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processed and analyzed all the biomarker data included in this PhD thesis. I partici-

pated in three research cruises to the Fram Strait; two led by Dr. Jochen Knies at the

previously known Centre for Gas Hydrates, University of Tromsø, and one led by Dr.

Stijn De Schepper with AGENSI, NORCE. On these cruises, I collected the “giant pis-

ton” sediment core that provided the basis for paper II, and I collected and sampled

surface sediments for ancient DNA, biomarkers and palynology to be incorporated into

a surface sediment database by AGENSI.

Scientificenvironment

ThisPhDresearchwascarriedoutattheNorwegianResearchCentre(NORCE),de-

partmentofClimateandEnvironment,whereIwasapartoftheMolecularEcologyand

Paleogenomics(MEP),andtheOceanObservationsresearchgroups.Myresearchwas

fundedaspartoftheEuropeanResearchCouncilConsolidatorGrant,AGENSI-“A

GeneticViewintoPastSeaIceVariabilityintheArctic”ledbyDr.StijnDeSchepper.

DuringmyPhD,IwasamemberoftheBjerknesCentreforClimateResearch(BCCR)

inthePolarClimateresearchgroupandIwasenrolledintheintheResearchSchoolon

ChangingClimatesintheCoupledEarthSystem(CHESS).Ispenttworesearchstays

attheAlfredWegenerInstituteforPolarandMarineResearch(AWI)atthedepart-

mentofmarinegeology,hostedbyDr.KirstenFahlandProf.RüdigerSteinwhereI
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Abstract

The extensive to permanent state of the Arctic Ocean’s sea ice cover is changing rapidly,

inevitably turning the surface of the Arctic Ocean from white to blue. Understanding

this profound transformation and its implications for the climate, oceans and ecosystems

in, and beyond, the Arctic and Subarctic regions requires an understanding of natural

sea ice variability throughout geologic time. Past intervals of warming in Earth’s history

provide insights into the climatic and environmental responses that may be triggered

in a globally warming world. The Last Interglacial (LIG; 128–116 thousand years ago),

Marine Isotope Stage (MIS) 5e, had many characteristics similar to model projections

of our future climate. It had a warmer climate than present, but is also thought to have

had a less stable climate. One key factor that has the potential to influence ocean and

climate variability is sea ice, but its presence and extent throughout the LIG is poorly

constrained. Thus, what role sea ice may have played in interglacial climate variability

remains an unresolved question. Large discrepancies exist regarding the state of Arctic

sea ice cover through the LIG, and the glacial-interglacial transitions characterised by

large climatic and environmental shifts. Sea ice variability is intricately linked with the

flow of surface ocean currents and dynamic ice sheets through time. Understanding

how these different parameters of the Earth’s ice-ocean-climate system interact is crucial

to ultimately understand better the mechanisms that lead to sea ice variability, and

additionally understand how the sea ice may influence other components of the ice-

ocean-climate system. The importance of elucidating the uncertainties related to sea ice

variability, nature and extent, combined with uncertainties related to interglacial climate

variability, makes up the overall aim of this thesis; to better understand the role of sea ice

in the Earth’s ice-ocean-climate system throughout the LIG and its glacial transitions.

To investigate the aim, this PhD thesis resolves millennial to centennial-scale LIG and

glacial-interglacial sea ice variability and surface ocean hydrography in the Arctic and

Subarctic Oceans. This includes the late glacial MIS 6, Termination II, MIS 5e/LIG, and

MIS 5d covering a total time span from ca. 140–90 thousand years ago. From marine

sediment cores, we analyze the fossil and geochemical remains of the microorganisms

that once lived in the sea ice and surface ocean, now providing a natural archive of past
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water phytoplankton biomarkers, and dinoflagellate cyst assemblage analysis. These

data are compared to new and previously published proxy-records that together provide

new insights into the sea ice and paleoceanographic history of the (sub)Arctic Oceans.

This PhD thesis includes two proxy reconstructions from the Labrador Sea and the

Fram Strait regions. Both regions reveal an evolution of sea ice from maximum glacial

extents, through marginal ice zone conditions, to minimum interglacial sea ice extents

(Paper I and II). In paper I, our reconstruction from the subpolar Labrador Sea reveals a

detailed insight into the connection between sea ice, and the dynamic surface circulation

of the subpolar gyre (SPG). In paper II, our Fram Strait proxy-reconstruction reveals

insights on sea ice variability and productivity in the context of ice sheet dynamics,

polynya formation, and Atlantic water influence. In paper III, our data shed light on

the potential use of coupled benthic and planktic foraminiferal stable oxygen isotopes to

infer sea ice, stratification and deep convection in the subpolar Labrador Sea.

The findings presented in this thesis contribute new insights into LIG sea ice variability,

and into the evolution of sea ice across glacial to interglacial climates within the broader

context of the paleoceanographic history of the Arctic and Subarctic. Furthermore, this

thesis offers input information for enhancing the accuracy of climate model predictions of

future climate, and it offers data for evaluating novel proxies for sea ice reconstructions.

Ultimately, the findings are important for a better understanding of interglacial climates

and natural sea ice variability, crucial for fully grasping the consequences associated with

a future sea ice-free Arctic summer.

viiiAbstract

seaiceandhydrographicvariability.Specifically,seaicereconstructionsarebasedon

thesedimentaryabundanceoftheseaicealgaebiomarkerIP25combinedwithopen-

waterphytoplanktonbiomarkers,anddinoflagellatecystassemblageanalysis.These

dataarecomparedtonewandpreviouslypublishedproxy-recordsthattogetherprovide

newinsightsintotheseaiceandpaleoceanographichistoryofthe(sub)ArcticOceans.

