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RÉSUMÉ 

La baie de Baffm est une voie importante d' exportation d' eau douce de l'Arctique 
vers 1 'Atlantique Nord. Les exercices de modélisation climatiques suggèrent que le 
réchauffement climatique s' accompagnera d ' une augmentation de l'exportation d'eau 
douce l'Arctique ce qui affecterait le taux de formation de la masse d' eau de la mer 
du Labrador (LSW) et la circulation océanique globale. L' étude paléocéanographique 
de la baie de Baffin est donc pertinente afin de prévoir l' impact des changements 
climatiques à des échelles régionale et globale. Dans ce contexte, l' objectif de la thèse 
est de reconstituer les conditions océanographiques et climatiques de cette région 
pendant le dernier cycle glaciaire-interglaciaire (- 115-0 ka). Plus précisément, il 
s' agit de documenter la variabilité spatio-temporelle de la circulation océanique, 
notamment les apports d' eau de fonte des glaciers pendant les épisodes de 
réchauffement. 

Les chapitres présentés dans la thèse tentent de répondre à ces questions à partir de 
l' analyse de carottes sédimentaires. Le premier chapitre porte sur une séquence 
sédimentaire du nord-ouest de la mer du Labrador couvrant les derniers 36 000 ans. 
Le deuxième chapitre concerne une séquence du centre de la baie de Baffm 
enregistrant les derniers 115 000 ans . Enfm, le troisième chapitre porte sur la 
déglaciation et postglaciaire, soit les derniers - 15 000 ans dans le nord-ouest de la 
mer du Labrador, le détroit de Davis, et les régions est et centrale de la baie de Baffin. 
Les objectifs principaux poursuivis sont les suivants : (1) reconstituer les conditions 
de surface de l' océan, y compris les températures estivales et hivernales, la salinité, la 
productivité primaire et la couverture de glace de mer; (2) caractériser la variabilité 
temporelle de la température, de la salinité et du carbone inorganique dissous de la 
masse d'eau intermédiaire afin de retracer la stratification et la ventilation dans la 
colonne d' eau; (3) établir des relations entre les changements paléocéanographiques 
de la baie de Baffm et la circulation dans l'Atlantique Nord et le climat. Ces objectifs 
de recherche ont été atteints et nous avons pu retracer la chronologie des changements 
paléocéanographiques de la baie de Baffm au cours des derniers - 115 000 ans. 

Pendant la majeure partie du dernier intervalle glaciaire, la baie de Baffm a été 
occupée par une couverture de glace continue. Cependant, une advection d' eau 
Atlantique par le détroit de Davis semble caractériser certains intervalles froids 
(stadiaires) et chauds (interstadiaires). Des valeurs élevées du 8180 des foraminifères 
planctoniques (Neogloboquadrina pachyderma senestres; Npl) et des foraminifères 
benthiques (> +4%o) suggèrent qu ' une seule masse d' eau froide et salée d'origine 



xiv 

Atlantique était présente sous la couche de mélange lors des stades isotopiques Sd et 
une partie des stades 3 et de la transition 2/1. Une couverture de glace de mer pérenne 
a été déduite de la faible productivité de foraminifères et de l' absence de dinokystes. 
De faibles valeurs du 8 180-Npl (+2,6 à +3,6%o) lors d ' épisodes des stades Sc, Sa, 3 et 
lors de la transition 2/ 1 sont enregistrées à des niveaux également marqués par des 
abondances relativement élevées de dinokystes, ce qui laisse supposer la pénétration 
épisodique d'une masse d ' eau Atlantique un peu plus chaude ou une ouverture 
occasionnelle du couvert de glace de mer. Pendant le dernier dernier maximum 
glaciaire et lors de la transition vers l'Holocène, le nord-ouest de la mer du Labrador 
était couvert de glace de mer tel qu ' illustré par la faible abondance des dinokystes et 
des valeurs élevées du 8180-Npl. Les événements de Heinrich 1 et 2 ont y ont été 
marqués par des des faibles teneurs en o 180 qui indiqueraient une production élevée 
de glace de mer. En raison de conditions froides et de la proximité de la calotte 
Laurentidienne, le B0lling-Allemd et le Dryas récent ne se sont pas accompagnés 
d'enregistrement particulier à une échelle régionale. 

La déglaciation, caractérisée par une diminution du couvert de glace de mer de 
pérenne à saisonnière, s ' est établie progressivement du sud vers le nord, soit de la 
mer de Labrador vers la baie de Baffin. La séquence d ' événements a été la suivante. 
De- 12 à 7,S cal ka BP, le nord-ouest de la mer du Labrador a connu un changement 
très important des conditions de surface, avec des températures d'été élevées (-
11 °C) mais froides en hiver (- Ü0 C), une couverture de glace de mer de près de 3 
mois par an et une faible salinité (- 28) Les forts gradients thermiques saisonniers 
auraient été une conséquence de la forte stratification due aux apports d'eau de fonte 
de la calotte glaciaire laurentidienne. Dans le secteur est de la baie de Baffin, à 
environ 9,S cal ka BP, une augmentation de salinité de surface de 28 à> 32 et une 
diminution du couvert de glace de mer sont enregistrés, sans doute en relation avec le 
retrait des marges de la calotte glaciaire du Groenland, notamment dans Disko Bugt. 
Par la suite, plusieurs changements sont survenus à environ 7,S cal ka BP. Dans le 
nord-ouest de la mer du Labrador, les conditions interglaciaires actuelles se sont 
établies suite à l' augmentation de la salinité qui a atteint environ 34, s'accompagnant 
d ' une augmentation des températures hivernales en dépit d ' étés plus frais. Cette 
transition est associée à de moindres apports d'eau de fonte, une stratification réduite 
et une augmentation de la pénétration des masses d ' eau de l'Atlantique Nord en 
surface. De telles conditions sont favorable à la convection hivernale et à la formation 
de la masse d 'eau de la mer du Labrador (LSW), dont témoignent par ailleurs des 
valeurs élevées du o13C-Npl. Dans l' est de la baie de Baffin, le réchauffement de 
surface en hiver et des salinités plus élevée ont conduit à une forte réduction de la 
durée de la couverture de glace de mer et de la productivité primaire. Les 
enregistrements du centre de baie de Baffm indiquent également une advection accrue 
des eaux de l'Atlantique Nord en surface pendant le postglaciaire, mais avec une 
réponse fortement atténuée par rapport au secteur est. Ces résultats suggèrent de 
grandes fluctuations des conditions de surface marines à 1 'Holocène, différentes dans 
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les secteurs hauturiers et côtiers, mais étroitement contrôlées par le courant chaud de 
l'ouest du Groenland et froid de la Terre de Baffin. 

Mots clés : paléocéanographie, paléoclimatologie, baie de Baffin, mer du Labrador, 
glaciaire, Holocène, dinokystes, foraminifères, isotopes de l'oxygène et du carbone 



ABSTRACT 

Baffin Bay is currently an important pathway for Arctic freshwater export to the 
North Atlantic. Modeling forecasts of an increase in freshwater export driven by a 
warming Arctic may affect the rate of Labrador Sea Water (LSW) formation and 
global oceanic circulation. Investigating the paleoceanographic history of the Baffin 
Bay corridor is therefore relevant for forecasting potential climate impacts both 
regionally and globally. The focus of this thesis is to reconstruct the oceanographie 
conditions in this region through the last glacial cycle ( - 115 ka), with emphasis on 
the spatio-temporal variability of ocean circulation through large scale climate 
oscillations, including meltwater outflow and warming temperatures during the 
de glacial. 

Three research chapters address these issues using marine core sediment samples. 
The frrst analyses a record spanning the last - 36 ka from the northwest Labrador Sea, 
the second records the last - 115 ka from central Baffin Bay, and the third correlates 
higher resolution records from a multiple-core transect from the northwest Labrador 
Sea, Davis Strait, and eastern and central Baffm Bay focusing on the last deglacial 
and the Holocene (last - 15 ka) . Three main objectives were followed for each 
research chapter: (1) reconstruct sea surface conditions including summer and win ter 
temperatures (SST), summer salinity (SSS), productivity, and sea ice cover as they 
respond to changes in climate, the subsurface water mass, and meltwater input; (2) 
characterize temporal variability in relative temperature, salinity, and dissolved 
inorganic carbon of the subsurface water mass due to the advection of other water 
masses, changes in sea ice cover, and stratification and/or ventilation throughout the 
water column, and; (3) spatially and temporally correlate changes in 
paleoceanographic conditions among sites throughout the Baffm Bay corridor and 
with other records from the North Atlantic to identify associations with oceanic 
circulation and climate. 

Results show that Baffm Bay remained completely ice covered during most of the 
last glacial interval. However advection of saline Atlantic water entered Baffm Bay 
through Davis Strait during both cooler (stadial) and warmer (interstadial) intervals. 
High 8180 values of both planktic Neogloboquadrina pachyderma left-coiled (Npl) 
and benthic foraminifera (>+4%o) suggest a single cold, saline Atlantic water mass 
was present during Marine Isotope Stages (MIS) 5d, 3, and the MIS 2/1 transition. 
Continued perennial sea ice cover was inferred from low productivity and the absence 
of dinocysts . Low 8180-Npl values (+2.6 to +3.6 %o) were present during MIS Sc, Sa, 
3 and the MIS 2/1 transition. The low values, coupled with occurrences of dinocysts, 
suggest the Atlantic water mass was slightly warmer, or affected by the addition of 
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isotopically light brilles through heavy sea ice production during occasional 
seasonally open water. The northwest Labrador Sea was also cold and perennially ice 
covered during MIS 2 and the MIS 2/ 1 transition, as documented by low dinocyst 
abundance and high 8 1 80-N~l values. The termination of Heinrich Events 1 and 2 
were recorded with light-8 80 excursions indicating heavy ice production. The 
B0lling-Aller0d and Younger Dryas were not recorded or weakly recorded, likely due 
to close proximity to Laurentide lee Sheet (LIS). 

The deglaciation, characterised by the shift from perennial to seasonal sea ice cover, 
occurred diachronously northward through the Baffin Bay corridor. From ~12 to 7.5 
cal ka BP, the northwest Labrador Sea experienced a dramatic shift to warm summer 
( ~ 11 °C) but cold win ter ( --û0 C) sea surface temperatures (SST), sea ice co ver during 
about 3 months per year, and low sea surface salinity (SSS) (~28), likely due to 
enhanced subsurface inflow of North East Atlantic Deep Water. The large seasonal 
gradients in temperature were due to a strongly stratified upper water layer in relation 
to meltwater supply from the LIS . At around 9.5 cal ka BP in eastern Baffm Bay, SSS 
increased significantly (28 to > 32) and the breakup of perennial sea ice began as the 
Greenland lee Sheet retreated into Disko Bugt. Severa! changes occured throughout 
the corridor at about 7.5 cal ka BP. In the northwest Labrador Sea, postglacial 
conditions were established after SSS had progressively increased to about 34, and 
winter SSTs became warmer and summers cooler. This was facilitated by the reduced 
water mass stratification by the retreat of the LIS and enhanced penetration of North 
Atlantic water, all contributing to winter convection and Labrador Sea Water 
formation which is reflected in increased 8 13C-Npl values (i.e., enhanced ventilation) . 
In eastern Baffin Bay, warming and more importantly, higher salinity conditions, led 
to a strong reduction in the duration of the sea ice cover and to significant primary 
productivity. Central Baffm Bay likely evolved with the eastern sector of the Bay as 
it responded to the advection of North Atlantic waters, but with a strongly attenuated 
response. This diachronous evolution toward modem sea surface conditions in the 
Baffm Bay corridor was likely due to limited North Atlantic advection through the 
Davis Strait sill. These postglacial records demonstrate large fluctuations in sea 
surface conditions independent to the variability of surrounding coastal records, but 
are likely controlled by the relative strengths and shifts of the warmer West 
Greenland Current and colder Baffm Island Current. 

Key words: paleoceanography, paleoclimatology, Baffin Bay, Labrador Sea, glacial, 
Holocene, dinocysts, foraminifera, stable isotopes of oxygen and carbon 



INTRODUCTION 

0.1 The context of the study 

Contemporary decline in Arctic sea ice extent is related to Arctic warming within 

recent decades, as the result of thermodynamic and sea ice-albedo feedback (cf. 

Stroeve et al. , 2012). The increased sea-ice melting, along with increases in 

freshwater inputs from land, the Pacifie Ocean, and precipitation have greatly 

increased the amount of freshwater to the Arctic Ocean (Serreze et al., 2006). This 

has lead to enhanced overall freshwater export, as demonstrated by a decreasing 

salinity of the North Atlantic, which may affect the Atlantic Meridional Overturning 

Circulation (AMOC) (Curry and Mauritzen, 2005; Peterson et al., 2006; Dickson et 

al., 2007; Sutherland et al., 2009). Within the AMOC, deep water masses such as 

North Atlantic Deep Water (NADW) are created when relatively warm, but saline 

surface waters of the North Atlantic Current (NAC) enter the Greenland, Iceland and 

Norwegian (GIN) Seas and also the Labrador Sea and loose buoyancy (Fig. 0.1). 

Deep convection in the water column is caused by the sinking of a dense upper water 

mass. The densification is caused by warm surface waters losing heat to the 

atrnosphere, or when brines are released during sea ice formation (Curry and 

Mauritzen, 2005). 

Increasing greenhouse gas concentrations may affect the AMOC in two dominant 

processes. Increasing air temperatures will reduce the cooling (densification) of the 

sea surface. Also, an increase in freshwater will decrease the sea surface salinity, 

thereby reducing the density. Debates on the effects of climate change on the AMOC 

focus on the magnitude of these triggers and the reaction time of these systems (Curry 
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and Mauritzen, 2005). Coupled atmosphere-ocean General Circulation Models 

(GCMs) are used to forecast the effects of clirnate change on the AMOC (Jahn and 

Rolland, 2013). In sorne modeling scenarios, cessation of the AMOC is projected 

under conditions of large freshwater influx due to the melting of Arctic ice 

(Greenland lee Sheet, permanent sea ice) (Driesschaert et al. , 2007), while others 

suggest non linearity (Swingedouw et al. , 2009) . GCMs have also been used to 

understand changes in past clirnate and oceanic circulation, specifically illustrating 

their large-scale fluctuations during the last glacial cycle and the roles of freshwater 

and clirnate in changing the AMOC (Manabe and Stouffer, 1995; Clark et al. , 2007). 

Currently, the amount of freshwater exiting the Arctic is increasing, and a significant 

proportion is exiting through the Canadian Arctic Archipelago (CAA) via Lancaster 

Sound, Jones Sound, and Nares Strait (Serreze et al. , 2006; Dickson et al. , 2007; 

Curry et al. , 2011), which collect in Baffin Bay and pass through Davis Strait into the 

Labrador Sea (Fig. 0.1). Models suggest that Arctic freshwater output through the 

western route (i .e. , west of Greenland) is colder and fresher than the eastern output 

(Fram Strait; Aksenov et al. , 2010). Freshwater forcing through the Baffin Bay 

corridor is required in models to reconstruct decreases in sea surface salinity resulting 

in decreased convection in the Labrador Sea (Goosse et al., 1997; Wadley and Bigg, 

2002; Cheng and Rhines, 2004; Wekerle et al., 2013). Labrador Sea Water (LSW) is 

an important component of the modem AMOC. It is an intermediate water mass 

which contributes to NADW (Yashayaev and Loder, 2009 and references therein) . 

LSW is formed when cold winter surface air temperatures over the Labrador Sea cool 

a western branch of the warm, saline North Atlantic Drift (West Greenland Current

WGC), which then sinks due to increased density (Lazier, 1973). The rate of LSW 

formation is variable and responds to both changes in salinity and atmospheric 

circulation, which affect stratification and therefore convective mixing. Thus, 

changes in Arctic freshwater outflow through the CAA, Baffin Bay, Davis Strait to 
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the Labrador Sea (hereafter described as the Baffm Bay corridor) and warmer climate 

may modify the LSW production rates. Such changes were observed during the Great 

Salinity Anomaly in the late 1960s, early 1970s, and 1990s (e.g. , Dickson et al., 

1988; Gelderloos et al., 2012) . In the context of extreme climate shifts, it is relevant 

to investigate the past history of the sea surface conditions, the subsurface water 

mass, and sea ice formation in relation to freshwater fluxes and climate from Baffin 

Bay to the Labrador Sea. These results, based on past conditions, contribute baselines 

to forecasting the potential impacts of future freshwater fluxes and increasing sea 

surface temperature on the formation of LSW and variability of the AMOC. 

0.1.1 The northwest Labrador Sea 

Throughout the last glacial interval (the last ~ 115 ka), the Labrador Sea has evolved 

from being cold and mainly ice covered to warm and mainly ice free (de Vernal and 

Hillaire-Marcel, 2000; de Vernal et al., 2000; de Vernal et al., 2005). A few 

paleoceanographic records (black circles Fig. 0.1) have been reconstructed from 

various proxies including foraminiferal species assemblages (e.g. Bilodeau et al. , 

1994; Seidenkrantz et al., 20 13), the oxygen and carbon stable isotopes of 

foraminiferal tests ( e.g. Hillaire-Marcel et al., 1994; Hillaire-Marcel and Bilodeau, 

2000; Rasmussen et al. , 2003; Seidenkrantz et al. , 2013), and sea surface 

reconstructions based on dinoflagellate cyst assemblages (e.g. de Vernal et al. , 1994, 

2000, 2001; Rochon and de Vernal, 1994; Levac and de Vernal, 1997; de Vernal and 

Hillaire-Marcel, 2000; Solignac et al., 2004; Hillaire-Marcel et al. , 2007). Those 

studies have illustrated that the Labrador Sea bas been greatly influenced by advances 

and retreats of the northeastern margin of the Laurentide lee Sheet (LIS) and by the 

advection of North Atlantic waters. For example, increased sea ice cover occurred 

during the last glacial maximum, Heinrich Events (HE), and the Younger Dryas, 
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while the 8.3 cal ka BP-drainage layer event is not easily recognizable in sea surface 

reconstructions. 

The northem Labrador Sea is however particularly interesting because the Hudson 

Strait was one of the main sources for sediment, ice and meltwater supply during the 

glacial period and deglaciation of the LIS (Andrews and Tedesco, 1992; Andrews et 

al., 1994). However, areas north and east of the outlet of Hudson Strait do not al ways 

receive such deliveries as in the case of HE 3 (Stoner et al., 1996; Rashid et al., 2003) 

and possibly the 8.3 cal ka BP-drainage layer event (Hillaire-Marcel et al., 2007). 

Few reconstructions have been undertaken in the northwest Labrador Sea, near the 

outlet of Hudson Strait. Previous reconstructions include bottom water conditions 

during periods of LIS flux from foraminiferal abundances (Jennings, 1993; Jennings 

et al., 1996, 1998) and changes to the intermediate water layer during Heinrich 

Events from planktic foraminiferal oxygen isotopes (8 180 ; Rashid and Boyle, 2007) . 

However reconstructions of sea surface conditions have yet to be investigated. 

0.1.2 Baffm Bay 

Paleoceanographic reconstructions from sediment cores in Baffin Bay (black circles 

Fig. 0.1) can be divided into two groups. The frrst consists of records collected from 

shallow (< 1000 rn) shelf areas surrounding Baffin Bay where high sedimentation 

rates (e.g. 100 cm ka- 1
) are linked to coastal and glacial erosion. This creates records 

with high temporal resolution of deglacial and Holocene sediments that mainly reflect 

local variability in atmospheric and oceanic circulation and meltwater discharge 

(Seidenkrantz et al., 2008; Erbs-Hansen et al. , 2013). Most of these 

paleoceanographic studies used foraminiferal abundances as proxies of subsurface

bottom water mass properties, that are in tum associated with the relative strength of 

Atlantic vs . Arctic water in Baffm Bay (e.g. Ostennan and Nelson, 1989; Levac et al., 



-------------------------------·----------- ----------

5 

2001 ; Seidenkrantz et al., 2007, 2008, 2012; Knudsen et al., 2008; Ledu et al. , 2008; 

Lloyd et al. , 2005, 2007; Mudie et al. , 2006; M0ller et al., 2006; Moros et al., 2006; 

Andresen et al. , 2011 ; Pemer et al. , 2013 ; Erbs-Hansen et al. , 2013; Jennings et al. , 

20 13). However, sorne records used dinoflagellates cysts as pro xi es to reconstruct sea 

surface conditions since the deglaciation ( e.g. Levac et al. , 2001 ; Hamel et al., 2002; 

Ledu et al. , 2008; Seidenkrantz et al., 2008; Andresen et al., 2011 ; Ouellet-Bernier et 

al. , 20 14). Other used diatoms as proxies for sea surface conditions ( e.g. Williams, 

1990; Moros et al. , 2006; Knudsen et al. , 2008; Ren et al. , 2009). Sorne of these 

records document the large meltwater inputs from the deglaciation of the LIS and 

Innuitian lee Sheet (IlS), or the ice margin retreat and continued discharge from the 

Greenland lee Sheet (GIS). Most of these coastal sites record local to regional ocean 

variations during the Holocene. 

The second group of paleoceanographic records previously analysed were collected 

from the deepest, central areas of Baffm Bay. Ocean Drilling Project (ODP) Site 645 

(Leg 105; Baldauf et al. , 1989) extends back to the early Miocene. There are also 

piston cores spanning the last glacial cycle (Fig. 0.1; Aksu and Piper, 1979; Aksu, 

1981 , 1983; de Vernal et al. , 1987), including site survey core 85-027-016 for ODP 

Site 645 (Fig. 0.1 ; Hillaire-Marcel et al. , 1989; Scott et al. , 1989). The primary 

challenge in analysing marine sediments from Baffm Bay is the difficulty in 

establishing a chronostratigraphy. This is caused by two factors . Sediment delivery 

from surrounding ice sheets active during glacial periods cause variable 

sedimentation rates in this region (Simon et al. , 2012 and references therein). 

Additionally, the Jack of calcareous foraminifera precludes radiocarbon analyses or 

the establishment of a o180 stratigraphy. However, Simon et al. (2012) recently 

proposed a chronostratigraphy spanning the last 115 ka based on detailed 

paleomagnetic data that overcomes sorne of these challenges. 
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Paleoceanographic reconstructions based on the 8180 of planktic foraminifera and 

dinoflagellate cyst assemblages over the last glacial interval have been attempted on 

severa! deep Baffin Bay cores despite the chronological uncertainty and interpretation 

challenges (Aksu, 1981, 1983; Mudie and Aksu, 1984; de Vernal et al. , 1987; 

Hillaire-Marcel et al. , 1989; Scott et al., 1989). Intervals containing little to no 

microfossils prevent continuous records that are difficult to interpret. Low 

concentrations of rnicrofossils have been explained by dilution due to high 

sedimentation rates (Scott et al. , 1989), low productivity due to harsh, ice covered 

conditions and low salinities (Hillaire-Marcel et al., 1989), carbonate dissolution 

(Aksu, 1983), or a combination of these factors (Hillaire-Marcel et al. , 1989). 

Carbonate dissolution in Baffm Bay characterizes Holocene sediments collected from 

depths > 900 rn (Aksu 1983; Osterman and Nelson, 1989; de Vernal et al., 1992; 

Schroeder-Adams and Van Rooyen, 2011; Steinhauer, 2012). This greatly hindered 

the study of circulation in Baffm Bay throughout the glacial stage. There were also 

other limitations that have since been discovered and/or improved since the 1980s. In 

those days, isotopie analyses required a sample size >50 foraminiferal tests. Smaller 

sample sizes could have introduced analytical bias, while large samples could have 

been drawn from severa! planktic populations due to the low sedimentation rates and 

due to the presence of reworked foraminifera (Hillaire-Marcel et al. , 1989). More 

importantly, any detrital carbonate material, which is found in abundance within 

Baffm Bay sediments (Hiscott et al. , 1989), remaining within foraminiferal tests 

could bias their isotopie composition and result in rnisleading values (Hodell and 

Curtis, 2008). Lastly, interpretations of a planktic-8 180 signal from this polar to 

subpolar environment can not be directly correlated with the global marine isotope 

stratigraphy, notab1y because of the isotopie imprint of sea ice formation (Hillaire

Marcel and de Vernal, 2008). The early planktic-8180 records from Baffm Bay 

revealed large range in values, initially interpreted as glacial-interglacial oscillations 

(Aksu, 1983 ; Aksu and Mudie, 1985). The low planktic-8180 values have since been 
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interpreted as the result of episodic depletions due to meltwater inputs (de Vernal et 

al., 1987). Most recently, this pattern is thought to reflect the sinking of isotopically 

depleted brines during sea ice production along the pycnocline to Npl habitat depth 

(Hillaire-Marcel and de Vernal, 2008) . Therefore, an established chronostratigraphy 

along with the recognition of these limitations will allow for the adaptation of 

different techniques and interpretations in order to further pursue paleoceanographic 

reconstructions of Baffin Bay. 

0.2 Statement of problem and objectives of this study 

The Baffm Bay corridor is currently an important pathway for Arctic freshwater 

export and global oceanic circulation. These processes are expected to change in the 

near future. Information on responses to changes in the past glacial-to-interglacial 

periods provides insight on future dynamics. The focus is set here on deeper, more 

central sites as a means to generate records of large-scale changes in oceanographie 

conditions that predominantly vary in response to the regional ocean dynamics rather 

than to coastal processes. Also, my assessment of the limitations of 

paleoceanographic research in a harsh, Arctic environment such as Baffin Bay and 

analysing the data with new methods and a wider suite of potential mechanisms, 

provide a precedent for other areas. 

The focus of this thesis is thus to reconstruct the oceanographie history of the Baffm 

Bay corridor (Baffin Bay, Davis Strait, northwest Labrador Sea) through the last 

glacial cycle ( ~ 115 ka). More specifically, my goal is to document variability in 

oceanographie conditions including temperature, salinity, sea ice cover, freshwater 

fluxes and the occurrence of multiple water masses due to the effects of large scale 

climate oscillations and ocean circulation. Various climate intervals and transitions 
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throughout the last glacial cycle will be addressed. These include the last five marine 

isotope stages, the Greenland stadials and interstadials, Heinrich Events, intense 

meltwater incursions, increasing insolation, climate events of the recent deglacial 

interval ( e.g. Belling-Allemd, Young er Dryas, drainage of glacial lake Agassiz), and 

the millennial scale climate oscillations of the Holocene (e.g. Mid-Holocene 

optimum, Medieval Warm Period, Little lee Age). The following three main 

objectives will be applied to various sites within the Baffin Bay corridor and form the 

basis of three research chapters organized by location and chronology: 

Objective 1: Reconstruct sea surface conditions including summer and winter 

temperatures, salinity, productivity, and sea ice cover as they respond 

to changes in climate, the subsurface water mass, and meltwater input. 

Objective 2: Characterize temporal variability in relative temperature, salinity, and 

dissolved inorganic carbon of the subsurface water mass due to the 

advection of other water masses, changes in sea ice cover, and 

stratification and/or ventilation throughout the water column. 

Objective 3: Spatially and temporally correlate changes in paleoceanographic 

conditions among sites throughout the Baffin Bay corridor and with 

other records from the North Atlantic to identify associations with 

oceanic circulation and climate. 

The specifie goals required to achieve these objectives are to : (1) use dinoflagellate 

cyst species assemblages to reconstruct past sea ice cover, sea surface temperature 

and salinity, (2) set oxygen isotope records in planktic and benthic foraminifera to 

recreate relative changes in temperature and salinity of the mesopelagic and bottom 

water masses and relative amounts of sea ice formation, (3) set carbon isotope records 
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in plank:tic and benthic foraminifera to identify sources of the mesopelagic and 

bottom water masses as well as productivity, nu trient supply, and ventilation of water 

masses, ( 4) establish chronologies or temporally cons train oceanographie changes 

using the results from goals 1 through 3, as well as 14C dating, ice-rafted detritus and 

detrital carbonate contents. 

0.3 Geographie and hydrographie setting 

Baffm Bay is a semi-enclosed, oblong basin approximately 1450 km long and 

between 110 and 650 km wide (690,000 km2 surface area; Fig. 0.1 ). It is bordered by 

Greenland to the east with a wide shelf extending ~ 150 km, Baffin Island to the west 

with a narrower shelf extending ~35 km, and the CAA to the north, ali with relatively 

steep slopes to the sea floor. Baffin Bay reaches a maximum water depth of 2136 rn, 

and connects to both the Arctic and Atlantic oceans across sills. Although they 

restrict deep water flow, the sills permit cold Arctic surface waters to enter Baffin 

Bay from the north via Lancaster Sound (55 km wide, 125 rn deep), Jones Sound (30 

km wide, 190 rn deep), and Nares Strait (~40 km wide, ~220 rn deep) in the north. 

They also permit warmer intermediate waters from the Atlantic to enter from the 

south via Davis Strait (640 rn depth) . During the last glacial maximum, Baffin Bay 

was surrounded by the Innuitian, Laurentide and Greenland lee Sheets which 

extended onto the shelves (Briner et al. , 2003, 2006; Dyke 2004; 6 Cofaigh et al. , 

2013 ; Funder et al. , 2011). This may have greatly impeded flow into or through 

Baffm Bay during this time. Davis Strait connects Baffin Bay to the Labrador Sea, 

which expands along the Northwest Atlantic mid-ocean channel reaching ~3500 rn 

water depth. It is bordered to the west by Labrador with a wide shelf extending 150 
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km on average, and to the northeast by Greenland with a narrow shelf extending ~50 

km. 

Northward flowing warm high-salinity Atlantic waters and southward flowing cold 

low-salinity Arctic waters form a counter clockwise gyre throughout the Baffm Bay 

corridor (Fig. 0.1) (see Bourke et al. , 1989; Buch, 2000, 2008; Cuny et al., 2002, 

2005; Tang et al., 2004; Ribergaard, 2008; Münchow et al. , 2014 for details listed 

below). Along the West Greenland shelf, the West Greenland Current (WGC) carries 

cool, less saline Arctic water from the East Greenland Current (temperature, T, ~ -

1.8°C, salinity, S :S 34.5) that has been slightly warmed by Atlantic water (T ~ 4.5°C, 

S :S 34.95) which is a western branch of the Irminger Current (IC) that flows within 

30 km of the West Greenland slope. Therefore the WGC consists of an upper 100 rn 

of cooler, less saline water (T ~ 2.3°C, 32 :S S :S 33) above a warmer more saline 

water layer (T ~ 1.6°C, S ~ 34.4), which both flow north along eastern Davis Strait). 

Once the WGC reaches northern Baffm Bay and turns west, it (upper 300 rn, T ~ -

1.5°C, S :S 34) mixes with cold, less saline Arctic water that enters via the Canadian 

Arctic Archipelago (Nares Strait, Lancaster Sound, and Jones Sound) and becomes 

the Baffm Island Current (BIC). Baffin Bay Intermediate Water consists of the 

Irminger component of the WGC that has recirculated in Baffm Bay and sorne 

warmer Arctic Intermediate water of Atlantic origin that passes over the sills ofNares 

Strait. Baffm Bay Deep and Bottom waters cool with depth. The BIC flow south 

along the Baffm Island coast on the continental shelf and slope through Davis Strait 

into the northwest Labrador Sea. Finally, the BIC mixes with Arctic water exiting 

Hudson Strait to form the Labrador Current (LC) (T ~ -l.5°C, S :S 34) which flows 

along the eastern Canadian shelf and upper slope. The calder, less saline surface layer 

of the LC overlies a bran ch of the W GC that has extended westward near Davis S trait 

and circulated through the gyre. Below the LC lies the Labrador Sea Water (LSW; T 

~ 3.0°C, S ~ 34.9) which is formed by vertical convection due to the sinking of dense 

waters cooled in winter (Lazier, 1973). LSW extends to 2500 rn water depth and lies 
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above the North East Atlantic Deep Water and the Denmark Strait Overflow Water 

(Yashayaev, 2007). Sea ice cover across the 30° latitudinal range along the Baffin 

Bay corridor is qui te variable, ranging from 0 to > 10 months per year or 

concentration ranging from 0 to about 90% from fall through spring. Sea ice 

formation begins in September in northwest Baffm Bay and extends southward 

reaching nearly complete cover by March (Wang et al., 1994; Tang et al. , 2004), 

occasionally reaching the northwest Labrador Sea. The warm WGC prevents sea ice 

formation along the southwestem Greenland coast and reduces the extent in eastern 

Baffm Bay. The cold and stratified LC fosters sea ice growth along the 

Newfoundland and Labrador shelf. Sea ice begins to melt in April in northern Baffm 

Bay's North Water Polynya and the Greenland coast moving westward until ice free 

conditions occur during August or September. The strong seasonality in air 

temperatures and wind patterns produce the large interannual variability in sea ice 

cover (Tang et al., 2004). 

0.4 Materials 

The cores used to address the research objectives are from the HU2008-029 emise 

aboard the CCGS Hudson in 2008 (Fig. 0.1; Campbell et al., 2009). Piston and 

associated trigger core HU2008-029-004 (PC04 and TWC04) were collected off the 

Southem Baffm Island shelf in the northwestem Labrador Sea (61.46 °N, 58.04 °W) 

at a water depth of 2163 m. Core PC04 and TWC04 are 896 and 56 cm in length, 

respectively. Piston and trigger core HU2008-029-016 (PC16 and TWC16) were 

collected from deep Baffin Bay (70.77 °N, 64.66 °W) at a water depth of 2063 m. 

The coring site is in close proximity to cores ODP Site 645 and 85-029-16, which is 

useful for correlating with previous records. Cores PC16 and TWC16 are 741 and 

155 cm in length, respectively. Core PC16 was previously described by Simon et al. 

