 b1 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 dinocyst
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 salt exchanges between the
Arctic and North Atlantic (NA) (Figure 3.1); it receives more than one 'third of the
freshwater discharge from the drainage of the western Greenland ice sheet (e.g. Rignot
and Mouginot 2012; Rignot ef 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
Miinchow 2006; Figure 3.1).

The Late Neogene ocean circulation in Baffin Bay may have been different from the
modern pattern but large uncertainties about the paleo-configurations of through-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 ef 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 of North Atlantic water masses from the Labrador Sea/Irminger
Sea across the Davis Strait and into eastern Baffin Bay. Northward flow of Atlantic
waters is compatible with a mild regional climate over northeastern 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. 201 i; Guertin-Pasquier
2012). Hence, northward transport of warm and humid air masses toward high latitudes
in the Labrador Sea-Baffin Bay corridor during the Pliocene likely played a role in the
climate over Greenland and eastern Canada (Knutz ef al. 2015). By the end of the
Pliocene, the intensification of the Northern Hemisphere glaciation (iNHG) was
followed by a general cooling, marking the transition from relatively warm conditions
with atmospheric pCOz around 400 ppmv (Raymo et al. 1996; Seki et al. 2010; Bartoli
et al. 2011) to the onset of the Quaternary glacial-interglacial oscillations (Zachos et
al. 2001; Flesche Kleivch et al. 2002; Tripati et al. 2008; Matthiessen et al. 2008; De
Schepper ef 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 stratigraphic ahchoring
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 er 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 concerning 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 has 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 alternating 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-
1147.1 mbsf) consists of homogeneous, poorly sorted muddy sand with IRD associated
with turbiditic currents (subunit ITIA) and bottom currents (subunits I1IB 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 R1 (388 mbsf) corresponds to lithologic units I and II. It is subdivided
in subsequence 1A (0-167 mbsf), which is composed of horizontal and uniform
interbedded deposits, subsequence 1B (167-~388 mbsf), which has chaotic internal
reflectors suggesting multiple episodes of sediment redeposition or mass transport
deposit (cf. Knutz et al. 2015), and subsequence 1C. Subsequence 1C is relatively thin
at Site 645 and nearly absent westward but reaches thickness of 900 meters in the
eastern basin. At Site 645, subsequence 1C consists of interbedded sediments between
330 and 388 mbsf, just above reflector R1 that marks an erosional unconformity
(Srivastava et al. 1987; Arthur et al. 1989). Seismic sequence 2 encompasses lithologic
units IIIA and IIIB and comprises flat layers from below reflector R1 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
transpoﬁ 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 lithologic 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 IT1A;
20 samples were collected above the hiatus in Hole 645B between 302.05 mbsf and
120.56 mbsf in Units II (n=14) and IB (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 pm 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 um) with warm hydrochloric acid (HCI, 10%) and warm hydroﬂuofic
| acid (HF, 48%) tovdissolve 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 (Munstehnan 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 Aprevious 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 pm and the 10-125 pm fraction was successfvely treated with cold HCI (10%),
warm HF (48%) and warm HCI (10%) prior to wet sieving with distilled water at 10

pm.

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 x1000, 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 S1). 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
stratigraphic range (extinct in the Mesozoic and/or Tertiary) and/or preservation state
(Figure 3.4). Stratigraphic occurrence of selected dinocysts and acritarchs is illustrated
in Figure 3.5 based on concentrations as 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 McAndrews et
al. (1973), Bassett et al. (1978) and Kapp et al. (2000). The preservation state of
terrestrial specimens was ﬁsed 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 S1 and S2.
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34 Results

34.1 Palyhological 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 lithologic units ITIA and II, between 220.94 and 438.6 mbsf,
and very low in lithdlogic unit IB, between 209.89 and 120.56 mbsf (Figure 3.3, Table
S1).

Dinocysts occur in all samples between 120.56 mbsf and 438.6vmbsf 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 low
(Figure 3.3). |
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3.4.2 Biostratigraphy

Four diﬁocyst and acritarch biozones were defined based on species distribution and
assemblages using waest (LO) and 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 eastern North
Atlantic Ocean (DSDP Site 610, De Schepper and Head 20084, 20085, 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 S1). The second most abundant
dinocyst taxa include Filisphaera filifera 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 S1). 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 S1, Figure 3.3).
Pollen and spore assemblages are relatively uniform in the study interval. They are
dominated by tree pollen, recording an average of 70% (Figure 3.3, Table S1). 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 S1).

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 (Figure 3.3, Table S1).
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3.5 Discussion

3.5.1 Palynostrétigraphy and chronological implication

The age determinations from biostratigraphical markers made below assume that
dinocysts and acritarchs have similar stratigraphic ranges at the study site compared
with other northern North Atlantic Ocean sites (DSDP Site 610: De Schepper and Head
2008a, 20085, 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 ef 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 hp in the early Pliocene (~4.6
Ma) in the Norwegian and Iceland seas and characterize the Miocene in the Labrador
Sea (Table 3.2). Moreover, the acritarch Veriplicidium frankﬁnii (Figure 3.6) hés 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) occurred 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 R1 at 388 mbsf, which is interpreted
as an erosional unconformity (Srivastava ef al. 1987; Arthur ef al. 1989), marks the top

of Biozone 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, neceséarily 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).

Biozone 2 ranges from the sedimentary hiatus (reflector R1) at 388 mbsf to the recovery
hiatus (Srivastava et al. 1987; Arthur ez al. 1989). It corresponds to ODP Site 645
seismic unit 1C 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 relati.vely high number of dropstones (Figure 3.3) as reported by Korstgérd
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 stroﬁg IRD pulse around 300 mbsf with the onset of trough-mouth fan
progradation (Knutz ez 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 3
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
internal 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. ﬁZifera, 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 ef al. accepted).

Biozone 4 corresponds to the lithologic units IT and IB, which contain abundant IRD
(Srivastava et al. 1987, Arthur et al. 1989). It also corresponds to early Pleistocene unit

mu-a of Knutz et al. (2015).



170

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 b1 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 stratigraphic
interpretation in the vicinity of ODP Site 645 (Figure 3.8). According to our
biostratigraphy, horizon bl 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)..M0reover,
it implies a late Pliocene age for horizon bl, which also agrees with stratigraphical

correlation with West Greenland wells (Knutz ez al. 2019).

According to our biostratigraphy, the study interval encompasses the stratified interval
of late Miocene/early Pliocene age below horizon bl and early Pleistocene above the
recovery hiatus. Horizon b1 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, furbid
transport, bacterial degradation, etc. (see Campbell 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
(dbies) are common, together with shrub taxa such as willow (Salix), birch (Betula),
alder (Alnus) and Ericaceae. Assemblages contain 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 nearshore 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 eai'ly Pleistocene (de Vernal
and Mudie 1989a, 19895; 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 Seé, 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 er al. 2017; Table 3.3) but slightly cooler during the
Plio/Pleistocene (11-17°C; De Schepper et al. 2011; Hennissen et al. 201 7; Table 3.3).
The presence of other warm water taxa such 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 summer temperature contrasts
(e.g. Rochon ef al. 1999; de Vernal et al. 2001, 2005, 2013). It was a dominant taxon
in dinocyst assemblages throughout the northern 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 (ngure 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. Warm
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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31 cm, Z61/1, 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 of trilete 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, Z55/3, slide 3497-3. High (g) and low (j) 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. L 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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16R-2,130-132 cm, V57/4, slide 3341-4. m, n. Cristadinium diminutivum, ODP 645D-
17R-4,30-31 cm, Z70/0, slide 3350-3. '






196

Cordospharodinium spp., C. labradori, Corrudinium spp., C. diminutivum, Filisphaera
bspp., Habibacysta of Head 94, Habibacysta spp., Impagidinium sp. A of De Schepper
and Head (2009), Impagidinium spp., brown Impagidinium spp., L. machaerophorum,
Lingulodinium spp., Nematosphaeropsis spp., O. centrocarpum, O.? eirikianum
eirikianum, 0O.? 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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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 DSDP Hole DSDP Site 61055
ab od 603Ce IODP 1308
DINOCYSTS
A. zevenboomii LO:53 Ma
B. pliocenicun/ HO: <3 Ma HO:4.5Ma HO :2.74 Ma HO:2.1- .95 Ma in
graminosum England”
HO: 3.6102.6-2.4 Main
Denmark’
B. hirsuta HO: 4.98 Ma HO: 8.4 Ma
HPO/HCP: 5.53
Ma
B. micropapillata HO: 4.64 Ma HO: 3.4 Ma HCO: 4.0 Ma HO: 3.83 Ma
complex HCO: 4.5 Ma
C. labradori HO: 3.27 Ma HO: 4.5 Ma Lower Pleistocene in
Labrador Sea’
C. diminutivum HO: 4.91Ma HO:5.81 Ma HO: 5.3 Ma in Nordic seas
¥HO: 5.5 Ma in Labrador
sea’
F filifera LO: 5.18 Ma HO/MHPO: 144 Ma  Acme:~1.8 Ma ™ e references
(subsp. filifera) therein
H. tectata LO: 142 Ma HPO: 1.7 Ma HO: 0.8 Ma HPO : Pleistocene ™™
HPO: 2.07 Ma references therein
L. cinctoria HO: 531 Ma
M. choanophorum HO:3.27Ma HO: 4.5Ma
HPO:8.4 Ma
0.7 eirikianum HO:45Ma _ HPO: 3.59 Ma HO: 2.62Ma HO:2.34Ma”
LO: 13.0Ma LO: 14.0 Ma
0.7 eirikianum LO:<3Ma HO: 4.5 Ma HO: 2.62 Ma HO:2.34Ma”
eirikianum )
0.7 eirikianum HO: 3.45Ma LO: 3.33Ma
cerbrum LO: 423 Ma
O. tegillatum HO: 4.49 Ma HO: 4.5 Ma HCO: 4 Ma HO: 3.71 Ma
LO: 5.29 Ma LO: 8.9 Ma LO: 5.02Ma
P. tuberculata
R. actinocoronata 'HO: 4.64 Ma HO:4.5 Ma HO:4Ma* HO: 4.4 Ma in Belgium °
HCO: 4.5 Ma* HO: Lower Pliocene’ 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 #
HPO:10.4 Ma
S. nephroides HPO: 8.5 Ma Lower Pliocene

ACRITARCHS
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C.? icernorum HO: 1.71 Ma HO:2.14-2.53Ma
‘LO: 3.69 Ma HPO: 2.7-2.74 Ma
LO: 3.74-3.35 Ma

C.? invaginata ' ' HO: 1.82 Ma
HPO:2.74 Ma
L. crista HO: <£3Ma HO: 2.67 Ma HO: 2.9-3.0 Ma &4
HCO: 3.00 Ma
L. canalis HO: 2.75 Ma HO: 2.60 Ma
LO:2.84 Ma 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:59Ma LO:82Ma”

Table 3.2 Stratigraphic ranfe of selected dinocyst and acritarch markers. Modified from
De Schepper and Mangerud (2017).2 De Schepper et al. (2017); ® De Schepper et al.
(2015); © Schreck ef al. (2012); ¢ Schreck ef al. (2013); ¢ Head and Norris (2003); {De
Schepper and Head (2008b); 8 De Schepper and Head (2009); " Head (1997); ! Dybkjaer
and Piasecki (2010) ;) de Vernal and Mudie (1989b); *Mudge and Bujak (1996); 'Head
et al. (1989); ™ Mattheissen et al. (2018); * Versteegh (1997); ° Louwye ef al. (2004); P
Louwye and De Schepper (2010); 4De Schepper and Head (2014); * Van Ranst (2015);
s Piasecki et al. (2002); t Channell ef al. (1999); ¥ Canninga ef al. (1987). HO: highest
occurrence, LO: lowest occurrence, HPO: highest persistent occurrence, HCP: highest.

common occurrence.
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Mio-Pliocene Exi O Ol Paleoecology * Comments
Dinocysts
. warm water, subtropical/tropical COSWOPOMM
R. actinocoronata X X . sporadic occurrence
cold intolerant ;

temperate/subarctic
Batiascasphaera spp. X X warm water - cool tolerant cosmopolitan
O. centrocarpum

: X warm water

sensu stricto
0.7 eirikianum X cold intolerant
N. labyrinthus X X subpolar to temperate region cosmopolitan

similar to modern ¢
L. machaerophorum warm water, temperate to tropical endemic to the Gulf of Mexico

(modern)?
S. elongatus X X cool water — cold tolerant
, warmer waters than modern . be
I pallidum X distribution cold water affinity Qnodem) -
. . wider temperature distribution than
H. tectata X subtropical/tropical Plio/Pleistocene */
Acritarchs
C.? invaginata cool water — cold tolerance
Plio/Pleistocene Exi O Ol Paleoecology &/ Comments
Dinocysts
Protoperidinale cyst temperate regions abundant in coastal regions
O. centrocarpum
sensu Wall and Dale X cosmopolitan North Atlantic Current indicator
(1966)
1. aculeatum’ X X warm water
1. paradoxum X X warm water optimum lower than /. aculeatum
N. labyrinthus X X subpolar to temperate region transitional c! 1matolog1cal
conditions
Spiniferites spp. cosmopolitan (modern) > ¢
B. tepikiense . . ..
(columellate var.) X X cool water tolerant high seasonality, low salinity
F. filifera X cool water/moderate cold tolerant
B. tepikiense
(vermiculate var.) (x) (x) cool water tolerant high seasonality, low salinity
+ F. microornata group
cool water affinities to cold- o,
H. tectata X cool transitional character
tolerant
1. pallidum X polar to subpolar water but tolerance for warmer waters
than modem

S. elongatus cool-temperate to subpolar

(modern) &< &
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associated with Arctic Front and
polar waters
cyst of P. dalei X X X cool-cold water tolerant ice cover, low salinity (modem) %8

P. braboi X cool-cold polar water

Table 3.3 Paleoecological affinities of selected Mio-Pliocene and Plio-Pleistocene
- dinocyst and acritarch taxa based on the literature.? Schreck e al. (2017), ® de Vernal
et al. (2013), ¢ Zonneveld ef al. (2013), ¢ Limoges et al. (2013), ¢ De Schepper et al.
(2011), fHennissen et al. (2017), and & Rochon et al. (1999). Exi: extinct, N: neritic, O:

oceanic, Oli: oligotrophic.