ThisPhDthesisincludestwoproxyreconstructionsfromtheLabradorSeaandthe

FramStraitregions.Bothregionsrevealanevolutionofseaicefrommaximumglacial

extents,throughmarginalicezoneconditions,tominimuminterglacialseaiceextents

(PaperIandII).InpaperI,ourreconstructionfromthesubpolarLabradorSearevealsa

detailedinsightintotheconnectionbetweenseaice,andthedynamicsurfacecirculation

ofthesubpolargyre(SPG).InpaperII,ourFramStraitproxy-reconstructionreveals

insightsonseaicevariabilityandproductivityinthecontextoficesheetdynamics,

polynyaformation,andAtlanticwaterinfluence.InpaperIII,ourdatashedlighton

thepotentialuseofcoupledbenthicandplankticforaminiferalstableoxygenisotopesto

inferseaice,stratificationanddeepconvectioninthesubpolarLabradorSea.

ThefindingspresentedinthisthesiscontributenewinsightsintoLIGseaicevariability,

andintotheevolutionofseaiceacrossglacialtointerglacialclimateswithinthebroader

contextofthepaleoceanographichistoryoftheArcticandSubarctic.Furthermore,this

thesisoffersinputinformationforenhancingtheaccuracyofclimatemodelpredictionsof

futureclimate,anditoffersdataforevaluatingnovelproxiesforseaicereconstructions.

Ultimately,thefindingsareimportantforabetterunderstandingofinterglacialclimates

andnaturalseaicevariability,crucialforfullygraspingtheconsequencesassociatedwith

afutureseaice-freeArcticsummer.

viiiAbstract

seaiceandhydrographicvariability.Specifically,seaicereconstructionsarebasedon

thesedimentaryabundanceoftheseaicealgaebiomarkerIP25combinedwithopen-

waterphytoplanktonbiomarkers,anddinoflagellatecystassemblageanalysis.These

dataarecomparedtonewandpreviouslypublishedproxy-recordsthattogetherprovide

newinsightsintotheseaiceandpaleoceanographichistoryofthe(sub)ArcticOceans.

ThisPhDthesisincludestwoproxyreconstructionsfromtheLabradorSeaandthe

FramStraitregions.Bothregionsrevealanevolutionofseaicefrommaximumglacial

extents,throughmarginalicezoneconditions,tominimuminterglacialseaiceextents

(PaperIandII).InpaperI,ourreconstructionfromthesubpolarLabradorSearevealsa

detailedinsightintotheconnectionbetweenseaice,andthedynamicsurfacecirculation

ofthesubpolargyre(SPG).InpaperII,ourFramStraitproxy-reconstructionreveals

insightsonseaicevariabilityandproductivityinthecontextoficesheetdynamics,

polynyaformation,andAtlanticwaterinfluence.InpaperIII,ourdatashedlighton

thepotentialuseofcoupledbenthicandplankticforaminiferalstableoxygenisotopesto

inferseaice,stratificationanddeepconvectioninthesubpolarLabradorSea.

ThefindingspresentedinthisthesiscontributenewinsightsintoLIGseaicevariability,

andintotheevolutionofseaiceacrossglacialtointerglacialclimateswithinthebroader

contextofthepaleoceanographichistoryoftheArcticandSubarctic.Furthermore,this

thesisoffersinputinformationforenhancingtheaccuracyofclimatemodelpredictionsof

futureclimate,anditoffersdataforevaluatingnovelproxiesforseaicereconstructions.

Ultimately,thefindingsareimportantforabetterunderstandingofinterglacialclimates

andnaturalseaicevariability,crucialforfullygraspingtheconsequencesassociatedwith

afutureseaice-freeArcticsummer.

viii Abstract

sea ice and hydrographic variability. Specifically, sea ice reconstructions are based on

the sedimentary abundance of the sea ice algae biomarker IP25 combined with open-

water phytoplankton biomarkers, and dinoflagellate cyst assemblage analysis. These

data are compared to new and previously published proxy-records that together provide

new insights into the sea ice and paleoceanographic history of the (sub)Arctic Oceans.

This PhD thesis includes two proxy reconstructions from the Labrador Sea and the

Fram Strait regions. Both regions reveal an evolution of sea ice from maximum glacial

extents, through marginal ice zone conditions, to minimum interglacial sea ice extents

(Paper I and II). In paper I, our reconstruction from the subpolar Labrador Sea reveals a

detailed insight into the connection between sea ice, and the dynamic surface circulation

of the subpolar gyre (SPG). In paper II, our Fram Strait proxy-reconstruction reveals

insights on sea ice variability and productivity in the context of ice sheet dynamics,

polynya formation, and Atlantic water influence. In paper III, our data shed light on

the potential use of coupled benthic and planktic foraminiferal stable oxygen isotopes to

infer sea ice, stratification and deep convection in the subpolar Labrador Sea.

The findings presented in this thesis contribute new insights into LIG sea ice variability,

and into the evolution of sea ice across glacial to interglacial climates within the broader

context of the paleoceanographic history of the Arctic and Subarctic. Furthermore, this

thesis offers input information for enhancing the accuracy of climate model predictions of

future climate, and it offers data for evaluating novel proxies for sea ice reconstructions.

Ultimately, the findings are important for a better understanding of interglacial climates

and natural sea ice variability, crucial for fully grasping the consequences associated with

a future sea ice-free Arctic summer.

viii Abstract

sea ice and hydrographic variability. Specifically, sea ice reconstructions are based on

the sedimentary abundance of the sea ice algae biomarker IP25 combined with open-

water phytoplankton biomarkers, and dinoflagellate cyst assemblage analysis. These

data are compared to new and previously published proxy-records that together provide

new insights into the sea ice and paleoceanographic history of the (sub)Arctic Oceans.

