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RESUME

La baie de Baffin est une voie importante d’exportation d’eau douce de I’Arctique
vers I’Atlantique Nord. Les exercices de modélisation climatiques suggérent que le
réchauffement climatique s’accompagnera d’une augmentation de I’exportation d'eau
douce I’ 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 I’impact des changements
climatiques & des échelles régionale et globale. Dans ce contexte, I’objectif de la thése
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 thése tentent de répondre & ces questions & partir de
I’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 deuxiéme chapitre concerne une séquence du centre de la baie de Baffin
enregistrant les derniers 115 000 ans. Enfin, le troisiéme 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 I’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 Baffin et la circulation dans I’ 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 Baffin au cours des derniers ~115 000 ans.

Pendant la majeure partie du dernier intervalle glaciaire, la baie de Baffin 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 5'%0 des foraminiféres
planctoniques (Neogloboquadrina pachyderma senestres; Npl) et des foraminiféres
benthiques (> +4%o) suggérent qu’une seule masse d’eau froide et salée d’origine
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Atlantique était présente sous la couche de mélange lors des stades isotopiques 5d 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 foraminiferes et de I’absence de dinokystes.
De faibles valeurs du 8180-Npl (+2,6 a +3,6%0) lors d’épisodes des stades 5c¢, 5a, 3 et
lors de la transition 2/1 sont enregistrées 4 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 ’Holocéne, 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 §'0-Npl. Les événements de Heinrich 1 et 2 ont y ont été
marqués par des des faibles teneurs en 5'%0 qui indiqueraient une production élevée
de glace de mer. En raison de conditions froides et de la proximité de la calotte
Laurentidienne, le Bolling-Allerad et le Dryas récent ne se sont pas accompagnés
d’enregistrement particulier a une échelle régionale.

La déglaciation, caractérisée par une diminution du couvert de glace de mer de
pérenne a saisonniére, 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 a 7,5 cal ka BP, le nord-ouest de la mer du Labrador a connu un changement
trés important des conditions de surface, avec des températures d’été élevées (~
11°C) mais froides en hiver (~ 0°C), une couverture de glace de mer de prés 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, a
environ 9,5 cal ka BP, une augmentation de salinité de surface de 28 a > 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 a environ 7,5 cal ka BP. Dans le
nord-ouest de la mer du Labrador, les conditions interglaciaires actuelles se sont
établies suite a I’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 a de moindres apports d’eau de fonte, une stratification réduite
et une augmentation de la pénétration des masses d’eau de 1’Atlantique Nord en
surface. De telles conditions sont favorable a la convection hivernale et 4 la formation
de la masse d’eau de la mer du Labrador (LSW), dont témoignent par ailleurs des
valeurs élevées du 5'2C-Npl. Dans I’est de la baie de Baffin, le réchauffement de
surface en hiver et des salinités plus élevée ont conduit & 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 Baffin indiquent également une advection accrue
des eaux de I’Atlantique Nord en surface pendant le postglaciaire, mais avec une
réponse fortement atténuée par rapport au secteur est. Ces résultats suggérent de
grandes fluctuations des conditions de surface marines a I’Holocéne, différentes dans
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les secteurs hauturiers et cdtiers, mais étroitement contrélées par le courant chaud de
I’ouest du Groenland et froid de la Terre de Baffin.

Mots clés : paléocéanographie, paléoclimatologie, baie de Baffin, mer du Labrador,
glaciaire, Holocéne, dinokystes, foraminiféres, isotopes de ’oxygene 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 oceanographic
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
deglacial.

Three research chapters address these issues using marine core sediment samples.
The first 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 Baffin 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 winter
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 Baffin Bay corridor and
with other records from the North Atlantic to identify associations with oceanic
circulation and climate.