CONCLUSION

Cette these avait pour but de documenter la transition Plio-Pléistocéne aux hautes
latitudes du nord-ouest de I’ Atlantique Nbrd (Mer du Labrador et Baie de Baffin) dans
I’optique de mieux comprendre 1’enjeu des variations du climat et des conditions
océaniques de surface dans le contexte de 1’englaciation du Groenland. En effet, la .
transition Plio-Pléistocéne, située autour de 2,58 Ma, est marquée par une
intensification des grandes gléciations de I’Hémispheére Nord menant notamment au
développement de la calotte groenlandaise. La zone d’intérét, la Mer du Labrador et la
Baie de Baffin, constitue un corridor qui mérite plus d’attention a la fois (1) pour son
role dans les échanges d’eaux froides et peu salées de I’Océan Arctique avec les eaux
relativement chaudes et salées de I’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 1’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 vélage 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 Pliocéne 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

Néogeéne de I’Atlantique Nord a fait I’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 ef al. (1989) ne permettait
ni de définir précisément la position de la transition Plio-Pléistocéne, ni d’effectuer des
corrélations avec les nouveaux schémas biostratigraphiques établis dans 1’ Atlantique
Nord et les mers nordiques (De Schepper et Head 2008a, 2008b, 2009 ; De Schepper
etal., 2017 ; Schreck et al., 2012 ; Mattingsdal et al., 2014 ; Matthiessen ef 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 rdle trés important dans la
dynamique des changements climatiques et ’englaciation de I’Hémisphére Nord au
Pliocéne (e.g., de Schepper et al., 2013 ; Hennissen ef al., 2014, 2015 ; Panitz ef al.,
2017).

Cette theése a permis, & partir de 180 échantillons de sédiments marins provenant du
Site IODP U1307, d’établir la premieére palynostratigraphie détaillée du Pliocene
supérieur au Pléistocéne inférieur (3,2 -2,2 Ma) dans la Mer du Labrador. Basée sur
des bio-événements (apparition ou disparition d’espéces de dinokystes et/ou
acritarches), d’acmées calibrées et a partir d’un nouveau, et plus robuste modele d’age
de Blake-Mizen et al. (2019), nous avons défini trois biozones (LS1, LS2 et LS3) qui
peuvent servir de références pour des corrélations régionales et extra-régionales.
Malgré I’expression d’un certain régionalisme par de nombreux bio-événements
asynchrones entre la Mer du Labrador, I’ Atlantique Nord et les mers nordiques, notre
étude montre que les changements enregistrés dans la Mer du Labrador se corrélent
bien avec ceux du nord-est de I’Atlantique Nord. Les bio-événements marquant les
limites des biozones que nous avons définies dans la Mer du Labrador (LS1, LS2, LS3)

sont généralement uniques au vu des taxa qui les caractérisent. Toutefois, ils ont eu lieu



205

simultanément aux limites des biozones établies dans le centre de 1’ Atlantique Nord
(RT4, RTS, RT6 et RT7) au site DSDP 610 (De Schepper et Head, 2009). Seules les
biozones LS1 et RTS 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 & la
faible abondance ou la trés sporadique présence d’espéces ayant des affinités
écologiques pour les eaux de surface chaudes mettant en évidence 1e caractere régional

relativement froid en comparaison avec le reste de I’ Atlantique Nord.

Le second chapitre de cette thése répond aux objectifs visant les reconstitutions
paléoécologiques des assemblages de dinokystes et acritarches et a également permis
de retracer les conditions terrestres au sud du Groenland a 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 I’ Atlantique
Nord et les mers nordiques, 1’étude des dinokystes a permis de documenter les
variations des conditions des eaux de surface durant le Pliocéne tardif et la transition
Plio-Pléistocéne (De Schepper et al., 2009a, 2013, 2015, Hennissen, 2013 ; Hennissen
et al., 2014 ; Panitz et al., 2017). Comme démontré par plusieurs travaux dans la
derniére décennie (De Schepper et al., 2013 ; Hennissen, 2013; Hennissen et al., 2014,
2015 ; Panitz et al., 2017), notre travail confirme que 1’espéce Operculodinium
centrocarpum s’est révélée utile pour caractériser I’intensité et la trajectoire du courant
nord-atlantique durant le Pliocéne. 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 a 1’échelle du Pliocéne.

Les tests statistiques des analyses en composantes principales réalisés sur les
assemblages de dinokystes de nos échantillons ont permis d’identifier des espéces

particuliecrement plus sensibles aux changements environnementaux, menant a la
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définition de deux écozones majeures qui peuvent tre associées a des changements
dans I’intensité de I’influence du NAC dans la Mer du Labrador. Cette étude montre
que peu avant la limite Plio-Pléistoceéne, une transition trés importante a eu lieu a une
échelle régionale. Elle se caractérise par un changement abrupt des assemblages avec
la diminution de I’abondance d’Operculodinium centrocarpum (~2,65 Ma) et I’acmée
de Pyxidinoﬁsis braboi (~2,65-2,55 Ma). Ces résultats permettent de mettre en
évidence la connexion entre la Mer du Labrador et le nord-est de I’ Atlantique Nord. En
effet, des événements similaires se produisent presqu’au méme moment au site DSDP
610 dans le nord-est de I’ Atlantique Nord (Hennissen, 2013 ; Hennissen et al., 2014),
indiquant une modification de la trajectoire du NAC et une position plus méridionale
du front arctique suite & lune augmentation des apports d’eaux de surface polaires vers
les basses latitudes. Le changement majeur de la composition des assemblages de
dinokystes dans I’ Atlantique Nord et la Mer du Labrador coincide avec I’intensification

des glaciations de I’Hémisphere Nord et du Groenland.

Avec le nouveau modele d’age 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 Pliocéne a ét€ marqué, dans la Mer du Labrador, par des .
changements de large amplitude reli€és a un changement dans D’intensité de la

pénétration du NAC & ~ 3,11 Ma menant & un refroidissement des masses d’eaux
superficielles, une augmentation des apports d’eau douce en provenance du Groenland,

et a 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 ’expansion de la calotte groenlandaise,
et donc de répondre a I’un de nos objectifs spécifiques visant 8 documenter le lien entre
les milieux marin et terrestre. D’aprés les exercices de modélisation de Smith et al.
(2018) proposant des trajectoires atmosphériques au ‘Pliocéne, nous suggérons que les
assemblages polliniques au site IODP U1307 résultent de la présence d’un couvert

végétal sur le Groenland pendant le Pliocéne tardif.

Ces assemblages polliniques fond état d’une végétation de type forét boréale-tempérée
composée de coniféres comme le pin, I’épinette, la pruche et le sapin, mais aussi de
noisetier et chéne 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 trés
présents et proviennent d’aulne, de saule et de la famille des plantes éricacées souvent
associées a des conditions plus humides. Les quelques grains de pollen d’herbacées
appartiennent majoritairement a la famille des astéracées. La trés forte concentration
de spores de ptéridophytes et de bryophytes, suggere un climat humide. Les
assemblages ne montrent pas de changement significatif au cours de I’intervalle
d’étude (3,2-2,2 Ma) ni pendant le mPwP ou la transition Plio-Pléistocéne, mais ceci
pourrait étre due & un comptage insufissant de palynomorphes. Cependant une
diminution des concentrations des palynomorphes terrestres simultanée @ 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 fagon 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
Mioceéne (ODP 645) a également fait 1’objet d’analyses dans le cadre de cette thése.

Des problémes de discontinuité dans les enregistrements sédimentaires font que la
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transition Plio-Pléistocéne n’a jamais été clairement identifiée. Le troisiéme chapitre
de la thése exploite donc la taxonomie et les études biostratigraphiques basées sur les
dinokystes et les acritarches de I’ Atlantique Nord, et maintenant la Mer du Labrador,

afin de caractériser la transition Plio-Pléistocéne dans la Baie de Baffin.

C’est pourquoi, 32 échantillons correspondant au Pliocéne et Pléistocene d’aprés De
Vernal et Mudie (1989b) et Knutz et al. (2015) ont été analysés. Comme il n’existe pas
de modele d’age probant pour le site ODP 645, la distribution stratigraphique des
espéces a été utilisée pour attribuer un &4ge aux sédiments. Quatre zones
biostratigraphiques ont pu étre définies et nous avons proposé€ un dge pour leurs limites.
Cependant, une de ces limites est associée 4 un hiatus sédimentaire et I’autre 4 une
discontinuité dans la récupération des sédiments lors du forage. L’intervalle étudié
correspond a des sédiments attribués a la toute fin du Miocéne-début du Pliocéne (>
4,5 Ma) jusqu’au milieu du Pléistocéne (>1,4 Ma). Malgré ce large intervalle temporel,
aucun indice biostratigraphique n’a permis d’identifier de fagon univoque la transition
Plio-Pléistocéne au site ODP 645 qui se situerait ainsi, d’aprés cette étude, dans le

hiatus de recouvrement des sédiments.

Gréce a 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
’acquisition a été faite & 17 km de notre site et dans I’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 trés limitée traduisant une faible connexion avec la Mer du Labrador.
Globalement, les conditions étaient plus chaudes a la fin du Miocéne-début du Pliocéne
que pendant le Pléistocéne, respectivement avant et aprés le hiatus de récupération des

sédiments.
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Nous avons €tabli une nouvelle biostratigraphie détaillée basée sur les dinokystes et
acritarches au Site [ODP 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 a I’intensité du courant nord-
atlantique et & la fonte de glace sur le Groenland. Au-dela du simple développement de
glace pérenne dans I’Hémisphére Nord, la transition Plio-Pléistocéne s’est singularisée
par une réorganisation des conditions paléocéanographiques dans 1’ Atlantique Nord.
La mise en place du front arctique et la migration vers le sud du NAC se sont faites a
partir de 2,65 Ma dans la Mer du Labrador, ce qui serait un peu antérieur a
I’enregistrement dans le nord-est de 1’ Atlantique Nord et a la limite formelle entre le
Pliocene et le Pléistocéne. Les conditions en milieu terrestre montrent également une

diminution du couvert végétal et une augmentation du couvert de glace a 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 groenlandaises. En effet,
il serait opportun de revisiter, d’un point de vue palynologique, le site ODP 646 qui a
été foré en 1985 en méme temps que le site 645, et qui est situé juste au sud du site
IODP U1307. Bien que le modele d’age ne soit pas aussi précis qu’au Site IODP
U1307, le Site 646 couvre un intervalle plus long allant du milieu du Miocéne a I’actuel
(Srivastava et al.,, 1989). L’utilisation de la biostratigraphie de la transition Plio-
Pléistocéne que nous avons établie au site U1307 permettrait de raffiner le modele
d’age initial basé sur les inversions magnétiques et la biostratigraphie des coccolithes
et foraminiféres planctoniques (Baldauf et al, 1989). De plus, il serait possible
d’identifier clairemént la transition Plio-Pléistocene et d’établir une
palynostratigraphie régionale couvrant I’ensemble du Pliocéne. Les analyses des

assemblages de dinokystes permettraient des reconstitutions paléocéanographiques
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alors que les assemblages polliniques contribueraient a 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
I’Atlantique Nord au moment de ’initiation des grandes glaciations de I’Hémisphére

Nord vers environ 3,6 Ma (Mudelsee et Raymo, 2005).

En ce qui concerne la Baie de Baffin, il parait nécessaire de réaliser de nouveaux
forages continus afin de documenter les conditions paléocéanographiques,
paléogéographiques et paléoclimatiques au Néogeéne et au moment de I’intensification
des glaciations de I’Hémisphére Nord. En effet, la compilation des données effectuée
par Matthiessen et al. (2008) et les efforts de modélisation de PlioMIP (Dowsett ef al.,
2016) laissent supposer que la connexion entre la Baie de Baffin et ’Océan Arctique

n’existait pas pendant le Pliocéne.

Enfin, cette thése souligne I’importance de la proposition de mission de forage IODP
909 par Knutz et al. (2018). Les sites proposés permettraient de documenter 1’évolution
de la calotte groenlandaise du début du Néogeéne a I’Holocéne et, ainsi, de démontrer
comment I’expansion de la calotte groenlandaise est liée a Iintensification des

glaciations de I’Hémisphere Nord, notamment lors de la transition Plio-Pléistocéne.



ANNEXE A

SUPPLEMENTARY INFORMATION A DU CHAPITRE I

List of taxonomic names and their full authorial citations of dinocysts and

acritarcha from the late Pliocene-early Pleistocene of IODP Site U1307

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
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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 Matthiesgen, 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
Impagidinium Stover and Evitt, 1978 _
Impagidinium aculeatum (Wall, 1967) Lentin and Williams, 1981
Impagidinium cantabrigiense De Schepper and Head, 2008
Impagidinium cf. velorum of Bujak 1984
 Impagidinium pallidum Bujak, 1984
Impagidnium paradoxum (Wall, 1967) Stover and Evitt, 1978
Impagidinium patulum (Wall, 1967) Stover and Evitt, 1978
* Impagidinium plicatum Versteegh and Zevenboom 1995
Impagidinium solidum Versteegh and Zevenboom in Versteegh, 1995
Impagidinium sphaericum (Wall, 1967) Lentin and Williams, 1981
Impagidinium strialatum (Wall, 1967) Stover and Evitt, 1978
Impagidinium cf. velorum Bujak, 1984
Impagidinium sp. 2 of De Schepper and Head, 2009
Invertocysta Edwards, 1984
- Invertocysta lacrymosa Edwards, 1984
Invertocysta tabulata Edwards, 1984
Islandinium? cezare (de Vernal et al., 1989 ex de Vernal in Rochon et al. 1999) Head et al.,
2001
. Islandinium 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 ef 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 Biitschli, 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.1 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. ‘

Cystidiopsis certa Nagy, 1965

Nannobarbophora walldalei Head, 1996
Pterospermella spp. Eisenack, 1972

Cyst 1 of de Vernal and Mudie, 1989

Acritarch sp. 1 of Hennissen, 2013

Acritarch sp. 6 of Hennissen, 2013

Acritarch sp. 9 of Hennissen, 2013

Acritarch spp. indet.



ANNEXE B

SUPPLEMENTARY INFORMATION B DU CHAPITRE II

Concentration comparison for 4 Samples prepared and analyzed in Norway (S.