This PhD thesis includes two proxy reconstructions from the Labrador Sea and the

Fram Strait regions. Both regions reveal an evolution of sea ice from maximum glacial

extents, through marginal ice zone conditions, to minimum interglacial sea ice extents

(Paper I and II). In paper I, our reconstruction from the subpolar Labrador Sea reveals a

detailed insight into the connection between sea ice, and the dynamic surface circulation

of the subpolar gyre (SPG). In paper II, our Fram Strait proxy-reconstruction reveals

insights on sea ice variability and productivity in the context of ice sheet dynamics,

polynya formation, and Atlantic water influence. In paper III, our data shed light on

the potential use of coupled benthic and planktic foraminiferal stable oxygen isotopes to

infer sea ice, stratification and deep convection in the subpolar Labrador Sea.

The findings presented in this thesis contribute new insights into LIG sea ice variability,

and into the evolution of sea ice across glacial to interglacial climates within the broader

context of the paleoceanographic history of the Arctic and Subarctic. Furthermore, this

thesis offers input information for enhancing the accuracy of climate model predictions of

future climate, and it offers data for evaluating novel proxies for sea ice reconstructions.

Ultimately, the findings are important for a better understanding of interglacial climates

and natural sea ice variability, crucial for fully grasping the consequences associated with

a future sea ice-free Arctic summer.

viiiAbstract

seaiceandhydrographicvariability.Specifically,seaicereconstructionsarebasedon

thesedimentaryabundanceoftheseaicealgaebiomarkerIP25combinedwithopen-

waterphytoplanktonbiomarkers,anddinoflagellatecystassemblageanalysis.These

dataarecomparedtonewandpreviouslypublishedproxy-recordsthattogetherprovide

newinsightsintotheseaiceandpaleoceanographichistoryofthe(sub)ArcticOceans.

ThisPhDthesisincludestwoproxyreconstructionsfromtheLabradorSeaandthe

FramStraitregions.Bothregionsrevealanevolutionofseaicefrommaximumglacial

extents,throughmarginalicezoneconditions,tominimuminterglacialseaiceextents

(PaperIandII).InpaperI,ourreconstructionfromthesubpolarLabradorSearevealsa

detailedinsightintotheconnectionbetweenseaice,andthedynamicsurfacecirculation

ofthesubpolargyre(SPG).InpaperII,ourFramStraitproxy-reconstructionreveals

insightsonseaicevariabilityandproductivityinthecontextoficesheetdynamics,

polynyaformation,andAtlanticwaterinfluence.InpaperIII,ourdatashedlighton

thepotentialuseofcoupledbenthicandplankticforaminiferalstableoxygenisotopesto

inferseaice,stratificationanddeepconvectioninthesubpolarLabradorSea.

ThefindingspresentedinthisthesiscontributenewinsightsintoLIGseaicevariability,

andintotheevolutionofseaiceacrossglacialtointerglacialclimateswithinthebroader

contextofthepaleoceanographichistoryoftheArcticandSubarctic.Furthermore,this

thesisoffersinputinformationforenhancingtheaccuracyofclimatemodelpredictionsof

futureclimate,anditoffersdataforevaluatingnovelproxiesforseaicereconstructions.

Ultimately,thefindingsareimportantforabetterunderstandingofinterglacialclimates

andnaturalseaicevariability,crucialforfullygraspingtheconsequencesassociatedwith

afutureseaice-freeArcticsummer.

viiiAbstract

seaiceandhydrographicvariability.Specifically,seaicereconstructionsarebasedon

thesedimentaryabundanceoftheseaicealgaebiomarkerIP25combinedwithopen-

waterphytoplanktonbiomarkers,anddinoflagellatecystassemblageanalysis.These

dataarecomparedtonewandpreviouslypublishedproxy-recordsthattogetherprovide

newinsightsintotheseaiceandpaleoceanographichistoryofthe(sub)ArcticOceans.

ThisPhDthesisincludestwoproxyreconstructionsfromtheLabradorSeaandthe

FramStraitregions.Bothregionsrevealanevolutionofseaicefrommaximumglacial

extents,throughmarginalicezoneconditions,tominimuminterglacialseaiceextents

(PaperIandII).InpaperI,ourreconstructionfromthesubpolarLabradorSearevealsa

detailedinsightintotheconnectionbetweenseaice,andthedynamicsurfacecirculation

ofthesubpolargyre(SPG).InpaperII,ourFramStraitproxy-reconstructionreveals

insightsonseaicevariabilityandproductivityinthecontextoficesheetdynamics,

polynyaformation,andAtlanticwaterinfluence.InpaperIII,ourdatashedlighton

thepotentialuseofcoupledbenthicandplankticforaminiferalstableoxygenisotopesto

inferseaice,stratificationanddeepconvectioninthesubpolarLabradorSea.

ThefindingspresentedinthisthesiscontributenewinsightsintoLIGseaicevariability,

andintotheevolutionofseaiceacrossglacialtointerglacialclimateswithinthebroader

contextofthepaleoceanographichistoryoftheArcticandSubarctic.Furthermore,this

thesisoffersinputinformationforenhancingtheaccuracyofclimatemodelpredictionsof

futureclimate,anditoffersdataforevaluatingnovelproxiesforseaicereconstructions.

Ultimately,thefindingsareimportantforabetterunderstandingofinterglacialclimates

andnaturalseaicevariability,crucialforfullygraspingtheconsequencesassociatedwith

afutureseaice-freeArcticsummer.

viiiAbstract

seaiceandhydrographicvariability.Specifically,seaicereconstructionsarebasedon

thesedimentaryabundanceoftheseaicealgaebiomarkerIP25combinedwithopen-

waterphytoplanktonbiomarkers,anddinoflagellatecystassemblageanalysis.These

dataarecomparedtonewandpreviouslypublishedproxy-recordsthattogetherprovide

newinsightsintotheseaiceandpaleoceanographichistoryofthe(sub)ArcticOceans.