Results show that Baffin Bay remained completely ice covered during most of the
last glacial interval. However advection of saline Atlantic water entered Baffin Bay
through Davis Strait during both cooler (stadial) and warmer (interstadial) intervals.
High 8'®0 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 8'%0-Npl values (+2.6 to +3.6 %o) were present during MIS 5c, 5a,
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 brines 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 SIBO-NPI values. The termination of Heinrich Events 1 and 2
were recorded with light-6 80 excursions indicating heavy ice production. The
Bolling-Allered and Younger Dryas were not recorded or weakly recorded, likely due
to close proximity to Laurentide Ice 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 winter (~0°C) sea surface temperatures (SST), sea ice cover 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 Baffin Bay, SSS
increased significantly (28 to > 32) and the breakup of perennial sea ice began as the
Greenland Ice Sheet retreated into Disko Bugt. Several 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'*C-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 Baffin 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 modern sea surface conditions in the
Baffin 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 Baffin 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 Pacific 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
atmosphere, 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



and Mauritzen, 2005). Coupled atmosphere-ocean General Circulation Models
(GCMs) are used to forecast the effects of climate change on the AMOC (Jahn and
Holland, 2013). In some modeling scenarios, cessation of the AMOC is projected
under conditions of large freshwater influx due to the melting of Arctic ice
(Greenland Ice 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 climate and oceanic circulation, specifically illustrating
their large-scale fluctuations during the last glacial cycle and the roles of freshwater
and climate 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 modern 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



the Labrador Sea (hereafter described as the Baffin 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., 2013), 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 has been greatly influenced by advances
and retreats of the northeastern margin of the Laurentide Ice 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,



while the 8.3 cal ka BP-drainage layer event is not easily recognizable in sea surface

reconstructions.

The northern 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 always
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 (5'30; Rashid and Boyle, 2007).

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

0.1.2 Baffin Bay

Paleoceanographic reconstructions from sediment cores in Baffin Bay (black circles
Fig. 0.1) can be divided into two groups. The first consists of records collected from
shallow (< 1000 m) shelf areas surrounding Baffin Bay where high sedimentation
rates (e.g. 100 cm ka™) 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 turn associated with the relative strength of

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



2001; Seidenkrantz et al., 2007, 2008, 2012; Knudsen et al., 2008; Ledu et al., 2008;
Lloyd et al., 2005, 2007; Mudie et al., 2006; Maoller et al., 2006; Moros et al., 2006;
Andresen et al., 2011; Perner et al., 2013; Erbs-Hansen et al., 2013; Jennings et al.,
2013). However, some records used dinoflagellates cysts as proxies 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., 2014). 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). Some of these
records document the large meltwater inputs from the deglaciation of the LIS and
Innuitian Ice Sheet (IIS), or the ice margin retreat and continued discharge from the
Greenland Ice 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 Baffin 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 Vemal 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 Baffin 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 lack of calcareous foraminifera precludes radiocarbon analyses or
the establishment of a §'°0 stratigraphy. However, Simon et al. (2012) recently
proposed a chronostratigraphy spanning the last 115 ka based on detailed

paleomagnetic data that overcomes some of these challenges.



Paleoceanographic reconstructions based on the 5'%0 of planktic foraminifera and
dinoflagellate cyst assemblages over the last glacial interval have been attempted on
several deep Baffin Bay cores despite the chronological uncertainty and interpretation
challenges (Aksu, 1981, 1983; Mudie and Aksu, 1984; de Vemnal 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 microfossils 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 Baffin Bay characterizes Holocene sediments collected from
depths > 900 m (Aksu 1983; Osterman and Nelson, 1989; de Vernal et al., 1992;
Schréeder-Adams and Van Rooyen, 2011; Steinhauer, 2012). This greatly hindered
the study of circulation in Baffin Bay throughout the glacial stage. There were also
other limitations that have since been discovered and/or improved since the 1980s. In
those days, isotopic analyses required a sample size >50 foraminiferal tests. Smaller
sample sizes could have introduced analytical bias, while large samples could have
been drawn from several 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
Baffin Bay sediments (Hiscott et al., 1989), remaining within foraminiferal tests
could bias their isotopic composition and result in misleading values (Hodell and
Curtis, 2008). Lastly, interpretations of a planktic-5'%0 signal from this polar to
subpolar environment can not be directly correlated with the global marine isotope
stratigraphy, notably because of the isotopic imprint of sea ice formation (Hillaire-
Marcel and de Vernal, 2008). The early planktic-5'°0 records from Baffin Bay
revealed large range in values, initially interpreted as glacial-interglacial oscillations
(Aksu, 1983; Aksu and Mudie, 1985). The low planktic-S'BO values have since been