De Schepper) and Canada (A. Aubry)
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 DINOCYSTS

. Hole B B B B
Core 13 14 15 15
Section 04w 06 W 1w 04w
Intervalle 30-32cm 30-32¢em .30-32 c.m 30-32cm
Depth (mbsf) 114,1 126,6 128,6 133,1
Lab number | 13C316 | 3287-1 | 13D62 | 3147-6 | 13D63 | 3148-3 | 13D65 | 3285-3
Dry weight(g) | 16,17 577 10,49 | 9,0383 | 1695 | 4,7264 | 22,78 74
Tablets added 1 :
Batch number 483216
Number of Lycopodium clavatum grains added 18583
Standard deviation 1708
Coefficient of variation (%) 9,19
Number of Lycopodium cl counted 334 1516 687 1274 819 1920 1203
SDS:Stijn De Schepper; AA=Aurélie Aubry SDS AA SDS AA SDS

Total dinocysts counted
_ Number of species

ACRITARCHA

Total of acritarcha counted
Number of species

Acritarch concentration (cyct/g)

total of pollen grains counted

POLLEN

GRAINS Pollen grain concentration (grain/g)
total of spores counted

SPORES

Spore concentration {spore/g)

palynomorph/e) |




ANNEXE C

SUPPLEMENTARY INFORMATION B DU CHAPITRE 1 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 U1307

Etant trop volumineux, le fichier est disponible au format tableur excel dans le lien

suivant. Apres acceptation des articles des chapitres I et I, le fichier sera accessible en

ligne via le site des revues.

https://www.dropbox.com/s/zahdvd76rnzkfl10/Annexe%20C%20Aubry%20PhD
%202019.x1sx?d1=0



ANNEXE D

SUPPLEMENTARY INFORMATION S2 DU CHAPITRE III

List of taxonomic 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

Filisphaera filifera 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
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Impagidinium aculeatum (Wall, 1967) Lentin and Williams, 1981

Impagidinium pallidum Bujak, 1984

Impagidnium paradoxum (Wall, 1967) Stover and Evitt, 1981

Impagidinium 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 ef al., 1991) Lentin and Williams, 1993
Lejeunecysra fallax (Morgenroth 1966) Artzner and Dorhéfer, 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 ef al., 1997

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 er 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
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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
Ornamented Leiosphaer = Sphaeromorphitic acritarch of Schreck er al., 2013
Micrystridium (Deflandre, 1973) Sarjeant, 1963

Nannobarbophora walldalei Head, 1996

Veryhachium Deunft, 1954

Veriplicidium franklinii of Anstey, 1992

Acritarch sp. 6 of Hennissen 2013

Acritarch spp.



ANNEXE E

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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ANNEXE F

SUPPLEMENTARY FIGURE S1 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 b1 horizon is indicated by white triangles






ANNEXE G

SUPPLEMENTARY PLATES DU CHAPITRE I
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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 pm.

a-d. Barssidinium graminosum, a, b. IODP U1307A-19H-4, 30-32 cm, U25/3, slide
3181-4. ¢. 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, 1. 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. Filisphaera filifera, IODP U1307B-15H-3, 130-132 cm, L33/2, slide 3285-4.
m, n. Habibacysta tectata, IODP U1307A-14H-3, 120-122 cm, 252/3, slide 3550-1.
0. Corrudinium harlandii, IODP U1307B-15H-1, 30-32 cm, W39/0, slide 3148-3. |
p. Invertocysta 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, I0DP 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 pm.

a, b, ¢. Lavradosphaera canalis, I0DP U1307B-14H-3, 130-132 cm, V21/4, slide
3053-1

d, h, I. Cymatiosphaera? invaginata, I0ODP U1307B-14H-3, 130-132 cm, Z45/3, slide
3053-1

e, f, g. Lavradosphaera crista, IODP U1307B-15H-5, 30-32 cm, W46/1, slide 3285-
1.

i, j, kK. Cymatiosphaera? icenorum, IODP U1307B-15H-3, 80-82 cm, Q39/3, slide
3285-5. :

1;1, n, o. Cymatiosphaera? aegirii, IODP U1307B-13H-4, 52-54 cm, L41/3, slide
3550-5. - |

i), t. Operculodinium centrocarpum sensu Wall and Dale (1966), IODP U1307A-
14H-3, 120-122 cm, AA24/0, slide 3550-1. |

q, I, 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 SUBSURFACE WATERS PREVENTED
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

subsurface waters prevented winter convection. Paleoceanography, 31(9), 1206-
1224. doi:10.1002/2015PA002903.
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RESEARCH ARTICLE  The “warm” Marine Isotope Stage 31 in the Labrador Sea:
10102 PABRBE Low surface salinities and cold subsurface waters

Kay Podotss prevented winter convection
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Abstract Suface and subsudface conditions in the Lalbvador Sea duing Marine Botope Siage (M5)31 &t
thee Butagprated Oosers Deiling Progeam Site U1305 of southwest Greenland ace reconstrucied byied on
dinscyst and foaminder msemblages. Botopic composiions of plankionic {koghkboguading padipdema
Npl and benthic {0blcides swoslrstodl, Ow, snd Oddorssls umbonatus, Ou) faaminiless pronide further
dooation ahout water propserntios i the meopelanie Lyee a3 well & 2t the sedloor. Dinocyst proxy
reconstructions indicate low salinities {32-34 5}, codl winees G-6"C), and mid suanens {10-15"C inthe
surface waler layer during the M 31 “optimum®, However, plinkionic fuaminifer asemblages laegely
dominated by Np sugota relatively cold subsulace conditions n winter and summer {<4°CL Lower 5%
vakues Bn Np versis Ow Turher suggest dther a lesser-ventiated mesopelagic aper than the botiom oneor
high arganic matter oxilation rates # Npy habitat depth, The dinacyst sod plskanic focaminier recads
together sugesta srong stratification betwes the suface and submuface water lyers Kotopic snd
mikrepalecmicigical daa tuss coanerge owad pelenceandgraphical conditions unsuitable for convertion
ot intermeciiate or Seep water knmnation in the Labeador Sea duding the wanm M5 31 interglacial »
Situstion compivable 1o the ons that prevaid datng the waom MB Se.

1. Introduction

Natine kotope Stage (M9 31 & dated between 1081 Ma and 1062Ma and occues 8t the base of the
Jaraerifiomagnetic reverssl fLisieddd and Rayime, 2006 Villa e1al 2008 Schesr o1 o 2008} i Bofiendescabed
s & “super interglacal® fin both the Nonhess and Scuthen Hambpheres bucuse of exteme wonm condi-
tions ko which it hus been asocined [De Conto et al, 2012; Melies et o, 20121 For example, in nontheast
Russia, poien data sugoea regicndl sumsner ak lempeaties o abow 4-5C higher than st present
{Meles et o, 2017 &S another extmple, south of the Antarcic Ciele, My/Ca mtios in plankionic feaminters
indicate sea suface tempeatues 5-9C higher than the modem wpestures Duabor, 2002), The
configuation of odbital parameess responsble for particulady high insolation inthe Novthees Hemisphare
weas used 1 explain the high tempenatures svd ey volume of continentl ko sheety dusing M5 3)
{Lackar et af, 2004 Melles ef al, 217 The interglacial of NS 31 therefure desenves same sttention & X
may serve a6 areference 10 dwestigate the response of ocssn Greulation and deep watsy formation under
& wanmn maK feding,

s this study, we have poid special attention 1o the Labwador Sex, where winter convection [Madhall and
Schoit, 1999] presenty accounts for & large part of the Atantic Merdional Overtisning Dirculation (AMOG)
[y ef al, 1999; Yashayoey, 07; Yashayaew et al, 2007]. In this basin, coavection has been recordied
o be vadkabie &t interannial tinw scale fLorier et o, 2002). Palecceanugraphicsl studies Ruther suggest that
it might have been mostly inefacve peicr 1o the micdie W late Holotene intesval, and quite variable when
effectiveleg, Fllaie-Marosl and Blodeau, 2000). feconstracticn of e surfaoe pasawters inHolocene sadi-
ment oores fiom the Lateador Seallustate miflonsial scale changes s temperature and sabinity and, thus in
dengty, indicating that the onset of conditions faverable o vertical convedian snd Labesdor Sea Watey
{LSW) farmation cocurred only Mitey cirea 7.5%a [de Yerml and Milkre-Mascel, 2006; Gibls et of, 2014, 20151
The analyses of oider seclimentary sequences yiekded 5o (ar no evidence of camwention, nutalily dusing the
fast interglacial (MES Se, 128-117ka) [Hillake-Marael ot o, 2001, 20111

The o obyctive of this sudy & 1o dociement the surface snd subsudber conditions i the Labwador Sea
and ta axsess vertical convertion during the MIS 31 optinyum. To meet these objectives, we have analysed
the micropalecninlogical content of sediments from the Integraed Ocean Ddlling Program {100P) Site
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Figure 1. Schesmaticliustraion of ocean clruaton in the Honh Atlante and locasion of e study sw. Srfce curents
{gmen and yelowsrmiws) w:mwwsmmacﬁm{mam £t Greerdand aument G0}, $ie Labndor
Curmnt{iCY ard re borth Atbavic DefHNAZE The deep sl nchod e the Noah Atlarsic Deegy Gument
QAL thebords Ean Arbnte Do Water (NEADW), the loshind Scotfand Gradiow Wates {SOW), and the Dermack Straie
Ovedlow Water {D50%. The locxsian of the Labrados Sea Vster {15W) omnation is ydicated by the white elipse, and the
cicuation puth of the LSW i Sgumed hywhite-doshed amows, K0P S D105, SPZEER, 4531 & W 3459 m.Other
sites cted in the textareas follows: core HO-0013008 (POS) S8 12SUN, 4T°2240W, X380 iy come MDSRIEEYY, 6515 N
S I9W, 2200m; 0P Site U) 314, S6° 21N, 2PSIW, 2799, 4 oy OO Sine L 1308, A9 S0, 24714 W, 3801 oy 009 Sime S0, 55°
2N, RN, 217 12 0y QDR Site 983: 50°3AN, Z3BEW, 1983 m.

1305, which was delled dusing the Expedition 303 {Cluanadl et al, 2005] Figues 11 We have wsed b main
microfos tracers, b plankionic haminder assemblages and the dindflagefiate oystassemblages, in addi-
ton o bl Betopess (8 0 and § ¥0) memsurements in plankionic and bentic foaminder shelic

2. Reglonal Setting

Tewo main cutenis chancteriz the Labrador Sep sudice wates, Nong Caradian maiging, the Labvadar
Current {15} fowes on the shelf and tuings cood and fredwaters fom the Axtic 1o the South, On the
sasien site of the basin, the West Greenfand Current IWGC) & the main source of low Sslinity wakst in
the Labeadr Sea {Schmid and Send, 2007] The WGC cardes nontwesward cokd and fresh polae wated of
the East Greenland Curent EGC, terpersture <0, salinily I2.5-34) thatmiees with the undedying warmer
and salties Reninger waters partly fed by the Atlsatc intermediate Water 348-35) [Aagnand and Coaclyman
1968; Fratanionl and Fekar, 2007) Figuse 1),

The stucly site K0P UTI05 is undey the influence of he WGG, with s2s sudace temperatures S5T¢ of 82
£ 17°Cin summer {uly-Seplember, S313), 35 £ 0.7°C Inwinter {anuary-March, SSTw), and salinity ranging
346-349 i sumener and winte, especiively [Notioral Oceanographic Data Center, hups/iwwwnode.
nosagov] Winter codling lkads 1o vertical canvection froam 150m 16 T000-2500m IMarshall and Schott
1999; Lazier & o, 2002] and o the formation of Lateador Ses Water £5W) that pocupies the water column
shove the Noith £ag Atantic Deep Water UEADW, ~3C and 3492), which & found bevween 2500 and
3000m, and the Derarark Strait Overflow Water (DSOW, <1 78°C and 3496, and > 30001 Fgures 1 snd
2} fucatte and Hilbire-Marcel, 1994 Yashayoew etal, 20071,

3. Stratigraphy of the Core

00 Ste U305 & Jocated off Southwes Gresnband S7285N, 45731.8W) 2t & water depth of 3459m
{Channell et ol, 2006]. The compesite sedinvmtary sequence of 314m encompaises the lat 1.9Mx, bused
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Sableintope messurements of Meoghbaguading pochydern wese reponted in Hilble-Maradetal LONL
Shedls that wese picked up in the 150-250 sze range for stable Bolope measurements were the most abusr
dant and belong 1o the squice-shaped mophotype. Hers v add new measuements on $he Twd-beathic
forminder wxa {Cw and Ou). For siable Bonpe measuraments, 100-120p3 of cabonate were snalyzed.
This covrespends 1o~ 3 0w) 1o up 1o 36 {0u) specimens. Sefore thelr Botopic analysis, bunthic tess were
taked #t 250°C 16 oxidize ther lnnes seganic Bnings. Geochemical analpies were done at the Center for
Besearch in Bidtopic Geochemistyy #nd Geochronology (GEOTOP uiing & Mulicah™ prepamtion device
on Bne with an ioprme™ Botope ratic mass specromenst tvough 10096 orthaphosphoric acdfication
meshod [Wendabirg et af, 2011) Results sre expresoad in dedis ) valies again the namationsl reference
Vienna Pee Dee Belemaite. The home cabonate standaed JQ5) UHllobeMaraed et o, 1994] was caliteated
using the Carrara madble Nations! Bureduof Stand scds (NBS)-1 9 reference foe 8V3C a0 870, The ovenli ane-
fytical reproxdicibiity i whthin $0.05%s (£10) for both 80 and 5V°C. The Cwr 6 ™0 vakues imust be corected
1o account for specific vital effects and cosrparison with other benthic sotope recads, Alame amay of ofiet
valuss can be found in the Bleratue leg, Cona ot o, X006], bt for massn of consiency with st puls-
b records, we usad the +068h corection proposed by Shackieton and Dpdyke {19731

# 0
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The 10-106 jun factan was treated for palyndogy with hydrochlonc adid 310, 10%) o dissoive cakium
cadwusates and with hydeollucdc acd §1F, 485%) to rmove slicates, then cemsfuged and rinsed with
chiied weater, The residue was mounted between glass shides in glycedin jolly for mitrastopic obsenvation,
Theidentification of dinocysts 81 5pecies of genus level was done af 400X or TOBEK magnafication, according
16 the somenclatue of Rachan 1 ol 11999] and De Schegper and Mead {20083, 20085, 2009]. For each sedi-
ment Sunple, one of two shdes were analyzed In oeder 15 obdain & mininmem count of 300 pecimens.
Spoes, polien graing, benthir foramindler Hnings, and wwoded palynomoghs were alse Kentified and
conanied 3t this unoonstrained category Jevel Concentetions wiere expressed in tanms of specimens per
o ofwat sediment. Acconding 10 de Verndl et o 1987 and Mevtens et of, (20091 this ap proach yields resuits
weith oy accuracy ol 4 10% for a confidence interval of 085,

Dinocysisan produced during the ife oy of dinoflagetiates and are composed of resitant organic mattee
They cecut i relatively high nuimbers in polar and subpolar basing, where their sssemblages inclods speacies
related 1o both phototraphic and heteratrophic production] e, de Vernal and Mager, 007] Herce, dinccyst
assemblages se voulinely used 10 reconstront emdiconmental paramedins such 85 50a soface salinity and
temperatung in winer and suraver [de Vennol of of, 1997, 2001, 20052) i addition 1o mean anmuel pemary
producthity PF) [Radi and de Vernd, 2008; Bouret et ol, 2017]. They are found tucugh 8 wide raonge o
conditions fram the sopis 10 the Artie st kom estuades 10 cpen acean fo.g, de Veral of o, 2001,
20055, MOSH, 2013y, Rad and de Wenal, 2008; Bsanet et ol, 2012, Multhadat analyses padomned with
the Canceosoliware {Ter Brack and Smailaues 2002) on moedern dinocyst stsermblages, and sudace ocean dats
demonstate that 55T, s wuface wlinhy {5S5] seasonality Levonal contrast of tenpersture), sea ioe comy,
and produchily sreall playing a determinant vols on the distrbation of dinocyst asemblages{fachon eral,
1999; fadi and deVernd, 2008 Bonnet ef al, 2012 de Vernalet of, 20130). Moliivaria® slyses ware shio
pedormed on dinocyst amemblages of the study ineral in ceder 10 Keatdy the main changes
in asamblages