(2012), and core TWC16 by Steinhauer (2012) . Piston and trigger core HU2008-029-
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070 (PC70 and TWC70) were collected off western Greenland (68 .23 °N, 57.62°W) 

at a water depth of 444 m. Cores PC70 and TWC70 are 245 and 208 cm long, 

respectively. PC70 was previously described by Jennings et al. (20 13). Piston and 

trigger cores HU2008-029-008 (PC08 and TWC08) were collected south of Davis 

Strait (64.39 °N, 58.13 °W) at a water depth of 858 m. Cores PC08 and TWC08 are 

964 and 156 cm in length, respectively. Core PC08 was previously described by 

Andrews et al. (2014). Due to difficulties in establishing a chronology, PC08 was not 

used in this study. 

0.5 Methodology 

0.5 .1 Chronology 

Establishing the chronostratigraphy should be the first step in paleoceanographic 

studies from sediment cores. Radiocarbon (14C) dating of calcareous foraminifera is 

the most common method in the northwest Atlantic. The most appropriate sample to 

use is a single species of planktic foraminifera from within a narrow size fraction to 

best represent a single foraminiferal population. Other methods of temporal 

correlation including paleomagnetic data and 8180 stratigraphies will also be used. 

The presence of calcareous foraminifera within northwest Labrador Sea sediments 

(Jennings et al., 1996) will allow for a chronostratigraphy based on 14C dating. 

However, the presence of Heinrich Events, as determined by an abundance of coarse 

grained sediments with detrital carbonate content, will also be considered since they 

have been extensively dated in the area (Andrews and Tedesco, 1992; Andrews et al. , 

1994; Hillaire-Marcel et al. , 1994; Stoner et al. , 1995, 1996; Rashid et al. , 2003). 

Recently, the establishment of a high resolution chronostratigraphic framework of 
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PC16 based on magnetic, mineralogical, and physical properties of the sediment has 

provided an age model spanning the last 115 ka (Simon et al., 2012). Previous 

attempts were based on the correlation of 8180 records which were discontinuous due 

to the lack of calcareous foraminifera in sorne intervals (Aksu and Piper, 1979; Aksu, 

1981, 1983; Mudie and Aksu, 1984; de Vernal et al. , 1987; Hillaire-Marcel et al. , 

1989; Scott et al., 1989). Calcium carbonate dissolution due to low carbonate 

saturation states (Azetsu-Scott et al., 201 0) and oxidation of organic matter produced 

in the North Water Polynya eliminates calcareous foraminifera for radiocarbon dating 

as a postglacial stratigraphie tool in Baffm Bay and Davis Strait (Aksu 1983; 

Osterman and Nelson, 1989; de Vernal et al. , 1992; Schroeder-Adams and Van 

Rooyen, 2011 ). The paleomagnetic properties of this interval also problematic and 

not used in the age mode! (Simon et al., 20 12). 1 will therefore use the palynological 

analyses to tentatively correlate Holocene records. 

0.5.2 Paleoceanographic proxies 

Severa! proxies are used for the paleoceanographic reconstructions of the Baffm Bay 

corridor in order to recreate conditions throughout the water colurnn. Palynological 

analyses and the carbon and oxygen stable isotope analyses of planktic and benthic 

foraminifera will be combined to identify three (or potentially more) water masses 

when possible. Reworked palynomorphs and ice rafted debris and detrital carbonate 

content will complement interpretations on sedimentation and oceanographie 

processes. These proxies are described below, along with the method of analysis. 
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0.5.3 Foraminiferal stable isotopes (8 180 and 8 13C) 

Foraminifera are single-celled organisms whose tests are preserved within ocean 

sediments given the proper conditions. There are severa! forms of foraminifera: 

epibenthic (living on sea floor sediments), endobenthic (living within sea floor 

sediments), other spec1es of benthic foraminifera living on substrate or other 

organisms, and planktonic species living in the water column. Changes in the oxygen 

stable isotope values (8 180) of calcareous epibenthic and planktic foraminifera reflect 

changes in temperature, salinity and the 8180 of the water in which the test was 

precipitated. Therefore oceanographie changes due to climate variability, large 

isotopically depleted meltwater supply, increase in isotopically depleted brines during 

sea ice formation, or an inflow of different water masses may be observed. 

Changes in the carbon stable isotope values (8 13C) of benthic and planktic calcareous 

foraminifera reflect the values of the dissolved inorganic carbon (DIC) in the water 

where they precipitate their carbonate test, and affected by vital (biological) effects 

and kinetic isotope fractionation. Increased photosynthesis within surface waters 

sequesters isotopically depleted C02, which increases DIC and planktic foraminiferal 

813C and can therefore reflect increased primary productivity during a shift to 

seasonally ice covered conditions within a paleorecord. Increases in freshwater influx 

during periods of warmer climate boast the influx of depleted, terrestrially-derived 

DIC (Ravelo and Hillaire-Marcel, 2007) . Increased respiration due to an influx of 

organic matter to the sediment surface negatively fractionates C02 (DIC) producing 

decrease in benthic 813C. Bottom water circulation is also traced with changes in the 

813C of benthic foraminifera which increases due to increased ventilation and 

decreases with the influx of a nutrient-rich water mass. 
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To determine variation rn water temperature, salinity, primary productivity, and 

therefore changes in water mass characteristics and origin, the 8180 and 8 13C are 

analysed on the most abundant and common planktic and epibenthic species through 

each core, when possible. The planktonic foraminifer Neogloboquadrina pachyderma 

left-coiled (Npl) is polar species found in Arcitc waters (e.g., cf. Kucera, 2007) and 

within the Baffm Bay corridor (e.g. Hillaire-Marcel et al. , 1989; Hillaire-Marcel et 

al., 1994). Npl most commonly lives in cold saline (~34) waters in 50-250 rn water 

depth along the pycnocline (Bé and Tolderlund, 1971; Hilbrecht, 1996; Carstens et 

al. , 1997; Volkmann and Menshc, 2001 ; Sirnstich et al., 2003; Pados and Spielhagen, 

2014). They are also influenced by food availability living in the chlorophyll 

maximum (upper 50 rn) under permanent ice cover (Volkmann and Mensch, 2001 ; 

Pados and Spielhagen, 2014; Xiao et al., 2014). Npl stratify with size (shell density) 

and calcify at different depths within the water column (Bauch et al. , 1997; 

Volkmann, 2000; Volkmann and Mensch, 2001 ; Hillaire-Marcel et al. , 2004; Xiao et 

al. , 2014). Samples can be analysed from different size fractions ofNpl (e.g. 106-150 

!J.m, 150-250 !J.ill, and >250 !J.m) to identify temperature-salinity (i.e. , density) 

gradients within the intermediate (mesopelagic) water (Hillaire-Marcel et al., 2004). 

However caution during interpretation is required due to changes in metabolic 

activity in older stages (Volkmann and Mensch, 2001) and depth of habitat (Xiao et 

al., 2014). 

The most common species of benthic species throughout a core are analysed where 

possible. If low numbers persist, all size fractions will be used although sorne effect 

on the isotopie composition cannot be totally discarded (Barras et al. , 2010). No 

correction for global ice volume or vital effects are made on the benthic 8180 and 

813C since the results are used to document relative changes in a water rnass within 

the same records. 
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0.5.4 Palynology 

Four groups of palynomorphs are utilised as paleoceanographic proxies. The frrst and 

foremost are dinoflagellate cysts, or dinocysts, which are composed of resistant 

organic compound protecting the dinoflagellate cell during the course of their 

reproductive cycle. Dinoflagellates can be either photo trop hic (photosynthetic) or 

heterotrophic (preying mainly on diatoms and ciliates), blooming in well lit, 

productive surface waters (upper 50 rn). Unlike dissolvable calcareous microfossils 

(foraminifera), these cysts can be well preserved in marine sediments from all 

environments. Instances of poor preservation can occur with certain heterotrophic 

species susceptible to degradation due to oxidation (Zonneveld et al. , 1997, 2001 , 

2007). Although potentially comprised of samples spanning many years (1 to 1000) 

of dinocyst flux, the dinocyst assemblage of the marine surface sediments 

corresponds to the cyst-forming dinoflagellate assemblage in the overlying surface 

waters (de V emal and Roc hon, 2011 ). The dinocyst species assemblage is therefore 

related to sea surface temperature, sea surface salinity, sea ice conditions, and 

primary productivity. The distribution pattern and abundance of dinocysts in marine 

sediments relative to various sea surface conditions is well known, and a database 

(http: //www.geotop.ca) of these relationships is continuously increasing, especially in 

remote locations of the Arctic (de Vernal et al. , 2001 , 2005, 2013; Radi and de 

Vernal, 2008). This database is then applied in transfer functions using the modem 

analogue technique (MAT) to each sample through the core, to pro duce a record of 

the sea surface conditions through time. Therefore the reconstructed sea surface 

conditions include sea surface temperatures (SST) in both summer and winter, 

summer sea surface salinity (SSS), months per year of sea ice cover with a 

concentration > 50 %, and productivity in gC m-2. The data are initially manipulated 

to provide a format for R (http://cran.r-project.org/), the statistical software used for 
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MAT using the scripts prepared by Joel Guiot (CEREGE, France) and the procedure 

described by de Vernal et al. (2005). 

0.5.5 Pollen and spores 

The presence of fresh terrestrial palynomorphs, which include pollen and spores, 

indicate material has been transported to marine sediments by ice rafting, ice 

meltwater, runoff, wind, and currents. Since the cores used in this project are 

relatively far from the coast, the presence of modem (fresh) pollen and spores is an 

indication of vegetation on adjacent land and subsequent hydrodynamic or 

atmospheric transport. 

0.5.6 Reworked (fossil) palynomorph 

The presence of reworked (fossil) palynomorphs, including dinocysts, pollen, spores, 

and acritarchs in mid-high latitude marine sediments is due to glacial erosion, 

transport, and meltwater. An abundance of reworked palynomorphs in Baffm Bay and 

the northwest Labrador Sea during the last glacial period is therefore an indication of 

glacial activity of surrounding lee Sheets (Laurentide, Innuitian, and Greenland) . The 

reworked palynomorphs within Heinrich Events are likely eroded from the Paleozoic

Mesozoic sedimentary formations of the Canadian Arctic and West Greenland (e.g., 

Hiscott et al. , 2001) and deposited with ice rafted debris or meltwater flow within the 

nepheloid layer (Rashid et al. , 2003). 
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0.5.7 Foraminiferal organic linings 

The organic linings of benthic foraminifera are often found among the palynomorphs. 

They remain preserved in sediments after the carbonate test has dissolved (de Vernal 

et al., 1992). Dissolution occurs due to increased dissolved C02 in surface waters 

from increased C02 in the atmosphere, high DIC (HC03-, C03-3) through respiration 

of organic matter causing an increase in pH, and to low calcium carbonate (CaC03) 

saturation states (Azetsu-Scott et al., 2010) which are a function of temperature, 

salinity and pressure. Therefore carbonate dissolution is ubiquitous to cold, deep 

Arctic environments due to ice melt, reduction in sea ice cover which increases co2 

sequestration and primary productivity. Concentrations of benthic foraminiferal 

organic 1inings are thus a measure of the amount of carbon flux to the sea floor by 

proxy ofbenthic production (Rochon and de Vernal, 1994), sea ice cover and primary 

productivity in surface waters (de Vernal et al., 1992), and possibly the inflow of 

Pacifie derived Arctic water (Azetsu-Scott et al., 2010). 

0.5.8 Ancillary parameters 

There are other sedimentological parameters used m conjunction with 

micropaleontological proxies to provide additional inforamation on the hydrography 

and sedimentary influx. These ancillary parameters include weight percent of ice 

rafted debris (% IRD) as estimated by the weight percent fraction > l 06 ).lm , and 

weight percent carbonate which is calculated from the weight percent inorganic 

carbon (% CinorJ · IRD is produced by ice sheets or ice streams that have ground up 

sediments at the base, and calved off icebergs along the ice margin. The icebergs then 

travel along surface currents and eventually melt and deposit the sediments trapped 
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within. The presence of IRD is not only an indicator of cooler times with ice sheet 

advance and iceberg calving, but also the presence of surface waters conducive to the 

movement of icebergs (no permanent ice pack) . In this thesis, the > 106 IJ.m fraction 

mostly contains detrital material and possibly a low abundance of light biological 

remains (microfossils) making this coarse fraction a representative proxy for IRD. 

High amounts of IRD and carbonate can be used to identify the rapidly deposited 

Heinrich layers in the North Atlantic (Heinrich, 1988; Andrews and Tedesco, 1992; 

Bond et al. , 1992; Broecker et al., 1992) and detrital carbonate events of Baffin Bay 

(Andrews et al. , 1998) and are therefore used as a parameter for chronology. 

0.6 Thesis structure 

This thesis is divided into three chapters that focus on a different location within the 

Baffin Bay corridor, and/or time interval within the last glacial cycle. Chapter 1 

consists of an article published in Quatemary Science Reviews entitled: 

Oceanographie regimes in the northwest Labrador Sea since Marine Isotope Stage 3 

based on dinocyst and stable isotope proxy records. It focuses on the timing and 

variability of sea surface conditions and intermediate water properties of the 

northwest Labrador Sea. It characterizes their responses to the glacial and deglacial 

regimes influenced by the LIS and relative advection of Atlantic waters, and to the 

establishment of postglacial conditions. 

Chapter 2 reveals the challenges and opportunities in conducting paleoceanographic 

research in the harsh Arctic environment of Baffin Bay using proxies from the last 

glacial cycle. Specifically, this examines the robustness of the data in terms of 

isotopie offsets due to large foraminiferal populations and detrital carbonate 

contamination, and re-evaluates the foraminiferal isotope records based on new 
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hypotheses ofpotential mechanisms and improved analytical methods. The advection 

of Atlantic water, sea ice formation, detrital carbonate contamination, and carbonate 

dissolution are identified and discussed as important contributors. This chapter is 

entitled: Paleohydrography of Baffin Bay during the fast climatic cycle from planktic 

vs benthic foraminiferal records. This chapter will be subrnitted for publication in 

P aleoceanography. 

Chapter 3 is entitled: Diachronous evolution of sea surface conditions from the 

Labrador Sea to Baffin Bay since the last deglaciation and is submitted for 

publication in the Holocene. This chapter attempts to spatially and temporally 

correlate a transect of cores through the Baffin Bay corridor since the last glacial 

interval using sea surface reconstructions of dinocyst assemblages. A progressive 

shift in sea surface conditions from cold and ice covered to warmer and seasonally ice 

free is revealed through the deglaciation. Also discussed are the effects of relative 

contributions of the warmer Atlantic vs calder Arctic waters and of meltwater inputs 

from the surrounding ice sheets on sea surface conditions and dinocyst assemblages, 

and of the establishment of modern circulation. 
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Figure 0.1. Map indicating the locations of cores used in my thesis, including 
HU2008-029-004, -008, -016, -070 identified by black squares. Cores ODP Site 645 
and 85-027-016 were collected at the same location as HU2008-029-0 16. Black 
circles mark the location of other paleoceanographic records in the region. Surface 
currents (North Atlantic Current (NAC), Irrninger Current (IC), East Greenland 
Current (EGC), West Greenland Current (WGC), Baffm Island Current (BIC), and 
Labrador Current (LC)) are also displayed. 
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Abstract 

Sea surface temperature (SST), salinity and density gradients in the upper water 

column of the northwest Labrador Sea have been reconstructed based on high 

resolution analysis of a core (HU2008-029-004PC) spanning the last ~36 ka, raised 

off Hudson Strait. The modem analogue technique was applied to dinocyst 

assemblages and combined with stable isotope data from Neogloboquadrina 

pachyderma left-coiled (Npl) for this purpose. Three oceanographie regimes were 

identified, broadly corresponding to the "glacial", "deglacial" and "post-glacial" 

intervals. The site remained under the direct influence of the Laurentide lee Sheet 

(LIS) margin until the postglacial and did not record the B0lling-Allemd warming 

and weakly recorded the Younger Dryas event. The "glacial" regime lasted until 

~ 12.2 cal ka BP. It was characterized by generally low concentrations of dinocysts 

within an assemblage indicative of quasi-perennial sea ice. The "deglacial" regime 

(ca. 12.2-8.3 cal ka BP) was marked by increased biogenic fluxes and more 

diversified dinocyst assemblages and possibly an enhanced subsurface inflow of 

North East Atlantic Deep Water. Warm summer (~ll 0C) but low winter (~0°C) sea 

surface temperatures, sea ice cover during about 3 months per year, and low surnmer 

salinity (~28) suggest strong stratification in the upper water layer in relation to 

meltwater supply from the LIS. Following the final drainage of glacial Lake Agassiz 

through Hudson Strait, which is dated here at ~8.3 cal ka BP, and the subsequent LIS 

collapse, increased surnmer salinity (up to ~35) was accompanied by a reduced 

seasonal gradient of sea surface temperature from winter (~3 . 8 °C) to summer 

(~8 . 6°C) suggesting enhanced penetration of North Atlantic Water. Weakened 

stratification of the surface water layer then allowed for winter convection and 

Labrador Sea Water formation, which is consistent with increased Npl-8 13C values in 

response to higher ventilation of the subsurface water layer. 
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1.1 Introduction 

Labrador Sea Water (LSW) is an important component of the modern Atlantic 

Meridional Overturning Circulation (AMOC). The cold winter surface air 

temperatures above the Labrador Sea cool a western branch of the saline North 

Atlantic Drift, which sinks due to increased density and forms the intermediate LSW 

(Lazier, 1973) and contributes to North Atlantic Deep Water (NADW) (Yashayaev 

and Loder, 2009 and references therein). The rate of LSW formation is variable and 

responds to both changes in atrnospheric circulation and salinity, which affect 

stratification and therefore convective mixing. As such, periods of warmer climate 

with increased freshwater flux can inhibit LSW formation. Over one third of Arctic 

freshwater export presently flows via the Canadian Arctic Archipelago and Nares 

Strait into the Labrador Sea (Serreze et al. , 2006), making Hudson Strait and Davis 

Strait very important Arctic freshwater pathways (Curry et al. , 2011). Therefore any 

change in temperature and freshwater outflow from the Arctic may modify the LSW 

production rates as during the Great Salinity Anomaly (e.g. , Gelderloos et al. , 2012). 

It may also modify the strength of the AMOC as suggested from mode1ing 

experiments (Goosse et al. , 1997; Cheng and Rhines, 2004; Wadley and Bigg,. 2002). 

In this context, it is relevant to investigate the past his tory of water masses and sea ice 

formation, in relation to freshwater fluxes through the northern Labrador Sea to 

quantify the potential impacts of future freshwater fluxes and increasing sea surface 

temperature on the formation ofLSW. 

Throughout the last glacial cycle, the Labrador Sea has been marked by meltwater · 

supplies from the northeastern margin of the Laurentide lee Sheet (LIS). 

Sedimentological and paleoceanographic studies of marine cores from the shelf and 

slope off Labrador and eastern Baffin Island have permitted to identify phases of LIS 

margin advance, waning, retreat, and Heinrich Events (Andrews et al. , 1994b, 1998, 
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2012; Hillaire-Marce1 et al., 1994; Hillaire-Marcel and Bilodeau, 2000; Jennings et 

al., 1998; Rashid and Piper, 2007; Rashid et al., 2003). However, the impact of 

changing climate and meltwater pulses on the oceanic conditions (temperature, 

salinity, sea ice caver, upper water mass stratification) has yet to be determined on a 

regional scale, especially in the northwest Labrador Sea and at the outlet of Davis 

Strait and Hudson Strait. 

For this study, we had access to a new core (HU-2008-029-004) ideally located in the 

northern Labrador Sea. The core was recovered from mid-slope, about 200 nautical 

miles east of Hudson Strait and south of Davis Strait. lt spans over 36 ka and 

provides detailed information on the impacts of meltwater pulses from the 

northeastern margin of the LIS on the regional ocean conditions and northwest North 

Atlantic circulation. Sea surface temperature (SST), sea surface salinity (SSS), 

seasonal co ver of sea ice, and productivity (gC m-2
) were reconstructed from dinocyst 

assemblages (de Vernal et al. , 2001, 2005, 2008, 2013; Radi and de Vernal, 2008). 

Subsurface dwelling planktonic foraminifera were analyzed for oxygen and carbon 

stable isotopes to provide complementary information about subsurface temperature 

and salinity, ventilation, variations in convective mixing and intermediate water 

formation ( e.g., Ravelo and Hillaire-Marcel, 2007), and also information on major 

meltwater pulses and their impact on sea ice production rates (Hillaire-Marcel and de 

Vernal, 2008). 

1.2 Modern hydrographie setting and location of core collection 

The hydrography of the Labrador Sea is influenced by bath relatively warm and 

saline waters flowing from the south and cold low-salinity waters flowing from the 

north (Fig. 1.1). Along the western Greenland margins, the West Greenland Current 

(WGC), which flows to the north, consists of a mix of the cool and law saline waters 

' 
1 

__ __j 
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(temperature - -1.8°C, salinity ~ 34.5) carried through the East Greenland Current 

(EGC) along the shelf. The warm, saline North Atlantic waters (core at 200-700 rn, 

temperature - 4.5°C, salinity ~ 34.95) that are transported via a western branch of the 

Irminger Current (IC) flow above the slope (Cuny et al., 2002). Along the Labrador 

Shelf, the Labrador Current (LC) flows southward. It is formed from the Baffin 

Island Current (BIC) (temperature - -1.5°C, salinity ~ 34) and outflow from the 

Hudson Strait, which both consist of cold and low saline Arctic waters. Along the 

upper slope, the LC overlies Irminger water that has circulated around Baffin Bay. 

Below the surface layer, the Labrador Sea Water (LSW; temperature - 3.0 °C, 

salinity - 34.9) is formed by vertical convection due to the sinking of dense waters 

cooled in winter (Lazier, 1973). LSW has depths reaching down to 2500 rn above the 

North East Atlantic Deep Water (NEADW) and the Denmark Strait Overflow Water 

(DSOW) (Yashayaev, 2007). 

Piston core HU-2008-029-004 (henceforth PC04) was collected in 2008 off the 

Southern Baffin Island shelf in the northern Labrador Sea (61.46 °N, 58.04 °W; 

Campbell et al. , 2009) at a water depth of 2163 rn (Fig. 1.1 ). At the co ring site, 

summer surface waters are predominantly those carried by the WGC (Wu and Tang, 

2011). The present mean winter and summer SSTs are 3.7 ± 0.5°C and 7.3 ± 1.2°C, 

respectively, and summer SSS averages 34.2 ± 0.3 (NODC 2001). Sea ice is 

occasional and occurs only once every 3 years on average. The 1953 to 2003 s·ea ice 

compilation using data provided by the National Snow and lee Data Center (NSIDC) 

indicates that the core site has a mean of O. 7 ± 1.3 months per year with more than 

50% of sea ice, calculated with observations for 1 to 5 months per year for 15 years. 

1.3 Methods 

The core PC04 ts 896 cm rn length. Onboard measurements included magnetic 
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susceptibility, spectrophotometry, and sedimentary descriptions, which can be found 

in the HU2008029 cruise report (Campbell et al. , 2009) together with core 

photographs. The core was not showing any handling disturbance. The working half 

was sampled onboard at l-em intervals. For this study, subsamples were taken at 

every 4 cm throughout the core, for a total of 220 samples. 

The chronostratigraphy of PC04 was established from radiocarbon dates of 

planktonic foraminiferal populations that consist of > 95 % Neogloboquadrina 

pachyderma left-coiled (Npl) . Accelerator mass spectrometry (AMS) radiocarbon 

measurements were made at Lawrence Livermore National Laboratory and at the 

National Ocean Sciences AMS Facility of Woods Hole. Radiocarbon ages were 

calculated using the Libby half-life of 5568 years and normalized to a o 13C of -25 %o. 

The ages were converted to calibrated years and modeled using the Marine09 

calibration curve (Reimer et al. , 2009) with a marine reservoir correction of 400 years 

in OxCal 4.2 (Ramsey, 2008). No additional correction (ilR) was made as it was the 

case for other 14C-based chronologies from planktonic foraminifers in the area (see a 

discussion in Hillaire-Marcel et al., 2007; supplementary material). We have chosen 

to use the p _sequence model in OxCal, which relies on a Bayesian approach using 

information that includes the 14C dates, the depths, and the changes in deposition rate 

for modeling the probability of each age (Ramsey, 2008) . This approach was 

regarded as adequate considering the changes in sedimentary processes related to the 

dynamics of the LIS margin during glaciation and deglaciation, including Heinrich 

Events. The resulting age model assumes constant 14C-carrier flux settling through 

the water column to the bottom, constant habitat (water depth) within and among Npl 

samples, and homogeneous mixed layer at the sediment-water interface (Berger and 

Johnson, 1978; Bard, 2001). The calibrated ages are reported as the modeled median 

cal. years BP (see Table 1.1). 
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For palynological preparations, 5 cm3 subsamples were rinsed and sieved through 106 

~-tm and l 0 ~-tm sieves. The dried > 106 ~-tm size fraction, which mostly con tains 

detrital material, was weighed as a proxy for ice rafting deposition. It was also used to 

hand pick foraminifera for stable isotope analyses. The 10-106 ~-tm size fraction was 

processed following the detailed methods described by de Vernal et al. (1999). The 

residual organic matter was mounted onto a slide with Kaiser's glycerol gelatin. 

Palynological analyses were conducted by identifying and counting all 

palynomorphs, which include cysts of dinoflagellates (dinocysts), pollen and spores, 

organic linings of benthic foraminifera and reworked pre-Quatemary palynomorphs. 

The marker-grain method (Matthews, 1969) was used to calculate the number of total 

palynomorphs providing an accuracy of approximately ±10 % for a 95% confidence 

interva1 (de Vernal et al. , 1987). A minimum of 300 dinocysts were identified when 

possible at species or genera level and counted for the application of the modem 

analogue technique (MAT) to reconstruct sea surface conditions including 

temperature, salinity, sea ice cover, and productivity ( e.g., de Vernal et al. , 2008). 

Dinocyst species were identified following the nomenclature provided by Rochon et 

al. (1999), de Vernal et al. (200 1 ), and Head et al. (200 1 ). The pollen and spores were 

identified with reference to McAndrews et al. (1973) and Moore et al. (1991) and 

counted to evaluate the inputs from the terrestrial vegetation. Reworked 

palynomorphs include pollen, spores, dinocysts and acritarchs of pre-Quatemary age, 

which were differentiated from recent palynomorphs based on their taxonomie 

identity and preservation state. They are used as indicator of erosion of Phanerozoic 

rocks and subsequent outwash deposition. In the Labrador Sea, they have been used 

to identify detrital events (cf. Hiscott et al. , 2001) . Foraminifer organic linings are 

related to benthic productivity and can help determine the degree of calcium 

carbonate dissolution (de Vernal et al. , 1992). The total numbers of dinocysts, pollen 

and spores, foraminifer linings, and total reworked palynomorphs are expressed as 

individuals per cm3 of sediment. Relative abundances of dinocysts used for 

paleoceanographical reconstructions were calculated from the sum of dinocysts 
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counted. A concentration threshold of 100 cysts cm-3 was used as minimum reliability 

requirement (Forcino, 2012). 

The modem analogue technique (MAT) was used to reconstruct sea surface 

temperature (SST) in summer and winter, sea surface salinity (SSS) in surnmer, sea 

ice co ver as expressed as the number of months per year with a concentration > 50 %, 

and productivity (gC·m-2) . MAT was applied on the updated "modem" dinocyst 

database of the Northem Hemisphere that includes 1492 sites and 66 taxa (see 

database at http://www.geotop.ca; de Vernal et al. , 2013), using the scripts prepared 

by Guiot (CEREGE, France) for the software R (http://cran.r-project.org/) and the 

procedure described by de Vernal et al. (2005). We applied a logarithrnic 

transformation to emphasize the weight of accompanying taxa. W e calculated the 

most probable conditions from the average of the 5 best analogues weighted inversely 

to their distance, and the variance provided the upper and lower limits . Validation 

tests were performed by dividing the database in 5, with 1193 samples in the 

reference data set and 299 samples in the verification data set to evaluate the error or 

root mean square error of prediction (RMSEP), which also corresponds to the 

standard deviation of the difference between observation and reconstruction. The 

RMSEP established at ± 1.4 months/year for the sea ice cover, ±1.2°C and ±1.6°C for 

winter and summer SSTs and± 2.6 for SSS . 

The stable isotope compositions of oxygen (8 180) and carbon (8 13C) were measured 

for the planktonic foraminifer N. pachyderma left-coiled (Npl), which is a 

mesopelagic species that lives in cold saline waters along the pycnocline and 

common1y found in Arctic waters (e.g., Bé and Tolderlund, 1971 ; Carstens et al. , 

1997; Simstich et al. , 2003) . Npl was chosen because it is the species that is by far the 

most abundant among planktonic foraminifera throughout the core. Actually, Npl 

constitutes an almost monospecific assemblage, which is expected given the location 

of the core in the Arctic province of the modem planktonic foraminifer distribution 
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(cf. Kucera, 2007). Npl specimens were picked from the 150-250 !lill size fraction of 

the > 106 !lill residue from the palynological preparations. Stable isotopie analyses 

were conducted at GEOTOP by acidification with 102 % orthophosphoric acid 

(Wendeberg et al., 2011) in a Multicarb™ preparation deviee coupled to an 

IsoPrime™ isotope ratio mass spectrometer. The isotopie composition for each 

sample was measured relative to the international reference, the Vienna Pee Dee 

Belemnite (VPDB), using the conventional "o-per mil" notation. Reference (NBS 19, 

IAEA) and working (UQ6 carbonate, GEOTOP, Hillaire-Marcel et al., 2004) 

standards were used for each analytical run. The reproducibility of measurements as 

estimated from daily measurements of the UQ6 standard material is better than ±0.05 

%o at± lcr level for both isotopes (Hillaire-Marcel et al. , 2004) . 

Sorne sedimentological parameters were used m conjunction with the 

rnicropaleontological proxies to provide better constraints on the sedimentary influx 

when creating the age model. These parameters included magnetic susceptibility, 

weight percent coarse fraction, and weight percent carbonate. The magnetic 

susceptibility data was collected shipboard with a Multi-Sensor Core Logger (MSCL; 

cf. Campbell et al., 2009). The coarse fraction percentage was calculated using the 

dry weight of the > 106 !lill fraction relative to the initial dry weight of the saillple, as 

indicated above. The low abundance of light biological remains in this fraction makes 

this measurement essentially representative of ice-rafted deposition. The weight 

percent carbonate was calculated from the inorganic carbon fraction (% C;0 0 rg) as the 

difference between the total carbon(% C10 1) and organic carbon(% Corg) as measured 

with a combustion fumace coupled to an elemental analyser (Carlo-Erba™). The Corg 

percentage was determined after acidification by fumigation for 24 h with 12M HCl 

to remove the inorganic carbon and corrected for weight loss (Hélie, 2009). The Corg 

and C;norg are estimates of the total organic and total inorganic contents respectively. 

However, potential biases may occur with detrital dolomite and/or HCI-leachable 

mineral and compounds present in the sediment (e.g., Maccali et al. , 2013). XRD 
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analyses indicate the presence of dolomite in the carbonate rich layers, resulting in 

minor differences of estimates for Cinorg contents (Laurence Nuttin, unpublished data). 

1.4 Results 

1.4.1 Chronostratigraphy 

Lithology, magnetic susceptibility, weight % coarse fraction and weight % carbonate 

were used to gather prior information for constructing the age-depth model in OxCal, 

in addition to the 15 radiocarbon dates (Table 1.1 ). Sediment core PC04 consists of 

hemipelagic dark gray silty clay interbedded with two to three layers of graded mud 

intervals with laminae and sand and gravels (Fig. 1.2; cf. Campbell et al. , 2009). 

These layers have low magnetic susceptibility values, and high weight % carbonate 

and coarse fraction content (Fig. 1.2). They correspond to Labrador Sea detrital 

carbonate events as described previously by Andrews and Tedesco (1992), Andrews 

et al. (1994b, 1995) and Stoner et al. (1995, 1996). The sediment structure and coarse 

particles visible by CAT -scan images further suggest that these layers correspond to 

nepheloid-flow deposits as described by Hesse and Khodabakhshm (1998) and 

Rashid et al. (2003) from the Hudson Strait ice margin. The upper two layers are 

bracketed by 14C dates (Table 1.1), which are within error of Heinrich Event (HE) 

intervals Hl and H2 in cores from the Labrador Sea (cf. Andrews and Tedesco, 1992; 

Andrews et al. , 1994b; Hillaire-Marcel et al. , 1994; Rashid et al. , 2003 ; Stoner et al. , 

1995, 1996). Another detrital carbonate event probably corresponds to H3 (Stoner et 

al. , 1996; Rashid et al. , 2003), but it will not be considered further in this study due to 

po or age constraints. Sin ce these layers are rapidly deposited ( 1-2 ka) , the upper and 

lower stratigraphie boundaries of Hl and H2, as identified as the increase rn 

carbonate content, have been used as stratigraphie boundaries in the model. 
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The 14C samples at 36.5, 68.5, and 84.5 cm yielded almost identical dates. They 

indicate very rapid sediment accumulation rates at about 7852 ± 55 14C yrs BP as one 

may calculate from the average of the three dates. Since the 85-36 cm interval 

represents a short lived sedimentary phase, the three AMS dates were combined and 

two age-depth curves were made with OxCal, one for the lower part of the core below 

85 cm and one for the upper part of the core above 36 cm (Table 1.1; Fig. 1.2). The 

modeled results provide an age range of 8441-8179 cal ka BP for the 85-36 cm 

interval, with an average value of 8327 cal ka BP. Such an age coïncides with the 

final drainage of Lake Agassiz through Hudson Strait, as recorded in many cores 

from the Labrador margins (Barber et al., 1999; Hillaire-Marcel et al. , 2007; Lewis et 

al. , 2012). The age-depth model also bracketed Heinrich Events 1 and 2 with 

calibrated ages of 17.9 and 15.7 cal ka BP, and 25.4 and 24.4 cal ka BP, respectively. 