ThisPhDthesisincludestwoproxyreconstructionsfromtheLabradorSeaandthe

FramStraitregions.Bothregionsrevealanevolutionofseaicefrommaximumglacial

extents,throughmarginalicezoneconditions,tominimuminterglacialseaiceextents

(PaperIandII).InpaperI,ourreconstructionfromthesubpolarLabradorSearevealsa

detailedinsightintotheconnectionbetweenseaice,andthedynamicsurfacecirculation

ofthesubpolargyre(SPG).InpaperII,ourFramStraitproxy-reconstructionreveals

insightsonseaicevariabilityandproductivityinthecontextoficesheetdynamics,

polynyaformation,andAtlanticwaterinfluence.InpaperIII,ourdatashedlighton

thepotentialuseofcoupledbenthicandplankticforaminiferalstableoxygenisotopesto

inferseaice,stratificationanddeepconvectioninthesubpolarLabradorSea.

ThefindingspresentedinthisthesiscontributenewinsightsintoLIGseaicevariability,

andintotheevolutionofseaiceacrossglacialtointerglacialclimateswithinthebroader

contextofthepaleoceanographichistoryoftheArcticandSubarctic.Furthermore,this

thesisoffersinputinformationforenhancingtheaccuracyofclimatemodelpredictionsof

futureclimate,anditoffersdataforevaluatingnovelproxiesforseaicereconstructions.

Ultimately,thefindingsareimportantforabetterunderstandingofinterglacialclimates

andnaturalseaicevariability,crucialforfullygraspingtheconsequencesassociatedwith

afutureseaice-freeArcticsummer.

viiiAbstract

seaiceandhydrographicvariability.Specifically,seaicereconstructionsarebasedon

thesedimentaryabundanceoftheseaicealgaebiomarkerIP25combinedwithopen-

waterphytoplanktonbiomarkers,anddinoflagellatecystassemblageanalysis.These

dataarecomparedtonewandpreviouslypublishedproxy-recordsthattogetherprovide

newinsightsintotheseaiceandpaleoceanographichistoryofthe(sub)ArcticOceans.

ThisPhDthesisincludestwoproxyreconstructionsfromtheLabradorSeaandthe

FramStraitregions.Bothregionsrevealanevolutionofseaicefrommaximumglacial

extents,throughmarginalicezoneconditions,tominimuminterglacialseaiceextents

(PaperIandII).InpaperI,ourreconstructionfromthesubpolarLabradorSearevealsa

detailedinsightintotheconnectionbetweenseaice,andthedynamicsurfacecirculation

ofthesubpolargyre(SPG).InpaperII,ourFramStraitproxy-reconstructionreveals

insightsonseaicevariabilityandproductivityinthecontextoficesheetdynamics,

polynyaformation,andAtlanticwaterinfluence.InpaperIII,ourdatashedlighton

thepotentialuseofcoupledbenthicandplankticforaminiferalstableoxygenisotopesto

inferseaice,stratificationanddeepconvectioninthesubpolarLabradorSea.

ThefindingspresentedinthisthesiscontributenewinsightsintoLIGseaicevariability,

andintotheevolutionofseaiceacrossglacialtointerglacialclimateswithinthebroader

contextofthepaleoceanographichistoryoftheArcticandSubarctic.Furthermore,this

thesisoffersinputinformationforenhancingtheaccuracyofclimatemodelpredictionsof

futureclimate,anditoffersdataforevaluatingnovelproxiesforseaicereconstructions.

Ultimately,thefindingsareimportantforabetterunderstandingofinterglacialclimates

andnaturalseaicevariability,crucialforfullygraspingtheconsequencesassociatedwith

afutureseaice-freeArcticsummer.



Sammendrag

Det omfattende og permanente havisdekket som i dag karakteriserer det Arktiske havet er

i rask endring med en havoverflate som uunng̊aelig er i endring fra hvit til bl̊a. Forst̊aelse

for en slik omfattende endring og dets konsekvenser for hav, klima, og økosystemer i,

og utenfor, de Arktisk og Subarktiske hav krever en forst̊aelse for havisens naturlige

variasjoner gjennom geologiske tid. Tidligere intervaller in jordens historie som var

varme gir innsikt inn i hvordan klima og miljø responderer p̊a et globalt varmere klima.

Den Siste Interglasiale Perioden (LIG), Marine Isotop trinn (MIS) 5e, hadde mange

karakteristikker som liknet p̊a modellerte projeksjoner av v̊art framtidige klima. Den

hadde et varmere klima enn dagens, men ogs̊a et mer ustabilt klima. En nøkkelfaktor

som har potensial for å p̊avirke klima- og havvariasjoner er havis, men dets tilstedeværelse

og utbredelse gjennom LIG er lite kjent. Hvilken rolle havis kan ha spilt i interglasial

klimavariabilitet er dermed et uløst spørsm̊al. I tillegg, eksisterer det store uenigheter

om tilstanden til Arktisk havis gjennom LIG, og den glasiale til interglasiale overgangen

som er karakterisert av betydelig klima og miljøendringer. Havisen er intrikat knyttet

til b̊ade variasjoner i havstrømmer og dynamiske isdekker gjennom tid. En forst̊aelse for

hvordan disse forskjellige parameterne i jordens is-hav-klima system henger sammen er

viktig for å bedre forst̊a mekanismene som fører til havisvariasjoner, og i tillegg, forst̊a

hvordan havisen kan p̊avirke de ulike komponentene i is-hav-klima systemet. Viktigheten

av å forst̊a usikkerhetene knyttet til havisens variabilitet, og utbredelse, kombinert med

usikkerhetene knyttet til interglasial klimavariasjoner utgjør det overordnede målet for

denne avhandlingen; å bedre forst̊a hvilken rolle havis kan ha spilt i jorden is-hav-klima

system gjennom den siste interglasiale perioden, og dets glasiale overganger.