The modern snaogue technique (MAT) using the softwae “R* Sutpd/teansprojrion) with the saipt pro-
vided by L Guiot ipac/imewsccoreviispipphp? sesche 3891 has then been applied 10 obtaio proxy estimates
of the sbove parametess, oliowing & peoceduse described in de Verml et ol 20055 2013b). The mudesn
Horfwen Hemisphere dinoeyst datsbase of GEOTOR that kncludes 1492 sites and 65 taxa e Vernal ef al,
2013b] has been used a8 refrence The modar hydrographic das were conypiied fon the 2001 verdon of
the World Ocean At The modem s ios distrbustion was compiied from dasta penided by the Nationasd
S gnd 1o Data Cener, based on Sheenetions spanning Foen 1953 1o 2003; ey show a large intersnusd
vakatilty that averages sboat Tmonthy?™* fef de Vernal et al, 201351 The maders PP was compiied fom
meridy vakes obisined Som 2002 10 2005 wing the Modeale Resoluion bnagig Spectroadiomster
{MODE) proggam of the NASA hatpdidasegaionasagov]. Compusicon wilh other preductivity daa ses sl
dedved fom satelite cheervations indicates a lvge uncentainty, on the order of 153, which can be due 1o dats
Beopuis T e chnicgues stul/os inhesent varabiny of produanity I, Rodi and de Vernal, 20083 -

Modern analogues of fossd assemblages wes seirched after kg {for dinaysis) orsquare ot for plankionic
foraminden) vandormations of Laxa ocourences, it order 10 increase the weight of accompanying species,
which dften have narower scological sffinities andominant tacs, Reconstruetions were msde o b fve
best maoderns analogues, with the most grobuble values baing calculated ss a mean weighted inveriely 1o the
distance between he analogie snd the B asenblage. A tuethokd valie, defined fom e mean
distance minus standard deviation of rndomlyselected analogues inthe database, was used toideniify poor
analogues. Assembdages i s logus ditances beyond this theeshold were sxchidled fom macestractiong.
The pradictive sbility of the apgwoach was estimated from validation tests comparing obeevations and
reconstruetion wing subset of the reference daty bases [Gudat, 2011; Gulot and de Vemal, 2007] {see
Tatde 2} The aror of seconstructions of foot-Meandquare e of Prediction FAMEER), which B the
standaed deviation of e difference between thuewed and reconstaucied vales, provides a metric f
the untensinty of eimates,

The reconstructon of subsufsce terperatreswas made based o plankionic fovaminiler asserblages wing
the Muolipesay Approach ke the Reconstaucton of the Gladial Oaean surbos (JARGD] dats [Kuawa et al,
20054]. This data set inclodes BG2 sies frum the Hoth Athntic Ocean snd 40 taxa [xceo ef o, 20050
Validstion a3 parformed for dfferent depits in the water column indicatee that the best reasasructed
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5. Resufts

5.1, Microfoss] Concantration and Ststigraphy

Plankouic and benthic fovaminfen scourinmost samples betveen 16696 med and 17055 mod Figue 41,
and their concentrations tange between 1 and 6065 testscm™™, Samples above 16671 mod and below

170.55 med ave gensally barea of forsainder {<3 1008 em™ ), Comwersdly, 8 lager popoetion of 5D ate
observed in thece intervals.

Dinocysts oo @ al samples beiow 17055 mod, bt with vely fow conmntations abowe 16695med
{< 140 eysts oo™ ), Batwea 166.96mod s ) 70.55 mad, they reach concenirations a5 high as 8740 cysts ™,
Maximum and rinimum concentatons of both foraminilens and dinccysts we obrsrved smiftansously,

" Concentativn of other patmomophs swch a8 polien geains, spores, and reworked paynomophs are

relatively high 8t the botion of the study interval, betwesn 170.55 med and 17075 mod, with counts up o

£3589 rewocked palynomorphsom™ and 0 polien g and sporesam™, Betwess 168mad and

1755 med, concentrations average 1234 palynomorphem™ and 126 polien. grains and spoves o™, At

ww&mmm&maﬁmmm&mamwmm:mmvmed
* They simost diappear betvesn 16621 med and 16667 med.

Atthe boticin of the study interval {bekow Y70.55 med), Jow biogenic content, sbundant Lerigenos Iputs
mnd reworked pabnomonphs were claeved. The uppesmnost secion of he sudy interval {above of
166 med) wias baren in benthic and plankoak: foramindfeg & well 8 I pollen and spores, but
contsined sbundant IO, tn these Entevaly disschition of caldium cabonate coukd expliin the low
concenyation of pladdonic snd benthic foranmviciiers, but there & no evidence for dissolution of the cabo-
nate shells asther oaganic Buings were alto mre Hence, Jow productivity andior dilution with sbandant des
il gt caen be invcked,
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Figur €. ot graghs Bustnsting th phologicd af Mecgioboguadrha pochy &l Moghatypes fom
the aptical microscop, sesle § g Sy AL Foms fxom the ] o ope, scalies 200 g s .
300 g, UTISA-16HS 2003 om Q0P MRaL

Sased on macrolos il sbundances and BD coorence, the onset and end of the MIS 3T oplinumwere et st
170.55 {1.82 Ma) andd 166.96 med {1.06Ms), respectively.

5.2, Mlanitonic Forninifer Rzsanblages sad Subswface Conditions

Neogaboquadsing pachyderma $ip) s the most sbundant spedies in 8l samples {90%, Fgure 5. Orhey
species ocour in low peicentages: Neoghobadguading incompty {<GK), Glabigedna gluthata, Tuboratalin
quingueloba, Glabigering blolde s avd Goborosils biffars (< 19) (Figure 51 Such an msemblage i chatartes
stic of subpols waters, with mean annual se8 sudsce lempeaatwe below 7€ {Kiceny, 2007; Cronh ¢t af,
2008; Corstens ¢ ol 19971,

1 al savple extmined, N posiant viniows maorphsloges with regid 16 satrustation, thicknes of the shel,
numbet of cusnbers @, 45, and 5 chambes), suture depth, snd occurerce of a apetural Bp Fgure 6L
The range of the morphaogical vaaons in our samples is Similir 1o what v desciibed ty Byroud et al
{3305] and Bynoud 201 1] S tate Quatesnimy sedivnented the Arctic Ocean The roephelonical disaimiagiies
couild be related to dilferent depth hubitats, onlogeny, andlor enviroamenial stress Kennet!, 1958 Hemdader-
Ameida et o, 0135 Eproudet o, 008] Generally, the increcnental calkification nelated 1o ontogenic stages of
Np ave chaeactarivedd by thin snd Jeus sncrusted shedls for young specimers and by thi i mare sncrusted shelis
for the adisht farms Sag, Bevberich, 195G Kohfad et ol, 19961 Marphological variation coukd ako be associsted
witth the occarence of coyptic spedies Pading eral, 2008, 2006 Dasple the diflences morphology and st
incritation all the countedindiiduals weve gouped together asNp Aside the above mantonsd Np rrorpho-
gl variaticns we noticed the pasence of specimens with abarrant morphologies in almost sl samples.
Some show twofinel charnbess and two spestues, wiiie others have sdditional chambers on the second thied,
o Lt chasrberin venyal view {Figure 51 This type of sbeerant marphology wes peeviously repoiad by Spiadle
aned Dheckmarn {1986] and Homers {1998 in chroumy-Antaectic secliments and generally stirbuted to Np
growah within sex e Specimens with sberrant monphiolocy wese not inckided in the plankionic keambidfer
assemblages and were not packed up Tor BOTOpIC SOMPOGtion Messisments.

Ascoud be expeaed fom the buge dominsns of Np, e spphication of the MAT yirkiad cold conditices with
msan wihites and sutrner subsefce tepeatwes of ~0°C (-17C 15 370 and 1LI3C {~18 w 58C)
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respectively, ot 250 m Figure 5). Such estineiss charactedyad by very ttle dillivences between summer and
winies bamn persiuses indicae that the plankionic fos minifera reavded the conditions below e mined liyer
at the top of the tharmardine, which was possitsy shaliow in the Labeador Sea during MG 31.

53, Disncyst Assemblages and Sea Surface Conditions

Thedinocyst asemblages sre dominated by s counopeditan temperate-subictic s pedies:Operculad hium
eenocarpam (up 16 100% In some samples) snd Nemmasphaeropsis labydnthus {50961 A thied speciss,
Sitetatadinkan tepikionse {<SO%), i sho sbundant jnd even dominant in the lower pact of the secosd
{Fagure 7). The signdficant ocowrence of Bieclotodinkam tepitiense B interestiog as this species pusently
chaaciesizes envionments madked by low suface slinity, swong sratificaiion, and luge winier 1o
summer tempesatre coalias feyg, Rochon o o, 1999 de Vamd & al, 2001, 20054, Despite
dominance of fuee main tua, the overall atsenmblages we chasolized by mlatively high species
diversity with ocomence of both themmophiie wa Spbilites mivabils, knpagidinie patidum, ad
Laculitum), sd cod tampents to nwbaak tas {Spifeiter dongatus Impagidaium palliden,
Peopharssdinium dae) {eg, Rochan et al, 199% & Verrol et ol, 2001, 2013 Zonneveld &t o, 2013}
The mived character of the assenblags suggests large seasonad contrast of temperature in the upper
phastic byper,

At the beginning snd the end of 8IS 31, Nesotophosropds obydnths snd Blectatodakun tepliters e domr
st the manmblages, whereas Operculadinions centnxarpum B e most sbundint L in the mickdis of
WS 31 A about 1U75Ma, & decrease of Operculodinium centracdipuum, Mematsphoenspsls labyrinthus,
it Stectotodnium tepkiente s recosted whersss Brigonsedinkan spp. is relatively sbundlany, which might
rekate 1o an Smportant bt shoa-Sved chavge Inupper wiater masses At the very sad of ME 31, the dinccyt
ssseemblages changs with the disap pearice of Stecintadinium tepikisnie snd the increme of Bipntadinkim
spp. {Fgue 7).

Sameeagnct dinocyst species occur in samplas from M5 31 fee Figuee ). They include Conudhium lbvadod
{hiead & of, 19831 wihich dissppeared dusing the lower Phistoeene [de Verra) and Mudi, 1989, keypoghlivem
contobripense, whinh has a lte Piocene © middiePletsocene age [De Sdhepper o Head, 2008 and
Achomasphsen anddoisings, the it ootugence of which B found within MIS 7 {e Versal and Mudie,
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4 et al, 2011 and depict relatively farge-
3 S j amprude aseations in compariion to
: uﬂm " 1 :‘C!!?&f ¢ ‘he Holoeot of ME 5S¢ recouds. Cw
- b Wt Gepichs Sty fow 5VC values whan
— compared 10 e middie- and late
el 4&- o B % Holocene records §51%a versis > 1%,

I respectividy; Figure 111,
Hoteworthy is the fact that Cwg which
" L records ceep water cabon Botope

propeniss, shows hevier BVC values
than N, in contradiction to el neady
siilar Bolopic compasition phseved
charing the Holocene (Figure 11).

&. Discussion

6.3, Reconstruction of Surface and
Sudsurfuce Conditions

Quartiative recors¥uctions of sea
sudace conditions from MAT zpplied
Figure 10 Stabie lonpe {870 and & G dats in Neogbloguaddng 10 dindcysts wire previously done in
packyderma (N Gk Miide daxel et o 201 1la0d e benthicspeces e Pleticcene and Holocene assenm-
Chikides woellersio Ewldand Ol cedix umbonctus . blages {eg, o Vanal & al, 2000,

20052) When guing back in time, the
occanences of extinat species increxie the uncertainties about the ecological alfindtes of taxx: thus, the con-
fidence in preciie relaticndhips between dinocyst asiemblages and envionnwatal conditions decreases
{Gulot and de Vernal 2007]. The assamblages of M5 31 yielded specimens of four spadies thit ave now
extinet: Corrucheiants Lobvadan thead et al, 1983] kmpagidniu cantabsgiense {De Schepper ond Head,
20084, Achuunosphaera andalousiends ke Vernd and Mude, 1932) snd Spiaferites sp. A YLouwye and De
Schepper, JA10] However, thase Laxa wer not an inpanant component of the asiemblages. They were
et inchuded in the seanch of snslogue. Hence, i mast ampdes, modern anslogues were found with a su-
table selability (Powe 9.

The quantitative reconsitrctions of temperatuce hused on plankicnic fomminifer sssamblages st be
further examined. Ray, te aserblages are mostly monospecifc wiith the quaskexchuive oocusence o
Neoghobaguadring pochydenna Second, the popiulations contain specimens waha htgumyafmupﬁo»
types inchuding aberant foars PHonners, 1998] (Figure 6). Hence, while the quaniexclusive ocourmsncs of
Nesgubaquadring pachyderma supgets eold conditions, the momphelogicsl chasacienstics of tndividusls in
the populations may reflect phenctypic adaptation sndVor non-analogues sitiating.