Linear interpolation between each modeled date and boundary was used to calculate 

the sedimentation rates and the age-depth relationship, which were used to plot proxy 

data against age. 

1.4.2 Dinocysts and other palynomorphs 

The dinocyst concentrations are relatively low, of the order of 10 to 104 cysts cm-3
. 

The minimum values are recorded during the glacial interval and un til ~ 15.7 cal ka 

BP (< 100 cysts cm-3
; Fig. 1.3). There are a few intervals with slightly higher 

concentrations (from 100 to 1000 cysts cm-3
) centered at ~32, 29, 24 cal ka BP. From 

- 15.7 cal ka BP, dinocyst concentrations increased with maximums of up to 6000 

cysts cm-3. Pollen and spore concentrations are low (Fig. 1.3), which is expected due 

to distance from the coast (Rochon and de Vernal, 1994) and the then reduced 

vegetational cover inland. Samples are mostly barren until - 15.7 cal ka BP, and 
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mcrease to a maxmmm of 180 cm-3 grams and spores during the Holocene. 

Concentrations of foraminifer linings are highly variable within a 0-104 cm-3 range 

(Fig. 1.3). Moderate concentrations are present until after H2, decrease to < 10 cm-3 

until after Hl, then increase to maximum values through the Holocene. These three 

groups of microfossils follow sirnilar trends, with lower concentrations during the 

glacial interval and higher throughout the post-glacial. The deglacial interval depicts 

moderate concentrations of these palynomorphs, possibly due to higher sedimentation 

rates. 

Reworked palynomorphs include pollen, spores and dinocysts, in addition to 

acritarchs. They reflect erosion from the Paleozoic-Mesozoic sedimentary formations 

of the Canadian Arctic and West Greenland (e.g., Hiscott et al., 2001) . They are 

present until ~8 . 3 cal ka BP (Fig. 1.3) with concentrations reaching as muchas 1200 

cm-3
. The reworked palynomorph peaks are correlated with H3(?), 2, and 1. They 

likely correspond to sedimentary reworking during triggered ice-surging events. 

The dinocyst assemblages are dominated by Brigantedinium spp., Operculodinium 

centrocarpum, Nematosphaeropsis labyrinthus, cysts of Pentapharsodinium dalei 

and Jslandinium minutum (Fig. 1.4). They are accompanied by Spiniferites elongatus, 

Spiniferites ramosus, Impagidinium sphaericum, Impagidinium pallidum, and 

Selenopemphix quanta. The complete dataset is available at http://www.geotop.ca. 

The interval from ca. 36 to 15.7 cal ka BP consists of nearly 100% Brigantedinium 

spp. From ca. 15.7 to 12.2 cal ka BP the dinocyst assemblage (Fig. 1.4) consists of > 

80% Brigantedinium spp., and up to 12% 1. minutum and 9% S. quanta. 

After ~12.2 cal ka BP, the dinocyst assemblages are characterized by important 

changes. Several species emerge including O. centrocarpum, N labyrinthus, the cysts 

of P. dalei, S. elongatus, S. ramosus and 1. sphaericum (Fig. 1.4). Brigantedinium 
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spp. decreases to Jess than 25% and!. minutum increases to a maximum of 30%. The 

relative abundance of taxa depicts important changes from ca. 12.2 to 8.3 cal ka BP. 

In particular, there is an increasing trend of the cyst of P. dalei, which reached 

maximum values of 44% at ~8 . 3 ka cal BP. 

The samples included in the ~8 . 3 cal ka BP-drainage layer may consist of a mixture 

of sediments from different environments (upper slope/shelf) and/or earlier deposits . 

Nonetheless, the dinocyst samples within this layer were analyzed assuming that they 

would mostly relate to productivity in the overlying water column, contemporaneous 

of the drainage event. The species assemblages of these samples are very similar to 

one another and comparable to underlying samples. However sorne con tain ~ 1% of 

Spiniferites mirabilis-hyperacanthus, which is a temperate taxon (cf. Rochon et al. , 

1999). 

From ca. 8.3 to 2.0 cal ka BP, the occurrence of!. minutum decreases significantly 

and the assemblages are dominated by O. centrocarpum (>60%). A near 

disappearance of P. dalei, a decrease in Spiniferites species, and the inception of !. 

pallidum are also observed. After ~2.0 cal ka BP, the relative abundance of O. 

centrocarpum decreases from > 60 to 40% and N. labyrinthus, which is a species 

currently found in the subarctic waters of the Labrador Sea (Rochon and de Vernal, 

1994; Rochon et al. , 1999), increases from 20 to 60%. 

1.4.3 Reconstruction of sea surface conditions 

The reconstruction of sea surface conditions using MAT shows the succession of 

three very different types of environment (Fig. 1.5a). The northwest Labrador Sea 

was perennially to quasi-perennially ice covered throughout the glacial interval and 

until ~12.2 cal ka BP. Most samples from ca. 36.6 to 15.7 cal ka BP contain 
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extremely low dinocyst concentrations. The cyst counts are low and are therefore 

statistically weak for quantitative reconstruction. Nevertheless, the few intervals that 

yielded reliable assemblages (at ~32, 29, 24 cal ka BP) led to reconstruct an almost 

perennial sea ice cover (> 9 months per year), with low summer SSTs (< 2.5 °C), low 

SSS (30-32.5) and extremely low productivity (< 100 gC m-2
). We are thus confident 

that the intervals almost barren in dinocysts correspond to even harsher conditions, 

close to nil productivity and perennial sea ice cover. The intervals of increased 

concentration and higher species diversity recorded between ca. 15.7-12.2 cal ka BP 

correspond to slightly milder conditions with sea ice for about 9 months per year and 

summer SST and SSS of about 1. 7°C and 31.4, respectively. 

A dramatic shift occurred at~ 12.2 cal ka BP with increased summer SSTs up to 11 oc 
(Fig. 1.5a, b). From ~ 12 . 2 to 8.3 cal ka BP, winter temperatures remained cold (0°C), 

which resulted in large seasonal gradients of temperature. This interval is also 

characterized by particularly low salinity, which reached minimum values of 28, and 

by seasonal sea ice cover to an average of 3 months per year and by an increase in 

productivity to > 300 gC m-2
. Whereas these conditions characterized the area until 

~8 . 3 cal ka BP, sorne variability was recorded. For example, between ca. 10.2 and 

10.6 cal ka BP, winter and summer SSTs were at their highest (2.4 and 11.4°C 

respectively), and SSS and sea ice cover were at their lowest (29.2 and 1.6 months 

per year respectively). 

After ~8.3 cal ka BP until present, the sea surface conditions fluctua te around modem 

values. Winter SSTs ranged from 1.4 to 3.8°C, summer from 4.5 to 8.6°C, salinity 

from 33 .3 to 34.9, sea ice cover between 0 and 2.9 months per year, and productivity 

between 133 and 210 gC m-2 . Unfortunately the low temporal resolution of the 

Holocene prevents any assessment of variations in sea surface conditions that could 

correlate to climate/ocean trends depicted elsewhere in the Labrador Sea ( e.g., de 

Vernal and Hillaire-Marcel, 2006). 
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1.4.4 Foraminiferal 8180 and o13C 

The stable oxygen and carbon isotopie analyses of 150-250 IJ.m Npl were performed 

on 115 of the 220 intervals sarnpled (Fig. 1.5a). Many sarnples produced few Npl 

which made it impossible to perforrn representative isotopie analyses. 8180 values 

increase from 4.0 %o to 4.8 %o, from core-bottom to the LGM. Light excursions are 

recorded at the beginning and/or termination of Heinrich Events H2 (3.4 %o) and Hl 

(3 .3 and 2.3 %o). Following Hl , 8180 valuesjump to ~ 4 %o then decrease gradually to 

< 3 %o following the 8.3 cal ka BP event, and remain within a 2.6-3 %o range 

throughout the remaining part of the Holocene. 

Large fluctuations are also observed in the o13C Npl record (Fig. 1.5a). The o13C 

values varied between 0.4 %o and -0 .2 %o, with a minimum value bracketing Hl. A 

lesser pronounced o13C minimum also occurs between ca 11 and 12 cal ka BP (Figs. 

1.5a, b) . Then o13C values increased through the Holocene to a maximum of 1.0 %o 

by ~3 ka, followed by a decrease towards ~0 . 5 %o in near surface samples. 

1.5 Discussion 

Aside short events and high frequency fluctuations in sea surface conditions, the 

palynomorph concentrations, dinocyst assemblages, sea surface reconstructions and 

stable isotopes of Npl highlight two major oceanographie changes over the last ~36 

ka (Fig. 1.5a). They define three ecostratigraphic units that indicate the succession of 

different hydrographie environments in the area: (1) a glacial phase spanning from 

the base of the core to ca. 12.2 cal ka BP, (2) a regional deglacial phase from ca 12.2 

to 8.3 cal ka BP, and (3) a fully "postglacial" interval from ~8 . 3 cal ka BP to present. 
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These ecostratigraphic units are discussed below with reference to large-scale oceanic 

circulation in the Labrador Sea and the glacial paleogeography of eastern Canada. 

1.5.1 The glacial phase (ca 36.6-12.2 cal ka BP) 

The glacial phase is characterized by extremely low concentrations of modem 

palynomorphs and foraminifera, indicating low productivity likely due to perennial or 

quasi-perennial sea ice cover (Fig. 1.3). Slightly higher dinocyst concentrations are 

observed, notably between ca 15.7 and 12.2 cal ka BP, with assemblages almost 

exclusively dominated by heterotrophic species such as Brigantedinium and 

lslandinium (Fig. 1.4) that tolerate harsh conditions with dense ice cover (de Vernal 

et al., 1997, 2001 , 2013; Rochon et al., 1999) . Reconstructions based on MAT 

confmn that modem analogues are from the Canadian Arctic where very cold 

conditions and quasi-perennial sea ice cover prevail (Fig. 1.5a). Therefore the 

northwest Labrador Sea was mainly perennially ice covered until 15.7 cal ka BP 

when conditions improved slightly allowing for sorne seasonal breakup and prirnary 

productivity. Sea surface reconstructions in sites located further south along the 

Labrador slope (P021 ; Fig. 1.1 ), also suggested harsh conditions during this interval 

(de Vernal et al., 2001 ). However, in the sou them Labrador Sea (P094; Fig. 1.1 ), 

severa! high amplitude fluctuations of sea surface conditions with episodes of slightly 

warmer conditions and lesser extent of seasonal ice co ver were reported (de Vernal et 

al. , 2000, 2005). Such episodes marked by milder conditions were thus likely 

restricted to the southem Labrador Sea and did not extend to the northwest. 

The high Npl-8 180 values of the glacial interval are interrupted by light-8 180 

excursions at the end of Hl and H2 (Fig. 1.5a). Low concentrations of foraminifera, 

likely due to low productivity and dilution in sediment because of high depositional 

rates during HEs (Fig. 1.2), prevented analyses to be made within the detrital layers 
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related to the events. In any case, the light excursions associated with HEs have been 

recorded in other cores of the Labrador Sea and interpreted as reflecting dilution by 

meltwater pulses (e.g., Andrews et al., 1994a; Hillaire-Marcel and Bilodeau, 2000; 

Hillaire-Marcel et al., 1994; Rashid et al., 2011). Hillaire-Marcel and de Vernal 

(2008) suggested that they do not exclusively relate to meltwater, but reflect the 

transfer of the low sea surface salinity signal to subsurface waters through the 

production of isotopically-light brines which sank to Npl-habitat depth, i.e., on the 

pycnocline between the surface and intermediate water layers. Since Np! requires 

growth in waters with salinity above - 34 and can tolerate much higher salinities 

(Hilbrecht, 1996; Bergami et al., 2009), and since MAT reconstructions indicate 

continuously cold, low saline and densely sea ice covered surface waters, it seems 

likely that the terminations of the HEs were characterized by heavy ice production, 

causing the brine induced 8180 shifts. 

The B0lling-Aller0d (BA; - 14.7-12.9 cal ka BP) and the Younger Dryas (YD; - 12.9-

11.6 cal ka BP) are not obvious in the northwest Labrador Sea record. The sea surface 

reconstructions and Npl-8 180 values show no clear indications for warmer conditions 

corresponding to the BA. Consequently, there is no evidence for cooling related to 

the YD (Fig. 1.5b). From around 14 to 13 cal ka BP, though, increased concentrations 

of dinocysts (Fig. 1.3) coupled with the highest calculated sedimentation rates in the 

core (Fig. 1.2) might suggest enhanced productivity. This interval could thus 

represent slightly improved conditions during the BA. Very low palynomorph 

concentrations (Fig. 1.3) coupled with a peak in coarse fraction content during a brief 

episode between - 12.8 and - 12.5 cal ka BP (245-216 cm; Fig. 1.2) suggest higher 

detrital input likely related to ice-rafting activity, which might thus constitute the 

local signature of the early YD. However, there is no evidence for a significant 

change in sea surface conditions prior to - 12.2 cal ka BP. The high Npl-o 13C values 

prior to - 12.2 cal ka BP (Fig. 1.5b) cou id indicate an enhanced ventilation rate of the 

subsurface water mass ( e.g., Ravelo and Hillaire-Marcel, 2007) . However the dense 
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sea ice cover would inhibit vertical convection. Veurn et al. (1992) and Bauch et al. 

(2001) also observed an increase in Npl-8 13C in the GIN Seas during the YD, 

matching a similar trend in benthic-8 13C. They considered it as the result of 

intermediate water formation caused by vertical convection during the YD cooling. 

We are thus tempted to assign the ~ 12.4-12.2 ka 813C-peak in PC04 with the inflow 

of an intermediate component of the North Atlantic Deep Water produced in the GIN 

Seas during an interval marked by dense sea ice cover and strong stratification 

between the cold and diluted surface water layer in the Labrador Sea and warmer 

North Atlantic water. The 8180 and 813C profiles in core PC04 are comparable to 

those from the more thoroughly dated P094 at Orphan Knoll (Fig. 1.1; Clarke et al. , 

1999; de Vernal and Hillaire-Marcel, 2000). However unlike P094, PC04 and other 

adjacent cores (Rashid et al. , 2011) do not have a carbonate peak defl1ling HO making 

it difficult to estimate the timing of the YD (e.g., Pearce et al., 2013) and the shift in 

oceamc regune. 

1.5.2 The deglaciation phase (ca. 12.2-8.3 cal ka BP) 

Dinocyst species associated with the phototrophic productivity in subpolar-temperate 

waters, such as Spiniferites spp. , Pentapharsodinium dalei, Nematosphaeropsis 

labyrinthus and Impagidinium sphaericum (e.g., Rochon et al. , 1999), occurred in 

significant numbers at about 12.2 cal ka BP (Fig. 1.4), thus marking the end of full 

glacial conditions in the northwest Labrador Sea. A similar shift at the glacial

interglacial transition has been reported from the Labrador slope core P021 (de 

Vernal et al. , 2001 ). Therefore this transition seems to be regionally consistent, and 

its timing, around 12.2 cal ka BP is well constrained from the record of core PC04. 

The dinocyst assemblages of the 12.2-8.3 ka interval contain species characteristic of 

temperate waters (cf. above), but also taxa typical of seasonal sea ice cover such as 
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Islandinium minutum. Therefore, the overall assemblages suggest strong seasonal 

gradients of temperatures. Accordingly, MAT reconstructions indicate that surface 

water conditions dramatically changed at 12.2 ka from very cold and quasi-perennial 

sea ice covered, to cool, fresher, and ice free for most of the year (Fig. 1.5b). The 

reduced salinity is associated with meltwater fluxes from the LIS ( e.g. , Dyke et al. , 

2004). It was accompanied by strong stratification of the upper water masses and 

resulted in low thermal inertia of the surface layer, which is consistent with large 

seasonal gradients of temperature in the surface layer marked by warm summers and 

freezing conditions in winter (cf. also Solignac et al. , 2004) . 

During the deglaciation phase, the 813C values in Np! remained light until the fmal 

phase of the deglaciation (Fig. 1.5b). This indicates a lack of ventilation of the 

subsurface water mass (e.g., Ravelo and Hillaire-Marcel, 2007) . The isotopie and 

dinocyst data together illustrate highly stratified upper water masses in the Labrador 

Sea during the deglaciation as previously shown by de Vernal and Hillaire-Marcel 

(2006). This stratification prevented vertical convection and intermediate water 

formation at a regional scale. 

Although the sea surface conditions reconstructed from the PC04 dinocyst record 

fluctuated slightly throughout the deglacial phase, there is one prominent interval 

around 10.4 cal ka BP. MAT reconstructions are marked by minimum salinity values 

coupled with relatively high winter SST and less than two months per year of sea ice 

cover (Fig. 1.5b), indicating continued stratification. The isotopes of Npl suggest an 

influx of a warmer, more ventilated subsurface water mass. The timing of this shift 

roughly coïncides with a retreat in the Hudson Strait lee Stream (Dyke and Prest, 

1987) between the Go1d Cove Ad vance ( - 11.4-11.0 cal ka BP; Andrews et al. , 1999) 

and the Nobel Inlet Advance (- 10.2-9.5 cal ka BP; Jennings et al. , 1998). Nearly 

simultaneously, the Northwest Passage became fully deglaciated (by - 10.3 ka; cf. 

Dyke, 2004) and Nares Strait began to open (-10.6 cal ka BP; England et al. , 2006) . 
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The deglaciation of northeastem Canada would have been fostered by climate 

warrning due to maximum summer insolation (Berger and Loutre, 1991 ). Therefore 

~ 10.4 cal ka BP marks an interval of increased stratification due to intense meltwater 

input from the LIS and Arctic channels, and possibly a high subsurface inflow of 

NEADW in response to its enhanced overflow from the Nordic Seas during the early 

Holocene (e.g., Weaver and Hillaire-Marcel, 2004; see also Levac et al., 2001; Lloyd 

et al. , 2005; Knudsen et al., 2005). The warmer sea surface conditions reflect the 

maximum warming of the early Holocene Thermal Optimum observed in other 

records from the Northwest Atlantic (de Vernal and Hillaire-Marcel, 2006) . 

1.5.3 The Postglacial phase (~8 . 3 cal ka BP to present) 

The averaged reconstruction for the ~8.3 cal ka BP layer assemblages suggests both 

warm win ter and summer SSTs (Fig. 1.5b ). Four of the 9 samples comprising the 36-

85 cm interval conta in specimens of the warm water species S. mirabilis (cf. Roc hon 

et al. 1999). Assuming these specimens are not reworked, the assemblage might 

indicate sorne advection ofNorth Atlantic waters to the northem Labrador Sea. Mild 

sea surface conditions, along with the negligible changes in the subsurface isotope 

values, correlate with other records from the Labrador Sea (Hillaire-Marcel et al., 

2007) indicating a barely visible impact of the fmal drainage of glacial Lake Agassiz 

on surface and subsurface waters. 

After ~8.3 cal ka BP, the dinocyst assemblages were dominated by O. centrocarpum 

(>60%) with few remaining heterotrophic taxa, which suggest relatively warm winter 

and cool summer SSTs and thus a reduced seasonal temperature gradient (Figs. 1.4, 

l.Sb; Rochon et al. , 1999). They also indicate increased salinity, and decreased sea 

ice extent. Such sea surface conditions are attributed to reduced meltwater from the 

breakup of the LIS, which had retreated by more than 90% by ~7 . 5 cal ka BP (Dyke, 
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2004). Less meltwater resulted in reduced stratification thus giving way to winter 

convection and ventilation of the intermediate water mass, as shown by the switch to 

high 813C values in the subsurface dwelling Npl. This regime shift may be associated 

with inception of intermediate LSW production, as initially documented in core P094 

at Orphan Knoll (Hillaire-Marcel et al., 2001) upon the demise of the LIS. A 

strengthened Irminger Current (IC) as it was suggested from dinocyst data in the 

eastern Labrador Sea (PO 13, Fig. 1.1; Solignac et al., 2004, 2006) would have 

contributed to enhanced supply of saltier water to the western Labrador Sea and 

promoted winter convection. This was the second major post-glacial reorganization of 

surface and subsurface conditions in the northwest Labrador Sea. 

The Holocene record of PC04 is characterized by a po or temporal resolution between 

ca 8 and 4 cal ka BP, preventing detailed interpretation of regional changes for this 

interval. The upper part of the sequence spanning the last 4000 years has a better 

resolution and permits sorne interpretations about the regional paleoceanography. Sea 

surface conditions were relatively warm at ca 4-3 cal ka BP (Fig. 1.5a), which 

coïncides with the Holocene Thermal Maximum in terrestrial climate records 

described by Kaufman et al. (2004) and with the northward most migration of marine 

mollusks along Baffm Island coastlines reported much earlier by Andrews (1972). 

After ~2 . 0 cal ka BP, the dinocyst-based reconstructions from core PC04 indicate 

calder, less saline sea surface conditions with increased ice cover (Fig. 1.5a). The 
13C-depleted and 180-enriched Npl suggest more stratified subsurface waters, 

possibly related to a weakened IC. These conditions could have developed as the 

results of enhanced flux of cooler, fresher Arctic surface water from the Canadian 

Arc tic Archipelago (CAA) to the Labrador Current. Lev ac et al. (200 1) associated 

similar sea surface conditions in northern Baffm Bay to an increase in Arctic water 

flux through Nares Strait. Jennings et al. (2011) also documented an increase in Polar 

W a ter in the EGC relative to a decrease in the contribution of Inn inger water. 

Therefore, the recent trend towards calder, Jess saline surface waters in the northwest 



43 

Labrador Sea suggests that there is an increase in Arctic outflow with a strengthened 

Baffm Island Current and weakened IC, coinciding with the Neoglacial cooling of the 

northeast Canadian coast (Miller et al., 2005). 

1.6 Conclusions 

Palynological analyses and foraminiferal isotopie analyses of a core from the 

outlet of Hudson Strait in the deep northwest Labrador Sea revealed that the regional 

hydrography has been strongly influenced by meltwater discharge from the LIS 

and/or freshwater fluxes from the Arctic. Several features are singular to the site. 

Firstly, proximal LIS margin conditions were maintained until ~12 . 2 cal ka BP. This 

glacial phase was characterized by quasi-perennial sea ice conditions, with episodes 

of sea ice break up and extreme sea ice formation at the termination of Heinrich 

Events. Secondly, both the BA and YD climatic events were not clearly recorded. 

Thirdly, during the local deglacial interval from ca. 12.2 to 8.3 cal ka BP, meltwater 

from the retreating LIS contributed to low sea surface salinity, as low as 28 in the 

surface water, which resulted in a strong stratification that prevented convective 

mixing. This allowed a strong sumrner warming with SST reaching up to 11 oc and 

reduced sea ice caver (down to 3 months per year). As a consequence, the habitat of 

the planktic foraminifer Npl, which requires salinity above 34 to develop ( e.g. , 

Spindler and Dieckmann, 1986; Bergami et al., 2009), was displaced towards the 

deeper end of the pycnocline with the intermediate water mass where such conditions 

could be found. This behavior would thus account for the departure of isotopie 

records in planktics from values in agreement with temperatures and salinities of the 

surface water layer recorded by dinocysts. Finally, one may interpret the complicated 

paleoceanography of the area as a response to the combined influences of the thermal 
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conditions in the North Atlantic, the local ice history and the late opening of the 

Canadian Arctic channels. Therefore, the major paleoceanographic reorganizations 

observed in the northwest Labrador Sea at ca. 12.2 and 8.3 cal ka BP are regionally 

consistent but have no analogue elsewhere. This again highlights the strong 

regionalism characterizing the North Atlantic oceanographie response to climatic 

changes (Solignac et al. , 2004, 2006; de Vernal and Hillaire-Marcel, 2006). 
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Figures 

Figure 1.1. Map indicating PC04 coring location (895 cm long piston core; 61.46 °N, 
58.04 °W; 2163 rn water depth), with surface currents (North Atlantic Current 
(NAC), Irminger Current (IC), East Greenland Current (EGC), West Greenland 
Current (WGC), Baffm Island Current (BIC), and Labrador Current (LC)) . 
Neighboring cores P013, P021 , P094 and AI07-14G are also displayed. Labrador Sea 
Water (LSW) is formed in the Labrador Sea approximately at the location indicated 
by the hatched oval. 
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Figure 1.3 . Concentrations of dinocysts, pollen and spores, foraminifer linings, and 
reworked palynomorphs expressed in number of specimen per cm3 of sediment for 
the last ~36,600 years in core PC04. Peaks of reworked palynomorphs are temporally 
correlated to Heinrich Events Hl and H2 as identified as the hatched intervals . 
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Table 

Table 1.1. Radiocarbon dates from planktonic foraminifers (Neogloboquadrina 
pachyderma left-coiled) . 

CAMS/ Calibrated Modeled Mode led 

Depth 
NOSAMS AMS- 14C age interval age interval age 

(OS) ages (years (2cr) (2cr) median 
(cm) 

Labo ra tory BP)b (cal years (cal years (cal years 
number a BPt BP)d BP) 
CAMS-

20-21 153491 2,370 ± 60 2,151-1 ,841 2,159-1 ,828 1,998 
28-29 OS-96931 3,880 ± 25 3,953-3,750 3,953-3,751 3,850 

CAMS-
36-37. 155459 7,845 ± 30 8,416-8,181 8,418-8,179 8,319 

CAMS-
68-69. 155461 7,975 ± 35 8,416-8,181 nia nia 

CAMS-
84-85. 155462 7,735 ± 30 8,416-8,181 8,441-8,196 8,335 

CAMS-
96-97 153492 8,780 ± 60 9,544-9,302 9,540-9,300 9,447 
116- CAMS- 10,218- 10,218-
117 155463 9,290 ± 30 10,033 10,009 10,147 
216- CAMS- 12,630- 12,620-
217 153493 10,990 ± 45 12,380 12,375 12,473 
244- CAMS- 13,128- 13,071-
245 153494 11 ,400 ± 120 12,636 12,635 12,816 
388- CAMS- 14,878- 14,871-
389 153495 12,700 ± 60 13,952 14,010 14,363 
488- CAMS- 16,207- 16,359-
489 153496 13 ,360 ± 60 15,076 15,191 15,734 
592- CAMS- 18,445- 18,447-
593 153497 15,120 ± 60 17,615 17,614 17,898 
704- CAMS- 24,922- 24,907-
705 153498 20,860 ± 170 23,932 23 ,928 24,407 
764- 25,906- 25,903-
765 OS-96934 21 ,600 ± 160 24,903 24,919 25,353 
816- CAMS- 30,687- 30,655-
817 153499 25,400 ± 370 29,105 29,005 29,848 
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a The analyses were made at Lawrence Livermore National Laboratory (CAMS) or 
the National Ocean Sciences AMS Facility (NOSAMS). 
b Radiocarbon age was calculated using the Libby half-life of 5568 years and 
corrected with a o 13C of -25%o. 
* Three 14C ages were averaged (7852 ± 55) prior to calibration due to their 
association with the rapid sediment accumulation during the final drainage of glacial 
lake Agassiz sorne 8.4 cal ka ago ( e.g. Barber et al. , 1999; Hillaire-Marcel et al. , 
2007). 
cA marine reservoir correction of 400 years was applied with no additional correction 
(~R), and the ages converted to calibrated years using Oxcal 4.2 (Ramsey, 2008) and 
the Marine09 (Reimer et al. , 2009) calibration curve. . 
ct The ages were modeled using Oxcal 4.2 (Ramsey, 2008). Modeled ages marked n/a 
indicate the interval was not used in the age model. 
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Abstract 

Baffm Bay is a semi-enclosed basin through which nearly 50% of Arctic freshwater 

towards the North Atlantic Ocean. lts paleoceanography over the last glacial cycle 

remains imperfectly established: low biogenic production, poor carbonate 

preservation, and high terrigenous inputs have hampered paleoceanographic 

reconstructions. The recent establishment of an age-depth model spanning the last 

~ 116 ka from detailed paleomagnetic measurements in a deep Baffin Bay core 

(HU2008-029-0 16PC) has provided the incentive to look deeper into the microfossil 

content of the core and measure the isotopie composition (o 180 and o13C) of 

foraminifera when present. Three size fractions of the planktic foraminifera 

Neogloboquadrina pachyderma left-coiled (Npl) and two species of benthic 

foraminifera (Cassidulina neoteretis and C. reniforme) were hand-picked for isotopie 

measurements. Almost similar o180 values in the benthic and planktic species suggest 

no stratification between the intermediate and bottom water masses. Episodes marked 

by high o180 values (>+4%o vs VPDB) occurred during Marine Isotope Stages (MIS) 

5d, 3 and the MIS 2/1 transition, likely in response to the advection of saline Atlantic 

water. The absence of dinocysts during these intervals points toward extremely low 

productivity and a perennial sea ice cover. Most ether samples yield o180-Npl values 

ranging +2.6 to +3.6%o, sorne matching dinocyst occurrences. These samples suggest 

intervals of slight breakup of the perennial sea ice cover, thus slightly milder 

conditions. This new record suggests a harsh, ice-covered environment throughout 

most of the last glacial cycle, interspersed with occasional penetration of Atlantic 

water under both cooler (stadial) and warmer (interstadial) intervals. 
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2.1 Introduction 

Baffm Bay is a semi-enclosed basin connecting the Arctic and Atlantic oceans (Fig. 

2.1 ). The flow is restricted by sills, allowing cold Arc tic surface waters to enter via 

Lancaster Sound (125 rn), Jones Sound (190 rn), and Nares Strait (220 rn) in the 

north, and warmer intermediate waters from the Atlantic to enter via Davis Strait (640 

rn) in the south. During glacial periods, Baffm Bay was surrounded by the Innuitian 

(liS), Laurentide (LIS) and Greenland Ice Sheets (GIS), with the GIS extending onto 

the shelf (Briner et al. , 2003, 2006; Dyke, 2004; England et al. , 2006; Funder et al. , 

2011 ; 6 Cofaigh et al. , 2013) further restricting flow. As oceanic circulation is 

intimately related with ice sheet dynamics and because its location is ideal for 

investigating the past ice sheet history, Baffm Bay is a basin deserving special 

attention. However, the Baffm Bay sedimentary record is not ideal for 

paleoceanographic reconstruction due to the rarity of microfossils and the difficulty to 

set chronostratigraphies (e.g. , Aksu 1983; de Vernal et al., 1987a; Hillaire-Marcel et 

al. , 1989). Variable sedimentation rates during glacial periods due to high detrital 

inputs related to glacial erosion from surrounding ice sheets adds difficulty (Simon et 

al. , 2012 and refs therein). Moreover, the lack of calcareous foraminifera for 

radiocarbon dating and the establishment of 8180 stratigraphy has been the primary 

hindrance (Aksu and Piper, 1979; Aksu, 1981, 1983; Mudie and Aksu, 1984; de 

Vernal et al. , 1987a; Hillaire-Marcel et al. , 1989; Scott et al. , 1989). Low 

concentrations of foraminifera have been explained by dilution due to high 

sedimentation rates (Scott et al. , 1989), low salinities and low productivity due to 

harsh, ice covered conditions (Hillaire-Marcel et al. , 1989), carbonate dissolution 

(Aksu, 1983), or a combination of these factors (Hillaire-Marcel et al. , 1989). The 

rarity of calcareous foraminiferal tests in Holocene sediments from Baffin Bay is due 

to a shallow lysocline and dissolution of calcium carbonate at depths > 900 rn (Aksu 

1983; Osterman and Nelson, 1989; de Vernal et al. , 1992; Schroeder-Adams and Van 
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Rooyen, 2011 ). These conditions have been associated with the inflow of Pacifie 

waters, through the Canadian Arctic channels, with low carbonate saturation states 

(Azetsu-Scott et al., 2010), in addition to high biogenic productivity in the North 

Water polynya responsible for organic matter oxidation at the bottom of Baffin Bay 

(e.g. , de Vernal et al., 1992; Hamel et al., 2002). In sediments predating the 

Holocene, when Baffin Bay was not subjected to these conditions due to severe ice 

cover, preservation of calcium carbonate resulted in sporadic occurrence of 

calcareous foraminiferal tests. Although low forarniniferal abundance remains an 

issue, isotopie analyses of smaller samples and temporally associating their values 

with changes in oceanographie circulation is now possible. Recently, based on 

detailed paleomagnetic data, Simon et al. (2012) have proposed a 

chronostratigraphical sc herne spanning the last 115 ka in core HU2008-029-0 16 

(PC16, Fig. 2.1), which was collected near the Ocean drilling Program (ODP) Site 

645 (cf. Arthur et al., 1987; Hillaire-Marcel et al. , 1989). This provided an 

opportunity to revisit the foraminiferal stable isotopes as proxies of 

paleoceanographic conditions during the late Pleistocene. 

Piston core HU2008-029-016PC (henceforth PC16) used for the present study was 

collected within 0.5 km of core 85-027-016, the site survey core for ODP Site 645 

(Fig. 2.1 ). It was ana1ysed by Hillaire-Marcel et al. (1989) for carbon and oxygen 

isotope compositions of the planktic foraminifera Neogloboquadrina pachyderma 

left-coiled (Npl) with a sample size of - 50 foraminiferal tests, which constituted a 

limitation. Samples containing fewer specimens were not plotted or discussed due to 

large possible analytical offsets in the isotopie analysis of small samples and to 

possible bias due to the presence of reworked foraminifera. Baffm Bay sediments 

consist largely of Paleozoic carbonates (Hiscott et al. , 1989) eroded and deposited as 

detrital carbonate by the Laurentide and Innuitian lee Sheets (Simon et al., 2014) . 