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 Baffin Bay comridor 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 oceanographic
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 oceanographic history of the Baffin
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
oceanographic 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



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. Bolling-Allerad, Younger Dryas, drainage of glacial lake Agassiz), and
the millennial scale climate oscillations of the Holocene (e.g. Mid-Holocene
optimum, Medieval Warm Period, Little Ice 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 specific 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



in planktic and benthic foraminifera to identify sources of the mesopelagic and
bottom water masses as well as productivity, nutrient supply, and ventilation of water
masses, (4) establish chronologies or temporally constrain oceanographic changes
using the results from goals 1 through 3, as well as '“C dating, ice-rafted detritus and

detrital carbonate contents.

0.3 Geographic and hydrographic setting

Baffin Bay is a semi-enclosed, oblong basin approximately 1450 km long and
between 110 and 650 km wide (690,000 km? 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, all with relatively
steep slopes to the sea floor. Baffin Bay reaches a maximum water depth of 2136 m,
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 m deep), Jones Sound (30
km wide, 190 m deep), and Nares Strait (~40 km wide, ~220 m deep) in the north.
They also permit warmer intermediate waters from the Atlantic to enter from the
south via Davis Strait (640 m depth). During the last glacial maximum, Baffin Bay
was swrrounded by the Innuitian, Laurentide and Greenland Ice 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
Baffin Bay during this time. Davis Strait connects Baffin Bay to the Labrador Sea,
which expands along the Northwest Atlantic mid-ocean channel reaching ~3500 m
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 Baffin Bay
corridor (Fig. 0.1) (see Bourke et al., 1989; Buch, 2000, 2008; Cuny et al., 2002,
2005; Tang et al., 2004; Ribergaard, 2008; Miinchow 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 < 34.5) that has been slightly warmed by Atlantic water (T ~ 4.5°C,
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 m
of cooler, less saline water (T ~ 2.3°C, 32 < S < 33) above a warmer more saline
water layer (T ~ 1.6°C, S ~ 34.4), which both flow north along eastem Davis Strait).
Once the WGC reaches northern Baffin Bay and turns west, it (upper 300 m, T ~ -
1.5°C, 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 Baffin Island Current (BIC). Baffin Bay Intermediate Water consists of the
Irminger component of the WGC that has recirculated in Baffin Bay and some
warmer Arctic Intermediate water of Atlantic origin that passes over the sills of Nares
Strait. Baffin Bay Deep and Bottom waters cool with depth. The BIC flow south
along the Baffin 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 ~ -1.5°C, S < 34) which flows
along the eastern Canadian shelf and upper slope. The colder, less saline surface layer
of the LC overlies a branch of the WGC that has extended westward near Davis Strait
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 m 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 quite variable, ranging from 0 to > 10 months per year or
concentration ranging from O to about 90% from fall through spring. Sea ice
formation begins in September in northwest Baffin 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 southwestern Greenland coast and reduces the extent in eastern
Baffin 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 Baffin
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 cruise
aboard the CCGS Hudson in 2008 (Fig. 0.1; Campbell et al., 2009). Piston and
associated trigger core HU2008-029-004 (PC04 and TWCO04) were collected off the
Southern Baffin Island shelf in the northwestern Labrador Sea (61.46 °N, 58.04 °W)
at a water depth of 2163 m. Core PC04 and TWCO04 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 TWCI16 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. (2013). Piston and
trigger cores HU2008-029-008 (PC08 and TWCO08) were collected south of Davis
Strait (64.39 °N, 58.13 °W) at a water depth of 858 m. Cores PC08 and TWCO08 are
964 and 156 cm in length, respectively. Core PCO8 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 8'®0 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 '“C 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 5'30 records which were discontinuous due
to the lack of calcareous foraminifera in some 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., 2010) and oxidation of organic matter produced
in the North Water Polynya eliminates calcareous foraminifera for radiocarbon dating
as a postglacial stratigraphic tool in Baffin Bay and Davis Strait (Aksu 1983;
Osterman and Nelson, 1989; de Vernal et al.,, 1992; Schréeder-Adams and Van
Rooyen, 2011). The paleomagnetic properties of this interval also problematic and
not used in the age model (Simon et al., 2012). I will therefore use the palynological