For å undersøke det overordnete målet løser denne doktorgradsavhandlingen årtusen

til århundre skala LIG, og glasial til interglasial havisvariasjon og hydrografi i de Ark-

tiske til Subarktiske havene. Dette inkluderer den siste delen av den glasiale perioden

MIS 6 og dens avsmelting (Terminasjon II), MIS 5e/LIG og MIS 5d, noe som dekker

en total tidsperiode fra ca. 140–90 tusen år siden. Fra marine sedimentkjerner analy-

serer vi fossile og geokjemiske rester av mikroorganismer som en gang levde i havisen

og i overflatehavet. Disse danner n̊a et naturlig arkiv av tidligere havis- og hydrografisk
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viktigforåbedreforst̊amekanismenesomførertilhavisvariasjoner,ogitillegg,forst̊a

hvordanhavisenkanp̊avirkedeulikekomponenteneiis-hav-klimasystemet.Viktigheten
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Resultatene presentert i denne avhandlingen gir ny kunnskap om utviklingen av havis
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naturligehavisvariasjoner,avgjørendeforåbedreforst̊akonsekvenseneassosiertmeden

fremtidighavisfriArktisksommer.

xSammendrag

variasjon.Spesifikt,erhavisrekonstruksjonenebasertp̊asedimentærmengderavisalge

biomarkørenIP25,kombinertmedfytoplanktonbiomarkørerforåpenthav,oganalyseav
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DanielleMagannGrant,StijnDeschepper.Proxysignalsforseaice,hydrography

anddeepconvectioninthesubpolargyre-acriticalreviewoftheLastInterglacial.

Manuscriptinpreparationforsubmission.

Contributionsnotincludedinthisthesis

IV.DanielleMagannGrant,KristineSteinsland,TristanCordier,UlyssesSilasNinne-

mann,UmerZeeshanIjaz,H̊akonDahle,StijnDeSchepper,JessicaLouiseRay.

SedimentaryAncientDNAsequencesrevealmarineecosystemshiftsandindicator

taxaforGlacial-Interglacialseaiceconditions.Manuscriptacceptedforpublica-

tioninQuaternaryScienceReviews.

ThepublishedarticleisopenaccessarticlesundertheCreativeCommonsAttribution4.0

License(http://creativecommons.org/licenses/by/4.0/)

List of publications

I. Kristine Steinsland, Danielle Magann Grant, Ulysses Silas Ninnemann, Kirsten
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Chapter 1

Introduction

1.1 Motivation

By 2019, the global climate had warmed approximately 1.1 °C above preindustrial levels

due to anthropogenic carbon emissions to the atmosphere, according to the International

Panel on Climate Change’s Sixth Assessment Report (IPCC , 2021). Thus, human activ-

ities may be pushing components of the Earth system towards critical thresholds which,

when crossed, can lead to non-linear, fast, and irreversible changes with large-scale im-

pacts on human and ecological systems (Lenton et al., 2008). Global climate warming

is impacting everyday life as sea levels rise, while natural disasters and extreme weather

are becoming more intense and frequent. To avoid the most severe economic, social, and

environmental consequences, the Paris Agreement was signed by 195 countries in 2015,

agreeing to keep the increase in global mean temperature relative to preindustrial values

below 2°C by the end of the 21st century, with efforts to limit the temperature increase

to 1.5°C. However, alarmingly, global temperatures are on track to increase to 2.7 °C by

the end of the century (UNEP , 2021).

In the polar regions, the temperature rises twice as fast as the global average (Notz

and Stroeve, 2016; Notz and Stroeve, 2018) and the concurrent loss of Arctic sea ice

is now recognized as one of the most prominent signatures of anthropogenic warming

(Meredith et al., 2019). The sea ice loss is transforming the Arctic Ocean into a new state

with implications for Arctic communities and ecosystems (Meier et al., 2014; Ingvaldsen

et al., 2021), stratification (Polyakov et al., 2017; Polyakov et al., 2020), and ocean- and

atmospheric circulation patterns that impact climate in the mid latitudes, far beyond

the Arctic (Francis and Vavrus , 2012; Cohen et al., 2014; Deser et al., 2016; Screen,

2017; Screen et al., 2018). The urgency to study sea ice in the Arctic and Subarctic
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et al., 2014), future projections (Stocker et al., 2013), and throughout the past four

interglacial periods (Galaasen et al., 2014, 2020).
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climates, coupled with the importance of understanding sea ice variability, led to the

overall aim of this thesis: to understand the role of sea ice in the larger ocean-climate

system throughout the LIG, and the glacial transitions leading into and out of it. By

documenting sea ice variability throughout the past we can better understand the com-

plex dynamics of the ice-ocean-atmosphere system. Ultimately, this needs to be resolved

to understand the implications of the contemporary and future sea ice decline, evaluate

challenges, and develop mitigation pathways now and for the future.
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The Arctic Ocean’s vast seasonal to extensive sea ice cover is the most prominent feature

of the Arctic Ocean- yet. Covering roughly 9% of the world’s oceans for at least parts of

the year (nsidc accessed oct , 2023), it makes up one of the largest known biomes on Earth

(Dieckmann and Hellmer , 2010). Despite its enormous spatial extent, sea ice only grows
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a few meters thick, making it vulnerable to small oceanic or atmospheric perturbations,

and climate changes throughout time. The resulting changes in sea ice cover, on both

short and long-term geologic scales, have substantial impacts for the oceans, climate,

and the ecosystems which it supports.

Figure 1.1: Modern Arctic Ocean sea ice extent for A) September 2023 and B) March
2023. Pink lines indicate the median sea ice extent from 1981–2010. The figures are
from the National Snow and Ice Data Center; sea ice index, accessed October, 2023
(nsidc accessed oct , 2023).