Any detrital carbonate materia1 within foraminiferal tests could bias the measured 

isotopie composition and result in misleading offsets (Hodell and Curtis, 2008) . The 



67 

earl y interpretations of the 8180-Npl signal from the discontinuous records of Baffm 

Bay, which included a large range in values, were based on direct correlation with the 

global marine isotope stratigraphy (Aksu, 1983; Aksu and Mudie, 1985). These 

interpretations were revised by de Vernal et al. (1987a) who argued that low 8180-Npl 

values represent episodic depletions with meltwater inputs instead of interglacial 

stages. Such an interpretative scheme involving episodic dilution was also used for 

low 8180 signais in the Labrador Sea (Hillaire-Marcel et al., 1994; Hillaire-Marcel 

and Bilodeau, 2000; Rasmussen et al. , 2003). However, it has recently been 

suggested that the low 8180-Npl values in the Labrador Sea might reflect the sinking 

of isotopically depleted brines at Npl habitat depths, usually along the pycnocline 

between the more or less diluted surface water layer and the intermediate to deep 

water masses, due to sea ice production (Hillaire-Marcel and de Vernal, 2008) . 

Based on technical and conceptual progresses made during the last decades for 8 180 

measurement in foraminifers, we revisit the last climatic cycle isotope data from 

Baffm Bay using the new chonostratigraphy of core PC16 (Simon et al., 2012) . The 

carbon and oxygen isotopie compositions of planktic and benthic foraminifera were 

analysed using fewer tests with a mass spectrometer set up for small C02 volume 

measurements. The planktic Npl, which is most commonly found in cold, saline (- 34) 

waters along the pycnocline (Bé and Tolderlund, 1971 ; Hilbrecht, 1996; Carstens et 

al. , 1997; Volkmann and Menshc, 2001 ; Simstich et al ., 2003 ; Pados and Spielhagen, 

2014) but can also be found near the surface within the chlorophyll maximum under 

permanent sea ice cover (Volk:mann and Mensch, 2001; Pados and Spielhagen, 2014; 

Xiao et al., 2014) , can be used as a proxy for changes in the subsurface water mass. 

Since planktic foraminiferal size and shell density increase with depth in the water 

column (Bauchet al. , 1997; Volkmann, 2000; Volkmann and Mensch, 2001 ; Hillaire

Marcel et al. , 2004; Xiao et al. , 2014), isotopie analyses were performed on tl1ree size 

fractions to assess temperature-salinity (i .e. , density) gradients at Npl-habitat depths. 

Benthic foraminifera were also analysed to assess bottom water conditions and 
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stratification between Npl-habitat and bottom water masses ( e.g., Hillaire-Marcel and 

Bilodeau, 2000). Special attention has also been paid to possible offsets in 

foraminiferal oxygen and carbon isotopie values due to contamination with detrital 

glacially-produced carbonate flours, abundant in deep Baffm Bay sediments. In 

parallel, palynological analyses were conducted to provide an estimate of the sea 

surface conditions including temperature, salinity, sea ice caver and productivity 

from dinocysts, eroston and subsequent deposition from pre-Quatemary 

palynomorphs, and benthic productivity or degree of carbonate dissolution from the 

organic linings of benthic foraminifera (e.g., de Vernal et al. , 1992). The relative 

changes in dinocyst abundances will be used as an index of changes in 

paleoproductivity in the basin. This updated record should provide new insights on 

paleoceanographical changes in Baffin Bay throughout the last glacial cycle. 

2.1.1 Modem hydrography 

Baffm Bay consists of water from the Arc tic and the Atlantic, that are partly stratified 

into four water masses, with a reverse thermocline between surface and deeper water 

masses (see Cuny et al., 2002, 2005, and Tang et al. , 2004 for details listed below). In 

the upper part of the water column, the West Greenland Current (WGC) flowing 

north ward results from the mixing of cold law salinity East Greenland Current (EGC; 

Arctic waters through Fram Strait) with the warm saline waters of the Irrninger 

Current (IC; a westward branch of the North Atlantic Current) which lies above the 

IC. Once the WGC reaches northem Baffm Bay, it tums west and is cooled by Arctic 

water from Nares Strait, Lancaster Sound, and Jones Sound. In the western Baffm 

Bay, this cold (< 0°C), law salinity (< 34) surface water mass flowing south forms the 

Baffm Island Current (BIC) and extends to 300 m depth before heading south and 

exiting through western Davis Strait. Underlying the surface water, the Baffm Bay 

Intermediate Water (BBIW) reaches depths of 800 m. It is warmer and more saline 
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than the surface layer as it is mainly composed of warm Atlantic water following the 

WGC path that enters through eastern Davis Strait. At the base, it mixes with sorne 

Arctic Intermediate Water (AIW) that passes through Nares Strait (Bourke et al., 

1989). The Baffm Bay Deep Water (BBDW) cools with depths reaching 1800 m, due 

to the sinking of cold brines, and the Baffm Bay Bottom Water (BBBW) covers the 

deepest areas of the Bay. The mechanism through which the bottom waters are 

formed remains unknown. Bourke et al. (1989) have suggested that BBBW is a 

combination of cold, saline brine-convected water formed in winter in northern 

Baffin Bay. Tan and Strain ( 1980) have used the o 180-salinity relationship to show 

that BBBW could be a combination of sea ice produced brines and deeper water from 

the Labrador Sea. Sea ice co ver in Baffm Bay is currently seasonal ( ~ 10 months per 

year). lee formation begins in September in the northwest reaches of Baffm Bay and 

expands southeast until it reaches complete ice cover in March (Tang et al., 2004). 

Sea ice melt begins in April in the southeast. Sea ice concentrations and seasonal 

duration are usually lower in the east due to the warmer WGC, and interarmual 

variability is coupled to winter air temperatures and wind. 

2.2 Material and methods 

Core HU2008-029-016 (PC16) is a 741 cm long piston core from deep Baffm Bay 

(Fig. 2.1 ; 70°46.14 N, -64°65.77 W; 2063 m; Campbell et al., 2009). The coring site 

is within close proximity to ODP Site 645 and 85-027-016, which is useful for 

correlating with previous records. Sorne of the physical properties of PC 16 were 

compiled by Simon et al. (20 12) including stratigraphie log indicating grain size and 

sedimentary features , as weil as the Baffm Bay Detrital Carbonate (BBDC) layers. 

The core consists of four sedimentary facies. The frrst is a brown to dark brown silty 
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mud found in the upper most part of the core (~post-glacial section). Below, three 

facies are seen in alternation. They include i) an "olive clay" facies , which is 

composed of brownish black and olive-black silty to clayey muds, ii) a "detrital 

carbonate" facies (cf. the BBDC layers), which consists of carbonate-rich, yellowish

brown to dark brown very poorly sorted muds with grave! and sand, and iii) a " low 

detrital carbonate" facies with olive gray to dark gray muds containing poorly sorted 

sands as well as low amounts of gravel and sand (Simon et al. , 2012). The 

chronostratigraphy of this core (Simon et al. , 2012) is based on the correlation of the 

high-resolution magnetic paleointensity record to regional and global paleointensity 

curves, and is placed on the GISP2 age scale. The age model correlates weil with 

three radiocarbon dates, two geomagnetic excursions, and with other regional records 

(Simon et al. , 2012) . Linear interpolation between tie points used in the age-depth 

model is used to plot proxy data against age. 

Subsampling of 1 cm slices for rnicrofossils was initially performed at 8 cm intervals, 

which provides an average time resolution of 1.2 ka. The subsamples were sieved at 

106 !lill and the coarse fraction was kept for further sieving and hand-picking of 

foraminiferal tests, wheras the fraction < 106 !-!ffi was reserved for palynological 

preparation. N pachyderma (sinistral) left-coiled (Npl) dominates the planktic 

foraminiferal population as expected from a core collected from Arctic waters (cf. 

Kucera, 2007) . Only rare specimens of Neogloboquadrina pachyderma (dextral), 

Globigerina bulloides, and Turborotalia quinqueloba were also observed. Thus Npl 

was the only species analysed for the stable isotopie compositions of oxygen and 

carbon. Although the samples were initially processed and picked for foraminifera at 

8 cm intervals, the sampling resolution was increased in intervals of foraminiferal 

abundance. On average, 20 Npl specimens were picked from the > 106 !llTI fraction 

after rinsing and sieving with water. The clean Npl were sieved into size-classes of 

106-150, 150-250, and >250 !llTI size when present. 
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Detrital carbonates are abundant in Baffin Bay (Aksu and Piper, 1987). Because 

foraminiferal tests are often filled with fme detrital material that could potentially be 

a contamination source, we addressed the possible effect of imperfect cleaning on 

their isotopie composition. Observation of Npl specimens under scanning electron 

microscope (SEM) after an initial differentiation und er binocular microscope (x 1 0) 

confmned the occurrence of clays size particles within their tests (Figs. 2.2a,b). Due 

to the low numbers of foraminifera, cleaning methods including ultra sonic bath or 

breaking the tests open were not possible, therefore cleaning process only included 

rinsing the samples with water while sieving. Therefore "clean" samples contain Npl 

free of impurities (Fig. 2.2a), and "dirty" samples consist ofNpl with tests containing 

clay sized particles (Fig. 2.2b ). From within three sam pies, "clean" and "dirty" Npl 

were picked from the 150-250 f.lm size fraction and analysed to assess possible biases 

due to contamination by detrital carbonate. In order to estimate the isotopie bias due 

to the clay sized detrital carbonate from within the tests, the 8 13C and 8180 were also 

measured in the < 1 0 ~Lm size fraction of bulk sediment. 

Benthic foraminifera were analysed for their oxygen and carbon isotopie composition 

in samples also containing Npl. Intervals containing abundant benthic foraminifera 

were rare and there is no species cornmon throughout the core. However, Cassidulina 

neoteretis and Cassidulina reniforme, which occur in many samples were collected 

and analysed. Due to low numbers, all size fractions were used although sorne bias on 

the isotopie composition cannot be totally discarded (Barras et al., 2010) . No 

correction for global ice volume or vital effects was made on the benthic 8 180 and 

813C since the results are used to document relative changes in water mass within the 

same records. C. neoteretis and C. reniforme likely precipitate their test in 

equilibrium with respect to 8180 , and since they are both infaunal species they depict 

a 813C offset, which has been estimated at about -1.5%o (for C. reniforme see Erbs

Hansen et al., 2013; for C. neoteretis see Husum and Hald, 2004). In order to remove 
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any potential bias due to organic carbon from within the benthic foraminifers, their 

tests were roasted in a 200°C oven under vacuum for one hour. 

Ail isotopie analyses were conducted at GEOTOP with a MulticarbTM preparation 

deviee coupled to an IsoPrirneTM isotope ratio mass spectrometer after acidification 

with 102% orthophosphoric acid (Wendeberg et al., 2011). The isotopie composition 

was measured relative to the international reference, the Vienna Pee Dee Belemnite 

(VPDB), using the conventional "o-per mil" notation. Reference (NBS 19, IAEA) and 

working (UQ6 carbonate; Hillaire-Marcel et al. , 2004) standards were used for each 

analytical run as a measure of reproducibility which is better than ±0.05%o at ± l cr 

level (Hillaire-Marcel et al., 2004) . Four replicate samples (three Npl and one C. 

neoteretis) were analysed to assess the homogeneity of the foraminiferal isotopie 

populations (Table 2.1 ). This was performed by picking two aliquots of - 20 Npl from 

each sample and analys ing both for 8180 and 813C. The samples can be replicated 

within a standard deviation of0.50%o for 8 180 and 0.22%o for 813C. This is a degree 

of magnitude greater than the reproducibility of the standard material, which indicates 

that distinct Npl generations, produced under variable conditions, are mixed in the 

sediment. 

Each sample for palynological analysis consists of a 5 cm3 subsample of sediment 

from a 1 cm thick section of the core. Each subsample was rinsed through > 106 and 

< 10 f..Lill mesh sieves. The material was processed according to the methods described 

by de Vernal et al. (1999). The organic residue is mounted onto a slide with Kaiser's 

glycerol gelatin and examined for both modem and pre-Quatemary dinoflagellate 

cysts (dinocysts) and pollen and spores, in addition to the organic linings of 

foraminiferal tests . Each species of dinocyst was identified following the 

nomenclature provided by Rochon et al. (1999), de Vernal et al. (2001), and Head et 

al. (2001). Total numbers of dinocysts were tabulated and concentrations per cm3 

were calculated using the marker-grain method (Matthews, 1969) which provides an 
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accuracy of ±10% for a 95% confidence interval (de Vernal et al. , 1987b). Due to the 

high amounts of mineral remaining in the residue, slide mounting and examination 

was difficult and lengthy. Therefore palynological analysis was performed on 24 

samples. The intervals were chosen to represent each sedimentary facies described 

above and varied amounts of detrital carbonate (Simon et al. , 20 12). 

2.3 Results 

2.3.1 Possible bias in isotopie data due to detrital carbonate 

An assessment of possible isotopie biases in foraminifera preserved in detrital 

carbonate-rich sediments was made by comparing the 8180 and o13C of clean Npl 

specimens, with those of dirty Npl, and of the sediment (Table 2.2, Fig. 2.2c) . Three 

dirty samples were chosen based on the extensive amount of clay on and within the 

foraminiferal tests (Figs. 2.2a,b ). The percentage of detrital carbonate (Table 2.2) was 

calculated from the percentage of calcite and dolomite, including calcareous 

foraminifera (Simon et al. , 20 14) and percentage of inorganic carbon (Nuttin and 

Hillaire-Marcel, 2015). Along with images showing the detrital clays, the SEM 

provided the elemental composition of the partiel es from which we can interpret their 

mineralogy. The detrital particles are clay minerais, with rare larger particles of 

quartz, feldspar, and dolomite. The sediment sample at 300.5 cm contains low 

carbonate content (- 5% based on samples at 296.5 and 304.5 cm), while the 

sediment samples at 472.5 cm and 720.5 cm are from detrital carbonate layers and 

contain high carbonate percentages (30 and 20%). The 8180 values of the detrital 

carbonate material range -5 .79 to -3.12%o, and the o13C values range between -1.55 

and -0.25%o. Although the analyses were done on bu lk sediment that may also 
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contained isotopically heavier biogenic carbonate (foraminifera), the lower 8 180 

values are similar to those analysed on individual detrital carbonate sand sized grains 

(Hodell and Curtis, 2008). Otherwise, the difference between the 8 180 and 813C of 

Npl and the detrital carbonate was >6.38 and >0.84%o respective ly. The largest 

isotopie difference between dirty and clean samples for is -0.34%o for 8180 and -

0.24%o for 813C. 

2.3.2 Stable isotopes offoraminifera 

Planktic (Npl) and benthic foraminifera are not present throughout the core (Fig. 

2.4c,d) . Maximum abundances of Npl in the 150-250 !J.m size fraction reach ~ 740 

specimens cm-3
, but most samples contain about 200 specimens cm-3 or less. The 

benthic foraminifers reach a maximum concentration of 211 specimens cm -3. Both 

planktic and benthic foraminifera are found within 92% of the samples, however 20% 

of tho se con tain very low concentrations ( <1 0 tests cm-3
) . 

The size fraction with the highest abundance ofNpl is 150-250 !J.m. Hence the carbon 

and oxygen stable isotope composition measured in Npl from the 150-250 !J.m size 

fraction were used to develop the main isotope curves for the core (Table 2.3, Fig. 

2.3). Due to the variability in Npl abundance, the curve is discontinuous. The 8 180 

values range between 1.69 and 4.82%o, with most values varying between 2.5 and 

4.0%o. Three intervals marked by particularly high 8180 values(> 4%o) are centered at 

around 108-115, 95, and 48-50 ka BP. One interval marked by particularly light 8 180 

va lues (<2.5%o) is recorded between 98 and 105 ka BP. The 8 13C values range from -

0.23 to 0.66%o and are variable throughout the record. 

Np! specimens from the 106-1 50 and >250 ~Lm size fractions were also analysed 

when possible to assess temperature and salinity (thus density) gradients within Npl-
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habitat. Although the offsets between these and the 150-250 J.lm size fraction are not 

consistent regarding positive or negative offsets, on average, there is a positive 

relationship between test size and its 8180 and o13C values (Table 2.3, Fig. 2.3), 

especially when comparing the smaller size range (106-150) to larger ones. The 

offsets between the values in the 150-250 J.lm size fraction and the 106-150 and >250 

~tm size fractions for both 8180 and o13C are 0.32 and 0.23%o, and 0.49 and 0.20%o, 

respectively. 

Only 35% of the samples containing enough planktic foraminifers for stable isotope 

measurement also contain benthic foraminifers yielding isotope values (Table 2.3, 

Figs. 2.4a,b) . The 8180 values in benthic foraminifers range from 2.89 to 4.83%o and 

the o13C values from -1.41 to O.Ol%o. The differences in 8180 values between the 

benthic and planktic samples are small in most samples, except at about 112 and 13 

ka BP where they reach 0.85%o, with one value reaching 1.60%o at 13 .2 ka BP. The 

differences in o13C values vary from 0 to -l.40%o, with very a small offset at around 

13 ka BP, a larger one at ~112 ka BP, and the largest one at 48.5 ka BP. 

2.3 .3 Palynology 

Palynological analyses were performed on 24 samples from PC16 (Table 2.4). 

Concentrations of modem palynomorphs are generally low, with 10 samples 

containing dinocysts (up to 854 cm-3; Fig. 2.4c) and only 2 samples containing pollen 

and spores of < 50 cm-3
. The analysis of TWC16, the trigger core collected with 

piston core PC 16, indicated that the concentrations of dinocysts remained very low 

until after the deglaciation and establishment of postglacial conditions (Steinhauer, 

2012). The dinocysts in PC16 were mainly identified from the bottom half of the core 

(Fig. 2.4e). In samples containing > 10 cysts cm-3, the dominant species include the 
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heterotrophic spec1es Brigantedinium spp. and lslandinium minutum (> 88%) in 

addition to rare specimens of the photo trop hic species Operculodinium centrocarpum 

at 288.5, 560 .5 and 592.5 cm. Reworked pre-Quatemary palynomorphs are abundant 

(up to 3717 cm-3) and include pollen, spores, dinocysts and acritarchs which originate 

from the Paleozoic-Mesozoic sediments of the Canadian Arctic ( e.g., Hiscott et al., 

2001). The organic linings ofbenthic foraminifers mainly occur in low concentrations 

but are relatively abundant in a few samples and reach 1174 linings cm-3 (Fig. 2.4f). 

2.3.4 Comparison with 85-027-016 

It is noteworthy that the planktic and benthic foraminiferal abundance and 8180 and 

813C records of core HU-2008-029-0 16 (Fig. 2.4) are very similar to tho se of core 85-

027-016 (P1985; Figs. 2.5a,b; cf. Hillaire-Marcel et al., 1989; Scott et al., 1989). 

There is a slight offset in depth, but the same general trends and variations are 

recorded. The foraminiferal abundances reported for core P 1985 are over double 

those of PC16 due to different sampling practices (Figs. 2.5c,d). The total planktic 

population was counted in P1985 in the 212-250 ~-tm size fraction and the benthics, 

including agglutinated species, were counted in the >63 ~-tm size fraction. The 

foraminifera reported in PC16 include > 106 J..tm benthics and the 150-250 J..tm Npl. 

The 8180 and 813C Npl values of P 1985 have a slight negative offset with respect to 

PC 16, possibly up to 0.5%o. The overall palynological assemblages and abundances 

of core PC 16 appear comparable with tho se of P 1985 (Hillaire-Marcel et al., 1989) 

(Fig. 2.5e) . Dinocyst concentrations in P1985 are generally low with < 50 cysts cm-3 

between 50 and 450 cm and below 730 cm. The remainder of the core contains 

samples of concentrations > 50 cysts cm-3
. Similarly to PC16, the dominant species 

identified in P 1985 include !. minutum and Brigantedinium spp. along with sorne 

occurrences of Spiniferites elongatus . The comparison of core PC16 with P1985 has 
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demonstrated that the isotopie analyses and microfossil assessments are robust from 

Baffm Bay sediments, despite the discontinuous record. 

2.4 Discussion 

2.4.1 Possible bias in isotopie data due to detrital carbonate 

The dirty vs clean Npl have a slight offset with respect to both oxygen and carbon 

isotopes (Table 2.2, Fig. 2.2c). Interestingly, the sample with the !east amount of 

carbonate produced the largest isotopie offset with respect to both o 180 and o 13C, 

wh ile only one of the two samples with higher carbonate content affected the o 13C. 

Also, the SEM elemental analysis indicated that the fme grained sediment within the 

foraminiferal test was in fact clay minerais with larger detrital carbonate grains. This 

suggests that although sediments in Baffm Bay can contain high amounts of detrital 

carbonate, only a slight fraction may be entering the Npl once they are buried. 

Regardless, the isotopie offset of - 0.3%o in both oxygen and carbon faU within the 

statistical scatter of isotopie compositions of Npl-assemblage mixing generations 

(Table 2.1) and the excursions in the Npl record (Figs 2.3, 2.4). The isotopie offsets 

among replicate samples might be partly due to variable detrital carbonate 

contamination, but more importantly to the mixing of generations produced under 

distinct environmental conditions: a mixing to be expected under such low 

productivity conditions. Improved methods allow for smaller sample sizes of 20 tests 

rather than samples of 100 tests collected from P1985 . A smaller sample thus allows 

for more stringent subsampling which would produce samples with less detrital 

carbonate. However it may be the mixing of generations in a larger sample size that is 



78 

lia ble for the lighter values in P 1985 relative to PC 16 rather than the presence of 

isotopically light detrital carbonate (Figs. 2.4, 2.5) . Therefore it seems that any fme 

grained sediment that may enter foraminiferal tests during burial does not necessarily 

affect its isotopie composition, and if it does, the offset seems insignificant 

considering the dispersal of values throughout the record. 

2.4.2 Size dependent isotopie composition ofNpl 

The positive relationship between Npl test size and 8 13C is consistent with what bas 

been shawn from studies in western Arctic and northwest North Atlantic (Aksu and 

Vilks, 1988; Hillaire-Marcel et al. , 2004). This relationship, however, differs from the 

expected negative relationship implying that larger tests living at greater depth are 

characterized by low 8 13C corresponding to decreasing 8 13C of dissolved inorganic 

carbon (DIC) with depth, which is usually attributed to organic matter oxidation rates 

and metabolic effects of Npl (Aksu and Vilks, 1988; Ravelo and Hillaire-Marcel, 

2007). In Baffin Bay, as in the Arctic Ocean or the northwest North Atlantic, the 

positive test size and 813
C NpJ values could be related to higher calcite precipitation 

rates injuvenile specimens (cf. Hillaire-Marcel et al. , 2004) . 

There is slight variable offset between Npl test size and 8180 . It is however within the 

scatter observed for any given sample, and is thus not large enough to infer 

stratification within the intermediate water mass. Therefore it appears that episodes of 

Npl production correspond to relatively uniform subsurface water mass conditions in 

Baffin Bay during the last 116 ka. 
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2.4.3 Isotope values of planktic (Npl) vs benthic forarninifera 

Intervals with isotopie data in both planktic and benthic foraminifera are 

approximately dated at 13 , 46-SO, and 110-11S ka BP (cf. hatched interva1s in Fig. 

2.4), which correspond to the Marine Isotope Stage (MIS) 2/1 transition, early MIS 3, 

and MIS Sd. Taking into account the heterogeneity of samples, the possible effect of 

detrital carbonate, and the large ranges of 0180 values throughout the core, the 

isotopie composition of benthic and planktic foraminifers are remarkably comparable. 

This suggests that there was no stratification between the intermediate and bottom 

water masses du ring these intervals. However, the planktic vs benthic o 13C values 

present singularities. On one hand, the ~ 13 ka interval shows nearly similar values, 

when one would expect a much lighter carbon in the benthic tests due to the oxidation 

of isotopically light organic carbon in the sediment. One must infer here that 

productivity was so low in Baffm Bay during this interval, that organic carbon (C0 rg) 

fluxes at the sea floor were very low as well (Fig. 2.4g). Both, the 46-SO and 11 0-11S 

ka BP intervals show lighter carbon isotope values in benthics. Much higher organic 

matter fluxes to the sea floor rnight be inferred during these intervals ( e.g. , Ravelo 

and Hillaire-Marcel, 2007) . This could have been particularly the case of the 110-11S 

ka BP interval which follows the last interglacial (MIS Se). During MIS Se, warmer 

regional climate (e.g. Fréchette et al., 2006) led to higher primary productivity on 

land and at sea, with C org fluxes to the sea floor comparing to those of the Holocene 

(Hillaire-Marcel et al. , 1989; Steinhauer, 2012; see also the small increase in dinocyst 

concentrations in Fig. 2.4c) . However, there is no corresponding C org peak during this 

interval (Fig. 2.4g) . One may suppose here that most of the fresh organic matter 

sedimented during the interval has been totally diagenetically decomposed ( e.g., 

Muzuka and Hillaire-Marcel, 1999). The difference in o13C values ofNpl and benthic 

at 46-50 ka BP, is much larger (- 1.5%o), without any specifie indication for enhanced 

primary productivity (Fig. 2.4) . A shift of such magnitude has been reported in 
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benthic foraminifera that precipitated their carbonate test in porewaters marked by 

813C altered by methane seeps (e.g., Mackensen et al., 2006; Ouellet-Bemier et al., 

2014) . Although Baffin Bay Bottom Water is currently methane depleted (Punshon et 

al., 2014), elevated levels could have been present 50 ka ago as they were sorne 8 ka 

ago, based on Ouellet-Bemier et al. (2014). 

2.4.4 Past productivity and paleoceanographical conditions 

The concurrence ofplanktic and benthic foraminifera at about 13, 46-50, and 110-115 

ka BP suggests conditions ideal for carbonate preservation, and an influx of nutrients 

and organic detritus to both the intermediate and deep-water masses. The intervals 

marked by a biogenic (microfossil) component throughout PC16 are not consistent 

among the epipelagic (dinoflagellates), mesopelagic (planktic foraminifera), and 

benthic communities (Fig. 2.4). The mesopelagic and benthic foraminifers occur 

together in most intervals, but most often without dinocysts, indicator of epipelagic 

productivity, except for the interval prior to 108 ka BP. This is also the case with 

P1985, where peaks in dinocyst abundance are interspersed between peaks in 

foraminiferal abundance (Fig. 2.5). The lack of dinocysts during the most recent two 
180-enriched intervals suggests perennial sea ice cover preventing primary 

productivity. Therefore the benthic and planktic foraminifera were likely living in 

waters characterised by inputs of nutrients and organic detritus from a lateral source 

rather than from vertical fluxes. The foraminifera have very high 8180 values, typical 

of the cold, saline water of glacial intervals, similar to those from the Labrador Sea 

and northwest North Atlantic throughout the last glacial period (Hillaire-Marcel and 

Bilodeau, 2000; Rasmussen et al. , 2003). Cold conditions during the two most recent 

intervals (red hatched intervals Fig. 2.6) also occurred in Greenland during the 

stadials visible in the GISP2 8180 ice core record (Fig. 2.6d) . Therefore we suggest 
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advection of saline Atlantic water during periods of continued ice cover over Baffm 

Bay, at least during the intervals marked by high 8180 values in both planktic and 

benthic foraminifera (- 13, 46-50 and 110-115 ka BP). 

Samples barren or nearly barren (<10 tests cm-3) in forarninifera (Fig. 2.4) can be 

interpreted as intervals of nil productivity due to very dense ice cover preventing any 

biological activity, and/or of shallow lysocline resulting in calcium carbonate 

dissolution. Sorne of these samples are also characterized by concentrations of 

dinocysts and organic linings of foraminifers which suggest epipelagic and benthic 

productivity during episodes marked by carbonate dissolution in Baffm Bay sirnilar 

as during the Holocene (Fig. 2.4; de Vernal et al. , 1992). 

All things considered, the micropaleontological data from Baffin Bay reflect very low 

productivity during most of the last climatic cycle, which can be associated with 

dense sea ice cover sirnilar to that observed in the central Arctic Ocean (de Vernal et 

al., 2008; Polyak et al. , 2013). lt is of note that the intervals spanning from 70 to 60 

ka and from 40 to 20 ka, contain very low concentrations of organic and calcareous 

rnicrofossils indicating low marine productivity (Fig. 2.4). These intervals, which 

partly match MIS 4 and the late MIS 3 to MIS 2, respectively, could have been 

marked by total isolation of Baffm Bay from the Atlantic Ocean, as well as the Arctic 

Ocean. Total isolation caused by an ice shelf in Baffm Bay during the last climate 

cycle bas been proposed by severa! authors (cf. Hulbe, 1997; Hulbe et al. , 2004; 

Shaffer et al. , 2004; Marcott et al. , 2011; Petersen et al. , 2013). These intervals also 

correspond to those marked by the lowest isotopie values in the GISP2 Greenland ice 

core which correlates to highest ice volume and lowest sea leve! (Fig. 2.6; Stuiver and 

Grootes, 2000) . 
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Between the 180-enriched and barren intervals described above, episodes with lower 

8180 values in Npl (< 3.4%o) are recorded (Fig. 2.4) . Similar values were reported for 

Labrador Sea cores and associated with meltwater pulses during Heinrich Events 

(Hill aire-Marcel et al. , 1994; Hill aire-Marcel and Bilodeau, 2000; Rasmussen et al. , 

2003) and more recently associated with isotopically light brine rejection due to 

subsequent enhancement of sea ice formation (Hillaire-Marcel and de Vernal, 2008). 

Due to the discontinuity and low temporal resolution of the Baffin Bay record, it is 

difficult to interpret with confidence the low-ô 180 value intervals. Core PC 16 yielded 

two samples, at - 105 and - 44 ka BP, where 180-depleted Npl are associated with 

high dinocyst occurrence, indicating sorne epipelagic productivity (Fig. 2.4). In core 

P1985, these samples are likely identified at 330 and 714 cm, among only two others 

at 44 and 525 cm (Fig. 2.5). The dinocyst taxa recovered (I minutum and 

Brigantedium spp.) are associated with harsh conditions and dense sea ice cover ( e.g., 

de Vernal et al., 2013) . Other samples with lower 8180 values contain little to no 

dinocysts, which also indicates harsh conditions and suggest quasi-perennial sea ice 

cover (cf. de Vernal et al. , 2005). Thus the lowermost 8180-Npl values probably 

reflect isotopically-light brine influence at Npl depth habitat, thus sea ice production 

during episodes with at least a short seasonal opening of sea ice cover. Npl 

production through advection of North Atlantic waters below perennial sea ice cover 

in Baffin Bay might have been possible as well. However, such conditions should 

have led to very low Npl abundances . Npl produced under such conditions might as 

weil present low 8180 values, in relation with i) the amount of isotopically light 

brines mixed by this North Atlantic water mass during its earlier transit along the 

north-west North Atlantic sea ice margin, and ii) the temperature of this water mass . 

As a matter offact, most ofthese light 8180-Npl intervals, which are batched in grey 

in Fig. 2.6, coincide with Greenland interstadials as shown by the GISP2 record (Fig. 

6b). They also match enhanced weight % contribution of Eastern Baffin Island 

terrigenous supplies in the cored sequence (Fig. 2.6c; Simon et al. , 2014) . Simon et 

al. (20 14) linked the related ice sheet calving and mel ting off Eastern Baffin Island to 
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subsurface warming in Baffm Bay, caused by increased circulation of a modem-like 

West Greenland Current (Rolland et al. , 2008). 

2.5 Conclusion 

The re-examination of Baffin Bay records first aimed at verifying th at the () 180 and 

() 
13C records are robust then at revisiting the paleoceanographic interpretation based 

on the chronostratigraphy provided by Simon et al. (20 12). The isotopie analysis of 

clean vs dirty Npl has revealed that if there can be a small isotopie departure due to 

contamination by 180-depleted fme detrital carbonate, an effect that would be 

indistinguishable due the exceptionally large scatter of() 180 values depicted by Npl

populations in Baffm Bay sediments. The data a1so showed that the isotopie record of 

core PC16 is comparable to that of core 85-027-016 collected at almost the same 

location, more than 23 years earlier. Despite slightly heavier values in PC 16, the two 

records demonstrate the robustness of the Baffm Bay isotope stratigraphy. 

The paleoceanographic reconstructions have revealed intervals of different oceanic 

environements. Very low microfossil abundances characterize most of the MIS 2 and 

4 intervals. Coupled with low concentrations of organic linings, this indicates that 

carbonate dissolution cannat be the primary cause. Harsh, ice covered environments 

with oceanographie conditions unsuitable for primary productivity, thus foraminiferal 

production, are more likely. Core PC16 is marked by episodes of high planktic and 

benthic () 180 values at about 13 , 46-50 and 108-115 ka BP. The lack of offsets 

between plantic and benthic 180-contents suggests the presence of a homogeneous 

subsurface water mass down to the sea floor. These 1 80-enriched intervals date from 

MIS 5d, 3, and the 2/1 transition. They are tentatively linked to advection of saline 

Atlantic water in Baffm Bay, below a thick sea ice cover (indicated by the absence of 
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dinocysts thus the total collapse of primary productivity) . Relatively lower 8180-Npl 

values were recorded during MIS Sc and Sa, as well as during MIS 3 and the MIS 2/1 

transition. Sorne of these light isotopie excursions are associated with an abundance 

of dinocysts, indicating periods of summer productivity, but still under seasonally 

very dense sea ice conditions, as indicated by the dinocyst assemblage composition. 