analyses to tentatively correlate Holocene records.

0.5.2 Paleoceanographic proxies

Several proxies are used for the paleoceanographic reconstructions of the Baffin Bay
corridor in order to recreate conditions throughout the water column. 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 oceanographic

processes. These proxies are described below, along with the method of analysis.
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0.5.3 Foraminiferal stable isotopes (8'0 and 3'C)

Foraminifera are single-celled organisms whose tests are preserved within ocean
sediments given the proper conditions. There are several forms of foraminifera:
epibenthic (living on sea floor sediments), endobenthic (living within sea floor
sediments), other species of benthic foraminifera living on substrate or other
organisms, and planktonic species living in the water column. Changes in the oxygen
stable isotope values (5'%0) of calcareous epibenthic and planktic foraminifera reflect
changes in temperature, salinity and the 8'®0 of the water in which the test was
precipitated. Therefore oceanographic 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 (5'°C) 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 CO;, which increases DIC and planktic foraminiferal
8'>C 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 boost 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 CO, (DIC) producing
decrease in benthic 8'>C. Bottom water circulation is also traced with changes in the
8!3C 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 in water temperature, salinity, primary productivity, and
therefore changes in water mass characteristics and origin, the 5'%0 and 8"°C 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 Baffin 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 m water
depth 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). They are also influenced by food availability living in the chlorophyll
maximum (upper 50 m) 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 of Npl (e.g. 106-150
pm, 150-250 pm, and >250 um) 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 some effect
on the isotopic composition cannot be totally discarded (Barras et al., 2010). No
correction for global ice volume or vital effects are made on the benthic §'%0 and
8'%C since the results are used to document relative changes in a water mass within

the same records.
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0.5.4 Palynology

Four groups of palynomorphs are utilised as paleoceanographic proxies. The first 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 phototrophic (photosynthetic) or
heterotrophic (preying mainly on diatoms and ciliates), blooming in well lit,
productive surface waters (upper 50 m). 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 Vernal and Rochon, 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 Vemal et al., 2001, 2005, 2013; Radi and de
Vernal, 2008). This database is then applied in transfer functions using the modemn
analogue technique (MAT) to each sample through the core, to produce 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. 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 Baffin Bay and
the northwest Labrador Sea during the last glacial period is therefore an indication of
glacial activity of surrounding Ice 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 CO, in surface waters
from increased CO, in the atmosphere, high DIC (HCO5, COs™) through respiration
of organic matter causing an increase in pH, and to low calcium carbonate (CaCO3)
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 CO,
sequestration and primary productivity. Concentrations of benthic foraminiferal
organic linings are thus a measure of the amount of carbon flux to the sea floor by
proxy of benthic 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
Pacific derived Arctic water (Azetsu-Scott et al., 2010).

0.5.8 Ancillary parameters

There are other sedimentological parameters used in 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 >106 um, and
weight percent carbonate which is calculated from the weight percent inorganic
carbon (% Cinerg). 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 um 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 Quaternary Science Reviews entitled:
Oceanographic 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
isotopic 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 of potential 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 last climatic cycle from planktic
vs benthic foraminiferal records. This chapter will be submitted for publication in
Paleoceanography.