In the Arctic and Subarctic oceans, sea ice has a large (natural) seasonal variability due

to the pronounced difference in summer and winter insolation which leads to summer

sea ice melt and winter sea ice growth (Figure 1.1). Through brine formation in winter

and the release of freshwater during summers, the sea ice importantly influence the ther-

mohaline properties of the upper water column (Thomas , 2017). When seawater freezes

it produces ice crystals and small droplets of accumulated sea salt (brines) which drain

out into the ocean. This process increases the salinity and the density of the seawater,

which ultimately sinks when the seawater is dense enough. Thus, brine rejection associ-

ated with sea ice formation affects local, vertical water masses movements, deep-water

formation and thereby the AMOC (Dieckmann and Hellmer , 2010). Brines can also be

enriched in CO2 which sink into the deep ocean during sea ice formation. This is an im-

portant mechanism contributing to the ocean CO2 sink today (Rysgaard et al., 2011),

and throughout geologic time (Bouttes et al., 2010).

Additionally important, sea ice forms a freshwater source that, upon melting, reduces
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afewmetersthick,makingitvulnerabletosmalloceanicoratmosphericperturbations,

andclimatechangesthroughouttime.Theresultingchangesinseaicecover,onboth

shortandlong-termgeologicscales,havesubstantialimpactsfortheoceans,climate,

andtheecosystemswhichitsupports.

Figure1.1:ModernArcticOceanseaiceextentforA)September2023andB)March
2023.Pinklinesindicatethemedianseaiceextentfrom1981–2010.Thefiguresare
fromtheNationalSnowandIceDataCenter;seaiceindex,accessedOctober,2023
(nsidcaccessedoct,2023).
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the surface ocean salinity and density, contributing to enhanced surface stratification.

This surface freshwater may reduce deep water formation, weakening deep circulation,

in turn implying less northward heat transport by the AMOC. Under the influence of

the polar surface currents and wind stress, sea ice is in nearly constant motion across the

Arctic Ocean (Leppäranta, 2011). In western Fram Strait, sea ice exits the Arctic Ocean

and is steered towards the Subarctic North Atlantic by the East Greenland Current

(EGC) (Aagaard and Coachman, 1968; Haine et al., 2015; Smedsrud et al., 2017; Rudels

et al., 1999). Thus, sea ice drifts away from its formation area and melts elsewhere, re-

distributing freshwater in the Arctic and Subarctic Oceans, and influences thermohaline

properties far away from its original formation area. In summary, the seasonal cycle of

Arctic sea ice and the longer-term sea ice variability is an important component of the

thermohaline circulation, and the AMOC.

Sea ice has intrinsic value for the ecosystem and biodiversity it supports. The transition

to sea ice-free summer conditions may cause substantial shifts to phytoplankton com-

munity structure, driving transitions in regional marine ecology (Meredith et al., 2019).

Sea ice, in its different forms, has a profound effect on the biota as it controls light and

the distribution of phototrophic organisms, and also determines the timing of nutrient

release to surface water when sea ice melts (e.g. Meier et al., 2011). Under perennial sea

ice there is generally little primary production. In contrast, very high biogenic produc-

tivity occurs along the seasonal sea ice margins under the sea ice (Arrigo et al., 2012)

and in polynyas (e.g. Tremblay and Smith, 2007).

When sea ice forms, it incorporates biogeochemical material (e.g., macro-nutrients, iron,

organic matter, sediments), which is stored, transformed, and later released in seawater

when the ice melts. In addition, organic matter accumulates in the sea ice as a result

of auto- and heterotrophic production (e.g. Vancoppenolle et al., 2013). Starting in

late autumn, sea ice algae (mainly diatoms) are incorporated into sea ice, where they

hibernate in small channels formed during sea ice formation (Gradinger and Ikävalko,

1998). In spring, when sufficient light and nutrients become available the algae start to

grow. Thus, sea ice algae adapted and bound to this specific environment contribute to

organic carbon and biomass release (Gosselin et al., 1997; Gradinger , 2009) and form

the basic level of the Arctic food chain by photosynthesis (Arrigo et al., 2009). Some of

the algae synthesize specific biomarkers, which may be preserved in the sediments on the

seafloor and are used to reconstruct past sea ice cover (Belt et al., 2007; Brown et al.,

2014) (see also chapter 3.1).

Not least, sea ice is an important amplifying feedback which causes it to be one of the

most rapidly changing areas of the Arctic environment (Meredith et al., 2019). Sea ice

impacts the Earth’s global energy budget through albedo feedback mechanisms at the
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Arctic Ocean (Leppäranta, 2011). In western Fram Strait, sea ice exits the Arctic Ocean

and is steered towards the Subarctic North Atlantic by the East Greenland Current

(EGC) (Aagaard and Coachman, 1968; Haine et al., 2015; Smedsrud et al., 2017; Rudels

et al., 1999). Thus, sea ice drifts away from its formation area and melts elsewhere, re-

distributing freshwater in the Arctic and Subarctic Oceans, and influences thermohaline

properties far away from its original formation area. In summary, the seasonal cycle of

Arctic sea ice and the longer-term sea ice variability is an important component of the

thermohaline circulation, and the AMOC.

Sea ice has intrinsic value for the ecosystem and biodiversity it supports. The transition

to sea ice-free summer conditions may cause substantial shifts to phytoplankton com-

munity structure, driving transitions in regional marine ecology (Meredith et al., 2019).

Sea ice, in its different forms, has a profound effect on the biota as it controls light and

the distribution of phototrophic organisms, and also determines the timing of nutrient

release to surface water when sea ice melts (e.g. Meier et al., 2011). Under perennial sea

ice there is generally little primary production. In contrast, very high biogenic produc-

tivity occurs along the seasonal sea ice margins under the sea ice (Arrigo et al., 2012)

and in polynyas (e.g. Tremblay and Smith, 2007).