A few other intervals with low 8180-Npl values match warm Greenland interstadials 

and are thought to be linked to incursions of Atlantic water into Baffin Bay. These 

updated stable isotope records from Baffin Bay presented here provided new 

information about the paleohydrography of Baffm Bay throughout the last glacial 

cycle. Information from complementary proxies revealed essential to propose 

drastically distinct processes, leading to similar 180-shifts in the record. These 

records have also identified the importance of North Atlantic water on microfossil 

abundance. 
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Figures 

Figure 2.1 . Map indicating the co ring location of piston core HU2008-029-0 16PC, 
site survey core 85-027-016PC, and ODP Site 645. The following surface currents 
are also displayed: North Atlantic Current (NAC), Irminger Current (IC), East 
Greenland Current (EGC), West Greenland Current (WGC), Baffin Island Current 
(BIC), and Labrador Current (LC). 
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Figure 2.2. Assessment of possible bias in isotopie composition due to detrital 
carbonate. Scanning electron microscope (SEM) images of (a) "clean" (free of 
impurities) and (b) "dirty" (containing clay sized particles which may contain detrital 
carbonate) planktic foraminifera Neogloboquadrina pachymerma sinistral (left 
coiling; Np!). Carbon (8 13C) vs oxygen (8 180) isotopie composition in permil of the 
150-250 IJ.m size fraction of Np! and of < 10 IJ.m bulk sediment (representing detrital 
carbonate) (c), where colours represent different samples. 
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Figure 2.3. Carbon (8 13C) and oxygen (8 180) isotopie composition in permil of the 
106-150, 150-250, and >250 ~-tm size fractions of the planktic foraminifera 
Neogloboquadrina pachyderma sinistral (left coiling; Npl) . 
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Table 2.4. Concentrations of dinocysts, reworked palynomorphs, and organic linings 
in number of specimens per cm3

. 

Pollen 
Depth Age Reworked Organic 

Dinocysts + 
(cm) (ka BP) palynomorphs linings 

spores 

80.5 13.66 0 0 522 58 

88.5 14.26 0 0 16 49 

104.5 15.47 0 0 1155 87 

152.5 23.59 0 0 78 0 

208.5 31.48 0 0 1008 0 

248.5 34.79 0 0 1293 54 

288.5 43 .90 172 0 466 1174 

300.5 46.99 0 0 511 432 

312.5 49.00 0 0 91 0 

320.5 50.86 0 0 3717 0 

328.5 52.85 0 0 165 133 

356.5 57.25 0 0 552 0 

376.5 59.88 32 0 40 0 

448.5 71.57 0 0 210 0 

528.5 80.53 3 0 79 0 

560.5 82.27 70 0 139 29 

592.5 86.77 84 18 461 42 

616.5 92.18 0 0 57 0 

632.5 95.41 0 0 73 0 

688.5 104.91 854 46 854 600 

704.5 108.89 4 0 599 8 

712.5 110.06 24 0 339 24 



107 

Pollen 
Depth Age Reworked Organic 

Dinocysts + 
(cm) (ka BP) palynomorphs linings 

spores 

720.5 111.45 57 0 302 0 

728.5 112.97 7 0 438 7 
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Abstract 

Assessing changes in sea surface conditions due to the effects of past freshwater 

outflow through Baffm Bay and Davis Strait to the Labrador Sea, hereafter referred to 

as the Baffm Bay corridor, is relevant in understanding the variability in Labrador 

Sea Water (LSW) formation. Here, regional changes in oceanographie circulation and 

sea surface conditions are reconstructed based on organic-walled dinoflagellate cyst 

( dinocyst) assemblages from four cores collected from deep, central sites of the 

Baffm Bay corridor. All cores exhibit a major shift in dinocyst assemblages since the 

late glacial period. This shift consists of a change from a polar-subpolar heterotrophic 

species assemblage tolerating cold and near permanent ice-covered conditions, to 

assemblages characterized by a higher diversity and the occurrence of phototrophic 

taxa associated with mild conditions. Sea surface reconstructions from the modem 

analogue technique display a shift from harsh, quasi-perennial ice cover to warmer 

summer sea surface temperatures and a seasonal sea ice. South of the Davis Strait sill, 

this regime shift occurred at ca. 11 .9 cal ka BP due to the influence of North Atlantic 

waters. Baffm Bay, however, remained densely sea ice covered until about 7.4 cal ka 

BP, when these warmer waters penetrated into Baffin Bay and mixed with the West 

Greenland Current (WGC). This mixing was facilitated by the retreat of the 

Greenland and Laurentide lee Sheet (LIS) margins. A major change in Labrador Sea 

surface conditions occurred nearly at about the same time (- 7.6 cal ka BP) when the 

strong stratification of surface waters weakened due to the reduction in meltwater 

supplies from the LIS fmally allowing winter convection and the inception of LSW 

formation. All these new records demonstrate large amplitude fluctuations in sea 

surface conditions tightly controlled by the relative strengths and shifts of the warmer 

WGC and colder Baffm Island Current. 
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3.1 Introduction 

Arctic outflow through the Bafftn Bay corridor, consisting ofBaffm Bay, Davis Strait 

and the Labrador Sea, provides a significant contribution of freshwater to the North 

Atlantic, as shown by both observations and modeling studies (Aksenov et al., 2010; 

Curry et al., 2011; Serreze et al., 2006). Changes in the Arctic ' s hydrological cycle 

due to the ongoing global warming is expected to modify the export of freshwater 

from the Arctic to the Labrador Sea, leading to a more stratified upper ocean, which 

may inhibit convective mixing and the formation of an intermediate water mass 

(Cheng and Rhines, 2004; Goosse et al., 1997; Wadley and Bigg, 2002) . From this 

viewpoint, documenting late- to postglacial changes in sea surface conditions and 

productivity, linked to variations in freshwater flow and oceanic circulation through 

the Baffm Bay corridor, may help comprehend their evolution in areas downstream 

from the Arctic Ocean. 

Monitoring past changes of sea surface conditions through the Baffm Bay corridor 

since the deglaciation has been undertaken almost exclusively usmg 

paleoceanographic records from nearshore areas such as Disko Bugt ( e.g., Andresen 

et al., 2010), Nares Strait (e.g., Levac et al. , 2001) and Lancaster Sound (e.g., Ledu et 

al., 2008). Such records, unlike those of offshore sites, have high temporal resolution 

due to high sedimentation rates influenced by glacial erosion, but mainly reflect local 

atmospheric and hydrographie conditions (e.g., Erbs-Hansen et al., 2013; 

Seidenkrantz et al., 2008). As illustrated here, deeper sites off the shelf break yield 

records representative of large-scale changes in surface water conditions in response 

to the regional ocean dynamics rather than to coastal processes, but they offer a much 

lesser time resolution due to lower sedimentation rates. 
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Baffin Bay is a difflcult environment for paleoceanographic studies due to inherent 

challenges of the setting of a chronostratigraphy in deep-sea sedimentary sequences. 

Low sedimentation rates characterize interglacial stages(< 10 cm ka"1
) in comparison 

to high rates during glacial periods (e.g., Simon et al. , 2012; Srivastava et al., 1989). 

Additionally, at depths greater than 900 rn, calcium carbonate dissolution occurs in 

Holocene sediments due to low carbonate saturation states (Azetsu-Scott et al. , 201 0) 

and oxidation of organic matter related to high productivity thus preventing 

radiocarbon dating of calcareous microfossils (Aksu 1983; de Vernal et al. , 1992; 

Osterman and Nelson, 1989; Schroeder-Adams and Van Rooyen, 2011). Carbonate 

dissolution also makes it impossible to use foraminiferal assemblages as 

paleoceanographic proxies, and thus to derive oxygen and carbon stable isotope 

records for potential chronological correlations. 

Cores from central Baffin Bay (TWC16), eastern Baffm Bay (CC70), southern Davis 

Strait (TWC08), and the northwest Labrador Sea (CC04) were collected along the 

Baffm Bay corridor during the HU2008-029 emise (Fig. 3.1; Campbell et al. 2009). 

Despite the above methodological difficulties, they were analysed with the aim to 

provide an assessment of past sea surface conditions since the last deglaciation, and 

more specifically, to document the effects of freshwater fluxes from surrounding ice 

sheets and the Arctic on sea surface temperatures and sea ice cover between the 

Arctic and North Atlantic oceans. 

3 .1.1 Modern hydrographie setting and location of core sites 

The surface and subsurface waters of the Baffm Bay corridor form a counter 

clockwise gyre influenced by northward flowing, warm high-salinity Atlantic waters, 

and by southward flowing cold low-salinity Arctic waters (Fig. 3.1) (see Buch, 
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1990/2000; Cuny et al., 2002, 2005; Ribergaard et al. , 2008; Tang et al., 2004 for 

details listed below). Along the West Greenland shelf, the West Greenland Current 

(WGC) carries cool, less saline Arctic water from the East Greenland Current that has 

been slightly modified by warmer, more saline Atlantic water. The Atlantic water is 

carried through the western branch of the Irminger Current (IC), which flows below 

~ 100 rn down to ~800 rn along the West Greenland shelf and slope. 

Upon reaching northern Baffin Bay, the surface component of the WGC (upper 300 

rn) mixes with cold, less saline Arctic water that enters via Nares Strait, Lancaster 

Sound, and Jones Sound and becomes the Baffm Island Current (BIC). Sorne warmer 

Arctic Intermediate water of Atlantic origin passes over the sills of Nares Strait and 

combines with the Irminger component of the WGC that has recirculated in Baffm 

Bay to form the Baffm Bay Intermediate Water. The BIC follows the Baffin Island 

coast on the continental shelf and slope. Baffin Bay Deep and Bottom waters cool 

with depth and cover the deepest areas of the Bay. The BIC flows south along Baffin 

Island through Davis Strait into the northwest Labrador Sea. Finally, it mixes with 

colder, fresher Arctic water exiting Hudson Strait to form the Labrador Current (LC). 

Along the eastern Canadian shelf and upper slope, the surface layer of the LC overlies 

the WGC branch that has extended westward near Davis Strait and circulated through 

the gyre. Below the LC lies the Labrador Sea W a ter (LSW), which is formed by the 

sin.king of dense waters when cooled in winter (Lazier, 1973). LSW reaches depths 

up to 2500 rn and lies above the North East Atlantic Deep Water and the Denmark 

Strait Overflow Water (Yashayaev, 2007) . 

Sea ice cover along the Baffm Bay corridor is variable, ranging from 0 to > 10 

months per year, thus with a concentration ranging from 0 to about 90%. lee starts 

forming in notthwest Baffin Bay in September and extends southwestward to form a 

complete sea ice cover by March (Tang et al. , 2004; Wang et al. , 1994), occasionally 

reaching the northwest Labrador Sea. The warm WGC prevents sea ice formation 
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along the southwestern Greenland coast and reduces the sea ice extent in eastern 

Baffin Bay. In opposition, the cold and stratified LC fosters sea ice growth along the 

Newfoundland and Labrador shelf. In Baffm Bay, sea ice begins to melt in April in 

the North Water Polynya and along the Greenland coast, moving westward until ice

free conditions occur, normally in August and September. A large interannual 

variability of sea ice cover is coup led to the strong seasonality in air temperatures and 

wind patterns (Tang et al. , 2004) . 

An oceanic front is a constricted zone of increased productivity and nutrients due to a 

significant horizontal gradient in water mass properties such as sea surface 

temperature and salinity (Belkin et al. , 2009). Two polar fronts are present in the 

study area (Fig. 3.1), both separating cold, low salinity polar current from warmer, 

more saline current. The Labrador Shelf-Slope Front (LSSF), which is situated on the 

NW Labrador/SW Baffin Island slope, is associated with the LC, and the West 

Greenland Current Front (WGCF) follows the western edge of the WGC (Belkin et 

al. , 2009, supp. material). The location of these polar fronts is dependent on the 

strength of the LC and WGC. 

3.2 Methods 

The four sites used in this study were cored during the HU2008029 cruise aboard the 

CCGS Hudson (Fig. 3.1). Site information, core lengths and sampling intervals are 

listed in Table 3.1. Trigger cores TWC04, TWC08, and TWC70 were analysed for 

this study and core TWC16 was analysed by Steinhauer (2012). Two core composites 

were created in order to extend the Holocene trigger core records into the deglacial 

interval: CC04 in the northwest Labrador Sea combines TWC04 with the data from 

PC04 reported in Gibb et al. (2014), and CC70 in eastern Baffm Bay combines 
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TWC70 with data from PC70 reported in Jennings et al. (2014). Core descriptions, 

photographs, and onboard measurements including magnetic susceptibility are found 

in the cruise report (Campbell et al. , 2009). 

The chronostratigraphy was established based on radiocarbon dates from biogenic 

remains. Cores TW70 and PC70 were marked by poor biogenic carbonate 

preservation and very rare occurrence of foraminifer shells but contained mollusc 

shells and seaweed which permitted to obtain radiocarbon dates (Jennings et al., 

2014). The radiocarbon dates from cores TWC04, TWC08, and TWC16 were derived 

from planktonic foraminiferal populations that consist of > 95 % Neogloboquadrina 

pachyderma left-coiled (Npl). Radiocarbon ages were calculated using the Libby 

half-life of 5568 years and normalized to a o13C of -25%o. The ages were then 

converted to calibrated years BP based on OxCal 4.2 (Bronk Ramsey, 2008), using 

the Marinel3 calibration curve ofReimer et al. (2013). No additional correction (~R) 

was applied. 

The number of radiocarbon dates from cores TWC04 and TWC70 was sufficient to 

create age-depth models. The calibrated ages in core TWC70 were combined with 

those of PC70 (Jennings et al. , 20 14) then modeled in OxCal to create the age-depth 

model for the composite CC70 sequence (Table 3.2, Fig. 3.2). The core collection 

date of 2008 (-58 cal ka BP) was assigned to -15 cm in TWC70, which is offset from 

its corresponding box core based on physical properties. For consistency with CC04 

and other records from deeper sites, the ~R used by Jennings et al. (2014) was not 

used in the age-depth model for CC70. Cores TWC04 and PC04 (Gibb et al. , 2014) 

were modeled individually then spliced at 8.3 cal ka BP for the composite CC04 

sequence (Table 3.2, Fig. 3.2). For the purpose of this paper, data from CC04 will 

only be reported for the last 15 cal ka BP but core PC04 extends to - 36 cal ka BP 

(Gibb et al., 2014). Physical properties including diffuse spectral reflectance (CIE 

L *a*b*) values and photographs from the box core and trigger core (Campbell et al. , 
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2009) were used to determine that the TWC04 core top was undisturbed, assigning an 

age of 2008 AD (-58 cal a BP) to 0 cm of CC04. The calibrated ages were reported as 

the modeled median cal. age BP. Linear interpolation between each modeled date was 

used to calculate the age-depth relationship when plotting proxy data against age and 

sedimentation rates . 

Due to the absence of radiocarbon chronologies in the Baffm Bay/Davis Strait 

records, the geochemical properties and micropaleontological content of the 

representative cores TWC16 and TWC08 were tentatively correlated with cores 

CC70 and CC04 from eastern Baffm Bay and northern Labrador Sea respectively. lee 

rafted deposition, calcium carbonate content, dinoflagellate cyst ( dinocyst) 

assemblages, and the dinocyst-based sea surface reconstructions are used for 

correlations. 

Bach sample used for dinocyst analysis consists of a 5 cm3 subsample of sediment 

from a 1 cm thick section. Core length and sampling interval are listed in Table 3 .1. 

The subsamples were rinsed through 106 Jlm and 10 Jlm mesh sieves. Weight percent 

coarse fraction was calculated from the dried > 106 Jlm size fraction from the 

dinocyst preparations. This makes a representative proxy for ice-rafted deposition 

(IRD) because it mainly consists of detrital material and low abundance of light 

biological remains (microfossils) . The 10 to 106 Jlm size fraction was processed 

according to the method described by de Vernal et al. ( 1999). The organic residue 

was mounted onto a slide with Kaiser' s glycerol gelatin and examined for dinocysts. 

Dinocyst species were identified following the nomenclature provided by de Vernal 

et al. (2001), Head et al. (2001), Radi et al. (2013) and Rochon et al. (1999). 

Dinocysts were tabulated and concentrations were calculated using the marker-grain 

method (Matthews, 1969), which provides an accuracy of ±10 % for a 95 % 

confidence interval (de Vernal et al. , 1987). Relative percent abundance of the 

dinocyst taxa in assemblage for each sample was calculated based on identifying a 
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minimum of 300 cysts whenever possible. These counts were also used for further 

statistical analyses including principal component analysis on percentage data (PCA) 

to determine assemblage zones in each core, and the application of the modern 

analogue technique (MAT) to reconstruct sea surface conditions. Sea surface 

temperature (SST) in summer and winter, sea surface salinity (SSS) in summer, sea 

ice cover expressed as the number of months per year with a sea ice concentration > 

50 %, and primary productivity (gC m-2
) were reconstructed with MAT following the 

procedure described by de Vernal et al. (2005) . MAT was applied using the updated 

"modern" dinocyst database of the Northern Hemisphere that includes 1492 sites and 

66 taxa (see database at http: //www.geotop.ca; de Vernal et al., 2013a), using scripts 

prepared by Guiot (CEREGE, France) for the software R (http://cran.r-project.org/). 

We calculated the most probable conditions from the average of the 5 best analogues 

weighted inversely by their distance, and the variance provided upper and lower 

boundaries. Methods for the validation tests and error calculations were made after 

splitting of the data sets as described by de Vernal et al. (20 13a). The error of 

prediction was established at ± 1.4 months per year for sea ice cover, ± 1.2°C and ± 

1.6°C for winter and summer SSTs, respectively, and ± 2.6 for SSS. The error of 

prediction of SSS is high because the database includes low salinity environments 

(down to 5 psu), where surface salinity is particularly variable. When considering 

only the > 30 and > 33 salinity domains, the summer SSS errors of prediction are 

±1.3 and ±0.8 psu, respectively. 

3.3 Results 

The four cores used in this study were collected from very distinct regions as shown 

by their water depth and corresponding modem sea surface conditions (Table 3.1). 
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Summarized core descriptions are listed here however greater detail and photographs 

can be found in the cruise report (Campbell et al. , 2009) . The radiocarbon dates, their 

calibrated ages, publication reference and laboratory identification are listed for each 

core in Table 3 .2. The modeled age intervals and modeled median age (cal ka BP) for 

CC04 and CC70 are also listed in Table 3.2; their age-depth models and 

sedimentation rates are shown in Fig. 3.2. The physical description, chronology, 

dinocyst assemblage, PCA, and MAT reconstruction for each core are described 

below. 

3.3 .1 CC04 -The northwest Labrador Sea (Figs. 3 .3a,b) 

The CC04 record presented here extends to - 15.0 cal ka BP with sedimentation rates 

varying between 3.5 and 93 .1 cm ka- 1
• The piston core PC04 contains massive, dark 

grey silty clay from - 15 to 8.3 cal ka BP (436 to 60 cm), with diffuse laminations 

from - 15 to 12.9 cal ka BP ( 436 to 251 cm), and a mottled texture with bioturbation 

from (251 to 70 cm; i.e., after 12.9 cal ka BP). A layer ofpebbles has been found and 

dated at - 14.5 cal ka BP (410 to 390 cm) (Gibb et al. , 2014). The trigger core 

(TWC04), which spans about the last 7.8 cal ka BP, consists of massive, hemipelagic 

dark grey silty clay. Core CC04 contains up to 9 weight percent coarse fraction (> 

106 IJ.m; considered here as IRD), prior to - 11.3 cal ka BP (Fig. 3.3a). 

The dinocyst concentrations vary from as low as 5 up to 10,000 cysts cm-3 through 

the core. The dinocyst concentrations and assemblages of CC04 are plotted relative to 

age from - 15 cal ka BP to present (Fig. 3.3b). From - 15 to 11.9 cal ka BP, the 

assemblages are dominated by up to 100% Brigantedinium spp., but may include up 

to 18% Islandinium minutum. From - 11.9 to 7.6 cal ka BP, Brigantedinium spp. is 

significantly reduced (< 41 %) whereas 1. minutum increases up to 29%, and severa! 

other species occur in significant number. They include Operculodinium 

centrocarpum (8-40%), Nematosphaeropsis labyrinthus (7-14%), as well as the cysts 
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of Pentapharsodinium dalei (11-58%), which becomes the dominant species by - 8.5 

cal ka BP.!. minutum nearly disappears after - 7.6 cal ka BP and the cysts of P. dalei 

(4-36%) also decrease, while O. centrocarpum (43-75%), accompanied by N 

labyrinthus (5-33%) becomes the dominant species until - 2.4 cal ka BP. After -2.4 

cal ka BP, O. centrocarpum (down to 20%) is replaced by N labyrinthus (up to 63%) 

as the dominant species. The other accompanying taxa have low relative abundance 

(< 10%) throughout the core. 

The frrst component (PC 1) of the PCA identified four assemblage zones in CC04, 

which account for 79.2% of the total variance, while PC2 accounted for 8.9% (Fig. 

3.3b). The lower interval, from - 15 to 11.9 cal ka BP is characterized by the quasi

exclusive dominance of Brigantedinium spp. , a heterotrophic taxon often associated 

with harsh, ice covered conditions (de Vernal et al., 1997, 2001, 20 13a,b; Gibb et al., 

2014; Rochon et al., 1999). The second interval, from - 11.9 to 7.6 cal ka BP, marks 

the increase in !. minutum and the occurrence of phototrophic species such as O. 

centrocarpum and N labyrinthus, which are often associated with the North Atlantic 

Drift (Rochon et al., 1999). The cyst of P. dalei, as the dominant species in this 

interval, suggests large seasonal gradients of temperature due to strongly stratified 

surface waters (Rochon et al., 1999; Solignac et al., 2006). The interval from - 7.6 to 

2.4 cal ka BP is dominated by O. centrocarpum indicating warmer, temperate 

conditions. The upper interval from 2.4 cal ka BP to present is characterized by the 

dominance of N labyrinthus. 

The sea surface conditions in CC04 appear to vary significantly throughout the record 

(Fig. 3.3a). To clearly display the trends in variability, a 5-point running mean was 

added to the sea surface reconstructions. Three of the four PCA assemblage zones are 

identifiable in these reconstructions. Overall, winter SST ranged from -1.8 to 5.3°C, 

summer SST from -0.8 to 13 .3°C, salinity from 28.4 to 35.0, sea ice cover between 0 

and 11.4 months per year, and productivity between 61 and 3 7 4 gC rn -z. The interval 



11 9 

between - 15 and 11.9 cal ka BP records cold, nearly perennially ice-covered 

conditions. Between - 11.9 and 7.6 cal ka BP, winter SSTs increase slightly to an 

average of 0.8°C, while summer SSTs greatly increase to an average of 9°C. This 

interval recorded i) the lowest salinity with a minimum of 28.4 at around 10.4 cal ka 

BP, ii) the highest annual productivity, and iii) a reduced sea ice cover averaging 

about 3 months per year. After - 7.6 cal ka BP, the salinity increase to - 34 and win ter 

SSTs increase slightly to an average of 3.5°C. Summer SSTs decrease slightly, yet 

fluctua te great! y between 6 and 1 Ü°C. 

3.3.2 TWC08- Davis Strait (Figs. 3.4a,b) 

Core TWC08 consists of massive dark greyish brown silty clays with sorne mud 

clasts and high proportions ofiRD, which peak to 50% at 35 cm (Fig. 3.4a). The core 

has a calibrated age at 104-105 cm of 19.4 cal ka BP and one at 136-137 cm of20.6 

cal ka BP, suggesting high sedimentation rates during the glacial period. This core is 

affected by carbonate dissolution above theses intervals and therefore no Holocene 

age mode! was derived. Chronological interpretation was made from the piston core 

collected with TWC08 (PC08) by Andrews et al. (2014) who discussed in detail the 

geochemical data used to correlate TWC08 and PC08 with other dated records from 

the area. The cores are primarily correlated using sediment provenance of 

mineralogical and carbonate contents. The most recent detrital carbonate event (DCO) 

found between 60 and 25 cm in TWC08 and at the core top of PC08 was tentatively 

correlated with other records and assigned an age from approximately 13 to 10.5 cal 

ka BP (Andrews et al. , 2012, 2014; Simon et al. , 2014). The maximum percentage of 

IRD in TWC08 at 34 cm (Fig. 3.4a) indicates a large influx of icebergs into southern 

Davis Strait. This peak occurs during DCO, suggesting icebergs were exiting Baffin 

Bay between about 13 and 10.5 cal ka BP. Considering the lack ofbiogenic carbonate 
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and suggested chronology by Andrews et al. (20 14), it is reasonable to assume that 

the Holocene is comprised within the upper 34 cm ofTWC08. 

Dinocyst concentrations are very low (< 500 cysts cm-3
) in the lower interval 

analyzed, which likely precedes the Holocene (Fig. 3.4b). They increase from 35.5 to 

22 cm to reach values of 5000 cysts cm-3 and fluctuate between 5000 and 10,000 

cysts cm-3 in the upper part of the core. The dinocyst assemblages are dominated by 

the heterotrophic species I minutum (24-57%) and Brigantedinium spp. (10-65%), 

which have their highest abundances below 35.5 cm. In the upper 35.5 cm of the core, 

there is a change in relative abundance in the accompanying taxa. The cysts of P. 

dalei (0-30%) and O. centrocarpum (0-17%) are more abundant between 35.5 and 24 

cm, and N. labyrinthus (0-34%) is more abundant above 24 cm. The other 

accompanying taxa have low relative abundance (< 10%) throughout the core. 

The PC1 scores change from positive to negative at 35 .5 cm and account for 79.9% of 

the variance (Fig. 3.4b). Similarly to core CC04, the PCA scores are influenced by 

the shift from heterotrophic to phototrophic species indicating a shift toward warmer 

conditions. PC2, explaining 11.1% of the variance, is prirnarily reflecting the change 

in assemblage at 24 cm from P. dalei and O. centrocarpum to N. labyrinthus . 

The MAT results show cold conditions and dense sea ice cover for about 8 months/yr 

below 33 .5 cm (Fig. 3.4a). A shift to warmer SSTs (up to 11 °C), reduced salinity 

(down to 30), seasonal sea ice (3 .0-6.5 months/yr) , and increased productivity (up to 

270 gC m-2) is recorded between 33 .5 and 24 cm. Above 24 cm, recurring cold 

summer conditions and a slight increase in sea ice cover are recorded. 
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3.3.3 CC70- eastern Baffin Bay (Figs. 3.5a,b) 

The CC70 record extends to ~ 12.8 cal ka BP with sedimentation rates ranging 

between 11.4 and 101.6 cm ka-1 (Fig. 3.2). The core was previously described by 

Jennings et al. (2014) for sedimentological content and by St-Onge and St-Onge 

(2014) for magnetic properties. It depicts four distinct intervals. The base of the 

composite core (piston core) at ~ 12.1 cal ka BP ( 421 cm) to ~ 11 .2 cal ka BP (376 cm) 

consists of dark gray muds with high arnounts of pebbles and sand, and IRD (> 106 

)lm) amounting up to 85% (Fig. 3.5a). Between ~11.2 and 10.6 cal ka BP (376 and 

326 cm), the sediment consists of bioturbated silty mud with shells, pebbles, vertical 

burrows, and Fe-rich dolomites from northem Baffin Bay (see Jennings et al., 2014). 

IRD and bioturbation are not visible in the interval from ~ 10.6 to ~9 .2 cal ka BP 

which consists of massive silty clay. After ~9 . 2 cal ka BP, from 223 cm to the top of 

the composite core, the sediment consists of bioturbated mud. Two sand intervals are 

present at ~2.7 cal ka BP (100-110 cm) and - 1.2 cal ka BP (48-52 cm) . 

The concentrations of dinocysts in core CC70 range from very low (35 cysts cm-3
) to 

very high (56,000 cysts cm-3
) with the lowest values measured at the bottom of the 

core (Fig. 3.5b). Prior to -7.4 cal ka BP, the dinocyst assemblage mainly consists of 

the heterotrophic species 1. minutum and Brigantedinium spp. (> 90%). O. 

centrocarpum (50-75%) dominates after - 7.4 cal ka BP with accompanying taxa that 

include Nematospaeropsis labyrinthus, Spiniferites elongatus and the cysts of P. 

dalei. 

Based on the scores of the fust two components of the PC analysis in CC70, two 

assemblage zones have been identifled (Fig. 3 .Sb). The scores for PC2 (21 .5% of the 

total variance) identify a shi ft in the relative abundance of 1. minutum and 

Brigantedinium spp. at - 9.5 cal ka BP. The PC1 scores (77.3% of the total variance) 
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mark a shift at ~7.4 cal ka BP, representing the change in dominant species from 

heterotrophic to O. centrocarpum and other phototrophic taxa. Hence, the change 

indicates a shi ft from species which tolera te cold conditions with dense sea ice (de 

Vernal et al. , 1997, 2001, 2013a,b; Gibb et al., 2014; Rochon et al. , 1999) to milder 

conditions associated with the North Atlantic Current (Rochon et al., 1999). 

The two shifts identified by the PCA are distinguishable in the sea surface 

reconstructions, particularly through the salinity and sea ice cover records (Fig. 3.5a). 

Before ~ 7.4 cal ka BP, sea surface conditions are reconstructed as co id, with 

extensive sea ice cover. The shift at ~9.5 cal ka BP distinguishes a regime marked by 

low salinity (28.0 on average) and quasi-perennial ice cover from a regime with 

higher salinity (31. 7 on average) and seasonal sea ice co ver of about 8 months per 

year, without clear change in SSTs. After ~7.4 cal ka BP, there is an increase in 

summer SST from 2.5 up to 9.5°C, an increase in salinity toward values between 32 

and 34, while sea ice cover decrease to seasonal extent from 1 to 6 months per year. 

Productivity increased slightly to an average of 160 gC m-2
. Although the records 

show highly variable values, the smoothed data suggests a trend towards milder 

conditions throughout the Holocene. 

3.3.4 TWC16- central Bafftn Bay (Figs. 3.6a,b) 

Core TWC16 contains laminated silty clays with abundant IRD (Fig. 3.6a) and mud 

clasts from the bottom to 16 cm downcore. Above 16 cm, the occurrence of IRD and 

clasts is signigicantly diminished. A colour change from grey (bottom) to brown (top) 

occurs at 50 cm. Core TWC16 yielded one calibrated age of 13.3 cal ka BP at 56-57 

cm. This was the uppermost possible date due to carbonate dissolution above. 
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Therefore it is assumed that the upper 56 cm of TWC16 span the deglacial and 

postglacial periods in central Baffm Bay. 

The samples conta in rare dinocysts except in the upper 10 cm, where their 

concentrations gradually increase to 1260 cysts cm-3 (Fig. 3.6b ). The dinocyst 

assemblage is dominated by 70-80% 1mpagidinium pallidum from the core bottom to 

16 cm, where it is replaced by O. centrocarpum. When either of these two species 

dominates an assemblage marked by low species diversity, the assemblage is 

associated with cool-cold open ocean conditions (Rochon et al., 1999). In the lower 

part of the record, 1. pallidum is accompanied by 1. minutum. The overall assemblage 

reflects low productivity and harsh conditions (cf. Steinhauer, 2012). In the upper 17 

cm of the sequence, the disappearance of heterotrophic species and increase in 

diversity of phototrophic taxa, which include Spiniferites spp., N labyrinthus and 

1mpagidinium sphaericum, illustrate the onset of milder conditions (Rochon et al., 

1999). 

Two assemblage zones have been identified based on the scores from PC 1, which 

accounts for 92.7% of the total variance (Fig. 3.6b). The zones are divided at 17.5 cm 

by the shift in dominant species, from 1. pallidum to O. centrocarpum, in addition to 

the occurrence of accompanying taxa. 

The sea surface reconstructions demonstrate a regime shift at 17.5 cm (Fig. 3.6a) . The 

lower zone corresponds to cold conditions with about 8 months per year of sea ice 

cover. The conditions warm throughout the upper interval, with a significant 

reduction in sea ice cover and summer SST and salinity reaching maximums of 9°C 

and 34.7, respectively. 

As pointed out by S teinhauer (20 12), the sea surface reconstructions of the upper part 

of the core do not reflect conditions of recent decades. There is a large discrepancy 
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between reconstructed sea surface conditions from the topmost sample and the 

modem hydrographie data, which average 3.2°C and -l.l °C in sumrner and winter 

respective! y, with salinity of 29.9, sea ice cover for 9 months per year, and 57 gC m-2 

of productivity (Table 3.1). Actually, the top cm of core TWCO 16 possibly integra tes 

several hundred years of sedimentation if we take into account the very low 

postglacial sedimentation rates (Simon et al. , 20 12) and mixing by bioturbation as 

shown from 2 10Pb and 137Cs data (Steinhauer, 2012) . Altematively, the preservation 

of dinocysts in the upper part of the core might be questioned since the assemblages 

are lacking the taxa that are most susceptible to degradation due to oxidation such as 

Brigantedinium spp. The aerobic degradation of the more labile cysts of heterotrophic 

species has been documented by Zonneveld et al. (1997, 2001 , 2007). However, deep 

Baffin Bay is currently a low [02] environment (3 .2-3.5 mill; Aksu, 1983; Schrèider

Adams and Van Rooyen, 2011) . Although we cannot totally discard the possibility of 

selective preservation of dinocysts, the occurrence of subpolar taxa leading to 

reconstruct mild conditions is significant. Renee, we do not think that there is a major 

bias in the reconstruction and we rather consider that the top centimeter does not 

represent modem conditions as it likely integrates at !east severa! centuries of 

sedimentation. In this case, the discrepancy between estirnated sea surface conditions 

from dinocyst assemblages and the recent hydrography would reflect a cooling trend 

during the latest Holocene. 
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3.4 Discussion 

Dinocyst assemblages and the application of MAT allowing reconstruction of sea 

surface reconstructions reflect the shift from cold, quasi-perennial sea ice cover to 

warrner conditions with seasonal ice cover at all four sites. According to the 

chronology in radiocarbon dated cores CC04 and CC70 (Fig. 3.2), this shift towards 

mild postglacial conditions occurred in a time transgressive manner, around 11.9 cal 

ka BP in the northwest Labrador Sea and 7.4 cal ka BP in Baffm Bay. The northem 

Labrador Sea and Davis Strait cores CC04 (Fig. 3.3a) and TWC08 (Fig. 3.4a) also 

recorded variation in salinity reflecting changes in freshwater-meltwater discharges 

during the deglaciation and resulting in changes in oceanographie regimes. These 

changes are discussed below in reference to the available chronostratigraphic 

information, to assess the timing of events in the Baffm Bay-Labrador Sea corridor 

during the Holocene. 