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 colder 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 HU2008-029-016. Black
circles mark the location of other paleoceanographic records in the region. Surface
currents (North Atlantic Current (NAC), Irminger Current (IC), East Greenland
Current (EGC), West Greenland Current (WGC), Baffin 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 modemn analogue technique was applied to dinocyst
assemblages and combined with stable isotope data from Neogloboquadrina
pachyderma left-coiled (Npl) for this purpose. Three oceanographic regimes were
identified, broadly corresponding to the "glacial", "deglacial” and "post-glacial"
intervals. The site remained under the direct influence of the Laurentide Ice Sheet
(LIS) margin until the postglacial and did not record the Belling-Allered 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 (~11°C) but low winter (~0°C) sea
surface temperatures, sea ice cover during about 3 months per year, and low summer
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 summer 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'*C 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 atmospheric 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 modeling
experiments (Goosse et al., 1997; Cheng and Rhines, 2004; Wadley and Bigg, 2002).
In this context, it is relevant to investigate the past history 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 of LSW.

Throughout the last glacial cycle, the Labrador Sea has been marked by meltwater -
supplies from the northeastern margin of the Laurentide Ice 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-Marcel 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 cover, 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. It 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 cover of sea ice, and productivity (gC m™%) 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 hydrographic setting and location of core collection

The hydrography of the Labrador Sea is influenced by both 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 low saline waters
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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 m,
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 m 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 m (Fig. 1.1). At the coring 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 sea ice
compilation using data provided by the National Snow and Ice Data Center (NSIDC)
indicates that the core site has a mean of 0.7 £ 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 is 896 cm in 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 1-cm 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 3'*C 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 (AR) was made as it was the
case for other *C-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 '*C 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 '*C-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 cm’ subsamples were rinsed and sieved through 106
pm and 10 pm sieves. The dried > 106 pm size fraction, which mostly contains
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 pm 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
palynomorpbs, which include cysts of dinoflagellates (dinocysts), pollen and spores,
organic linings of benthic foraminifera and reworked pre-Quaternary 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
interval (de Vemal et al., 1987). A minimum of 300 dinocysts were identified when
possible at species or genera level and counted for the application of the modern
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. (2001), and Head et al. (2001). 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-Quaternary age,
which were differentiated from recent palynomorphs based on their taxonomic
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

3

individuals per cm’ 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™ 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 summer, sea
ice cover as expressed as the number of months per year with a concentration > 50 %,
and productivity (gC-'m?). MAT was applied on 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., 2013), using the scripts prepared
by Guiot (CEREGE, France) for the software R (http://cran.r-project.org/) and the
procedure described by de Vemal et al. (2005). We applied a logarithmic
transformation to emphasize the weight of accompanying taxa. We 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 correéponds 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 (8'0) and carbon (5'°C) 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
commonly found in Arctic waters (e.g., B 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 modern planktonic foraminifer distribution
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(cf. Kucera, 2007). Npl specimens were picked from the 150-250 ym size fraction of
the > 106 um residue from the palynological preparations. Stable isotopic analyses
were conducted at GEOTOP by acidification with 102 % orthophosphoric acid
(Wendeberg et al., 2011) in a Multicarb™ preparation device coupled to an

IsoPrime™

isotope ratio mass spectrometer. The isotopic composition for each
sample was measured relative to the international reference, the Vienna Pee Dee
Belemnite (VPDB), using the conventional “8-per mil” notation. Reference (NBS 19,
TAEA) 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 =10 level for both isotopes (Hillaire-Marcel et al., 2004).