Regardiss of the accuracy of temperative eimates from the two prodes, ther respective sssemblages
dipley ditingt affinities. The plankicnic foraminder scsmblages daminsted by Neoghbaguadring
podipdenma ae typicsl of the polar environment and salicity higher than 34 [Hilvecht 1997: Kucerg
2007; Bemgand ¢t ol, 2009 whereas dinocyst assembliages are composed of species having sfinaties %ot
tenpersiessbodar conditions [de Vernal ond Marret, 20071 Accordingdy, the reconstroctions of tempera-
tuse shiow distinet vakees fom the two procies, with slightly warmer and much less ssline conditions
scocrding 1o dinceyst aseablages, but colder conditions vith planktonic foaminder assemblage, The
diffecences could relate 1o the scology and habitat of the prewes snd 1o the parametess that e recoeded
by the assembilages. Most dinocysts wlate 1o phatatrophic prodkictivity sod T in suface waters whereas
plankionic kraminfera de hatetiophic, stenohaline, and Bve in mesopelagic waters along the pycnactins
o halockine where hey find sintable 18k conditions uana, 2007; Ravels and Hilaie-Marcel, 2007). This
explaing why & & suible 1o bt plankionk foramindea ke reonstisction of slsuface
semperstuce, 8t Z50m of water depth, instead of the sface [ Tellord e af, 213; Hillohe-Maree! and
Bikaleay, 2000] Mevertheless, even ¥ we acoapt that the two ploxies relate 10 different watet bayess, one
has 10 admit distinet anomalbes when compared 1o e present, with sightly waimer suface walers and

{
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MiS 31

18 L

£

17 A7 -

Fguae $4 Cwygen sod cud P ccrnposton of g pebgic bbigednn ballnbdes w GH) gucdanic (Neosgloboguads
poiycdenna « Np), endoben i { Osdorals umbonais «Oul snd spbabic (Gade waelersiod « Cwl fommiriers,
Holcene and WS Se dits are Som HON0- 3013 [Hllahe Marelet al, 2001, 2011)

cocker conditicas in subsurface water mases duding M5 31 Ths would lndicate s much stronger stusifica-
tices than 8 present, Ehely due to lower salinity at the suface. Such a decoupling of the paleocemographic
records fom plankonic foaminfes and dinocysts B & feature that has been wpanted 10 ocour during the
fade Cuaternisry in the Nosth Atlantic snd the Arctic Ocean, where it has been ierpreted as he result of 2
strong stratification between @ low-salingty suree water layer and subsudace waters where Bnmnindera
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find higher-salinity conditions [eg., Hillake-Moxcel ¢t al, 2001; de Vernd et of, 20055, 20061 During M5 31,
the showe seenaia seamsto fit daw from 008 Site U1 305, Thus, it implies a very strong stestification in the
upper water columa with Surface water charatterized by oveall lowrsalinity and loge thermal vadations
from summes 1 winter {as recended by dinccysts) overding a more saline and colder subsurface water
rasy, where foaminder populations deveoped,

A Ste U1305, undar present day conditions, the ~100m desp s asonal pyonction between the sufae md
the underhing water mas constitutes the major Np habitat [Kohfeld ot al, 1996 Vallunans and Mensch 2001;
Skestich et o, 2003] Rgure 2), but he subpolacianparate plankionic spacies Globigeing halladdes (G}
Hlocens i the shaliow suface varer byer where it finds sultable Boperature and salinity conditions, This
v dpparently mrely the case during MIS 31 based on the low abundake of @ jn the plakionic
foraminifer assemblages,

6.2, 570 Hevord in Senthicand Plankt asic Foraminifers

Stable oxygen biolope composition of foraminikrs Bustates conrading siuations daring MIS 1, MS 5¢ and
S 31 (Fgure 11). Dintinct vakies in the shelis of baathic snd plankionis species suggest stotified water
masses churiteg MIS 31 and the Holocene PAS 1) This contrast véth the similar values i ol speaies during
NS Se, suggesting the presence o a move homogenecus subisidace 10 bottom water mas Pillave-Maxe!
etal, 2001, 2011].

The Botepic compasitions of plankionic foramindiers, in pacticular 570 of Np, degiict some change thiough-
out the M2S 31, with a gpadial decrae kom the base of the interval toward minkmumn values st aboul
168 mod and then a reatively steep increase near the top of the kayer. This behador suggests changes in
the intermediate wates mass distinet from those recorded i the surface viater layer by the dinocyst assemr
blages (Fgure 9 and also from thote recceded in the battom waee by the iutopic composiion of beathic
foearicidem {Figuee 10}

The §'%0 platesu depicted by Np duting the ey Jaamilic interva] Figurs 10) sesins incompahie with the
salindty requisement of the spedias (34 and the meen temperature of Jess than 4C a5 indicated by plank-
tonie keamindler assenblages {(Fgue 51 kdeed, by using the paleciemperature equation [ONel et al,
1969; Shockleton, 1974] with this temperature and the mean isotopas composition of Np in the Soht Botogsc
platesy, we esimate anlutopic compad fon of sppeaimately — 18206 versus SAOW for the amblent water,
This value seers such 100 kew fof the salinity of an interglacial not 100 far from that of the moders ocean.
One explanation coulkd be the addition of ctopicalty light brines in the Subsurface vater mass 22 3is produc-
Tk SH& & Situation Smiar 10 predant day in the Arctic Ocean fo.g, Sinstih & af, 2003; Hillale-Maxd and de
Verndd, 008]. Givers the relatively wanm SST estmaies from M5 31 2135008 Ste U1305, a distal sea ke produc-
o site, in the Greenland Sea, for exampls, could be evoked. An ahemative explanation ko the ow 50
vaboes i plankionic fasnialfea B a mon lozal signal rdared 10 Batopically boht meltwaters from the
Greenland ke sheet either from outlers south of fie Denenak Strait o camied fom nontess Gresnlwd
trough the EGC Consideriag that even the mos coastal ke of Greenland have 5790 valuss & low as ~25
16 ~20%a during the present and st interglacials Liohruen ¢t o, 2001, endanced continental ice malt yioudd
necsssally iopact the Botopic compostion of seswaterel Coxer al, 0100 Thus, the weey high summer £
peratures i the Arctic & reccedied at the Like Blgyayboyn diing M5 31 [Melles etal, 2012 vould well have
fosteted acodersiad melt of Greendand e resulling in JowRoxpic compeation of the EGL and the
Labeador Ses

Duting M5 31, the high §* Cvalues in Ow suggest the presence of ventiized water mass al fie sea flooe, thus
relatively young witers, which would hawe reiufted fom convectan in avei 8 the oaigin of deep waters
the Lideador Sea Potentisl production sites are the Noadic Sea, the kminger andior Tedand basing
Ovesfiondng waters from Baffin Bay 1o the Labrador Ses can 3o be hypothesized as it was spparently tha
case during thesady phass of the present intergla cial as sugoasied from vesy Jow eNd valuss in desp corale
of thee Orphuss Kncll areain the soathesn Labwad Sea{Ménabréor etal, 20150

The benthic-plankionic §7%0 offset, not unlike the modes oo in the Latvador Ses (L5 leg, deVemaland
Hildbee-Morcel, 20051 poleds 1o distingt pedduction of inenmedisle and deep wiler mages, outside the
Labwador Sea, a8 1o comvection can be inferred dus to the Lrge density difference between surfare and
submuface wates, Asmumning that Np comespandts to 2 relathely high sdinity (23}, e mog Srpoctant
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m:. Summsdzed kformation About ME 31 hmwum&mmmnm Jetarsk Stes 35 Discumsed i the Yext®

Water m;mm Palecceanngmphicd
Sixr mtmghch bnphm. Apoxsach Frconsnatons feferences
Ui SPASHAENEW MG Markionk amkira-MAT Cool mbmréue onditions Thix study
SR e e {ﬁmml‘,uﬂmdnhim
. Alirane~ =34°C
i\ SRR 1 o ;
Wamer sudace conditiong This Sudy
8T w e SFTand $815 « 122C)
A e =404
e i AR wmerae 406
obe &y AVUEREN, SISTAW 0 342 9@%&5%—«&&:«3 'Scnnxﬁumumﬂum BeckEeran et ol {1985
: : C o furelon AOF1IXE and winer
Biste SGU2IHN IPIEW | M ‘ BO Sex ioe andoriceberg inpst 3t e Hemdnder Aindda
fate MES 31 oviy) B s . endofME 31 et fEng)
. L Parktoris fosuminifess MAT Coiderthan rodeen at the end Hemd noder Abneica
L af MIS 31 22 10m depth {Ts ~8°Q etal 2012)
. Al waine = = AP
Backoheam Ternguete condiiorn Hemdnder Alneida
B Warmn water fom the etal Poish] |
~ Nomh Ashntic Cumens (NAC) i B
MgLson N Coker (-8 mubmdace condions — Hemdoda-dindida
: o / etdl 2018}
[ols 4] mmw Wi Aovnes Cuaand UF) Mestianul S5T (10 mdegeh) ﬂmnﬁ.
ummm 2 mmmw 200 . BD ' Sl condionz than present »‘Mﬁdam
Bl cartemaie content Higher corbonsie pradudtiviy ;

: "’&wm of sites b Bntrated inFigame 1.

difference betveen the deep and the intermediate walkes masses might have been tamparature, with &
gradiant prebably fover han 0. A slighty negative tempesture In the deep water miss dusing M5B
31 cmunst be diswded.

63, Primary Productidty and Winter Convective Regime

Thelarge cadson ospe effsetbetwes the forariniker species thurcughou thadis 31 interval sugrestastre-
tified vater mases ket relsthoely stable conditions iin the habitats of respective species. Highly degleted
values i Ou ave Boked 1018 endbanthic halsitat and may slso suggea relatively high organic carbon flines
a e sea floor in relation with the high geimary productivity infacred e the Intecaa] Figure 81 Swpddngly,
the epibenthic species Ow shows heaier cabon Hotope values than Np. This might indicate hagh oxidaticn
rases of sindang organic matier atihe depih of §p habitat snd/or a poorventiaton of the intesmesiate water
mass i comparison with the Batom coe. Low Np 875 values are oberved during MIS 31 by comparison
with M5 1 and M S Fagure 11), wheveas Ow depicts neardy similar values during the three intenvals, thus

mmwmspammdﬁmssbm«mwmacrdmm mineaiation ate dusing
WS 31

Anather factoe that shoudd be mentioned is the posibilny mxmmmwm wiese hsg ventilated
than the deep water mass I sich hy pothess, the low 57'C values of Np during M5 31 udicate that conved-
1ion in the Labrador Sea was unliely, In a stratified surface water ayer, without comvertion, 5 Cvalues of
dissolved Wurganic carbol decrasse with deph s £ontiat 10 8 comvective regime whire surface water
e characwrized by figher §™Cvalues Wavala and Hillais-Marcel 20071 From this viewpoiat, MIS 31 differs
significantly from the Holocene [Murshall and Schait 1999 which was characierized by Np and Cw dsplay-
ing bots high and neady simit 8 Cvalues {~ +1%s Fgure 11,

6A. Comparion With Other Records From the Nonth Adantic Subpoler Gye

The benthie carbors i stoge sampod on of Owin ME 31 sedisnents from I00P Site U305 averages Q.58
This vahe is comrpacable 1o other shesfrom the North Atlante subpolsr gy dudng this Smeinterval, notsbly
009 Ste U1 308 {Fipure 1) where values of sboust 0568%a ars recordedin Ow (Hodell sral, 2008] and Deep Sea
Duifiing Project Siwe 5D 607 wheve values of 0616 are recorded in Udigerina sp. and Cilicides sp.
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{uddman et of, 1989 Hence, the overil dat froen the norfiern Novth Alantic tend 10 suggest relatively
undonm condiions i deep water masies in the srea {Table 3] Moteoves, the sirslanties batween plankionic
lormrindesassemblages of MIS 31 1 J00P Site U1305 and U314 {Rigure 1), which ive both dhaxaciedred by
dominant Np {cf. Hesndndez-Alneida et o), 20130] suggest undionm conmditions in subsurface wates 3t the
scabe of the Hoah Atlntic subpolar gyre duding this intewal.

The available recods thatdicument sex suface conditions & the Nonatantic subpolatgys daing MIS 31
Encicate shightly warmer conditions than at present (Table ). This & condistent with our data Trom 1009 Site
U305 High carbonae peoductivity bas bess proposed fom geodhinical avd suimantological data of cove
MD99-2277 in the Noadic Seas [Hembe of al, 2008] Higher specias diversity and warm-witer radidladan
spucies aliow for the inerpretstion of temperate coxdisons. st IO Sae U314 [Hendnder-Almeida ¢ af,
20130} Alhenone data from Dcsan Delling Program {009) Sie 983, south of ioelandd e temperature
of <12°C In the photic s dusing M 31, Sadar 1o the madeon condition [MChmaont & al, 2008].

Thet e sudts feon 1008 Site U1 314 are paetioulady interesting &5 Uy snckds dats from dlferent proxies that
may document geadients in the upper waler cdumn [Hemdades-Almeids e of, 20151 A this site, Mg/Ca in
Hps indicaes subsurface tenperatures of about 6°C during MIS 31 despite micrabos$Tssemblsges sugepst
ing wanmer than present suface wakers A qidie iy of et is have shovin from MAT results bassd sadino
eystand plaskisoic oaminder amsemblages 20 Ste U1305 {Rgures 5 and 9],

The palevcssrographical information therelore suggass 3 decoupling between suface and subsurfsce
watirs in the sabpolar gyes b the inner Labradoe Sey, the dascapling may relste 1o the soathwand penetrs-
tions of subsudace Arciic waler masses, passibly finked B 2 stonger Greenland Corrent & the swface
contiasting with 2 wezker western boundary undercarrent {WBUC) slong the deep dope, thus a weaker pro-
duction of NEADW aind DSOW 28 Hwas suggested by Sae [2010] fom clay susemblages snd Lamsouay
{3008] from radiogenic Botops Smriid and Ph) studies in the same interval of K09 St UT305,

7. Condlusion

The data presented hevein dicate that MES 31, which & oftens Sascsbed & a super bverglacial in bath the
Rortess and Souhern Hemispherss, was chascwrind by warm conditions i sudace wakers in the
Latrador Sea, sovthwest Nooh Atlantic, with sea serdacs temperatures igher than 21 pretent by sbout 2Cin
both e suvmers and winkers, Howeves, MiS 31 differed significanty fom the prssent inierghcl notsbly
beause of arong sya#ficationin the upperwater coamn Above the pycnodine, hes v atemperate water
fidss wikh Sowe alnity and & large seasonal gradient of tempevsture {dinceysiq and bebyw the pycnocine, the

Achnaadedgmmnts ) weater inass win colder with high salinity and very low seasonal svpliade of terperature {plankionic frami-
ﬁxmmﬂ&w niferal. Such condiions wers unsutable for vertical convection and itermediate of dess water fosnation in
PO XAR-INNT] Fng was the Labeador Sea A weaker dtd more southesn pesitbn of the convection wenter of the AMOC posiibly led
| o ant nthe of cold suefaoe £
rom e 10 thie presence, submsnface, v, despite relatindy warm onditions,
Conada [Whicheury gran e b de Vowad
s C T i) aed s Foak References
o Tachachogies Goamanank 1 S Tagawd ¥, wd k. K Cowhman(im8, Th Bt & tof I Aok, 188 200 S0 A i 263,
Vaaton i Wa e o it M te] DL (U, 15 Foeaedotin guababiins guchydoneias ERmebaiey e Waoinaen, At ki, Bedhoe e
Rt Rk peonifing B MARGO S Polurkeichang PRpwt i Rodoe Rssnar o), 136, p 195
o Sy g By CL Caguton, Lk angoes, F.Gigia and M Ravsdoli 104, O of g Souu e iy o Rckx S ol Wk
CRTROR whlt  T B ET Faific wosor of B S e, Simpatel, T3, T43 o260 namin I 05007,
ook, W s ecwlndge e b o w&uaww.zam«mnmmmmmmmammmmmxmw«x
Kain e bl H QGECHOR LI 144 B- 1B W) B bk e K st MEROpaontd, B BT E] SN0 0TS
B A R RS B Freniaa G 1008,
Feraesisifun, AR o St 50 ot Bk Canivien, X, B Habbak, ancd G Walwr (59957}, Chice Do of plasddic Rovesiadion 3 B v sangios in e Anic Fam Sxat) bas
gk sk selibia Brough e Mirogsieoetol, 193} 252368, SRIQIDEAETI ERATEDON 4X.
GECTOR danbiti D] Meive GRosp. Ohieewl, LE. T, T Eanamatsy T, Sans, R Snin, € K Rt Zoethion, M. & Mabiess, asd YW (04, Proc. 100,
SO 0 Cotloga Staton TX (gt ad Ocaas Driteg Pregram M mmmw Ao proc A0 TI06 05 3008,
graghicgms il For acy qaitions of oot KB, F AL Tokds M. A G Pived, A V. £ Mo, aret F. Chuama e Je (08, i Boramieitau o
Rcpo 83 A Y100 5008 SR, Pl ki X0 PG N i ST 10 TG et St MBI, B . Cotraige, SHEL, 7584, Gobt G1590/5 16985 MOS0 (KOG,
Rk w3 ki ratcoes, mnaxmmaxmnmnwmsm«um‘q'.xmxmhmmnmmwm
Wtk Jege Voulkior ied tha bikay of Aecic s o sispert o e Bk G i, 2 Guighys. A, 113, CLIEY, A0 10202010K508227.
2 o ek balplid oo, T, 5. A S, K, Egnanact, M, Ofiagan, 3 & Kingg £0083, B o ragly L Aectic kgt
« o - Conans Drilag Propraes ATk Codeg Bpsdton 103 Roaubilaal o Ay, 23, PAS D, S B 1027
ERERARR. W RECAOA.
AUBRYETAL.