3.4.1 Deglaciation and breakup of quasi-perennial sea ice cover 

In the northwest Labrador Sea core CC04, very low dinocyst concentrations and the 

almost exclusive occurrence of the heterotrophic species Brigantedinium spp. and J 

minutum characterize the record prior to - 11.9 cal ka BP (Fig. 3.3b). Such an 

assemblage can be associated with harsh conditions (de Vernal et al. , 1997, 2001 , 

2013a,b; Gibb et al. , 2014; Rochon et al. , 1999) and led to the reconstruction of very 

cold sea surface conditions with quasi-perennial sea ice cover (Fig. 3.3a). After 11.9 

cal ka BP, the appearance of phototrophic taxa suggests milder conditions that can be 

associated with the influence of North Atlantic waters. In particular, the occurrence of 

cysts of P. dalei suggests large seasonal gradients of temperature, from freezing in 

winter to mild in surnmer, due to low thermal inertia in stratified surface waters 
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(Rochon et al. , 1999; Solignac et al., 2006). The increase in summer SSTs coincides 

with the onset of relatively warm air temperatures on Baffm Island as reconstructed 

from chironomid and pollen in lake records (e.g. Briner et al., 2006; Fréchette and de 

Vernal, 2009) . This early Holocene thermal optimum inland occurred during the high 

insolation phase of the Holocene (Berger and Loutre, 1991) which was also marked 

by meltwater discharges from the retreating Laurentide lee Sheet (LIS) that probably 

resulted in low surface water salinity and stratification of the upper water mass. 

Deglaciation in the Baffm and Labrador sectors of the LIS accelerated after the 

Younger Dryas (YD), as recorded regionally at ~12.9-11.6 cal ka BP (Andrews et al. , 

1995a; Dyke, 2004; Jennings et al. , 1996; Kaplan and Miller, 2003). It was 

accompanied by rapid retreat of the Baffm Island coastal outlet glaciers between 12 

and 10 cal ka BP (Briner et al. , 2009). During the deglaciation of the northeast LIS, 

there were a few ice advances including the Gold Cove advance (~ 11.3-11.0 cal ka 

BP; Kaufman et al., 1993) and the Noble Inlet advance (~ 10.0-9 . 5 cal ka BP; Stravers 

et al., 1992) in Hudson Strait. There were also ice advances on Baffm Island during 

the Cockburn substage (~9.5-8.5 cal ka BP; Andrews and Ives, 1978) and possibly 

the 8.2 ka event (Miller et al., 2005; Young et al., 2012). During the deglaciation, 

meltwater discharges no doubt played a role in the variability of sea surface 

conditions notably with regard to salinity and its role on surface water stratification, 

especially after ~ 11.9 cal ka BP. The regime shi ft at about 11.9 cal ka BP is thus 

represented by the change from a quasi-perennially ice covered glacial phase to a 

seasonally ice covered deglacial phase. 

The changes in sea surface conditions reconstructed from the Davis Strait core 

TWC08 (Fig. 3.4a) are very sirnilar to those of CC04 (Fig. 3.3a), which is consistent 

given the location of core TW08 on the southem side of the Davis Strait sill in the 

northernmost part of the Labrador Sea. The TWC08 record can thus be correlated 

with that of CC04 based on the carbonate peak and IRD corresponding to DCO (60-

25cm :::::: 13-10.5 cal ka BP; cf. Andrews et al., 2014) . On these grounds, it is 
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reasonable to propose that the transition at 34 cm in TWC08 may correspond to the 

major regime shift recorded at ~ 11.9 cal ka BP in core CC04. 

The sedimentological record of the eastern Baffm Bay core CC70 suggests that the 

site was proximal to the ice margin from 12.2 to about 11.4 cal ka BP, with high IRD 

content reflecting ablation by ice calving from the adjacent Greenland lee Sheet 

(GIS) margin (Jennings et al., 2014). Low dinocyst concentration, exclusive 

dominance of heterotrophic species, the reconstruction of low SST and salinity 

together suggest low productivity and quasi-perennial sea ice cover likely due to the 

ablating GIS margin and related meltwater discharge (Figs 3.5a,b). At ~9.5 cal ka BP, 

the reconstruction of higher salinity and slight decrease in sea ice co ver correspond to 

the reduction of ice ablation material (cf. Jennings et al., 2014), which indicates the 

diminution of proximal GIS ablation activities in eastern Baffm Bay. This change 

occurred after the rapid retreat of the GIS ice margin at the head of Disko Bugt by 

~10.3 cal ka BP (Lloyd et al. , 2005; Long and Roberts, 2003). 

There are other paleoceanographic records from Baffin Bay that permit to estimate 

the timing of the breakup of permanent sea ice co ver. Unfortunately these records are 

restricted to the surrounding shelves where sea ice dynarnics may differ due to local 

influences related to the GIS and LIS margins, orto the North Water polynya (e.g. 

Hamel et al., 2002). The dinocyst assemblages in core P009 from Lancaster Sound in 

northwest Baffm Bay (Fig. 3.1) recorded the breakup of quasi-perennial ice at ~9 .6 

cal ka BP (Ledu et al. , 2008) while cores 008P and 012P from northem Baffm Bay 

recorded it around 10.5 cal ka BP (Levac et al. , 2001). Indirect proxies other thau 

dinocysts were used for inferences about the transition from very dense to seasonal 

sea ice co ver in Baffm Bay. Benthic foraminifera from northem (cores 008P and 

012P) and western Baffin Bay suggest change from perennial to seasonal ice cover 

between 10.9 and 9.2 cal ka BP (Knudsen et al. , 2008; Osterman and Nelson, 1989). 

Perennial sea ice breakup between 10.3 and 9.2 cal ka PB has been inferred from 
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molluscs, driftwood and midges (Bennike, 2004; Dyke et al., 1996; Funder 1990; 

Funder and Weidick, 1991). Lastly, glacial geomorphology indicates that the flow of 

Arctic water through Nares Strait cornmenced by ~10.6 cal ka BP which fully 

deglaciated between 9.0 and 8.3 cal ka BP (England et al., 2006; Jennings et al., 

2011 b ), and through Lancaster Sound channeling the Canadian Arctic Archipelago 

starting after the YD to ~9.0 cal ka BP (Dyke, 1999). Although not directly related to 

sea surface conditions, these proxies suggest that the Baffm Bay coastal regions 

experienced the breakup of permanent sea ice between 10.5 and 9.0 cal ka BP. The 

CC70 record marks the breakup in eastern Baffm Bay at ~9.5 cal ka BP which fits 

within the time frame set by other records. 

3.4.2 Transition towards full interglacial conditions around 7.5 cal ka BP 

The dominance of phototrophic taxa (O. centrocarpum, N. labyrinthus, and the cysts 

of P. dalei) , which can be associated with a strengthening of the warmer North 

Atlantic Drift (Rochon et al., 1999), dates from ~7.6 cal ka BP in core CC04 and 

possibly core TWC08 (Figs. 3.3b, 3.4b), and from ~7.4 cal ka BP in core CC70 (Fig. 

3.5b). The sea surface reconstructions from core CC04 in the northwest Labrador Sea 

indicate an increase in winter SST, decrease in summer SST and increase in SSS (Fig. 

3.3a). The reduced seasonal gradients in temperature and increase in salinity suggest 

reduced stratification of the upper water masses likely related to decreased meltwater 

discharge from the LIS. The regime shift at ~7.6 cal ka BP occurs when more than 

90% of the LIS had retreated (Dyke, 2004), after the Hudson Strait deglaciation 

(Andrews et al. , 1995b; Kerwin, 1996) and the subsequent drainage of glacial lakes 

Agassiz and Objiway (Barber et al., 1999) at 8.4 cal ka BP. However, the shift 

slightly predates the collapse of the ice cap of Foxe Basin at ~ 7.0 cal ka BP (Briner et 

al. , 2009; Miller et al., 2005). 
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The main change in salinity recorded in the northem Labrador Sea that corresponds to 

reduced stratification coupled with increased advection of North Atlantic water would 

have fostered convective mixing of the upper water column during winter initiating 

LSW formation and modem circulation in the northwest North Atlantic (cf. also de 

Vernal and Hillaire-Marcel, 2006; Hillaire-Marcel et al., 2001). The advection of 

Atlantic water and reorganization within the Labrador Sea is also apparently started at 

7.7 cal ka BP offsouthwest Greenland in cores DA04-41P and -31P (Seidenkrantz et 

al., 2013), and - 7.6 cal ka BP south of Davis Strait in cores CC04, TWC/P021 (Fig. 

3.1; de Vernal et al. , 2001, 2013b), P094 (Orphan Knoll; Solignac et al. , 2004) and 

possibly TWC08. Hence the overall data from northem Labrador Sea and Davis Strait 

suggest an important regional shi ft in sea surface conditions at - 7.6 cal ka BP with a 

transition towards modem postglacial conditions. 

The species assemblages and MAT reconstructions also permit to identify a shi ft at 

- 7.4 cal ka BP in eastern Bafftn Bay core CC70 is as an increase in SSTs and further 

reduction of seasonal extent of sea ice cover. The sea surface conditions after the shift 

are related to the strengthened Atlantic inflow through Davis Strait into Baffm Bay 

with the WGC. At this time, the GIS reached maximum postglacial retreat within the 

Isfjord (Briner et al., 201 0; Young et al. , 2011 ), possibly related to the increased 

strength of the WGC (Holland et al. , 2008; Young et al. , 2011). Also in core CC70, 

Jennings et al. (2014) identified foraminiferal species indicative of warmer 

intermediate water from - 7.5 cal ka BP, which they attributed to an increased 

influence of Atlantic water and retreat of the GIS and LIS. There are now a few 

records that have revealed a shift due to surface and subsurface warming related to a 

strengthened WGC in Baffin Bay around 7.5 cal ka BP, many focusing around Disko 

Bugt. Similarly to CC70, core MSM343300 at the southwestem edge of Disko Bugt 

(Fig. 3.1) contains heterotrophic species that dominate the assemblages prior to - 7.3 

cal ka BP followed by the appearance of species associated with the North Atlantic 
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water influence (Ouellet-Bernier et al., 2014). Benthic foraminiferal assemblages also 

recorded the strengthening of the North Atlantic component in subsurface waters in 

Disko Bugt area, at 7.3 cal ka BP in core MSM343300 (Pemer et al. , 2013), and 

between 7.7 and 7.5 cal ka BP in the nearshore cores DA00-04P and -06P 

(Seidenkrantz et al., 2013) (Fig. 3.1). The extremely low dinocyst concentrations that 

characterize most of central Baffin Bay core TWC16 indicate low productivity due to 

quasi-perennial ice cover (Fig. 3.6a,b ). Heterotrophic species that tolera te heavy sea 

ice formation are present. The most striking feature is the dominance of 1. pallidum, 

which is an oligotrophic species currently found at high abundance in cold, open 

ocean environments such as the eastern Greenland Sea (Bonnet et al. , 2010; de Vernal 

et al., 2001; Rochon et al. , 1999). Accordingly, the sea surface reconstructions with 

analogues selected from this area reflect very cold conditions and low productivity 

which is coupled with nearly perennial sea ice cover due to the presence of 

heterotrophic taxa throughout most of the interval. The shift at 17.5 cm towards 

warmer sea surface temperatures with ice-free conditions at core top is the result in 

the change from an assemblage dominated by I pallidum to an assemblage with 

higher diversity of subpolar taxa. From 17.5 to 8 cm, the change in dinocyst 

assemblages reflects warming sea surface conditions. For the upper 8 cm of the core, 

likely because of the occurrence of I sphaericum, most modem analogues are from 

the Barents and southeastem Greenland Seas, which led to reconstruct relatively 

warm and saline sea surface conditions, with summer SSTs of about 8°C, salinity 

around 34 and sea ice restricted to winter. Such assemblages mark the establishment 

of full interglacial conditions in Baffin Bay. The change recorded from 17.5 cm in 

central Baffin Bay might corre la te with the shi ft recorded at 7.4 cal ka BP in the 

eastern Baffin Bay. 
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3.4.3 Changes in sea surface conditions during the mid- and late Holocene 

In the Baffin Bay cores, the dinocyst assemblage composition above the transition 

recorded at ca. 7.5 cal ka BP is relatively uniform. However, in core CC04 from the 

northem Labrador Sea, there is a significant shift in dinocyst assemblage at - 2.4 cal 

ka BP as clearly shown from the PC analysis. It is associated with a change in species 

dominance, from O. centrocarpum to N labyrinthus (Fig. 3.3b). However, it does not 

correspond to a major change in reconstructed sea surface conditions, which only 

show a slight diminution in surnmer SSTs and seasonal gradients of temperatures 

(Fig. 3.3a). In modem sediments of the reference database, N labyrinthus appears to 

be cosmopolitan in the North Atlantic, often dominating the assemblage along the 

Irminger Current (Boessenkool et al., 2001; Marret et al. , 2004; Rochon et al., 1999). 

It has also been associated with the mixing of cold Arctic waters of EGC or LC with 

warm North Atlantic waters of the IC or WGC (Rochon et al. , 1999), and was 

positively correlated with nutrient levels (Devillers and de Vernal, 2000). These 

conditions correspond to those recorded along the Labrador Shelf-Slope Front 

(LSSF), which is currently located northwest of CC04 (Fig. 3.1; Belkin et al. , 2009) . 

Therefore the change in the dinocyst assemblage might reflect southward and/or 

eastward shift of the polar front during the course of the late Holocene with a 

strengthened BIC. A late Holocene increase in Arctic water outflow through the 

Canadian Arctic Archipelago into Baffm Bay, including Nares Strait and Lancaster 

Sound, is supported by slight changes in dinocyst assemblages corresponding to a 

cooling trend (Ledu et al. , 2008; Levac et al. , 2001). Therefore an increase inN 

labyrinthus and dinocyst concentrations coupled with fluctuations in sea surface 

conditions in the northwest Labrador Sea (and possibly other areas along the IC), may 

be interpreted as reflecting the core' s proximity to the polar front linked to an 

increase in Arctic water outflow and a strengthened BIC and LC. 
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One of the most prominent feature of late Holocene paleoclimate in the northwest 

Atlantic is a cooling trend that has been associated with Neoglaciation. lee advance of 

the GIS occurred during the late Holocene (Briner et al., 201 0; Long and Roberts, 

2003). Surface and subsurface cooling along coastal West Greenland over the last -4 

ka have been attributed to varying strength in the Atlantic (IC) vs Arctic (EGC) 

components of the WGC (Andresen et al., 2011; Erbs-Hansen et al., 2013; Lloyd, 

2007; M0ller et al., 2006; Moros et al., 2006; Pemer et al., 2013; Ouellet-Bernier et 

al., 2014; Seidenkrantz et al., 2007, 2008). Temperature fluctuations in those records 

were associated with the Medieval Warm Period and Little lee Age. The sea surface 

conditions reconstructed at our sites also show fluctuations during the last 3 ka but 

they do not necessarily correlate with other records, nor are their trends consistent. In 

contrast to Neoglacial cooling, the average sea surface conditions in core CC70 

increase by approximately 1.5°C after -3.1 cal ka BP (Fig. 3.6b), suggesting an 

increased contribution of the Atlantic component to the WGC. Coupled with lower 

salinities between - 1.9 and 0.9 cal ka BP, the slightly higher SSTs can also suggest 

summer warming due to increased stratification and reduced thermal inertia in the 

surface layer. Similarly, reconstructions based on dinocyst assemblages in core 

MSM343300 indicate phases of warmer temperatures and lower salinities, which are 

attributed to increased meltwater from the GIS during intervals of warmer WGC flux 

(Fig. 3.7; Ouellet-Bernier et al., 2014). The variations in sea surface conditions in 

CC70 do not seem to be perfectly in phase with those recorded in core MSM343300, 

which is more directly influenced by the WGC. 

Actually, the sea surface salinity records from these two areas appear to be negatively 

correlated (Fig. 3.7), suggesting that fluctuations in the salinity nearshore may have 

little influence offshore. Core CC70 is located - 155 km west of the Greenland coast 

within the BIC-WGC frontal zone (Fig. 3.1; Belkin et al. , 2009; Curry et al., 2011; 

Fisheries and Oceans Canada, 2012) with a modem summer SST and salinity of 

3.6°C and 32.8, and 6.2 months per year of sea ice cover (Table 3.1). Its postglacial 
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assemblages are characterized by phototrophic taxa and dominant O. centrocarpum 

(Fig. 3.6a), which is typical of open ocean conditions. In contrast, core MSM343300 

is located ~ 15 km west of the Greenland coast on the sou them flank of the opening of 

Disko Bugt (Fig. 3.1) with a modem summer SST and salinity of 4.4°C and 32.9 

respectively with about 4 months per year of sea ice cover. Hence dinocyst 

assemblages are largely dominated by 1. minutum and reflect a neritic environment. 

The reconstructed sea surface conditions of CC70 throughout the postg1acial appear 

to be about 5°C colder, 1 unit of salinity higher, and characterized by slightly more 

extensive sea ice cover than in core MSM343300 (Fig. 3.7). Thus the surface waters 

at the coastal site (MSM343300) show greater ability to warm in summer due to 

lower thermal inertia and the more direct influence of the WGC (and EGC) than sites 

offshore toward central Baffin Bay (CC70), which are under the influence of the 

cyclonic ocean gyre mixing BIC with WGC and being responsible for lower 

stratification. 

3.5 Conclusion 

Despite difficulties to establish chronostratigraphical schemes, poor preservation due 

to biogenic carbonates and low postglacial sedimentation rates, the Holocene records 

from the Baffm Bay, Davis Strait and northem Labrador Sea presented here provide 

sorne insight into the postglacial paleoceanographical reorganisation in the northwest 

North Atlantic. These records are mostly based on dinocyst assemblages. They 

illustrate strong regionalism in the dinocyst distribution, but yield a consistent picture 

of the main paleoceanographical changes. South of Davis Strait, the breakup of 

perennial sea ice and onset of relative! y warm sea surface conditions began ~ 11.9 cal 

ka BP with dinocyst records that indicate the strengthening of the Atlantic 

component of the WGC. In Baffm Bay, the breakup of perennial sea ice began after 
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~9.5 cal ka BP and the regime shift to warmer sea surface temperatures occurred 

later, at about 7.5 cal ka BP. The onset of warmer conditions in Baffin Bay seems 

also to be a response to a strengthened North Atlantic component of the WGC and to 

relate with the final retreat of the LIS and GIS. Therefore the early to mid-Holocene 

optimum, identified as the intensification of the North Atlantic Current (de Vernal 

and Hillaire-Marcel, 2006), occurred diachronously north of the Labrador Sea, in the 

Baffm Bay, the delayed establishment of full postglacial conditions being likely 

related to late glacial retreat in the northeast LIS possibly caused by lirnited 

exchanges through the narrow Davis Strait. The timing of changes in Baffin Bay is 

coherent with reduction of meltwater-freshwater export to the Labrador Sea, which 

likely contributed to higher salinity and density favorable for convective mixing and 

the formation of LSW. Beyond the major change recorded at around 7.5 cal ka BP, 

paleoceanographic assessment from dinocyst assemblages in cores from the Baffm 

Bay corridor suggests that sea surface conditions experienced spatial and temporal 

variability throughout the postglacial, responding to large scale changes in the open 

oceanic regime. This variability seems also to be related to fluctuations in the position 

of the polar front that constitutes a boundary between inflowing North Atlantic water 

and outflowing Arctic water. 
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Figures 

Figure 3 .1. Map indicating sampling locations for cores CC04, TWC08, TWC 16, and 
CC70, which are used in this study, as well as other cores mentioned in the text 
(008P, 012P, DA00-04P, DA00-06P, DA04-31P, DA04-41P, MSM343300, P009, 
P021). Surface currents are also displayed including the North Atlantic Current 
(NAC), Irminger Current (IC), East Green! and Current (EGC), West Greenland 
Current (WGC), Baffm Island Current (BIC), and Labrador .Current (LC). The 
appoximate location of the West Greenland Current Front (WGCF) and the Labrador 
Shelf-Slope Front (LSSF) are shown as dotted lines (after Belkin et al. , 2009). 
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Figure 3.2. Age vs. depth relationship for core CC04 (a) and CC70 (b) based on the 
calibrated 14C ages listed in Table 3.1. The age-depth madel is shawn in purple and 
blue and the sedimentation rates are represented by the black lines. The age-depth 
madel for core CC04 (a) is in two sections, with core PC04 in blue and TWC04 in 
purple. 
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CONCLUSION 

The central problematic of my thesis is the importance of ocean circulation in past, 

present and future climate. In the Canadian Arctic, the Baffm Bay corridor deserves 

particular attention due to its role in Arctic freshwater outflow, its range m 

environment and oceanic conditions throughout a glacial cycle, and its lack of 

previously analyzed paleoceanographic records. To fill this knowledge gap in a key 

region, a transect of cores was collected from the corridor from which 

paleoceanographic records were reconstructed. The focus was to document the 

variability in oceanographie conditions through the Baffin Bay corridor over the last 

glacial cycle while correlating them with regional and basin scale oceanographie and 

climate records. In three research chapters, my goal was to address the three 

objectives presented in the introduction. The results demonstrate that the Baffm Bay 

corridor is in fact a unique environment. Surrounded by ice sheets during the glacial 

interval, this area was insulated from the North Atlantic current, which delayed the 

breakup of permanent sea ice caver and the establishment of full " interglacial 

conditions" in the central areas of Baffm Bay and the northwest Labrador Sea. lee 

sheet melt had a dramatic effect on the sea surface and subsurface conditions of these 

confmed basins, creating a very stratified upper water mass with seasonal sea ice and 

strong seasonal gradients in temperature. The Davis Strait sill seemed to play a role 

by delaying the progressive deglaciation from the northwest Labrador Sea to Baffm 

Bay. These deglacial changes are not only unique, but are completely decoupled from 

those in the Northem North Atlantic. Further, the Holocene records demonstrate that 

the coring location was paramount in separating coastal from regional changes in 

oceanic conditions by revealing the interaction between the warmer, more saline 

West Greenland Current (WGC) and cooler, less saline Baffin Island Current (BIC). 

Unfortunately, these sites have the disadvantage of low temporal resolution which 

------------- -------------- -------
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created difficulties in correlating the records with those of the late Holocene climate 

fluctuations on a basin scale. Therefore, while these results can be used for modeling 

large scale changes in oceanographie conditions due to Arctic freshwater outflow or 

warming on long time scales, they are constrained to low resolution. 

I also proposed to address the limitations of paleoceanographic research from a site 

that has experienced such persistently cold, ice covered conditions, to provide a 

baseline documenting the variety and quality of information that can be extracted. I 

report that the most restricting parameters are chronology and lack of rnicrofossils for 

proxy reconstructions of ocean parameters. However, the Baffin Bay core does 

provide a record of intervals of Atlantic water advection and intervals of quasi

perennial to seasonal sea ice cover. This information is of great significance for 

research conducted on the dynamics of surrounding ice sheets. Specifically, this 

record suggests that Atlantic water advection may affect ice stream retreat 

(O 'Cofaigh et al., 2013; Simon et al., 2014). 

My thesis consists of three research chapters with a record spanning the last - 36 ka 

from the northwest Labrador Sea, the last - 115 ka from central Baffin Bay, and 

higher resolution records focusing on the deglacial and Holocene (last - 15 ka) from a 

transect of cores from the northwest Labrador Sea, Davis Strait, and eastern and 

central Baffin Bay. Due to the inherent difficulties of paleoceanographic research in 

this region, not all objectives were met in all areas due to limitations of data. While 

the individual research Chapters provide details of my results, here I provide an 

account of how the objectives, and the specifie goals, were used to address the central 

problematic and sorne of the challenges inherent in using proxy records to reconstruct 

past ocean conditions in these areas. 
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Objective 1: Reconstruct sea surface conditions including summer and winter 

temperatures, salinity, productivity, and sea ice cover as they respond 

to changes in climate, the subsurface water mass, and meltwater input. 

In central Baffm Bay, intermittent periods of perennial sea ice co ver throughout most 

of the glacial interval inhibited primary production within the surface water mass, 

which resulted in barren samples. Intervals containing low dinocyst abundances were 

episodic and reflected seasonal breakup. However the record was also sparse due to 

the few numbers of palynological samples analysed. The low abundance of dinocysts 

was known from the analysis of P1985. Due to lengthy palynological processing 

protocols analysis of Baffin Bay sediments (see future work section below), 1 chose 

to select samples throughout the core to create a subset associated with a variety of 

different parameters. These parameters include presence/absence of planktic and 

benthic foraminifera and a range of their stable isotope values, and varying 

percentages of ice rafted debris (IRD) and detrital carbonate content (Simon et al. , 

2014). This subset of samples does provide an assessment of the amount of sea ice 

cover during various intervals of colder and warmer subsurface conditions. 

Dinocyst concentrations in the northwest Labrador Sea were also very low prior to 

deglaciation, which indicated perennial to quasi-perennial sea ice cover, especially 

when considering the species that were present. Sea surface reconstructions were 

quantitatively weak but reflected harsh conditions nonetheless. Large amounts of 

meltwater from the three surrounding ice sheets during the deglacial interval were 

evident in the reconstructions with low salinities and strong seasonal gradients of 

temperature. Unexpectedly, the dramatic shift from glacial to deglacial conditions 
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recorded in the northwest Labrador Sea overshadowed the B.01ling-Allemd and 

Younger Dryas events, which are easily identified in the Northern North Atlantic. 

Postglacial sea surface conditions were successfully reconstructed at all four sites 

within the Baffm Bay corridor due to increased productivity within seasonally open 

seas. These records demonstrated large fluctuations controlled by the relative 

strengths and shifts of the warmer, more saline WGC and colder, less saline BIC. The 

climate events of the Holocene, which can be correlated with surrounding coastal 

records, were not identifiable within the records I analysed. This suggests that sites 

beyond the shelf provide an opportunity for analysis of the variability of ocean 

currents independent of local elima te. 

Although Baffm Bay dinocysts were sufficiently abundant through the postglacial for 

the application of the modern analogue technique, the reconstructions toward the top 

of the core did not reflect modern conditions (Steinhauer, 20 12). The lack of 

heterotrophic species might reflect possible degradation due to oxidation (Zonneveld 

et al., 1997, 2001, 2007), or bioturbation of sediments with very low accumulation 

rates as shown by 210Pb and 137Cs dating (Steinhauer, 2012). The shift in dominant 

species suggests that sea surface conditions irnproved postglacially, regarless of the 

amount of change, likely in accordance with those in eastern Baffin Bay. 

Objective 2: Characterize temporal variability in relative temperature, salinity, and 

dissolved inorganic carbon of the subsurface water mass due to the 

advection of other water masses, changes in sea ice cover, and 

stratification and/or ventilation throughout the water column. 
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My focus on re-investigating the paleoceanographic record in Baffm Bay (Chapter 2) 

was intended to overcome sorne of the limitations of creating stable isotope records 

from foraminiferal tests. Although the lack of foraminifera due to low productivity in 

a predominantly ice covered environment was known and unavoidable, 1 have shown 

that the planktic-8 180 records, from PC 16 and from the core analysed in the 1980s, 

are robust. Also, the addition of benthic 8180 and 813C values contributed 

substantially to the paleoceanographic record, indicating a single, cold subsurface 

water mass . Although the Baffin Bay record is discontinous, the values represent 

intervals of Atlantic water advection during both stadials and interstadials of the last 

glacial interval. 

A relatively complete planktic stable isotope record was produced from the northwest 

Labrador Sea (PC04 described in Chapter 1). Intervals without stable isotope values 

occurred during the glacial interval as a result of low foraminiferal concentrations, 

likely due to dense sea ice cover, lack of nutrient rich Atlantic water, or very high 

sedimentation rates. Objective 2 was instrumental in identifying sea ice formation 

during Heinrich Events, inflow of an intermediate component of the NADW 

produced in the GIN Seas during the Y ounger Dryas, and the shi ft from a stratified to 

ventilated subsurface at the onset of LSW formation at the onset of the postglacial. 

Unfortunately, the benthic foraminiferal abundances were very low throughout the 

core and were therefore not collected for isotopie analyses. However, as shown by the 

isotopie analyses in Baffm Bay (Chapter 2), valuable information can be extracted 

from a discontinuous record and therefore it may be of interest to do so as 

complementary future study using core PC04. 
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Finally, an isotope record was also created for TWC04 but it wasn ' t used in Chapter 3 

since no other records were available for correlation (Appendix B, Table 6). This was 

because the Holocene sediments at the three other sites in this thesis were subjected 

to carbonate dissolution. 

Objective 3: Spatially and temporally correlate changes in paleoceanographic 

conditions among sites throughout the Baffin Bay corridor and with 

other records from the North Atlantic to identify associations with 

oceanic circulation and climate. 

Establishing a chronology should be the frrst analysis for the study of marine 

sediment cores. The dissolution of calcareous foraminifera in the Baffm Bay and 

Davis Strait cores was known prior to paleoceanographic analysis. Fortunately, 

bivalve shells and seaweed were preserved in the eastern Baffm Bay core (CC70) and 

yielded radiocarbon data. This core, located weil within the WGC, was instrumental 

in the correlation of the transect of cores. Cores TWC08 and CC04 were tentatively 

correlated based on dinocyst assemblages and sea surface reconstructions. For the 

reasons provided in Chapter 3, it seems likely these records are correlated but it is 

impossible to know if they are concomitant. However, the timing of the deglaciation 

and establishment of modern sea surface conditions in Davis Strait probably occurred 

after the changes in the northwest Labrador Sea, and before similar events took place 

in eastern Baffin Bay. This diachronous evolution toward seasonal sea ice cover from 

the northwest Labrador Sea to eastern Baffm Bay is evident, but a chronology is 

required in core TWC08 in order to constrain the timing. The execution of objective 3 

has shown how dinocyst assemblages and sea surface reconstructions can contribute 

to establishing relative chronological order. 
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Future work 

Addressing the limitations of Baffm Bay for paleoceanographic research required the 

re-analysis of Baffm Bay sediments. Most of the rnicropaleontological methods have 

remained the same over the last 30 years, but a few concerns arose during the 

preparations and analyses. The following are sorne suggestions that would advance 

paleoceanographic research using microfossils as proxies in harsh ocean 

environments. 

In Chapter 2, planktic foraminiferal tests filled with fme detrital material were found 

and avoided while picking for isotopie analyses. This was due to the high amounts of 

detrital carbonate in Baffm Bay sediments (Hiscott et al., 1989), which suggested that 

the foraminiferal isotopie values could be offset due to the isotopically light detrital 

carbonate material (Hodell and Curtis, 2008). I therefore attempted two different 

methods to remove the sediment. The frrst was by ultrasonication, but it was either 

not efficient enough or too efficient and began to dissolve the tests. The second was 

to fust break the tests open then quickly ultrasonicate and rinse each one, but too 

much material was lost. Due to low abundances, the latter was not an option and 

therefore I was encouraged to perform an analytical test of the possible offset caused 

by detrital carbonate contamination within planktic foraminiferal tests. Fortunately, 

the results indicated little offset relative to the replicate samples. However, I would 

suggest the need to establish a method that can efficiently clean the inner chambers of 

foraminiferal tests, especially for 14C dating. 
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Difficulties with palynological analyses were also encountered with Baffin Bay 

sediments. Processing includes digestion with altemating hydrochloric acid (HCl) 

which removes calcium carbonate (CaC03), and hydrofluoric acid (HF) which 

removes silicates (Si02). After processing, the residue should only contain organic 

material such as palynomorphs and organic detritus. The Baffin Bay residues 

contained high amounts of mineral, originally assumed to be undigested silica. After 

further digestions without success, I now hypothesised that the remaining mineral is 

fluorite. Fluorite is calcium fluoride (CaF2) that could have formed when remaining 

Ca+2 ions from the dissociated CaC03 bonds with the dissociated HF. An attempt was 

made to separate the organic residue from the mineral with sorne success. The 

problem with a residue containing mineral is caused by obstructed palynomorphs by 

minerais in thick microscope slides, and by palynomorphs being diluted in the 

sample. This particularly poses a problem in Baffm Bay where concentrations are 

already extremely low. Therefore slides were made by concentrating the organic 

matter, and several slides were analysed to count a significant number of marker 

grains. In future processing, I suggest rinses possibly while sieving between each acid 

digestion to remove any remaining ions. 

I have also developed an interest in studying carbonate dissolution. Benthic 

forarniniferal linings found in the palynological sample reflect carbonate dissolution. 

However, it remains uncertain whether the tests dissolved in situ (ocean) or after the 

sediments were cored and brought to the surface and depressurised. There is also 

concern about storage and processing methods. During the HU2008-029 cruise, we 

collected surface sediment samples consisting of the top (cm) layer of sediment from 

boxcores (Campbell et al., 2009). The samples were stained with rose Bengal and 

preserved in ethanol. Live and dead benthic foraminifera were found in the deep 

Baffin Bay surface sediments. Therefore it would be worth investigating the potential 

of foraminiferal test preservation within the subsurface sediment layers. 
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A few other research areas of interest emerge from my studies. Site selection for core 

collection to complement this work is important. Future work in the Baffm Bay 

corridor should consist of the analysis of cores strategically collected for optimal 

chronology and temporal resolution. Ideally, future cores would be similar to PC70 in 

eastern Baffin Bay, which have higher sedimentation rates resulting in higher 

temporal resolution, are above the lysocline preserving carbonate tests, and yet are a 

significant distance away from coastal influence. A comparison between cores 

collected well within the BIC and the WGC may offer more information in terrns of 

timing and intensity of the relative contribution of currents. A transect of cores 

perpendicular to the Baffm Island or West Greenland shelf may pro vide su ch an 

environrnent. It will also demonstrate the impact of coastal processes and elima te. 