When sea ice forms, it incorporates biogeochemical material (e.g., macro-nutrients, iron,

organic matter, sediments), which is stored, transformed, and later released in seawater

when the ice melts. In addition, organic matter accumulates in the sea ice as a result

of auto- and heterotrophic production (e.g. Vancoppenolle et al., 2013). Starting in

late autumn, sea ice algae (mainly diatoms) are incorporated into sea ice, where they

hibernate in small channels formed during sea ice formation (Gradinger and Ikävalko,
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the incoming radiation (50–70%) that hits the sea ice surface back into space, compared

to the darker surface of an open ocean which reflects only 6% and thus has a low albedo

(nsidc accessed oct , 2023). This high albedo of sea ice prevents heat from being absorbed

into the ocean and helps to keep the Arctic region cool. On the other hand, as sea ice

melts, it exposes a much darker ocean surface, which absorbs more radiation, amplifying

the warming. Sea ice cover also acts as a lid to the surface ocean, separating the relatively

cold atmosphere at high latitudes from warmer ocean waters beneath. This prevents

surface ocean-atmosphere coupling such as heat and gas exchange, evaporation, and

surface ocean mixing due to reduced wind forcing (Dieckmann and Hellmer , 2010). A

loss of sea ice leads to both increased heat absorption due to a weakened albedo effect,

and to increased exposure of warmer ocean waters to the high latitude atmosphere in the

Arctic. Both processes result in an amplified and larger warming in the Arctic compared

to the global average (Screen and Simmonds , 2010), a phenomenon that is referred to

as polar amplification.

Due to polar amplification, over the past three to four decades, Arctic sea ice has sig-

nificantly decreased in extent, thickness, and age (Figure 1.2), coincident with global

warming and atmospheric CO2 increase (Stroeve et al., 2007; Stroeve et al., 2012; Cav-

alieri and Parkinson, 2012). The decline means that currently about half as much of

the Arctic Ocean is covered by sea ice in September compared to when satellite mea-

surements began 40+ years ago (Notz and Stroeve, 2018). As the Arctic ice cover thins,

it becomes more vulnerable to anomalous atmospheric and/or oceanic forcing that can

lead to rapid ice loss events, and a fast transition toward a seasonally ice-free Arctic

Ocean (Holland et al., 2006; Vavrus et al., 2012).

With the sea ice loss, in the coming decades we may expect to enter a new regime, in

which the interior Arctic Ocean is entirely ice free in summer and sea ice is thinner and

more mobile in winter (e.g. Haine and Martin, 2017). Throughout the Anthropocene a

seasonally sea ice-free Arctic Ocean is unprecedented, and thus we do not know the full

implications of ice free summers. Additionally, some of the most dramatic Arctic changes

evident in the observational data have been poorly captured by climate models which

have generally underestimated the amount of lost sea ice in recent decades (Stroeve et al.,

2007, 2012; Jahn et al., 2016; Rosenblum and Eisenman, 2017; Diebold and Rudebusch,

2023). The discrepancies between models and observations imply that the climate models

do not yet adequately describe the underlying processes and feedback mechanisms in

the Arctic. Nevertheless, the current knowledge of the Arctic sea ice dynamics and

decline is based on only about 40 years of satellite observations, an interval insufficient

to document the full range of its natural variability and to fully assess feedbacks on the
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6 Introduction

global ocean, climate, and ecosystems. Measurements of sea ice variability on longer

geologic timescales are therefore crucial to assess the processes and feedbacks of the

Arctic.

Today, large-scale sea ice retreat is evident in the Fram Strait and the Barents Sea

regions. Implications of this retreat is indeed evident in changed phytoplankton distri-

butions, increased heat absorption and increased exposure of warmer ocean waters to

the high-latitude atmosphere in the Arctic (e.g. Ingvaldsen et al., 2021). The sea ice de-

cline additionally leads to an increased freshwater flux to the Subarctic regions where

decreases in ocean water density influence the circulation in important deep water for-

mation sites in the North Atlantic Labrador Sea (Yang et al., 2016). In the context of

the ongoing decline, investigating how sea ice responded to changes in climate and ocean

in these areas and how sea ice may have impacted ocean and climate variability through-

out the past is crucial in order to understand the current, and future implications, of the

changing sea ice cover.

Figure 1.2: Northern Hemisphere sea ice extent anomalies during September for the pe-
riod from 1979 to 2023, showing and average decline of ca. 12% per decade. Monthly sea
ice extent anomalies are plotted as percent difference between the extent for September
of each year and the mean extent for September based on data from January 1981 to
December 2010. The dashed grey line indicates the trend line based on a simple linear
regression. The figures are from the National Snow and Ice Data Center; sea ice index,
accessed October, 2023 (nsidc accessed oct , 2023).
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1.3 Arctic and Subarctic oceanography

The extent and variability of sea ice in the Arctic and Subarctic regions is driven by

a range of processes included in oceanic and atmospheric circulation patterns. The

northward transport of warm surface water via the upper branch of the AMOC largely

influences the high-latitude climates. In fact, the climate of northwest Europe is up to

6°C warmer than the analogous location in the Pacific Ocean due to the northward trans-

ported heat released to the atmosphere (e.g. Palter , 2015). The warm and saline surface

Atlantic water progressively cools and increases in density as it encounters polar water

(and air), sinking to form deep water in the Nordic and Labrador Seas. Subsequently,

these waters move south as North Atlantic Deep Water (NADW) to ultimately upwell,

primarily in the Southern Ocean. These movements create a net poleward transport of

heat that together with the atmosphere, establishes the global and regional climates and

offsets the radiation inequities imposed by the differential heating of Earth (Trenberth

and Caron, 2001; Ganachaud and Wunsch, 2003).

The Gulf Stream is the main conduit of tropical heat to the high northern latitudes. It

transports the warm and salty water of tropical/subtropical origin into the mid-latitudes

of the northern hemisphere, as the upper limb of the AMOC (e.g. Käse and Krauß , 1996).