WIS 31 DN THE LABRADOR SEA i -



250

MU Paleoceanography 10.1002/2015PA002003

Dadieg, K F, M Kacasy, €1 Py ant C M. Wada (HOE, Motaulas uvidkiess links coypie dwardficaton b poler plarhaek protis
Loy divvali Spsaweick, Proc Kot Acad, S UXA, K10} 768865 wmﬂrgmm w.
Mm. KE, M Kaowe, T Ko, and C M Wad 006, & wisd s Wk coleny
iy, 21, PAIN L, G2 GIGIWNCRPANS) 10k ’

e ¥ ¥ Ry

mswamu:m&mm agel and 8 ta00a B g APl 7Y Noets
Aobstic TP 5% 100, S5t Aukorecligy, 001, 10017, SO0 0 115 WITICH0TME G,

D0 Schappas, S, et M. 1M 0 00, Agi Callbaaton of & ¥ s L3
Mmmmamwmsmm

Do Scbappar, S b, & Hu GO0, L S gutia £yt andl, » CRUEEIR Hola 61 OA, wasti s Mead
KAk, Rprobgy S0, T9-318, GRILI B0t 16122 2CRPAIETE.

Sa Ve, &, it C ke Matisd D008, Proskonialien I Bt and g Srgoircy Chanas, bth Mty Bahsic &
Hudooies, Gudel Plsae. Ghangs, S4 23295, dob 0.1 02 85 Ghadacha OS50,

dha Vamal, A, ActF. Maseut OO, Dvgaricow bt inllogal cyots: Thacss of st < tacs condians, S bt Gonslog
wil. 1, 08tt by CHTEo Mo, e A, 04 Vit v, . 371406, Gk 101 DL /SH 92 SHOISTOIW .

oV, A, aseP. L MaSo (1980, Pl 8 O0P Sx5 646 MSELT, wisoni s s siathan Labuader

SR i Pasoaaogs i o Oy Tebhing Feogy ans, sxaa&m.um.mam Taitdang Fogrons Cotbige Sadon, pp 1421,
Publcatond CIRstaR i Distie, Couan mmrumwgmw;mmm

ﬂMLW'&mvmxﬂmM* y b e Lideadky Sii Paecsailanmindd
s N ,wnwmmmmaqummz&m»m&mm
X P P v— Furdaton, ki, Tox.
mm&xmmmnxnmwm’ dsoe ol wrgls Do e alagat and By e iy an

etk fdid compaitic Nsuks, m«smmnam
e Vamd, A A Rt L rmemtxm skl diseliagdiong vyc: Pabyeokigicl Taoas of -l as

conStions B salia o bigh Bk Gubis, 27 -0 4id 0 O1KSOSEHESTRNTX.

G Vo A, M iy, and G. Bl (1394, Tabeious & prip & Eaalsn en icp i, Lt CaNs ks GECTCP,
34

e Veial, &, 43 4L 00T, Dioctel o gt ok Wik s o S0 0t o fasth ot Astask, Aic aind
SubAeCic s T e ™ wET7 ata b aned ks appbiation for quandidin g laghis 0 y S,
1673, 081648, Bk I DGRBS,

e Vieseoh, A, atal 005 s e S B KL P ehe Meha s M, b acx

Gkl Miadanaans (L.GW) bacad co csoflagiian Cps asseenbiagn, Quar & M.m sw*mmua;wzmmu
o Vasmid, K., . Hilaine Maecs] et D Daeby (X0SE] Var bRy of s icn toww i 0 Oholadd S fesaim At Couawr) duateg the
Hdoows, Paiconrsg dpty, Xi, PAOLE, B3 0O WXEP KO 15T,
amxxwumcm VF.Byomsd B Weksek, T Dok, and . Kagaywns (008), Compuatog pralix loe
e Hoath A, st Sal B, 332, 28005-2034, ek 104 OL8F

Mﬁmz
am&xwttmaa.u.m:&mawssmzwlmanmmww«mmg
Soatik of Sk appenact, Q. Sl K, 78 133434, o 0.0 DL 65 i 20 LBOIL.
dsmt. cwxm&mnuumy S Sclgna, and S Bovesk D00 36 Divecyssbaskd mconomacions of %
X s 1 Rec e G, s soeaies Morths ABantll Dcuar aadl 15 o cied Sk, Quit. Sl R,
am-ugmnmwmuﬂm
DuCorzs, KM, O Poilang, axt 0. Komdowesid (X012 Meockbing & i st s S Aelog Madis taapa Suge 35,
Lt Plaoat. Qage, B B-51, ook S0 0 ghplada X203 08,
Dt G. B 00 Z, MK 4 suice Nrgarh e i ol e Warken Kotopn Stage 33 €dtapis of e Ross lou Shelf, Sut Gasel tiiow,
G Asens Conl A, 14, 34473,
Epranad, F. GO, P fesardedin b e deck: Py E gaekegmatinacd G o prgudatices, 0P Coof Sa:
Boah B S4, 10 A QR I7 S5-1 BV UNG IS,
EMFJ.&W&SAMS Mxmwnuxwu&.mcmtzmmmmmuumm

ot i ¥ usions Lo tie Seczie Ocsians,

Mingulusbagy, 5 5333100336,
Frtapnei P, 5, and R S Fickaet (007, T Mot Rbeak shulftesak e i 1.Piys. O 0,
2623, GGG FVPOR B
mar.cmmxwkmmmmmwmuwmmmamwmmwmmma

o 52 et pucny saconds, Guist St o, 2, 265-T% 863 B30I 6 quaack o 011 2015,
munssmm&mm.&aw&ucnnsmmwmmm:mammm:msxmasn
Ladeadion Six e Bl By Siat 1N Taus chagtadation, Fodocans, S B NORIBHBIABL
Gadeor, 3. (208 vy Tiaeolion fuecions, K00 Cond Sac: Fanh By %6, tqummmﬁ&sraxmrm}m

ok B, ant Ao Vel D00 Tl fnaz ons: Mt for qanetatve puk s Dk F 3
Mo Geolgy, Wit aSnd by c&mtmwa & Yoral prS23-583 wm«wnwmem

Haad M., G Kook, anad P LM (VRSN wada Bt B g MG adlownnss
Fhovess, COFLag 108, s»mwsgmmxaﬂ Frgran, Sd. b, 10X cm

Halorkay 1P, H. X Baacks, aed H. Bdank £03) B o gacid aest by b e Honk b 1Ewd

CAS M, Quat. 5 e, L1, 17174726, ok ALY DR T T A PHA B4

Wity €, M. Spiadton, sest OLR. Griies (19800, M Plasskaoesc Foavesbsiion, Spviregee, Barks,.

Himdratir Simiciy L F. 1 Shure, L Cachts anct 1 A Flonis 0002} b of sudecbind st chavigus i i Noot St on K hast
& a8 S i P wdon, A ] AR,

ummt.usﬁmurmmaqawaurwommmmwmwwmmmm
et kS ook (VIS 351 3. sl 3 Tocvs o, Bt A1}
140159 SRAB I SISR-BELVONIAL,

Hamdnda st 1K 8 Bpklad F.5 Sera G M Flippulh L Cacho, andt LA Foms QO A igh mechuton opal and adbuiian
mmumm“* &e Bag s e (108- 779 W Fal

gy 1. Plaowcad, 3%, 4520, ol . 0504,

t ks ¥

AUBRY ET AL,

BAIS 31 3N THE LABRADOR SEA 17



251

@AGU Paleoceanography ' 10.1002/2015PA002903

mmmx.axmmammznsmmammmmmswwmpamum
e waty e ISR i Pads FHAL 687606 GLGSH4ED I EDBI1,
Hlloeche HC1007) Morghabgic yracin oy i s
Mo WA mwwamwamwwa
Hltawblied, C, G, Bldea LMY, Imabib s e Sy e Yt el ey, G, & Eamh &,
TREY, PSR, S0 NGB,
ik a Mo, €, A o Vaemal LD, Sabi Boass s 1 epiadic seibis fiumaton lnthe Gt Ronh Ak, St e S
dane, 26, T A4S0 S R0 WAt VB

Fila e Mook, ., A e Voral G. Biloden, i G0 {190 ok i S chresadanoes, aned catuo
wvReRiy e Lakaaton Sa u g Pe s~ KA, Gn . Bt m;:mxmmax !W

il e o, LA o Vil G Bidnian, aodd A3 Wissat (2005, R o & S dhdeng Bl
ismeegheial padiod N we, $G8RY, 00 - T, Al GRS,

Riltakodbarod, C K de Yomal amnd L ikay IS Forauiilie sotiop by ol s P akwsilr Sea, eaitoonst Nosh Atedic

POOP sies LAY era 105) with senpbis oo pldcoamgapbicd XS s B 0 oomat Al it BRSis, e, G,
I VAL ol 0 06 S enarue 0T LEDY.

Hodel DA, LE TOmeeal L, Conli, OUE. Borsams, S0 UL R0 (008, Quuat o *Hadeon SUaR™ Fulekh ewnts o S uacten Wtk
Aabienic a2 e 4 o ther ke PRSIocR Tiesition RO KT, Brlaxiasiguiply, 33, PAMIIR A G IB0EAS 0MESE

Forepmes, K LRRNE), St satuanon i phatodctin Pl bobee mmumaammum
e Kineie SO abu w Aralpiz of plavkei Rosasiibaa kit toss bigh of whaan chaeg g th last
A0 yeaes, Bk i Fodafinschiing Mgpars va Polsr Besnsah) 195,

cdvaas 5.3, T Dibkdorsn, N. Gundasing, 1P Sullieiin H. 8. Claviae, B Wi, ¥ Masisn e i, A 5. Sssbiinddds ad
3 (000, Omppies Mk ipet et pati arep Gistiy, By 3 GRP, G2,
Buskaret sk RO GRR, 1 Gt ey S, 1618, 259-307, o 0.1 00X Fg. 622

Fowvs, B W, aead HOB. Seadty {1906, Tha Quadansgier Fonmohuiieg, vol. 148, Cafved Usiwniny Prasss, Chfond, UK, e 1030388
PROME LSS MI4E

Mxxht&ﬁa e A s (Ebrdungd I saatais sidiosen of 1 Soutwess Badtic O,
I(!;)Mﬁ,&aimﬁm . .

Kaman 1P, s B X Sdodeaan (9831 R Rl A Hyplagaveic Rl wi W5, Bainse Rok Publ Ca,
Sonadituag, Rredlewii WS

wtgnammsammmm; Pt ey shoghag R

Wit Pedrey % 25 fuk o 14,

BMW&WZ .

Bawn WM. L%, Tt i D s, b vkt B Mo Gieng, vik. 3 4 ONS by

o HiRn-Aaacul sext A, e Womal, g 3 34&,&&}63&!&&%&& BE.

Kuscor s, b, A ReasBMAR, R Sheiiar, C. Wadltwonk, andt M. Waiizals (1005, Mulipaay sppesact: S e woonsision of S glad
sk Rorlaie MARGE, Gt S0 B, JEI% B2 3-808, ok 0D A uasc i JO0A T LY.

Fucera, M, Rt Mmmamwmmwammmmum
agpeiadh bl calibuativa, taa S el St andPaclic Oxuiany, ot S
Ho, BB VS0 MMMWWWmmM

Lassaioouicy B CI00K3 Widat Pl comme Boikas Boncpiigans SuPIRSacdion tunss dsadubon teeesialion Gk Lagwdaga Ba
Neweh Oaist e KDFAEY, M. 5. iy, Dopin vant of Bt Seliasi bl wwammag w Caieta,

Laskag £, P Botual, F. Rsd, M. Gastiosasg A C M. Comda anilh L BCI000, A g
vpsaeto of e Bl Ao Assoplys, R, M-I ek S A0S IS DG I,

Lazies &y B Feadon ke Cloke, £ Yoska ey s P o (002G 24 Aikatun i th i YRR, Dawp S
T, Part {40, A58, Sl QD BADISI LEINOIOBAN.

sk, £ B, et E M Ragerics (HO05), A Pliscrs PRl ccnd stadk o8 57 globilly horbund buntbic 8 Oesconts, Pausrsigraphy, X,
PRUGY, deit QIMMAAPAR LY.

Ui, L. E, et £ I Bpers RODY, Diachechasis Do 3700 aupinies 04 bg i Maaes S skt ins, P dnoguply, 3,
PAIY SaBIDWREPROIIE

Loakich, A K, el H. Tapps {15885 F el Thas Wl 2 W B W Rabokd, Now Yk,

Lempreps, S 4vid S, e SOwppue (AN G, Voo Miocame-Fiog eon Btk ot Sousinn Nord: Saa Bah (poetus Rljun) memd by

KR, Gl B, 14ALS, m&,mmmmswmm

R, 3, il O ik adlae ol {105, TenBvuton o i R ik e e i T
G 2 Btk 8, 32, 5-4% G 3w 00,

Mapdall £, e F Scem RO ot ey and mmmnmw&mx&

ot B {UIEE, Ve ks iinket oF 3 sdoint fox i o dkisdase gt , Mo P, BRIT, 18524
L O3 AR R Pl bR XA <5 T kel .

Sethpeork B Ly A Rosbddadd, G 1 Haug, and M. Llospd (X083 £ wt S Mool St and Pacilic
O ded Bepieations for pad Flicncin L i g ool Pauckasgeply, 23, PR S QS I0MBRIIEI2.