Summary 

Until now, the paleoceanographic development of the Baffm Bay corridor over the 

last glacial cycle had been largely unknown. I have contributed new 

paleoceanographic research both spatially and temporally to fill this knowledge gap 

and I have shown how microfossils can be an effective tool for the study of 

oceanographie circulation in the harshest of conditions. My reassessment of a deep 

Baffm Bay record has shown the potential and limitations of reconstructions in a 

harsh, ice covered environrnent. Foraminiferal isotope records revealed intervals of 

the advection of Atlantic water into the Bay during the glacial, which contributes to 

the study of surrounding glacial activity. Sea surface reconstructions of the northwest 

Labrador Sea revealed delayed response to deglaciation and the dramatic response to 

glacial melt. Baffm Bay remained ice covered until postglacial conditions were 
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established throughout the corridor, which consisted of seasonal sea ice co ver and the 

ons et of Labrador Sea W ater formation. La te Holocene sea surface conditions were 

variable, and likely reflect oceanic circulation rather than climate. These 

reconstructions will contribute to future research in this area including other 

paleoceanographic reconstructions and ice stream activity, and provide a baseline for 

analysing the impacts of glacial-interglacial climate change. 
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Dinocyst taxonomy 

ACHO Achomosphaera spp. , Evitt 1963 
BSPP Brigantedinium species identified to the genus leve!, Reid 1977 
BCAR Brigantedinium cariacoense, (Wall1967) Lentin and Williams 1993 
BSIM Brigantedinium simplex, Wall 1965 ex Lentin and Williams 1993 
EKAR Echinidinium karaense, Head et al., 2001 
IACU Impagidinium aculeatum, (Wall 1967) Lentin and Williams 1981 
IP AL Impagidinium pallidum, Bujak 1984 
IP AR Impagidinium paradoxum, (Wall 1967) Stover and Evitt 1978 
IPAT Impagidinium patulum, (Wall 1967) Stover and Evitt 1978 
ISPH Impagidinium sphaericum, (Wall1967) Lentin and Williams 1981 
ISTR Impagidinium strialatum, (Wall1967) Stover and Evitt 1978 
ISPP Impagidinium species identified to the genus level 
IMIN Islandinium minutum, (Harland and Reid in Harland et al. 1980) Head et al. 

2001 
IMIC Islandinium var. cezare, (de Vernal et al. , 1989, Rochon et al. , 1999) Head et 

a1. , 2001 
LMACLingulodinium machaerophorum, (Deflandre and Cookson 1955) Wall1967 
NLAB Nematosphaeropsis labyrinthus, (Ostenfe1d 1903) Reid 1974 
OCEN Operculodinium centrocarpum sensu, Wall and Dale 1966 
OCSS Operculodinium centrocarpum sensu- short processes, Wall and Dale 1966 
OARC Operculodinium centrocarpum sensu - Arctic morphotype, (Wall and Dale 

1966) de Vernal et al. , 2001 
PDAL Cyst of Pentapharsodinium dalei, Indelicato and Loeblich III 1986 
PERI Miscellaneous congruentidiacean cysts 

PRET Pyxidinopsis reticulate, (McMinn and Sun 1994) Marret and de Vernal1997 
PARC Protoperidinium americanum (Gran and Braarud 193 5) Balech 197 4 
SNEP Selenopemphix nephroides, (Benedek 1972) Benedek and Sarjeant 1981 
SQUA Selenopemphix quanta s.l. , includes Selenopemphix quanta (Bradford 1975) 

Matsuoka 1985 and cysts of Protoperidinium nudum (Meunier 1919) Balech 
1974 

SELO Spiniferiles elongatus, Reid 1974 
SFRI Spiniferiles frigidus , Harland and Reid in Harland et al. , 1980 
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SMIR Spiniferites mirabilis s.l., includes Spiniferites mirabilis (Rossignol 1967) 
Satjeant 1970, and Spiniferites hyperacanthus (Deflandre and Cookson 1955) 
Cookson and Eisenack 1974 

SRAM.Spiniferites ramosus s.l., includes Spiniferites ramosus (Ehrenberg 1838) 
Mantell 1854, and Spiniferites bulloideus (Deflandre et Cookson 1955) 
Satjeant 1970 

SSPP Spiniferites species only identifiable to the genus level 
TAPP Trinovantedinium applanatum, (Bradford 1977) Bujak and Davies 1983 
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Data tables 

Table B.l Core PC04 Palynolomorph concentrations 

Depth Dinocysts Pollen Spores 
Reworked 

Organic 
(cm) cm-3 cm-3 cm-3 palynomorphs linings cm-3 

cm-3 

0.5 4632 28 56 0 237 
4.5 6507 21 83 0 396 
8.5 4787 59 45 0 2973 
12.5 5896 78 16 0 3372 
16.5 4807 67 0 0 3313 
20.5 4801 42 70 0 4702 
24.5 4823 28 42 0 1612 
28 .5 4499 65 13 0 1043 
32.5 3445 32 21 0 948 
36.5 4239 45 35 0 1974 
40.5 1595 46 20 0 419 
44.5 4558 147 59 0 3881 
48.5 2590 46 54 0 536 
68.5 1499 35 56 0 1129 
72.5 2288 45 23 15 2077 
76.5 2287 30 30 15 2775 
80.5 2499 16 24 0 2523 
84.5 2231 14 43 7 2746 
88.5 4482 45 89 45 8356 
92.5 4273 111 70 28 6417 
96.5 4721 39 104 39 7590 
100.5 3383 22 32 32 2715 
104.5 4879 0 31 0 4650 
108.5 4676 30 15 61 3431 
112.5 6291 39 39 77 6522 
116.5 6004 57 38 0 5032 
120.5 2887 9 35 53 1580 
124.5 2190 26 6 58 1816 
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Depth Dinocysts Pollen Spores 
Reworked 

Organic 
palynomorphs 

(cm) cm-3 cm-3 cm-3 
cm-3 linings cm-3 

128.5 5489 52 34 17 3269 
132.5 5448 34 17 68 3207 
136.5 3876 12 37 61 1607 
140.5 5307 52 35 52 2071 
144.5 2107 32 13 32 1112 
148.5 2602 68 17 118 2103 
152.5 1830 39 6 67 2267 
156.5 3121 40 0 161 3973 
160.5 3264 54 22 119 2747 
164.5 1355 17 12 42 1177 
168.5 1755 17 29 120 926 
172.5 2717 26 9 44 1341 
176.5 3517 12 12 12 1571 
180.5 3387 34 0 80 2228 
184.5 3419 Il 0 110 3915 
188.5 2244 30 7 103 3618 
192.5 1063 32 0 77 1186 
196.5 1240 24 8 175 1639 
200.5 577 9 5 93 428 
204.5 1239 12 8 139 1092 
208.5 566 0 0 61 700 
212.5 300 0 0 64 426 
216.5 235 0 0 80 127 
220.5 111 0 0 83 28 
224.5 5 0 5 43 14 
228.5 7 0 0 85 14 
232.5 19 0 0 157 18 
236.5 219 0 0 209 270 
240.5 155 0 0 285 475 
244.5 295 0 0 221 310 
248.5 164 0 0 214 232 
252.5 31 0 2 226 63 
256.5 189 0 0 170 187 
260.5 661 0 0 191 89 
264.5 732 24 0 161 249 
268.5 248 30 0 236 89 
272.5 1458 20 0 158 341 
276.5 1880 22 0 217 347 
280.5 1131 Il 0 196 138 
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Depth Dinocysts Pollen Spores 
Reworked 

Organic 
(cm) cm·3 cm·3 cm·3 palynomorphs linings cm·3 

cm·3 

284.5 676 11 3 11 6 114 
288.5 654 9 3 135 171 
292.5 794 17 11 205 199 
296.5 381 22 8 129 115 
300.5 289 18 7 84 88 
304.5 328 0 166 147 
308.5 642 17 5 158 195 
312.5 307 3 3 125 157 
316.5 105 7 2 183 91 
320.5 307 4 0 203 102 
324.5 582 11 0 155 125 
328.5 1326 6 0 174 174 
332.5 2933 0 0 220 335 
336.5 1398 14 5 238 178 
340.5 1397 9 0 202 125 
344.5 3453 41 0 183 193 
348.5 2017 13 0 27 1 310 
352.5 775 10 3 223 195 
356.5 810 10 0 213 175 
360.5 645 6 0 194 142 
364.5 1076 3 0 230 224 
368.5 308 7 2 167 90 
372.5 309 17 0 353 105 
376.5 440 9 3 170 252 
380.5 557 18 4 277 272 
384.5 537 9 2 247 511 
388.5 98 7 0 202 125 
392.5 434 44 0 295 252 
396.5 525 15 2 243 214 
400.5 42 1 14 9 312 77 
404.5 620 17 17 222 205 
408.5 35 14 Il 0 258 269 
412.5 1066 13 0 246 141 
41 6.5 1236 0 0 209 157 
421.5 916 16 0 418 177 
424.5 1244 14 0 349 126 
428.5 1441 0 0 323 150 
432.5 1923 0 0 496 347 
436.5 1492 5 5 530 372 
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Depth Dinocysts Pollen Spores 
Reworked 

Organic 
palynomorphs (cm) cm·3 cm·3 cm·3 

cm·3 linings cm·3 

440.5 601 0 0 385 101 
444.5 1181 0 0 649 329 
448.5 1144 14 4 261 409 
452.5 711 14 0 272 315 
456.5 582 3 0 279 350 
460.5 694 13 0 382 493 
464.5 424 20 0 373 435 
468.5 812 39 5 610 608 
472.5 591 17 4 463 416 
476.5 635 14 2 370 591 
480.5 2008 13 13 320 227 
484.5 847 18 0 328 241 
488 .5 211 2 0 359 158 
492.5 30 5 0 396 25 
497.5 82 5 14 309 55 
500.5 79 0 0 560 10 
504.5 45 0 0 865 12 
508.5 136 0 0 1213 0 
512.5 147 0 0 719 6 
516.5 174 0 0 1005 11 
520.5 0 0 0 314 314 
524.5 60 0 0 568 0 
528.5 39 0 0 510 0 
532.5 75 0 0 658 0 
536.5 38 0 0 827 0 
540.5 46 0 0 646 0 
544.5 92 0 0 598 14 
548.5 0 0 0 485 513 
552.5 87 0 0 1043 8 
556.5 58 0 0 1035 15 
560.5 25 0 0 717 4 
564.5 34 0 0 783 0 
568.5 4 0 0 415 0 
572.5 7 0 0 294 0 
576.5 9 0 0 552 0 
580.5 29 0 0 423 0 
584.5 0 0 0 459 13 
588.5 18 0 0 433 0 
592.5 20 0 0 284 20 
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Depth Dinocysts Pollen Spores 
Reworked 

Organic 
(cm) cm-3 cm-3 cm-3 palynomorphs linings cm-3 

cm-3 

596.5 29 0 0 233 7 
600.5 11 0 0 145 0 
604.5 25 0 0 91 0 
610.5 11 2 0 184 0 
614.5 9 0 0 113 0 
618.5 0 0 0 152 170 
622.5 21 0 0 145 30 
626.5 47 0 0 183 17 
630.5 83 0 0 150 12 
634.5 42 0 0 112 10 
638.5 189 0 10 189 10 
642.5 97 7 0 186 0 
646.5 94 0 0 110 0 
650.5 50 0 0 75 8 
654.5 12 0 0 47 0 
658.5 295 Il 0 97 0 
662.5 19 0 0 78 0 
664.5 25 0 2 86 0 
668.5 104 0 0 132 16 
672.5 33 0 0 168 5 
676.5 0 0 0 131 0 
680.5 522 0 0 392 0 
684.5 325 0 0 318 0 
688.5 282 0 0 679 758 
692.5 1043 3 0 247 307 
696.5 466 1 Il 177 526 
700.5 316 0 0 147 339 
704.5 56 0 0 249 143 
708.5 16 0 0 423 122 
712.5 88 0 0 459 124 
716.5 0 0 0 123 144 
720.5 li 0 0 230 53 
724.5 4 0 0 508 567 
728 .5 17 0 0 651 229 
732.5 12 0 0 736 485 
736.5 0 0 0 285 100 
740.5 14 0 0 62 1 573 
744.5 27 0 0 849 697 
748.5 56 0 6 695 651 
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Depth Dinocysts Pollen Spores 
Reworked 

Organic 
(cm) cm·3 cm·3 cm·3 palynomorphs linings cm·3 

cm·3 

752.5 29 0 0 778 467 
756.5 0 0 0 712 809 
760.5 79 0 0 674 280 
764.5 424 0 0 150 188 
768.5 34 0 0 90 9 
772.5 89 0 0 104 70 
776.5 7 0 0 191 34 
780.5 0 0 0 207 18 
784.5 7 0 0 62 16 
788.5 20 0 0 149 34 
792.5 17 0 0 117 17 
796.5 20 0 0 106 121 
800.5 366 0 0 261 680 
804.5 321 0 0 209 1069 
808.5 319 0 0 342 689 
812.5 30 1 0 0 259 377 
816.5 43 0 0 202 59 
820.5 8 0 0 233 58 
824.5 0 0 0 357 37 
828.5 16 0 0 262 60 
832.5 197 0 0 420 463 
836.5 232 0 0 772 636 
840.5 213 0 0 896 436 
844.5 160 0 0 959 420 
848.5 96 0 0 748 376 
852.5 186 0 0 1061 377 
856.5 67 0 0 960 159 
860.5 48 0 0 522 48 
864.5 94 0 0 879 299 
870.5 0 0 0 24 35 
874.5 0 0 0 24 8 
878.5 0 0 0 222 25 
882.5 4 0 0 8 12 
886.5 54 0 0 369 162 
890.5 0 0 0 45 7 
894.5 14 0 0 513 132 
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Table B.2.Core PC04 weight percent(%) ice rafted debris (IRD), weight percent(%) 

carbonate, and the carbon and oxygen stable isotopes (VPDB) (8 13C and 8180) of 

Neogloboquadrina pachyderma lef-coiled (Npl). 

Depth wt% 
(cm) wt%IRD carbonate ô13C %o ô180 %o 
0.5 2.52 18.03 0.61 2.58 
4.5 2.21 17.90 0.38 2.72 
8.5 1.43 18.78 0.70 2.78 
12.5 1.02 22.47 0.78 2.79 
16.5 1.71 19.27 0.84 2.79 
20.5 1.31 19.34 0.81 2.60 
24.5 1.93 15.91 0.94 2.64 
28.5 1.41 15.59 0.92 2.73 
32.5 2.23 14.66 0.82 2.78 
36.5 1.10 12.78 0.71 2.68 
40.5 2.08 15.24 0.85 2.66 
44.5 1.82 16.13 0.77 2.69 
48.5 1.24 15.80 0.90 2.67 
68.5 1.49 11.69 0.64 2.72 
72.5 1.54 13.17 0.88 2.77 
76.5 1.86 13.76 0.61 2.70 
80.5 0.47 7.97 0.65 2.83 
84.5 1.74 9.75 0.59 2.74 
88.5 1.01 9.35 0.69 2.83 
92.5 1.31 11.87 0.62 2.62 
96.5 1.01 11.40 0.53 2.63 
100.5 0.87 7.38 0.64 2.82 
104.5 0.44 4.33 0.53 2.80 
108.5 0.55 5.58 0.43 2.81 
112.5 0.39 5.32 0.47 2.83 
116.5 0.48 5.00 0.52 2.87 
120.5 0.63 4.06 0.58 2.90 
124.5 0.41 4.45 0.37 2.80 
128.5 0.44 4.89 0.35 2.75 
132.5 0.37 4.33 0.53 2.92 
136.5 0.38 3.62 0.28 2.77 
140.5 0.58 4.03 0.26 2.86 
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Depth wt% 
(cm) wt%IRD carbonate ô 13C %o 0 180 %o 
144.5 0.43 3.16 0.32 2.97 
148.5 0.50 3.02 0.17 2.86 
152.5 0.68 2.73 0.43 3.01 
156.5 0.40 3.29 0.14 2.96 
160.5 0.44 2.83 
164.5 1.37 4.55 0.35 2.96 
168.5 1.44 4.01 0.20 3.01 
172.5 1.99 5.77 0.33 2.95 
176.5 5.15 9.49 0.54 3.20 
180.5 3.49 6.95 0.50 3.14 
184.5 1.65 -1.14 0.27 3.12 
188.5 2.04 5.34 0.06 2.98 
192.5 2.51 4.05 
196.5 1.78 4.55 
200.5 1.19 4.50 0.46 3.32 
204.5 2.56 5.10 0.32 3.15 
208 .5 1.83 4.83 0.61 3.24 
212.5 3.93 4.38 0.56 3.32 
216.5 3.26 5.47 0.70 3.26 
220.5 2.61 5.53 0.36 3.28 
224.5 3.57 3.50 
228.5 3.43 3.00 
232.5 7.48 3.66 
236.5 4.56 4.47 
240.5 2.50 6.83 0.48 3.38 
244.5 3.56 7.21 0.48 3.34 
248.5 4.21 6.37 0.52 3.29 
252.5 3.17 4.17 
256.5 1.47 3.75 0.52 3.35 
260.5 0.24 4.14 
264.5 1.12 3.81 
268.5 0.82 3.70 
272.5 1.18 3.69 
276.5 0.49 4.54 
280.5 0.25 4.17 
284.5 0.55 4.30 
288.5 1.12 4.86 
292.5 3.48 5.07 
296.5 0.59 7.40 
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Depth wt% 
(cm) wt%IRD carbonate ô 13C %o ô 180 %o 
300.5 0.80 4.93 
304.5 0.70 4.81 
308.5 0.40 1.65 
312.5 0.84 5.94 
316.5 0.75 5.85 
320.5 0.55 5.20 
324.5 0.29 6.06 
328.5 0.43 5.35 
332.5 0.28 6.45 
336.5 0.22 6.10 
340.5 0.36 7.05 
344.5 0.26 6.35 
348.5 0.54 6.36 
352.5 0.47 6.48 
356.5 0.29 6.64 
360.5 0.37 6.42 
364.5 0.78 7.57 
368.5 1.60 6.91 0.41 3.69 
372.5 1.27 8.19 0.36 3.77 
376.5 2.08 8.93 0.23 3.81 
380.5 7.05 9.29 0.42 3.77 
384.5 2.51 12.58 0.37 3.77 
388.5 7.32 17.55 0.41 3.92 
392.5 3.99 12.01 0.36 3.79 
396.5 6.72 11.16 0.23 3.71 
400.5 5.15 13.17 0.35 3.85 
404.5 2.05 8.58 0.30 3.87 
408 .5 1.75 7.19 0.17 3.76 
412.5 1.95 7.35 0.35 3.70 
416.5 1.85 5.33 
421.5 0.54 -2.26 
424.5 0.60 5.37 
428.5 0.86 5.83 
432.5 0.83 5.74 0.08 3.77 
436.5 2.54 5.07 0.09 3.71 
440.5 0.37 3.04 
444.5 0.88 7.70 0.12 4.05 
448.5 1.48 6.98 0.01 3.60 
452.5 1.08 7.60 -0.05 3.50 
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Depth wt% 
(cm) wt%IRD carbonate ô 13C %o ô 180 %o 
456.5 1.26 8.83 0.01 3.33 
460.5 0.93 6.95 0.03 3.31 
464.5 0.90 5.96 0.05 3.34 
468.5 1.91 6.98 0.21 3.53 
472.5 0.93 5.04 0.02 3.47 
476.5 0.84 6.25 -0.07 3.52 
480.5 1.23 6.53 0.00 3.47 
484.5 0.59 8.44 -0.04 3.52 
488.5 13.46 24.88 0.04 3.19 
492.5 2.56 34.29 0.27 3.52 
497.5 8.95 29.08 -0.14 2.75 
500.5 10.28 41.50 -0.23 2.28 
504.5 5.00 36.15 -0.18 2.39 
508.5 3.75 47.39 -0.08 2.58 
512.5 1.80 48.48 
516.5 9.44 45 .96 -0.16 2.33 
520.5 8.23 36.80 
524.5 18.14 35.82 
528.5 4.30 43.84 
532.5 10.55 43 .65 
536.5 4.21 48.03 
540.5 13.94 43 .75 
544.5 2.59 50.28 
548.5 8.27 41 .77 
552.5 0.34 53.44 
556.5 2.43 53.57 
560.5 4.54 52.91 
564.5 0.14 56.59 
568 .5 8.08 62.97 
572.5 0.06 56.12 
576.5 1.39 54.42 
580.5 11.21 52.78 
584.5 9.71 55.58 
588.5 8.34 54.98 -0.14 3.30 
592.5 5.05 6. 12 -0.17 4.10 
596.5 3.91 -1 .98 0.07 3.30 
600.5 2.38 2.49 0.17 4.65 
604.5 6.46 5.79 0.20 4.31 
610.5 1.38 3.14 0.25 4.57 
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Depth wt% 
(cm) wt%IRD carbonate ô13C %o ()180 %o 
614.5 1.23 1.45 
618.5 1.87 1.69 0.01 4.47 
622.5 1.31 2.38 0.16 4.68 
626.5 3.95 1.66 0.37 4.69 
630.5 2.88 14.75 0.36 4.63 
634.5 3.33 4.08 0.29 4.66 
638 .5 2.95 5.54 0.36 4.71 
642.5 3.98 3.38 0.37 4.72 
646.5 5.17 4.07 0.38 4.62 
650.5 2.45 3.16 0.31 4.56 
654.5 3.55 2.91 0.32 4.55 
658.5 4.93 3.20 0.32 4.69 
662.5 1.95 3.35 
664.5 0.80 1.02 
668 .5 2.47 2.71 
672.5 2.46 1.14 
676.5 0.58 0.75 
680.5 0.21 0.79 
684.5 1.01 1.01 
688.5 0.29 1.34 
692.5 0.27 2.43 -0.11 4.62 
696.5 0.23 2.48 0. 11 4.81 
700.5 7.99 18.99 0.00 4.02 
704.5 11 .05 36.26 -0.13 3.40 
708.5 11.90 41.68 -0.09 3.48 
712.5 7.68 39.99 
716.5 6.34 24.33 
720.5 21.48 32.72 0.00 4.28 
724.5 12.94 41.90 
728 .5 5.38 48.48 
732.5 14.20 44.29 
736.5 0.57 41.32 
740.5 2.67 53.05 
744.5 5.92 54.46 
748.5 6.03 49.17 
752.5 14.82 50.80 
756.5 8.01 56.47 
760.5 19.66 46.63 
764.5 3.46 7.27 0.25 4.46 
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Depth wt% 
(cm) wt%IRD carbonate ô13C %o ô 180 %o 
768.5 5.43 6.30 0.33 4.54 
772.5 5.09 6.29 0.30 4.44 
776.5 4.02 7.43 0.25 4.43 
780.5 3.30 5.87 0.35 4.45 
784.5 0.93 2.02 
788 .5 1.39 1.52 
792.5 0.26 2.39 
796.5 0.40 2.54 
800.5 0.16 3.58 
804.5 0.23 3.67 0.06 4.27 
808.5 0.16 3.83 0.08 4.25 
812.5 0.92 4.16 0.08 4.26 
816.5 2.21 4.14 0.22 4.19 
820.5 0.37 1.91 
824.5 0.54 2.27 
828.5 4.53 3.06 
832.5 0.23 4 .60 0.25 4.15 
836.5 0.24 4.21 0.13 4.26 
840.5 0.32 4.43 0.11 4.21 
844.5 0.26 4.25 0.14 4.14 
848.5 0.29 4.86 0.10 4.15 
852.5 0.47 3.85 
856.5 1.40 3.99 
860.5 1.21 6.71 
864.5 0.99 14.46 0.09 4.04 
870.5 14.54 0.00 
874.5 57.76 9.12 
878.5 57.86 7.25 
882.5 56.21 6.11 
886.5 63.74 17.70 
890.5 64.76 7.10 
894.5 34.35 27.36 
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Table B.3 .a. Core PC04 dinocyst species assemblage, (Part A). Species acronyms are 
found in Appendix A. Note. This table has two parts (A and B) that are at the same 
depths but with different species. 

-=...-.. 0 = -; 1-. ...... ..c c. (J ..c = ...... 0 5 ë..5 1-. ~ -= (J ~ ~ c. ...... c. 5 ~ ~ ~ 
~ ~ 

~ (J 
(J ~ c. c. c. "' "' "' z (J 1-. 

1-. 
Q'-' < - - - - - - - ~ 0 ~ [/] 

[/] 

0.5 0 0 3 0 0 2 0 2 0 194 119 0 2 1 
4.5 0 0 1 0 0 0 0 1 0 183 117 0 1 4 
8.5 0 0 1 0 0 5 0 0 0 159 118 0 1 2 
12.5 0 0 6 0 0 2 0 1 0 174 143 0 1 5 
16.5 0 0 2 0 0 2 0 0 0 185 139 0 0 8 
20.5 0 0 1 0 0 9 0 0 0 154 138 0 1 3 
24.5 0 0 2 0 0 1 0 0 0 74 242 0 1 1 
28.5 0 0 2 0 0 1 0 1 0 77 233 0 1 4 
32.5 0 0 8 0 0 2 0 4 0 57 198 0 3 1 
36.5 0 0 0 0 0 7 0 4 0 51 118 0 16 4 
40.5 0 0 1 0 0 6 0 0 0 73 63 1 14 7 
44.5 0 0 2 0 0 9 0 0 0 42 139 l 5 3 
48.5 0 1 0 0 0 4 0 0 0 37 163 0 7 4 
68.5 0 0 0 0 0 6 0 1 0 44 59 0 7 6 
72.5 0 2 0 0 0 6 0 2 0 38 69 0 3 4 
76.5 0 0 0 0 0 14 0 1 0 47 69 0 5 4 
80.5 0 2 0 0 0 7 0 0 0 34 52 0 1 10 
84.5 0 2 0 0 0 3 0 0 0 43 37 0 3 9 
88.5 0 1 0 0 0 6 0 0 0 30 43 0 0 3 
92.5 0 0 0 0 0 3 0 6 0 25 42 0 2 3 
96.5 0 0 0 0 0 4 0 0 0 34 37 0 0 2 
100.5 0 0 0 0 0 2 0 1 0 31 48 0 0 10 
104.5 0 1 0 0 0 3 0 0 0 29 24 0 0 0 
108.5 0 0 0 0 0 4 0 1 0 32 57 0 2 6 
112.5 0 0 0 0 0 2 0 0 0 19 35 0 0 1 
116.5 0 1 0 0 0 5 0 0 0 35 16 0 0 7 
120.5 0 1 0 0 0 l 0 0 0 23 72 0 0 11 
124.5 0 0 0 0 0 l 0 0 0 27 72 0 1 4 
128.5 0 l 0 0 0 3 0 0 0 35 51 0 0 20 
132.5 0 1 0 0 0 0 0 0 0 21 47 0 0 8 
136.5 0 0 0 0 0 0 0 2 0 29 78 0 4 15 
140.5 0 0 0 0 0 0 0 1 0 30 74 0 4 7 
144.5 0 0 0 0 0 1 0 0 0 47 81 0 5 4 
148.5 0 0 0 0 0 1 0 0 0 35 49 0 5 4 
152.5 0 0 0 0 0 0 0 0 0 19 54 0 8 3 
156.5 0 0 0 0 0 0 0 0 0 29 52 0 7 3 
160.5 1 2 1 0 0 0 0 3 0 39 60 0 10 3 
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164.5 2 1 0 0 0 2 0 0 0 24 60 0 3 0 
168.5 0 1 0 0 0 0 0 0 0 22 99 0 10 2 
172.5 0 3 0 0 0 0 0 0 0 24 115 0 14 6 
176.5 0 1 0 0 0 0 0 0 0 19 127 0 16 6 
180.5 0 2 0 0 0 0 0 0 0 31 63 0 7 1 
184.5 0 0 0 1 0 1 1 0 0 25 33 0 6 3 
188.5 0 0 0 0 0 0 0 1 0 28 23 0 4 0 
192.5 0 2 0 0 0 0 0 0 0 31 4 0 0 0 
196.5 0 0 0 0 0 0 0 0 0 21 6 0 3 0 
200.5 0 0 0 1 0 1 0 2 0 36 4 0 1 1 
204.5 0 2 0 0 0 0 0 0 0 16 3 0 1 0 
208.5 0 0 0 0 0 0 0 0 0 2 2 0 0 0 
212.5 0 0 0 0 0 0 0 0 1 0 0 0 1 0 
216.5 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
220.5 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
224.5 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
228.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
232.5 0 0 0 0 0 0 0 0 0 5 3 0 0 0 
236.5 0 0 0 0 0 0 0 0 0 3 0 0 0 0 
240.5 0 0 0 0 0 0 0 0 0 2 1 0 0 0 
244.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
248.5 0 2 0 0 0 0 0 0 0 0 1 0 0 0 
252.5 0 0 0 0 0 0 0 0 0 3 1 0 2 0 
256.5 0 0 0 0 0 0 0 0 0 3 3 0 0 0 
260.5 0 0 0 0 0 0 0 0 0 1 1 0 0 0 
264.5 0 0 0 0 0 0 0 0 0 3 0 0 0 0 
268.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
272.5 0 1 0 0 0 0 0 0 0 2 1 0 1 0 
276.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
280.5 0 0 0 0 1 0 0 0 0 2 0 0 0 0 
284.5 0 0 0 0 0 2 0 0 0 3 1 0 0 0 
288.5 0 0 0 0 0 0 0 0 0 5 2 0 0 0 
292.5 0 0 0 0 0 0 0 0 0 4 2 0 1 0 
296.5 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
300.5 0 0 0 0 0 0 0 0 0 1 1 0 0 0 
304.5 0 0 0 0 0 0 0 0 0 2 1 0 0 0 
308.5 0 0 0 0 0 0 0 0 0 3 2 0 0 0 
312.5 0 0 0 0 0 0 0 0 0 4 3 0 0 0 
316.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
320.5 0 0 0 0 0 0 0 0 0 2 0 0 0 0 
324.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
328.5 0 0 0 0 0 0 0 0 0 0 3 0 0 0 
332.5 0 0 0 0 0 0 0 0 0 15 3 0 0 0 
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336.5 0 0 0 0 0 0 0 0 0 2 3 0 0 0 
340.5 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
344.5 0 0 0 0 0 0 0 0 0 3 0 0 0 0 
348.5 0 0 0 0 0 0 0 0 0 5 1 0 0 0 
352.5 0 1 0 0 0 0 0 0 0 11 5 0 0 0 
356.5 0 0 0 0 0 0 0 0 0 1 0 0 1 0 
360.5 0 0 0 0 0 0 0 0 0 2 0 0 0 0 
364.5 0 0 0 0 0 0 0 0 0 5 0 0 0 0 
368.5 0 0 0 0 0 0 0 0 0 2 2 0 0 0 
372.5 0 0 0 1 0 0 0 0 0 1 0 0 0 0 
376.5 0 0 0 0 0 0 0 0 0 2 0 0 0 0 
380.5 0 1 0 1 0 0 0 0 0 9 4 0 1 0 
384.5 0 0 0 0 0 0 0 2 0 4 2 0 0 0 
388.5 0 0 0 0 0 0 0 0 0 3 1 0 0 0 
392.5 0 0 0 0 0 1 0 0 0 4 5 0 0 0 
396.5 0 1 0 0 0 0 0 0 0 6 1 0 0 0 
400.5 0 0 0 0 0 0 0 0 0 2 4 0 0 0 
404.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
408.5 0 0 0 0 0 0 0 0 0 1 2 0 0 0 
412.5 0 0 0 0 0 0 0 0 0 2 0 0 1 0 
416.5 0 0 0 0 0 0 0 0 0 1 4 0 0 0 
421.5 0 0 0 0 0 0 0 0 0 1 2 0 0 0 
424.5 0 0 0 0 0 0 0 0 0 1 1 0 0 0 
428.5 0 0 0 0 0 0 0 0 0 1 1 0 0 0 
432.5 0 0 0 0 0 0 0 0 0 0 3 0 0 0 
436.5 0 2 0 0 0 0 0 0 0 1 1 0 0 0 
440.5 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
444.5 0 0 0 0 0 0 0 0 0 1 2 0 0 0 
448.5 0 0 0 0 0 0 0 0 0 3 0 0 0 0 
452.5 0 1 0 0 0 0 0 0 0 0 2 0 0 0 
456.5 0 0 0 0 0 0 0 0 0 3 1 0 0 0 
460.5 0 0 0 0 0 0 0 0 0 3 3 0 0 0 
464.5 0 1 0 0 0 0 0 0 0 1 2 0 0 0 
468.5 0 1 0 0 0 0 0 0 0 3 10 0 1 1 
472.5 0 2 0 0 0 0 0 0 0 3 7 0 2 0 
476.5 0 1 0 0 1 1 0 0 0 1 8 0 0 1 
480.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
484.5 0 0 0 0 0 0 0 0 0 3 10 0 0 0 
488.5 0 0 0 0 0 0 0 0 0 0 2 0 0 1 
492.5 0 0 0 0 0 0 0 0 0 1 1 0 0 0 
497.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
500.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
504.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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508.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
512.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
516.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
520.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
524.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
528.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
532.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
536.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
540.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
544.5 0 0 0 0 0 0 0 0 0 0 0 0 1 0 
548.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
552.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
556.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
560.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
564.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
568.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
572.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
576.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
580.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
584.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
588.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
592.5 0 0 0 0 0 0 0 0 0 0 l 0 0 0 
596.5 0 1 0 0 0 0 0 0 0 0 2 0 0 0 
600.5 0 0 0 0 0 0 0 0 0 0 2 0 1 0 
604.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
610.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
614.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
618.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
622.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
626.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
630.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
634.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
638.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
642.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
646.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
650.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
654.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
658.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
662.5 0 0 0 0 0 0 0 0 0 0 l 0 0 0 
664.5 0 0 0 0 0 0 0 0 0 0 2 0 0 0 
668.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
672.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
676.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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680.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
684.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
688.5 0 0 0 0 0 0 0 0 0 0 3 0 0 0 
692.5 0 0 0 0 0 0 0 0 0 1 1 0 0 0 
696.5 0 0 0 0 0 0 0 0 0 4 0 0 1 0 
700.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
704.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
708.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
712.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
716.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
720.5 0 0 0 0 0 0 0 0 0 0 2 0 0 0 
724.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
728.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
732.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
736.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
740.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
744.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
748.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
752.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
756.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
760.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
764.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
768.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
772.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
776.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
780.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
784.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
788.5 0 0 0 0 0 5 0 0 0 0 0 0 0 0 
792.5 0 0 0 0 0 1 0 0 0 1 0 0 0 0 
796.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
800.5 0 0 0 l 0 0 0 0 0 0 2 0 0 0 
804.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
808.5 0 0 0 0 0 0 0 0 0 0 3 0 0 0 
812.5 0 0 0 0 0 0 0 0 0 0 2 0 0 0 
816.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
820.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
824.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
828.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
832.5 0 0 0 1 0 l 0 0 0 0 0 0 0 0 
836.5 0 0 0 0 0 1 0 1 0 1 1 0 0 0 
840.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
844.5 0 0 0 0 0 0 0 0 0 0 2 0 0 0 
848.5 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
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852.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
856.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 
860.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
864.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
870.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
874.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
878.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
882.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
886.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
890.5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
894.5 0 0 0 0 0 0 0 0 0 0 1 0 0 0 

Table B.3.b. Core PC04 dinocyst species assemblage, (Part B). Species acronyms are 
found in Appendix A. Note. This table has two parts (A and B) that are at the same 
depths but with different species . 
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0.5 0 0 0 0 0 0 5 0 0 6 0 0 0 
4.5 0 0 1 3 0 0 1 0 0 0 1 0 0 
8.5 0 0 0 12 10 0 14 0 0 0 0 0 0 
12.5 0 0 1 11 6 0 27 0 0 0 0 0 1 
16.5 0 0 1 5 2 0 13 0 0 0 0 0 0 
20.5 0 0 0 5 3 0 23 0 0 4 0 0 0 
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840.5 0 0 0 0 18 0 47 0 0 0 0 0 0 
844.5 0 0 0 0 3 0 30 0 0 0 0 0 0 
848.5 0 0 0 0 5 0 38 0 0 0 0 0 0 
852.5 0 0 0 0 3 0 40 0 0 0 0 0 0 
856.5 0 0 0 0 0 0 17 0 0 0 0 0 0 
860.5 0 0 0 0 0 0 5 0 0 1 0 0 0 
864.5 0 0 0 0 7 0 11 3 0 0 0 0 0 
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890.5 0 0 0 0 0 0 0 0 0 0 0 0 0 
894.5 0 0 0 0 0 0 0 2 0 0 0 0 0 
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Table B.4.Weight percent(%) ice rafted debris (IRD) for cores TWC04, TWC08 and 
TWC70. 