Some sedimentological parameters were used in conjunction with the
micropaleontological 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 pum fraction relative to the initial dry weight of the sample, 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 (% Cinorg) as the
difference between the total carbon (% Cio) and organic carbon (% Crg) as measured
with a combustion furnace coupled to an elemental analyser (Carlo-Erba™). The Co,
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 C,
and Ciporg are estimates of the total organic and total inorganic contents respectively.
However, potential biases may occur with detrital dolomite and/or HCl-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 Ciyorg 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 4C dates (Table 1.1), which are within error of Heinrich Event (HE)
intervals H1 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
poor age constraints. Since these layers are rapidly deposited (1-2 ka), the upper and
lower stratigraphic boundaries of H1 and H2, as identified as the increase in

carbonate content, have been used as stratigraphic boundaries in the model.
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The '*C 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 '“C yrs BP as one
may calculate from the average of the three dates. Since the 85-36 c¢m 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 coincides 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 10* cysts cm™.
The minimum values are recorded during the glacial interval and until ~15.7 cal ka
BP (< 100 cysts cm™; Fig. 1.3). There are a few intervals with slightly higher
concentrations (from 100 to 1000 cysts cm’®) 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™. 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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increase to a maximum of 180 cm™ grains and spores during the Holocene.
Concentrations of foraminifer linings are highly variable within a 0-10* cm™ range
(Fig. 1.3). Moderate concentrations are present until after H2, decrease to < 10 cm™
until after H1, then increase to maximum values through the Holocene. These three
groups of microfossils follow similar 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 much as 1200
cm?, 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 Islandinium 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% I. 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 I. sphaericum (Fig. 1.4). Brigantedinium
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spp. decreases to less than 25% and I. 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 some contain ~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 I. 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 1.
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™). 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°C
(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™. Whereas these conditions characterized the area until
~8.3 cal ka BP, some 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 fluctuate around modern
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 e 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 8'%0 and 8'3C

The stable oxygen and carbon isotopic analyses of 150-250 um Npl were performed
on 115 of the 220 intervals sampled (Fig. 1.5a). Many samples produced few Npl
which made it impossible to perform representative isotopic analyses. 8'°0 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 H1
(3.3 and 2.3 %.). Following H1, §'30 values jump 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 8'>C Npl record (Fig. 1.5a). The §'3C
values varied between 0.4 %o and -0.2 %o, with a minimum value bracketing H1. A
lesser pronounced 8"*C minimum also occurs between ca 11 and 12 cal ka BP (Figs.
1.5a, b). Then 8'C 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 oceanographic changes over the last ~36
ka (Fig. 1.5a). They define three ecostratigraphic units that indicate the succession of
different hydrographic 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
Islandinium (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
confirm that modern 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 some seasonal breakup and primary
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 southern Labrador Sea (P094; Fig. 1.1),
several high amplitude fluctuations of sea surface conditions with episodes of slightly
warmer conditions and lesser extent of seasonal ice cover were reported (de Vernal et
al., 2000, 2005). Such episodes marked by milder conditions were thus likely

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

The high Npl-8'%0 values of the glacial interval are interrupted by light-8'%0
excursions at the end of H1 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 Npl 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 §'%0 shifts.

The Bolling-Allerad (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-8180 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-8'*C values
prior to ~12.2 cal ka BP (Fig. 1.5b) could 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. Veum et al. (1992) and Bauch et al.
(2001) also observed an increase in Npl-8'°C in the GIN Seas during the YD,
matching a similar trend in benthic-8'°C. 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 8'*C-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 5'®0 and §'°C 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 defining HO making
it difficult to estimate the timing of the YD (e.g., Pearce et al., 2013) and the shift in

oceanic regime.
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
Vermal 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



40

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 3'°C values in Npl remained light until the final
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 isotopic 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 coincides with a retreat in the Hudson Strait Ice Stream (Dyke and Prest,
1987) between the Gold Cove Advance (~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 northeastern Canada would have been fostered by climate
warming 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 winter and summer SSTs (Fig. 1.5b). Four of the 9 samples comprising the 36-
85 cm interval contain specimens of the warm water species S. mirabilis (cf. Rochon
et al. 1999). Assuming these specimens are not reworked, the assemblage might
indicate some advection of North Atlantic waters to the northern 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 final 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,
1.5b; 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 8'3C values in the subsurface dwelling Npl. This regime shift may be associated
with inception of intermediate LSW pr