Mkl M, e ok D00 T8 el s g Baen i B2 crogsceom, WE Fakids, S, INHONI] 31500 S GBS
sl 0NN

Hdeakeden b, & Mecsll A Bideny A Foidey, K okl E Blugee and O il (0 53, Heoadpokan vopic covaposifon of
SheRpr i CBGaES Touin 1 Ealr ik Tea mﬁmmmammmm o Gl e iy Yho Blobet oo,
Bk htaad, MS S5 and? 74, . m;mr

Bl BN, ot L 004 & : s i sukenvemi T Lppdins®
s gres methid P o B 914, Buse Relisdint WW&MS‘! mnww.mmw&&m

LNGE, £ R, R W O, o Y0 Moy it {3 9695, Chuppois Dot B cioni on feBva e el casbcwatin, £ Chars, Pl SRAILI0R3)
LEEINE2

Bk, T, and &, o Viresol £Y0085, Disccyuts: i oy of pulaniey ik s Lt ot Mar.

SELL B4 SO eniondER 81X

Bus s, KB, Sl T Conting (30043, Tha iyl Doy Sonienil) Ghngeton Bl fosindlin ath on i Sl S, Polssadasgipiy 9,

BZ-150, Sk 103 BHPHPARA.

AUBRYET AL,

JES 3 N THE LABRADOR SEA 18



252

@AGU Pélmamgraphy 10.1002/201 5PAGO2903

Bowdn &L, wst CHIG s Masd (X0, The ke of it cabon . e St ]
Marne Geokegr Wk, ¥, mwtmimwt & Vi wmm wmmmmﬂwm
R, A K. d Waad 1L Rane, 3 Mantiuin, sl 8 3.

e §

e N e cug sk ¥ mbulin 3 T Ko, A Basisigr g P St 35
-4

BadSenwn, W, B, M Bagany U0 Matison B Chomt andf Badivan (1000L PRk 2 5%
e Mouds Mot Chuicien, Pl sy "’ & B4, ADRAOBISY.

S, ¥ LHA0Y Kassndiegeas ey H A g ol s
3%“‘&0« *‘M"‘ o Cuadbwc 3 T Cada

Sctaeer, B0, S0 Bobuoy B B Dby O Expen, &, Flows, tmmumhr mum&nmcsmm
s of g udeg sy a3, Geegelys. B Lt 35, LSRR,

254,

Sckanha K, e U S {007, Crigha dad coing Sk A B Ikacsge, TR, VS84

SR LBIRIMAYL
N1 D985 > > H %

anges i T poaan oty B b glacil Codogus Blwosdsdiy Zat. 885290, 28200,

Ehrtatin, K1, mxnmeﬁvxmmm wd VI g

et W and 10 mmwmm:—&s&muw&w}s
Maumm ma&mmmas"" kit

S, M ﬂi%;, WR-128, WS‘IWM
M&Mﬁiﬂt S L ¥

o o Washill S {8t Pudar Bk, &, 35195, SEADICOWIR AR
Tulicnd R £ € 1 and B Barisa Q014 i B et Budts = 1k higats o 22T
Chs fox, %, BS-20, PRES L.
T Baak, £.1 F, s 8. Seeibune (0% G K Woskosn 45, Biosards P PR e
Barbasdieds. .
ka5, . Sl B Colslion B, B Flndindi aat S F. R DB, A PU it &
P LKW sk 165, ;nmmmmw&m
Vol B, ool 3 Moot TRGY Subie umpn compoakin, & Q&MM t awess i
Fann Staky, Mo 8,41 LER- 1S it G RNGSET ISR 084
Wt K. X8 Bine, A, B F areingg, acd ML Hokowd [HOORTY, Hgh Rl o 1o R e
Tty s PanEtte dnsed Manth, Advis, R, IRssthe Bttt 5, mxw.xs. mﬁ!l‘mmmﬁ.ﬁ)&
W&L&M&mﬂﬂklﬂmﬂ;i 3 PLE Cilcke o Wik Oadgued
& Rekd, Bl G M ZSTLRLH LG At 13
MWMWM&&MW SR04 Wit R &8 e g, .

e ¥ ¥

EE X HL Had, KA S, T W WK Y2 KT B KW G, £ emiing o S Pasation DHSR, Chuamnippic st
KSR L i K3, OF0 G SE KOs B B Gk, U0 © 5 2%
i Lo, Sid, mmmw&am&wuﬂvmwmm
Wabagine, b, M Barsct, W Hconde, o W s R SO0, g Wit S0 8%
Geiphs B fuk, 36, LI OBEY, Soit O IOGIHTRGAN.
Tiewandy A, 61 ok O30 % Bt o0 TALH 23 . Foalpd, 196, 145,
DL IR IRA00.

£

AUBRYET AL BT B THE LABRADOR SEA 1%



'APPENDICE B

RESULTATS BRUTS DE LA COMPOSITION MINERALOGIQUE‘ DES IRD AU
SITE IODP U1307 A PARTIR D’ANALYSES PAR DIFFRATION A RAYONS X



254

% £ & 3 ;; o o £ “ 3

Depth Depth Ae £ 5 5 % 5§ 8 'é £ 8 ? i ¢ £ L, =2

Hole Core Section Intervalle {mbsf)  (rmcd) (k) ® E o S £ E © ] S a [ z E g £
B 13 ow 60-62 cm 109,9 116,43 22336 37,3 11 36 01 53 2,7' 108 16 0,5 2,1 15 0,7 32,7 ) [} o
B 13 0w 130-132 cm 109,9 117,13 22454 33,1 09 32 01 86 53 153 56 104 37 0,6 03 12,9 o 0 o
B 13 0w 30-32¢m 1,1 117,63 22538 38 07 16 0,1 6,6 38 35 0,5 07 43 0,7 ] 39,5 [} 0 )
B 13 0w 130-132cm 12,1 118,63 2271,7 47,5 1,6 21 0,1 02 58 13 04 0,2 0,1 01 04 40,2 o [} ]
B 13 oaw 12-14cm 112,42 118,95 22798 13,1 89 0 o 21 31 21 08 0,6 06 trace 02 68,2 o 03 o
B 13 oaw 30-32cm 112,6 119,13 22843 401 21 48 01 03 33 4.8 1 0,2 01 0,2 05 a5 0 [} [}
B 13 3w 55-57 cm 112,85 119,38 22906 23,1 111 o o 29 6,3 31 0,9 1,2 07 09 11 483 [} 04 )
B 13 oaw 80-82cm 131 119,63 22969 36,6 18 33 01 0,2 09 08 0,6 0,1 [} 0,1 03 55,2 o o [}
B 13 oaw 30-32cm 1141 120,63 2322,3 39,5 2,5 14 01 0,2 2,8 12 6,8 01 0,1 12 03 4338 ) o o
B 13 o«w 52-54cm 114,32 120,85 23282 174 115 [ o 2,2 38 2,5 57 0,9 04 2,8 1 49,4 o 09 15
B 13 0w 80-82cm 114,6 121,13 23357 38 05 06 01 02 2,9 13 84 01 01 12 03 48 [} 0 [}
B 13 oaw 130-132cm 115,1 121,63 23534 7.7 1 17 02 04 283 26 477 0,2 0.2 2,5 07 6,8 0 o o
B 13 oswW 6-8cm 115,36 121,89 23652 3,6 43 ) 0 04 09 06 04 0,5 03 trace 02 88,6 ) 0,2 o
B 13 osw 30-32cm 1156 122,13 2372,7 84 0,4 0,7 01 0.2 51 11 77,9 01 01 1,9 04 36 ) 0o [}
B 13 osw 4749 cm 11577 1223 23775 105 7 [} 0 2,1 41 33 2 12 04 12 07 67,3 o 02 0
A 14 osw 62-64 xm 114,52 122,43 2382,3 37 51 [} 0 12 2,8 18 0,2 05 03 06 03 833 o 02 o
B 13 osw 67-69 cm 115,97 122,57 2392 9,6 6,5 0 [} 18 21 1,3 03 0.4 03 19 0,2 75.2 ) 04 o
B 13 oswW 80-82 cm 116,1 122,76 24051 159 11 1 01 07 15 0,7 03 0,2 02 18 03 76,2 o 0 [}
B 13 05w 84-86 cm 116,14 122,82 24092 199 117 o o 32 38 17 08 24 05 13 0,7 53,3 o 07 o
B 13 osw 88-90 cm 116,18 122,88 24133 10,5 57 0 0 31 37 16 06 12 05 0,7 04 715 0 05 o
B 13 osw 92-94 cm 116,22 122,93 24168 13,4 73 [} o 39 48 1,9 0,7 08 05 06 02 65,4 [ 0,5 o
A 14 oazw 113-115cm 115,03 122,94 24175 11,9 71 o o 17 2,4 11 0,6 0,5 04 trace 02 739 [} 02 0
B 13 oswW 96-98 cm 116,26 122,99 24209 17,9 9,7 ) o] 2,4 43 09 11 0,9 09 038 0,3 60,5 0 03 0
B 13 osw 112-114 cm 11642 123,23 24392 14,7 7.9 o 0 21 46 35 07 05 05 0,5 08 63,9 o 03 [}
A 14 oaw 24cm 115..42 123,33 24476 36,7 7.8 o 0 33 6,8 37 03 02 02 trace 12 39,2 o 0,6 )
A 14 03w 12-14 cm 115,52 123,43 2456 19,7 107 [} o 2,6 4,7 1 028 23 07 07 03 56,2 o 03 o
-] 13 oswW 130-132 em 116,6 123,49 2461 81 04 0,7 01 01 15 05 743 01 0,1 54 04 83 ) [} [}
A 14 oaw 28-30cm 115,68 123,59 24723 22,1 111 [} o 2,7 48 11 0,6 2 0,7 0,9 03 53,3 o 04 o
A 14 oaw 32-34cm 115.72 123,63 24776 356 7.4 0 o 2,7 37 19 03 0,2 02 trace 1,2 45,5 [ 0,5 o
A 14 0w 4042 cm 115.8 123,71 24882 22,9 106 ] o 24 44 2,1 04 1,5 04 trace 16 53,2 ) 0,5 o
A 14 oaw 48-50 cm 115.88 123,79 2498,9 34,7 9,1 [} o 33 31 23 03 03 03 trace 09 453 ) 04 [}
A 14 oaw 56-58 cm 115,96 123,87 2509,5 19,5 9,1 o 0 2,2 4 2,1 05 12 06 13 2,1 57,1 o 03 o
A 14 oaw 66-68 cm 116.06 123,97 25222 304 10 o [} 34 51 2,6 03 03 03 trace 09 46,3 0 04 0
A 14 oaw 78-80¢cm * 116.18 124,09 25318 273 9 [} [} 1,8 46 23 03 08 03 58 [1X:] 42,7 o 04 39
-] 13 06w 30-32 cm 1171 12422 25422 26,1 1,2 2,2 0,2 05 14 1,5 01 03 03 382 12 26,8 o [} [}
A 14 0w 100-102 cm 116,40 124,31 25494 93 8,2 ) o 2 28 1,7 121 038 0,5 44 12 56,7 o 03 "o
A 14 3w 112-114 cm 116,52 124,43 2559 253 157 [} o 38 54 33 19 17 1 trace 05 40,9 0 05 [+]
A 14 ow 120-122 em 116.6 124,51 25654 16,5 8,5 o o 23 5 2,1 07 1 05 trace 08 62,3 0 03 )
A 14 oaw 140-142 cm 116.8 124,71 25814 18,7 11 [} o 24 5,6 2,8 05: 09 03 3,7 12 50,7 ) 05 1,7
A 14 oa3w 148-150cm 116.88 124,79 25878 231 114 0- 0 3,2 24 09 08 12 04 o] 11 55,2 o 03 o
B 13 6w 100-102 cm 117,8 125,24 26238 303 14 23 01 02 23 10 03 8 14 1,3 05 41,9 [} 0 0
B 13 oW 130-132 cm 1181 125,68 2617,8 43,7 11 2,2 0.2 06 41 14 2,3 (X o 04 [1X:] 42,6 o 0 ]
B 13 06w 145147 cm 118,25 1259 2624 19,3 16 12 0,2 03 12 2,1 06 04 24 0.2 02 70,3 o 0 1)
B 13 7w 1012 cm 118,4 126,12 2630,3 36,5 14 35 02 01 19 19 06 05 48 03 05 47,8 o [} 0
B 13 07w 2527 cm 118,55 126,34 26366 341 15 3 01 01 12 4 06 0,4 3 03 03 51,4 0 o o
B 13 7w 4042 cm 118,7 126,55 26425 39,6 19 39 0,1 01 14 33 39 03 29 03 02 42,1 trace [} o
B 13 7w 55-57 cm 118.85 126,75 26482 231 107 [} o 2,1 54 2,8 0,7 038 03 2,2 1 50,1 ) 08 0
B 14 0w 20-22¢m 119 126,9 ° 2652,5 26 19 17 01 0,1 14 18 4 03 6,8 03 02 55,4 o 0 0
B 14 oaw 30-32cm 1191 127 2655,3 31,7 11 25 01 04 23 1 1 04 0 03 02 59 0 o [}
A 14 oswW 96-98cm 119,36 127,27 2663 79 6,9 [} 0 1,7 24 14 03 07 04 11 01 76,9 o 02 o
B 14 oaw 80-82 cm 119,6 1275 2671,2 323 11 2,5 01 04 1 1 05 04 0 03 03 60,1 o [} o
B 14 0w 130-132 cm 1201 128 2689,8 43,2 1,5 34 0,2 05 13 14 05 03 o 04 04 469 [} [} o
A 14 06w 60-62 cm 120,50 128,41 27051 14,5 6,9 0 o 17 3 24 04 04 04 1 09 68,2 0o 02 o
B 14 oaw 46-48 cm 120,76 128,66 2713,4 159 112 0 o 34 63 52 0,7 12 07 0,9 15 52,6 0 04 o
B 14 nw 80-82cm 1211 129 77 63,7 1,7 4,7 01 1 05 8,6 07 0,2 o 0,2 03 183 o 0o 0
B 14 oww 130-132 cm 1216 1295 27416 37 2,5 15 01 07 53 0,7 03 02 02 1,9 04 492 o [} [}



255

B 14 0w 148-150 cm 121,78 129,68 27472 20,5 11,8 0 16 49 2 09 1,1 07 1,2 18 52,8 0 07 [}
B 14 oa3w 3032 cm 122,1 130 27512 351 33 52 0,2 32 15 59 11 0,38 0 0,5 06 42,6 4] 1] o
B 14 oaw 66-68 cm 122,46 130,36 27557 19,6 11,5 [¢] [¢] 25 48 34 14 1,5 04 2,9 1,2 50,2 0 0,6 o
B 14 03w 80-82 cm 122,6 1305 27574 401 25 4 0.2 2,2 26 26 0,9 0,6 o 04 05 434 [s] o ()
B 14 oaw 96-98 cm 122,76 130,66 27594 22,5 10,8 o 0 16 4,9 34 0,9 1,1 0,7 0,9 1,3 51,2 1] 07 [+]
T
£ & ] ° § K] 2 K] §
Depth  Depth  Age £ £ £ & £ ¥ § s 8 B & & 3 3 3§ %