TWC04 TWC04 TWCOS TWCOS TWC70 TWC70 
depth (cm) IRD depth (cm) IRD depth (cm) IRD 

0.5 1.5816 0.5 7.145 0.5 
1.5 1.5976 2.5 7.986 3.5 
2.5 1.4706 4.5 8.2331 8.5 
3.5 0.8232 6.5 9.4831 12.5 
4.5 1.1689 8.5 8.753 16.5 
5.5 0.5271 10.5 11.2379 20.5 
6.5 1.0628 12.5 13.5078 24.5 0.0072 
7.5 0.9735 14.5 24.6856 28.5 0.0148 
8.5 0.8085 16.5 24.408 32.5 0.0194 
9.5 0.7943 18.5 19.9808 35.5 0.0152 
10.5 1.044 20.5 21.116 40.5 0.0085 
11.5 0.9555 22.5 17.6818 44.5 0.0148 
12.5 1.2629 24.5 29.7747 48 .5 0.0142 
13.5 0.9491 26.5 41.0117 52.5 0.036 
14.5 1.0481 28.5 31.2997 57.5 0.0 Ill 
15.5 0.4251 30.5 33.6882 60.5 0.0148 
16.5 0.9794 32.5 44.1428 64.5 0.0075 
17.5 1.284 34.5 52.207 68 .5 0.0088 
18.5 0.8076 36.5 31.5592 72.5 0.0103 
19.5 0.6507 38.5 13.6957 77.5 0.0153 
20.5 1.2967 40.5 9.231 80.5 0.0166 
21.5 0.9041 42.5 15.1725 84.5 0.0154 
22 .5 1.3861 88.5 O.ül08 
23.5 0.7952 92.5 0.0328 
24.5 1.1126 96.5 0.0113 
25.5 0.611 100.5 0.0114 
26.5 1.4889 104.5 0.0104 
27.5 0.7178 108.5 0.0158 
28.5 1.6919 112.5 0.0125 
29.5 0.8434 116.5 0.062 
30.5 1.5906 120.5 0.0595 
31.5 1.2076 124.5 0.0377 
32.5 1.8122 128.5 0.0306 
33.5 1.1295 132.5 0.1412 
34.5 1.0917 136.5 0.0409 
35.5 0.8832 140.5 0.0705 
36.5 1.345 143.5 0.1963 
37.5 0.9183 148.5 0.0404 
38.5 0.9835 152.5 0.0577 
39.5 1.104 156.5 0.027 
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TWC04 TWC04 TWC08 TWC08 TWC70 TWC70 
depth (cm) IRD depth (cm) IRD depth (cm) IRD 

40.5 1.333 160.5 0.0364 
41.5 1.0697 163.5 0.04 
42.5 1.7704 168.5 0.0517 
43.5 1.0756 172.5 0.1157 
44.5 1.3849 176.5 0.0093 
45 .5 0.8441 180.5 0.0217 
46.5 1.692 183.5 0.0202 
47.5 1.2976 188.5 0.012 
48 .5 0.8842 192.5 0.0364 
49.5 0.9484 196.5 0.0133 
50.5 0.9783 200.5 0.0363 
51.5 0.8681 203.5 0.036 
52.5 0.8218 207.5 0.0363 
53.5 0.5521 
54.5 1.0556 
55.5 0.8916 
56.5 0.9333 
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Table B.5. Palynomorph concentrations for TWC04. 

Depth Dinocysts Pollen Spores Reworked Organic linings 
{cm} cm·3 cm·3 cm·3 ~alynomoq~hs cm·3 cm·3 

0.5 7579 24 97 73 1628 
1.5 10313 0 67 335 1272 
2.5 8791 32 97 32 970 
3.5 9408 0 29 348 523 
4.5 6339 0 0 165 186 
5.5 13462 41 41 165 785 
6.5 10933 0 108 144 722 
7.5 9069 0 119 149 743 
8.5 6473 0 42 167 1148 
9.5 8767 0 113 340 2865 
10.5 9784 32 0 159 5559 
11.5 7683 0 50 274 474 
12.5 7316 0 0 140 1917 
13 .5 4340 0 14 113 679 
14.5 10392 0 0 180 2309 
15.5 5222 16 31 157 1349 
16.5 8593 0 0 264 1529 
17.5 3532 12 46 81 796 
18.5 6755 0 0 70 1005 
19.5 5656 0 32 226 1260 
20.5 7503 0 70 93 1473 
21.5 4822 0 14 72 660 
22.5 7901 0 26 234 702 
23.5 5805 0 0 96 192 
24.5 4600 0 15 76 289 
25 .5 7796 0 0 113 363 
26.5 4830 0 0 141 423 
27.5 5705 0 0 156 328 
28.5 5796 55 0 202 460 
29.5 3833 0 12 163 267 
30.5 6456 0 0 297 765 
31.5 5238 0 0 225 985 
32.5 5345 0 0 389 1664 
33 .5 5699 0 76 400 1048 
34.5 6714 0 0 288 1127 
35 .5 5843 0 19 192 1130 
36.5 5172 0 51 154 788 
37.5 431 8 0 27 147 735 
38.5 4336 0 26 132 633 
39.5 8503 0 28 582 1606 
40.5 6849 0 0 251 835 
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Depth Dinocysts PoUen Spores Reworked Organic linings 
{cm} cm"3 cm"3 cm·3 ~alynomoq~hs cm·3 cm·3 

41.5 4307 0 55 384 631 
42.5 6150 0 57 566 585 
43.5 6761 0 40 534 850 
44.5 5459 0 53 338 462 
45.5 4678 0 42 269 692 
46.5 5183 0 83 400 1000 
47.5 4433 0 81 243 1230 
48.5 4759 0 15 212 1027 
49.5 3932 0 51 379 784 
50.5 5210 0 16 159 1112 
51.5 2540 0 64 136 207 
52.5 3941 0 0 125 187 
53.5 1712 0 43 144 32 
54.5 3623 0 0 47 141 
55.5 1751 0 11 164 238 
56.5 3842 0 0 125 300 
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Table B.6. Core TWC04 carbon and oxygen stable isotopes (VPDB) (o 13C and 8180) 

of Neogloboquadrina pachyderma lef-coiled (Npl). 

Depth 
ô 13C %o ô 180 %o 

{cm} 
0.5 0.81 2.52 
1.5 0.69 2.85 
2.5 0.84 2.77 
3.5 0.83 2.86 
4.5 0.76 2.76 
5.5 0.72 2.83 
6.5 0.84 2.82 
7.5 0.79 2.77 
8.5 0.81 2.73 
9.5 0.83 2.75 
10.5 0.83 2.82 
11.5 0.80 2.84 
12.5 0.90 2.81 
13.5 0.97 2.86 
14.5 0.87 2.75 
15.5 0.86 2.90 
16.5 0.76 2.75 
17.5 0.87 2.89 
18.5 1.00 2.93 
19.5 0.93 2.92 
20.5 0.85 2.76 
21.5 0.69 2.80 
22.5 0.85 2.82 
23.5 0.85 2.69 
24.5 0.88 2.64 
25.5 0.96 2.75 
26.5 0.96 2.82 
27.5 0.97 2.96 
28 .5 0.93 2.81 
29.5 0.92 2.80 
30.5 0.93 2.82 
31.5 0.87 2.77 
32.5 0.90 2.76 
33.5 0.86 2.84 
34.5 0.77 2.57 
35.5 0.93 2.85 
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Depth 
ô 13C %o ô180 %o 

(cm) 
36.5 0.88 2.73 
37.5 0.90 2.91 
38.5 0.87 2.76 
39.5 0.85 2.87 
40.5 0.86 2.71 
41.5 0.83 2.81 
42.5 0.83 2.76 
43 .5 0.75 2.72 
44.5 0.88 2.80 
45 .5 0.75 2.89 
46.5 0.89 2.85 
47.5 0.93 2.93 
48 .5 0.86 2.79 
49.5 0.90 2.85 
50.5 0.79 2.73 
51.5 0.87 2.94 
52.5 0.89 2.85 
53.5 0.90 2.87 
54.5 0.78 2.93 
55.5 0.79 2.89 
56.5 0.78 2.89 
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Table B.7.a. Core TWC04 dinocyst species assemblage, (Part A). Species acronyms 
are found in Appendix A. Note. This table has two parts (A and B) that are at the 
same depths but with different species. 

; - = c.S c.; 
Cl) CJ e<: 

Q '-" .... 

0.5 0 
1.5 0 
2.5 0 
3.5 0 
4.5 0 
5.5 0 
6.5 0 
7.5 0 
8.5 2 
9.5 0 

10.5 0 
11.5 0 
12.5 1 
13.5 0 
14.5 2 
15.5 0 
16.5 
17.5 1 

18.5 0 
19.5 0 
20.5 0 
21 .5 0 
22.5 0 
23.5 0 
24.5 0 
25.5 0 
26.5 l 
27.5 l 
28.5 0 
29.5 0 
30.5 0 
31.5 l 
32.5 0 

- loo .c e<: e<: Q. 
..Q 
e<: = ~ "' "' (J 

.9- .9- .!l z CJ 

0 0 

3 
0 
0 
0 
1 

0 
4 

1 
3 

1 

0 
5 
4 
3 
3 
2 
0 

2 

0 
0 
0 
4 
3 

0 

0 
0 

0 
1 
0 

0 
0 
l 
0 
0 
0 
0 
0 

2 
0 
0 
0 
0 
0 
0 
0 

0 

0 
0 
0 
2 
0 
0 

0 

0 

0 

0 

0 

160 77 0 
4 186 84 2 
3 150 46 0 
5 157 120 1 
0 184 78 0 
5 172 100 2 
4 145 97 0 
6 166 99 0 
4 135 70 0 
9 158 76 1 
4 146 50 0 
l 152 104 0 
6 147 64 0 
3 148 95 0 
1 160 58 0 
1 178 93 0 

3 161 91 0 
1 192 74 0 
4 133 79 0 
5 164 123 0 
7 147 103 0 
2 109 160 1 
5 101 145 0 
1 62 208 0 
4 76 142 0 
8 81 207 0 
1 56 157 0 
5 59 214 0 
3 51 179 0 
4 58 203 2 
4 48 195 0 
7 54 187 0 
6 64 180 0 

CJ 
loo 
e<: 
0 

0 
~ 
IZl 

0 3 
0 1 

14 0 
2 2 
0 2 
0 3 
0 2 
2 2 

20 1 
0 

10 0 
3 

29 
2 4 
11 
0 2 
13 3 

0 
12 1 
3 4 
5 0 
5 1 

10 4 
7 1 
38 0 

4 
40 3 
3 3 
37 
7 3 
6 5 
4 6 
5 4 

e 
~ 

IZl 

5 

3 
2 
3 
2 
3 

0 
8 
0 
3 
0 

5 
3 

4 
3 

6 
0 
4 

2 
5 
7 
2 
2 

1 
2 
2 

2 
3 

3 

5 

Q. 
Q. 

"' IZl 

0 

3 
3 

3 

0 
0 
0 
3 

4 
3 
2 

1 

3 

4 
4 
2 
1 
3 
3 
4 
0 
2 

2 
0 
1 
3 
2 

1 
3 
4 
3 



205 

-=- :::1 ';j loo -= ~ = "' (J 0 8 c. c..s (J ~ c. ~ ~ "' loo 
'ii ~ c. (J (J ~ 

~ (J ~ c. c. "' z 0 0 0 rn loo "' Q '-" ""' - ""' ""' rn rn 

33.5 0 1 0 1 42 217 0 0 5 2 0 
34.5 0 0 0 9 39 179 0 6 8 5 4 
35.5 0 1 0 1 61 206 0 0 9 2 3 
36.5 1 1 0 7 59 184 0 7 11 2 2 
37.5 0 1 0 6 60 212 1 2 6 2 5 
38.5 1 0 0 3 62 200 2 6 4 2 
39.5 0 0 0 5 55 178 2 4 10 3 3 
40.5 0 1 0 8 33 216 1 9 7 4 3 
41.5 0 0 0 4 42 178 0 3 8 1 6 
42.5 0 0 1 4 47 220 5 1 8 0 6 
43.5 0 2 1 3 47 207 1 3 12 3 4 
44.5 1 0 1 7 26 224 3 4 6 3 11 
45 .5 3 1 1 3 36 179 2 4 4 2 3 
46.5 0 1 3 4 28 181 2 5 12 1 5 
47.5 0 2 0 6 29 137 2 2 2 3 4 
48 .5 0 3 1 5 33 174 1 5 9 3 4 
49.5 1 2 0 4 16 163 1 5 12 5 4 
50.5 0 2 0 9 48 148 0 8 9 2 5 
51.5 2 4 0 9 57 146 1 5 22 6 9 
52.5 4 1 0 8 27 80 0 3 7 0 4 
53.5 1 3 0 8 71 106 0 2 2 2 6 
54.5 5 0 0 4 52 58 0 5 3 1 5 
55 .5 2 3 0 2 45 99 0 2 16 4 4 
56.5 0 0 0 1 37 93 0 4 3 1 2 
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Table B.7.b. Core TWC04 dinocyst species assemblage, (Part B). Species acronyms 
are found in Appendix A. Note. This table has two parts (A and B) that are at the 
same depths but with different species . 

..C:.-., -; = ~ o. s.. e ~ ë..e "ë "ë o. ~ = 
Q,j ~ "C "' ~ ·;;; c::r 
Q'-' ~ - - ~ ~ ~ (/) 

0.5 45 7 1 11 0 0 1 
1.5 21 0 0 3 0 0 0 
2.5 39 6 0 5 0 0 
3.5 23 0 0 7 0 0 
4.5 39 0 0 0 0 0 
5.5 31 0 0 10 0 0 0 
6.5 42 0 0 10 0 0 0 
7.5 19 0 0 3 0 0 0 
8.5 49 6 1 9 0 0 3 
9.5 28 7 0 22 1 1 0 
10.5 47 8 0 32 0 0 4 
11.5 39 0 0 4 0 0 
12.5 45 4 0 7 0 0 0 
13 .5 36 8 0 3 0 0 
14.5 37 4 0 6 0 0 0 
15.5 27 15 1 6 0 0 2 
16.5 36 6 0 1 0 0 0 
17.5 29 4 0 1 0 0 1 
18.5 46 1 0 3 0 0 0 
19.5 25 11 0 6 0 0 0 
20.5 41 2 0 5 0 0 0 
21.5 39 2 0 3 0 0 0 
22.5 31 2 0 2 0 0 0 
23 .5 19 0 0 1 0 0 0 
24.5 33 4 0 1 0 0 0 
25 .5 31 1 0 5 0 0 0 
26.5 45 0 0 2 0 0 0 
27.5 39 0 0 2 0 0 0 
28.5 37 2 0 2 0 0 0 
29.5 46 0 0 0 0 0 0 
30.5 31 1 0 5 0 0 0 
31.5 28 5 0 4 0 0 0 
32.5 17 4 1 11 0 0 
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.C,-.._ -; = <J c.. 1. s ~ 

ë..s "ë c.. ~ ::::1 
~ <J "0 s , <J ·~ 0"' 
Q'-' o.. - - ~ ~ ~ cr., 

33.5 22 4 0 5 0 0 0 
34.5 20 1 1 8 0 0 0 
35.5 16 1 0 5 0 0 0 
36.5 22 3 0 3 0 0 0 
37.5 20 3 0 5 0 0 0 
38.5 35 1 0 12 0 0 0 
39.5 42 2 0 3 0 0 0 
40.5 35 0 0 10 0 0 1 
41.5 56 5 0 8 0 0 3 
42.5 14 1 1 18 0 0 0 
43 .5 40 2 0 14 0 0 3 
44.5 12 2 0 7 0 0 0 
45.5 69 7 0 16 0 0 
46.5 35 3 0 29 0 0 2 
47.5 118 7 3 7 0 0 6 
48.5 62 1 1 12 0 0 1 
49.5 83 6 1 7 0 0 1 
50.5 84 4 0 9 0 0 0 
51.5 89 1 0 4 0 0 1 
52.5 182 0 0 0 0 0 0 
53 .5 121 0 0 0 0 0 0 
54.5 173 0 0 1 0 0 
55.5 128 1 0 2 0 0 
56.5 162 0 0 3 0 0 
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Table B.8. Palynomorph concentrations for core TWC08. 

Depth Dinocysts Pollen Spores Reworked Organic 
{cm} cm-3 cm-3 cm-3 [!alynomoq~hs cm-3 linings cm-3 

0.5 9131 0 0 88 3951 
1.5 5885 0 0 58 3543 
2.5 9942 0 0 279 6380 
3.5 5070 0 0 82 3048 
4.5 8362 0 0 98 3937 
5.5 4283 0 0 56 2972 
6.5 7971 0 0 70 4161 
7.5 9157 0 0 162 6240 
8.5 8523 0 0 140 3074 
9.5 8124 0 0 186 5257 
10.5 7749 0 0 180 4482 
11.5 7911 0 0 50 4018 
12.5 6660 0 0 57 3339 
13.5 7612 0 0 148 5363 
14.5 6273 0 0 177 2674 
15.5 6069 0 0 178 2807 
16.5 6972 0 0 115 2078 
17.5 5198 0 0 117 2473 
18.5 7946 0 0 154 4562 
19.5 6662 0 66 175 3594 
20.5 9922 0 0 388 5850 
21.5 3669 0 23 196 1495 
22.5 7083 0 0 350 3891 
23.5 3159 0 0 103 1301 
24.5 3493 0 11 100 1161 
25.5 2546 0 0 84 865 
26.5 1975 0 0 132 1434 
27.5 1858 0 0 131 542 
28.5 1771 0 0 113 852 
29.5 2559 0 0 143 1145 
30.5 2410 0 31 101 1221 
31.5 2227 0 0 200 910 
32.5 1733 0 15 95 511 
34.5 1256 0 8 70 811 
36.5 199 0 0 93 497 
38.5 311 0 0 212 661 
40.5 482 0 0 367 955 
42.5 452 0 0 192 738 
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Table B.9.a. Core TWC08 dinocyst species assemblage, (Part A). Species acronyms 
are found in Appendix A. Note. This table has two parts (A and B) that are at the 
same depths but with different species. 

De~th (cm) I~al I~at Is~h Nlab Ocen Ocss Oarc 
0.5 0 0 2 58 6 0 0 
1.5 0 1 1 93 11 0 0 
2.5 0 0 0 90 15 0 0 
3.5 0 0 0 136 21 0 0 
4.5 0 0 2 113 23 0 0 
5.5 1 0 1 143 23 0 0 
6.5 2 2 0 91 11 0 0 
7.5 1 0 1 129 22 0 0 
8.5 1 0 0 58 9 0 0 
9.5 3 0 0 138 49 0 0 
10.5 0 0 0 105 20 0 0 
11.5 0 0 3 107 25 0 0 
12.5 0 0 1 90 9 0 0 
13.5 0 0 2 110 19 0 0 
14.5 0 0 0 108 19 0 0 
15.5 3 0 2 142 18 0 0 
16.5 0 2 3 95 14 0 0 
17.5 1 0 0 110 23 0 0 
18.5 0 0 0 84 17 0 0 
19.5 0 0 3 116 27 0 0 
20.5 2 0 1 87 20 0 1 
21.5 2 0 0 137 34 0 0 
22.5 0 0 2 38 8 0 0 
23.5 3 0 1 127 30 0 0 
24.5 0 0 0 49 23 0 0 
25.5 0 0 0 55 26 0 0 
26.5 1 0 0 37 23 0 0 
27.5 0 0 3 84 53 0 0 
28 .5 0 0 0 49 53 0 0 
29.5 1 0 0 66 38 0 0 
30.5 2 0 2 44 53 0 1 
31.5 1 0 5 67 35 0 0 
32.5 1 0 0 47 35 0 9 
34.5 5 0 2 48 35 1 1 
36.5 0 0 0 2 0 0 0 
38.5 0 0 0 0 0 0 0 
40.5 0 0 0 0 1 0 0 
42.5 0 0 0 1 5 0 0 
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Table B.9.b. Core TWC08 dinocyst species assemblage, (Part B). Species acronyms 
are found in Appendix A. Note. This table has two parts (A and B) that are at the 
same depths but with different species. 

De~th (cm} Selo Sr am Ss~~ Pd al lm in Imic Bs~~ Sgua Ta~~ 
0.5 l 0 l 5 177 l 61 0 0 
1.5 1 0 2 30 80 4 74 7 0 
2.5 0 0 0 24 147 0 43 2 0 
3.5 1 0 l 23 37 0 87 5 0 
4.5 1 0 1 18 133 9 39 3 0 
5.5 1 0 0 33 41 0 60 4 0 
6.5 0 2 2 14 156 4 52 5 0 
7.5 0 0 0 72 46 1 64 3 0 
8.5 0 0 0 5 159 3 67 3 0 
9.5 0 0 2 45 14 0 49 6 0 
10.5 1 0 2 24 134 7 49 2 0 
11.5 2 0 l 42 82 2 50 1 0 
12.5 0 0 0 19 153 4 74 3 0 
13 .5 3 0 l 33 87 6 45 2 0 
14.5 0 0 0 21 123 0 47 1 0 
15 .5 2 0 0 53 29 1 57 0 0 
16.5 0 1 1 12 102 3 68 1 0 
17.5 1 0 1 58 42 9 63 3 0 
18.5 2 0 0 26 130 4 45 2 0 
19.5 1 0 0 57 41 4 52 3 0 
20.5 2 0 0 39 124 0 30 1 0 
21.5 0 0 0 60 28 2 56 0 0 
22.5 0 0 0 13 61 2 38 0 0 
23.5 1 0 0 40 60 2 37 4 1 
24.5 1 0 1 13 129 4 81 12 0 
25.5 3 0 0 50 81 6 76 6 0 
26.5 1 1 1 38 120 Il 34 3 0 
27.5 5 2 2 69 28 0 55 Il 0 
28.5 4 1 1 53 116 0 33 4 0 
29.5 4 0 1 91 44 8 41 lü 0 
30.5 1 0 0 53 108 2 34 10 0 
31.5 7 0 2 87 37 3 48 9 0 
32 .5 7 1 1 49 135 7 43 11 0 
34.5 1 1 3 20 126 4 69 6 0 
36.5 0 0 0 1 12 1 12 2 0 
38.5 0 0 0 0 17 0 55 0 0 
40.5 0 0 0 1 44 0 66 1 0 
42.5 0 0 0 1 35 0 81 2 0 
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Table B.l O. Palynomoprh concentrations for core TWC70. 

Depth Dinocysts Pollen Spores Reworked Organic 
{cm} cm·3 cm·3 cm·3 ~alynomoq~hs cm-3 linings cm·3 

0.5 37277 0 221 1106 23339 
3.5 44487 0 141 704 29282 
8.5 37514 0 232 1510 19861 
12.5 30912 0 268 625 15456 
16.5 34286 0 279 1115 11 800 
20.5 24977 0 0 2997 11789 
24.5 24003 0 211 282 12389 
28.5 37520 0 0 472 8849 
32.5 15244 0 0 581 2952 
35.5 27255 0 0 826 6194 
40.5 35204 0 0 1239 10634 
44.5 39243 0 0 984 9947 
48.5 45150 0 138 826 9498 
52.5 30124 0 98 880 8216 
57.5 29098 0 181 453 10878 
60.5 22435 0 0 405 4865 
64.5 25594 0 169 591 5659 
68.5 22966 0 72 869 4999 
72.5 30306 0 0 477 9816 
77.5 26018 0 0 578 11481 
80.5 29406 0 183 457 8402 
84.5 40782 0 0 1032 14841 
88.5 22873 0 71 1215 8291 
92.5 18860 0 184 307 5099 
96.5 31842 0 614 512 8088 
100.5 11702 0 37 74 2355 
104.5 45753 0 384 769 5639 
108.5 56024 0 138 413 6332 
112.5 46526 0 0 275 7296 
116.5 25030 0 228 531 3565 
120.5 14051 0 45 91 4079 
124.5 24468 0 77 155 4723 
128.5 30618 0 177 265 7876 
132.5 56932 0 0 507 12332 
136.5 30559 0 83 248 5534 
140.5 38125 0 240 360 9112 
143.5 26347 0 83 330 4212 
148.5 21659 0 64 256 6792 
152.5 17763 0 55 273 7269 
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Depth Dinocysts Pollen Spores Reworked Organic 
(cm} cm·3 cm·3 cm·3 ~al~nomOrJ:!hS cm·3 linings cm·3 

156.5 12416 0 0 244 7694 
160.5 15783 0 0 305 10844 
163.5 17344 0 0 310 9911 
168.5 11081 0 0 241 4921 
172.5 6462 0 0 190 3358 
176.5 13049 0 0 124 6731 
180.5 10026 0 0 160 5779 
183.5 9682 0 0 250 6309 
188.5 6063 0 19 450 5162 
192.5 8997 0 0 560 6283 
196.5 8048 0 23 305 6359 
200.5 5969 0 0 282 5800 
203 .5 8709 0 0 361 8848 
207.5 5193 0 17 183 5243 
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Table B.ll.a. Core TWC70 dinocyst species assemblage, (Part A). Species acronyms 
are found in Appendix A. Note. This table has two parts (A and B) that are at the 
same depths but with different species. 

Depth (cm) lpal lsph Nlab Oc en Ocss Oarc Selo Sr am 
0.5 3 2 13 152 0 0 12 0 
3.5 2 0 10 194 0 0 19 0 
8.5 0 0 17 182 0 10 10 0 
12.5 1 1 17 209 2 2 13 0 
16.5 0 1 20 258 1 2 17 0 
20.5 2 0 6 60 0 1 4 0 
24.5 0 0 6 123 1 5 14 0 
28.5 0 0 10 177 0 0 17 0 
32.5 0 0 11 186 1 2 19 0 
35.5 0 0 7 213 0 1 32 0 
40.5 0 0 7 238 1 2 30 0 
44.5 1 0 8 234 1 2 34 0 
48.5 0 0 4 194 1 0 21 1 
52.5 0 0 2 160 0 1 16 0 
57.5 0 1 3 231 0 1 18 0 
60.5 0 0 11 223 0 2 39 0 
64.5 1 0 9 211 0 0 19 0 
68.5 0 0 9 218 0 0 20 0 
72.5 1 0 4 181 0 0 12 1 
77.5 1 0 8 179 0 0 30 1 
80.5 0 0 8 208 0 0 19 0 
84.5 1 0 12 198 0 0 9 1 
88.5 1 1 14 218 2 1 15 0 
92.5 0 0 7 193 0 0 30 0 
96.5 0 0 7 128 0 2 19 0 
100.5 2 0 0 203 0 1 41 0 
104.5 4 0 6 234 1 6 26 0 
108.5 1 0 5 288 2 1 39 0 
112.5 2 0 4 245 2 3 29 0 
116.5 1 0 3 244 1 2 29 0 
120.5 1 0 7 184 1 5 33 0 
124.5 0 1 7 230 3 1 29 0 
128.5 1 1 4 254 1 1 22 0 
132.5 3 0 5 243 2 3 23 0 
136.5 0 0 7 251 1 2 38 0 
140.5 3 0 5 216 1 1 32 0 
143.5 0 0 4 235 2 7 22 0 
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Depth (cm) lpal lsph Nlab Oc en Ocss Oarc Selo Sram 
148.5 2 0 4 203 1 2 23 0 
152.5 0 2 191 0 2 26 0 
156.5 2 1 6 5 
160.5 2 3 15 
163.5 2 10 6 
168.5 10 2 
172.5 5 
176.5 4 2 
180.5 8 1 
183.5 2 15 
188.5 1 6 
192.5 1 
196.5 1 6 4 
200.5 2 6 5 
203.5 1 8 4 
207.5 1 19 3 

Table B.ll .b. Core TWC70 dinocyst species assemblage, (Part B) . Species acronyms 
are found in Appendix A. Note. This table has two parts (A and B) that are at the 
same depths but with different species. 

Depth (cm) Sspp Pd al lm in Imic Bspp Bsim Squa 
0.5 8 56 57 0 34 0 0 
3.5 10 22 36 1 21 0 1 
8.5 7 61 11 0 21 3 1 
12.5 6 55 26 2 12 0 0 
16.5 7 32 20 0 11 0 0 
20.5 6 6 23 1 15 0 
24.5 12 38 111 2 28 0 
28.5 6 23 65 1 18 0 1 
32.5 13 21 35 0 26 0 1 
35.5 7 21 30 0 19 0 0 
40.5 12 10 17 0 24 0 0 
44.5 12 8 34 0 24 0 1 
48 .5 3 4 67 0 32 0 
52.5 6 0 86 0 36 0 1 
57.5 1 7 38 0 21 0 0 
60.5 1 2 20 0 34 0 0 
64.5 2 7 24 0 30 0 0 
68.5 0 3 23 0 44 0 0 
72.5 7 70 0 41 0 0 
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Depth (cm) Sspp Pd al lm in Imic Bspp Bsim Squa 
77.5 5 1 57 0 33 0 0 
80.5 2 4 28 0 53 0 0 
84.5 3 7 31 0 53 0 1 
88.5 2 9 17 0 40 0 0 
92.5 5 2 28 0 41 0 1 
96.5 4 8 112 0 31 0 0 
100.5 2 6 43 0 20 0 0 
104.5 2 8 50 0 20 0 0 
108.5 1 8 30 0 31 0 1 
112.5 3 6 14 0 30 0 0 
116.5 4 4 13 0 29 0 0 
120.5 1 4 21 0 53 0 0 
124.5 3 2 19 0 20 0 1 
128.5 1 2 11 1 47 0 0 
132.5 4 2 10 0 41 0 1 
136.5 2 5 9 0 55 0 0 
140.5 2 5 13 0 40 0 0 
143.5 1 10 12 0 23 0 3 
148.5 2 10 31 0 60 0 0 
152.5 1 2 24 75 
156.5 2 50 239 
160.5 1 52 237 
163.5 7 51 259 
168.5 2 105 201 1 
172.5 70 230 1 
176.5 100 208 1 
180.5 3 134 166 2 
183 .5 3 86 203 
188.5 3 76 233 
192.5 2 168 133 
196.5 4 196 130 
200.5 6 161 135 
203.5 3 176 121 
207.5 2 120 167 

----------------------
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