Hole Core Section Intervalle [mhsg (rmcd! {ka)
B 14 oaw 130-132 cm 1231 131 27636 34,8 1,7 1,8 03 08 45 13 22,8 1,4 04 34 2,1 24,7 1) [} [}
B 14 MW 30-32cm 1236 131,5 27699 10,5 0,7 0 10,3 o 2,8 09 154 0 ] 51,2 18 6,4 o ) [}
B 14 0w 80-82 cm 124,1 132 2776,1 7.6 0,6 o 28 ) 1,6 04 52 1] 1] 752 0,5 6,1 0 o 0
B 14 0w 130-132cm 1246 132,51 27809 24,2 08 o 11 0 6,2 06 293 1] 0 53 08 31,7 0 o 0
B 14 oswW 30-32cm 1251 133,01 27855 6,5 038 o 08 ) 4,1 34 19,5 o ) 49,9 0,5 14,5 1] ) ]
B 14 osw 80-82 cm 125,6 133,51 2790,2 16,7 0,7 [} 13 ) 6,6 104 316 o o 71 21 235 [s] [+] o
B 14 oswW 130-132 cm 126,1 13401 27948 50,3 2,1 33 0,2 15 18 2,1 07 0,5 1] 03 11 36,1 ] 4] 4]
B 14 o6wW 30-32cm 126,6 134,51 2799,5 32,1 0,9 0 1,5 o 6,7 33 17,2 0 4] 14,6 0,9 22,8 ] 0 0
B 14 06w 80-82cm 1271 13501 2804,3 10,6 13 0 1 0o 52 2,6 57 0 ] 53 12 15,8 0o ) o
B 14 06w 130-132 cm 127,6 135,44 2815 41,9 0,5 ) 04 1) 39,7 09 [s] 0 [} 07 02 15,7 0 ) [}
B 14 7w 30-32cm 128,1 13584 28249 39,7 33 33 03 16 52 15 0,6 0,4 0,4 1,5 26 39,6 [} o 0
B 15 olw .30-32 cm 128,6 136,3 28352 43,6 1 o 038 [ 1] 32 11 o o 12,1 2,5 357 ) o 0
B 15 ow 80-82 cm 129,1 136,8 28455 359 1,1 ) 0,9 ) 6,7 35 132 o 0 39 0,7 34,1 o ] o
B 15 ow 130132 cm 129,6 1373 28708 551 1,7 o 02 v] 18 11 05 o o 238 01 15,7 o ) [+]
B 15 02w 30-32 cm 1301 137,8 28874 30,7 39 ] 1,7 o 32 26 0,6 0 o 332 1 23,1 [s] o o
B 15 02w 80-82 cm 130,6 1383 2900,4 63,5 0,9 16 02 04 19 07 31 08 0,2 2,2 2,8 21,7 1) ) o
B 15 nw 130-132cm 1311 1388 2930,1 36,1 1,1 2,2 0,2 04 08 1,3 0,2 04 03 04 1 55,6 0 0 0
B 15 oaw 30-32cm 1316 1393 29399 21,9 0,9 14 0,2 04 117 1,2 0,2 03 0,2 04 04 60,8 4] 1] o
B 15 03w 80-82cm 1321 140,07 2951,3 41,8 2,5 2,2 02 03 1 1,5 01 04 0,9 03 03 ' 48,5 0 ] 0
B 15 oaw 130-132 cm 132,6 140,9 2963,4 43,2 14 4 01 03 16 14 01 05 4,3 09 05 41,7 0 1] [s]
B 15 0w 3032 cm 1331 141,74 29746 445 15 2,8 01 03 2,3 14 01 0,5 4,5 1 05 40,5 1] o [+]
B 15 aw 80-82 cm 133.6 142,57 29852 20,6 1,2 07 02 04 2 08 43,1 0,2 02 13,5 07 16,4 1] 1) 0
B 15 0w 130-132cm 134,1 143,41 29959 43,4 15 4,6 0,1 0,2 24 14 0,1 0,2 43 13 1 395 1) o o
B 15 osw 3032 cm 1346 144,24 3003,7 40,7 14 43 02 03 15 2 0,1 0,5 [} 14,7 1,5 32,8 1) 0 1]
B 15 05w 80-82cm 1351 145,07 30093 41,1 43 8,5 trace o 18 8,5 18 2,7 o 37 28 248 o ) o
B 15 osw 130-132 cm 135,6 145,91 3015 38,1 3,2 6,2 trace 0 13 48 6,8 11 ) 13,9 21 22,5 0 ) o
B 15 06w 10-12 cm 1359 146,41 30184 24,1 1,8 2,8 03 02 7.6 26 258 1 2 11 91 216 ) [\] o
B 15 06w 30-32cm 136,1 146,74 30206 37,1 31 6,1 trace 0 13 46 2,2 1 ] 0,6 17 423 0 o ]
B 15 06w 47-48,5cm 136,265 147,02 30225 49,9 2,8 43 01 0,1 2 45 0,6 0,8 1 0,6 09 R4 [\ ) [}
B 15 06 W 64-65 cm 136,44 14731 30245 393 2,2 33 01 01 1,5 3,6 0,5 0,6 038 04 07 46,9 o 1] [+]
B 15 06W - 80-82cm 136,6 147,58 30264 33,6 11,2 146 trace [} 09 33 38 0,7 0 04 12 303 1) 0 1]
B 15 06w .97-98,5 cm 156,765 147,85 30282 31,6 1,8 2,7 01 01 12 29 0,8 0,5 0,6 0,3 0,6 56,8 o o] 1]
B 15 06w 113-115cm 136,93 148,13 30306 41,7 24 3,6 01 01 16 38 1 1,7 09 05 . 08 41,8 [ o ]
B 15 [V 2] 128-130 cm 137,08 14838 3033,1 382 2,2 33 01 01 15 1,6 09 1,6 08 04 08 485 [+] [+] ]
B 15 06w 130-132 cm 1371 14841 30334 449 3,6 6 trace 0 0,6 23 2,7 0,5 ] 03 04 387 0. [} [s]
B 15 06w 146-148 cm 137,26 148,68 30361 37,5 21 32 01 01 15 15 09 196 08 0,5 05 31,7 trace 1] 0
B 15 7w 13-14,5cm 137,425 14895 30388 46,7 1,9 38 01 01 13 13 11 0,1 0,7 04 0,5 2 o 1] ]
B 15 o7Tw 28-30cm 137,6 149,25 3041,8 389 2,3 09 01 01 11 01 09 0,1 09 13 1 52,3 (1] [} 0
B 15 o7TW 46-47,5 cm 137,755 149,5 30443 388 23 09 01 01 11 01 11 0,1 0,9 13 1 52,2 o o [}
B 15 7w 62-64 cm 137,92 149,7 3046,3 42,8 2,6 4 0,1 01 8 21 14 0,1 1,7 34 11 28,9 3,7 0 [s]
B 16 01w 14-155¢cm 137,935 149,71 30464 44,4 0,9 08 01 01 6,2 1,1 41 01 11 17,5 11 12,6 [+] 1) ]
B 16 oiw 30-32cm 1381 149,88 3048,1 58,4 12 1 01 01 54 03 10,7 01 15 14 o 19,9 ] o o]
B 16 o1w 47-48,5cm 138,265 150,04 3049,7 30,7 2,3 12 0,1 01 13 04 1,1 0,1 0,4 38,2 05 23,6 1] o 1)
B 16 olw 63-65 cm 138,43 150,21 3051,4 39,1 39 1 01 01 1 03 0,9 0,1 03 38,5 0,6 14,1 [+] 1] o
B 16 ow 80-82 cm 1386 150,38 3053,1 48,8 1,8 32 trace 1) 07 2,5 6,5 0,6 [} 17,8 05 17,6 1] [s] [}
B 16 0w 92':-:4'5 138,725 150,51 30544 22,6 34 12 01 01 13 04 12 01 04 50 08 18,3 [+] [v] [\
B .16 o1w 105-107 cm 138,85 150,63 30556 50,2 35 13 01 01 19 04 59 01 04 15,1 23 18,7 o 1] ]
B 16 o1w 118-120 cm 138,975 150,76 30569 12,1 13 1 0,2 02 23 0,5 23 01 04 63,3 2,8 13,5 0 1) [+]
B 16 ow 130-132cm 1391 150,88 3058,1 38,1 29 4,5 trace v] 36 52 2,2 0,9 0 12,3 0,6 29,7 0o 0 [}
3 16 0w 3032 ecm 139,6 151,38 30623 36,5 28 43 trace o 35 5 2,2 038 1) 11,9 4,7 283 1) 0 o
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B 16 02w 35-37cm 139,65 151,43 30627 28,9 33 19 05 03 88 1 18 04 08 03 19,7 155 [} o [}
B 16 2w 4244 cm 139,72 1515 3063,3 32,2 1,6 21 0,5 03 139 1,5 20,1 0,6 1 15 131 116 1] ] o
B 16 nw 49-50,5cm 139,785 151,57 30638 28,6 1,5 18 05 03 123 23 30,7 0,6 1,2 2,2 77 10,3 o o [
B 16 0w 55-56,5 139,845 15163 30643 139 0,9 11 03 02 43 i,d 18,9 0,6 1,4 32,2 31 21,7 o 0 o
B 16 0w 62-63,5 cm 139,915 151,69 30648 30,2 1 29 03 02 51 3 253 0,9 32 74 36 16,9 ] ) 0
B 16 0w 67-69 cm 139,97 151,75 30652 27,8 1,8 36 038 02 59 2,3 27,5 1,2 4,4 38 42 16,5 [} ) o
B 16 02w 73-75em 140,03 151,81 30657 26,4 15 2,7 06 0,1 56 18 38,3 13 38 43 25 11,1 o o o
B 16 nw 80-82cm 140,1 151,88 30663 27,8 2,2 33 0,1 o 2,7 38 43 0,7 0 158 21 372 1] [¢] 0
B 14 oaw 96-98 cm 122,76 130,66 27594 22,5 10,8 0o o 16 4,9 34 09 1,1 07 03 13 51,2 [} 0,7 [}
~
-4
g s - S % 8
2 s 3 T g Tz
s g £ £ £ E 8 E g @ s EE
i ke g F] S 3 g = 2 g 8 i ] u s 2
Depth ~ Depth  Age = E H & % E H 3 8 S & a8 & = 2 3
Hole Core Section Intervalle mbsf) (rmed)  (ka)
B 16 0w 97-98,5 cm 140,265 152,04 3067,5 29,4 1 24 04 01 17 2 14,4 05 37 24,5 52 14,7

16 nw 105-107 cm 140,35 152,13 30682 18,7 09 23 04 01 16 02 137 05 35 402 1 16,9
16 02w 113-115cm 14043 152,21 3068,8 252 18 37 06 02 28 03 165 1 71 161 19 228
16 nw 121-123 cm 140,51 152,29 30695 459 2,1 43 05 01 62 03 116 08 39 2,2 31 19

16 02w 130-132cm 140,6 152,38 3070,2 373 37 56 0,1 [} 101 65 46 0,9 0o 6,7 47 198

16 oaw 5-7cm 140,85 152,63 30721 304 2,8 34 08 02 32 05 202 09 1105 39 36 196
16 0w 30-32 cm 1411 152,88 30741 285 12 18 02 06 31 09 04 04 03 327 6 239
16 oaw 55-57 cm 141,35 153,13 30761 161 1,8 2,1 08 02 4 ‘05 505 038 o 48 61 123
16 0w 80-82 cm 141,6 153,38 3078 261 13 1,5 03 06 89 13 316 03 03 17 76 ' 185
16 0aw 105-107 cm 141,85 153,63 3080 13,8 15 18 06 02 164 04 273 08 "] 12,2 11,7 133
16 03w 130-132cm 142,1 153,88 3082 386 16 34 0,1 0o 11,1 67 161 06 1] 32 33 153
16 0w 5-7cm 142,35 154,13 30839 156 1,7 2,1 07 02 156 05 352 09 [} 2,7 59 189
16 04w 30-32cm 142,6 154,38 30859 378 1,5 33 0,1 [ 162 66 157 08 [} 16 17 147
16 04w $5-57em 14285 15463 30879 181 17 2 0,7 02 151 05 409 3 0 35 21 122
16 0w 80-82 cm 143,1 154,88 30898 31,3 15 33 0,1 0 161 65 156 05 0 15 87 149
16 [ 105-107 cm 143,35 15513 30918 75 08 11 03 02 347 05 278 23 [} 43 38 167

© OO O OO0 OO 0O 0 0O0OOOCO©O©®O©OO0O OO0 OO0 OO0 0 o0 o0 o oo
©O 0O 0C OO OO O 0O OO OO O O OO O0Oo©O©Oo© oo oo oo o o o 0o
©O OO OO OO ©OO OO OOO®o©Oo©OO© 00 0o oo o0 o o o0 o0 o o o

> > > > > > r P P r > o O EF P ®E EE®EEEE I
oy
o

16 oaw 130-132cm 1436 155,38 3093,8 182 038 1,2 02 04 91 06 281 "4 22 21 24 154
osw 30-32cm 1441 155,88 30994 24,1 07 15 01 [} 28 51 3,6 06 o 182 035 424
16 oswW 80-82 cm 1446 156,38 31051 243 07 15 0,1 [} 2 42 3,6 06 1] 183 09 438
16 05w 130-132cm 1451 156,88 31144 219 12 25 0,1 0 44 18 59 1 [} 302 29 281
19 02w 80-82 cm 155,4 168,13 ' 3161,3 41,1 2.2 47 03 [ 37 13 168 13 o 28 55 203
19° 02W  130-132cm 155,9 168,63 31649 242 24 51 03 0 134 18 182 14 0 6,7 89 17,6
19 0aw 80-82 cm 156,9 169,63 31752 44 2,3 49 03 "] 38 14 11 1.3 ] 2,7 25 258
19 0w 30-32cm 157,9 170,63 31869 445 1,8 59 02 1] 3 11 16 1 o 182 26 201
19 [ 80-82 cm 158,4 171,13 31859 423 24 53 03 o 33 1 48 05 [ 81 11,6 204
19 04W  130-132cm 158,9 171,63 31925 552 14 69 02 [} 29 9 28 03 [} 2,6 11 176
19 oswW 80-82 cm 159,9 172,63 31976 279 21 34 03 o 116 131 1139 05 [o] 23 83 187
19 oswW 130-132cm 160,4 173,13 3200,1 26,8 2 33 03 1,1 111 126 114 2 [} 093 33 252
19 06 W 80-82 cm 161,4 17413 32052 402 1,5 31 0,2 57 74 6,4 71 0,8 [} 09 53 2,4
19 7w 20-22 cm 162,3 175,03 3209,8 45 1,1 35 0,2 28 46 438 53 0,6 0 04 25 292
19 o7wW 70-72 cm 162,8 17553 32123 S0 038 4,9 03 33 16 59 7.5 08 0 05 56 188
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