After the separation from the continental slope, the Gulf Stream is referred to as the

North Atlantic Current (NAC) and it crosses into the eastern Atlantic Ocean (e.g. Rhein

et al., 2011). From here, the Atlantic waters diverge into two major flows; the Norwegian

Atlantic Current (NwAC) going northward into the Nordic Seas and further toward the

Fram Strait, and the Irminger Current (IC) flowing westward across the North Atlantic

to the Labrador Sea.

1.3.1 Fram Strait oceanography

The warm and saline Atlantic waters enter the Arctic Ocean via eastern Fram Strait

(Figure 1.3) as the northernmost continuation of the NAC, where it is referred to as

the Western Spitsbergen Current (WSC) (Aagaard , 1982; Schauer et al., 2004; Carmack

et al., 2015). The Fram Strait, between Svalbard and Greenland, is the only deepwater

connection between the Arctic Ocean and the North Atlantic (Jakobsson et al., 2012;

von Appen et al., 2015; Haine et al., 2015) and is therefore crucial for the exchange

of water masses between high and low latitudes. Between 78°N and 80°N the WSC

branches into a northeastward flowing Svalbard branch (SB), and a westward flowing

Yermak Branch (YB) (Manley , 1995). As these surface water continuously cool, densify

and subsequently sink, the Atlantic water eventually returns as the Return Atlantic
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heat that together with the atmosphere, establishes the global and regional climates and

offsets the radiation inequities imposed by the differential heating of Earth (Trenberth
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Figure 1.3: Oceanography of the North Atlantic Ocean including the Labrador Sea, the
Nordic Seas, and the Fram Strait gateway into the Arctic Ocean. A) Major surface and
deep ocean currents indicated on bathymetry; blue and orange currents represent the
surface currents; NAC: North Atlantic Current, NwAC: Norwegian Atlantic Current,
WSC: Western Spitsbergen Current, IC: Irminger Current, EGC: East Greenland Cur-
rent, and the cyclonic SPG: Subpolar gyre. Purple currents represent deep flows; the
Labrador Sea basin is dominated by the DWBU: Deep Western Boundary Undercur-
rent, of which DSOW: Denmark Strait Overflow Water makes up a large part. Circled
crosses indicate deep convection cells in the Greenland Sea and Labrador Sea, B) An-
nual sea surface temperature °C from the World Ocean Atlas, 2019. Sea ice minimum
(September) and sea ice maximum (March) average extents between 1981 and 2010 are
marked with white dashed lines. The circled numbers present the regions studied for
this PhD thesis; (1) corresponding to papers I and III, and (2) corresponding to paper
II (see chapter 3). Map A is made in QGIS and map 2 is made in Ocean Data View
(Schlitzer , 2023).

Current (RAC) (Bourke et al., 1988; Hattermann et al., 2016) as intermediate and deep-

waters (Aagaard , 1981; Rudels et al., 2002; Schauer et al., 2002; Beszczynska-Möller

et al., 2012). Deep convection also occurs near the sea ice edge in the Greenland Sea

(Hansen and Østerhus , 2000). These newly formed and re-circulated deep waters cross

the Greenland-Scotland Ridge as Denmark Strait Overflow Water (DSOW) that flows

into the North Atlantic.

The Fram Strait sea ice variability is subject to both anthropogenic global warming and

internal variability via different atmospheric (Ding et al., 2017) and ocean (Carmack

et al., 2015) processes. Relationships between Atlantic Ocean heat transport and Arctic

sea ice conditions have been recognized for more than a century (Helland-Hansen and

Nansen, 1909) and many studies since, have shown a role of Atlantic warming on sea-ice

reduction (Furevik , 2001; Vinje, 2001a; Polyakov et al., 2004; Spielhagen et al., 2011;

Årthun et al., 2012). Thus, the poleward ocean heat transport via the WSC has a strong
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influence on the recent changes in Arctic sea ice (Polyakov et al., 2017; Serreze et al.,

2019). Increased ocean heat transport since 1997 has mainly been driven by increased

ocean temperature (Beszczynska-Möller et al., 2012; Wang et al., 2020) leading to an

ongoing “Atlantification” - a transition of Arctic waters to a state more closely resembling

that of the Atlantic (e.g. Ingvaldsen et al., 2021). This includes increased Atlantic water

temperatures with attendant northward retreat of sea ice, reductions in stratification,

increased vertical mixing, and altered primary production (e.g. Reigstad et al., 2002).

The importance of Atlantic water influence on the sea ice state is demonstrated in modern

observations, especially in the Barents Sea and north of Svalbard where the retreat of the

winter sea ice edge has been most pronounced along the main advection paths of the warm

Atlantic water (Årthun et al., 2012; Ivanov et al., 2018; Ingvaldsen et al., 2021). While

the eastern Fram Strait has been essentially sea ice-free year-round throughout recent

history (1981–2010; Figure 1.3) (Polyakov et al., 2017), large changes in sea ice extent are

documented in the area northeast of Svalbard. This area, which has traditionally been

ice covered most of the year, has in recent decades experienced larger areas with ice-free

conditions for longer periods, primarily due to a contemporary increase in temperature

of the Atlantic water inflow (Ivanov et al., 2012; Onarheim et al., 2014). Nevertheless,

there are still uncertainties related to the drivers of sea ice loss. While Atlantic water

related loss is the most obvious fingerprint of Atlanticfication, atmospheric processes by

local and regional winds also play a role (e.g. Ingvaldsen et al., 2021). Thus, there is

still no comprehensive understanding of the role that upstream and regional oceanic and

atmospheric forcing have in shaping the sea ice changes in the region.

In the western Fram Strait, the EGC is a cold current that is responsible for substantial

sea ice discharge from the Arctic Ocean (averaging approximately 3,000 km3 annually

between 1950 and 2000) (Vinje, 2001b). This current is predominantly constrained

to the western sector of the strait, where the EGC flows southward along the eastern

continental margin of Greenland (Aagaard and Coachman, 1968; Rudels et al., 2002),

transporting sea ice and accompanying freshwater south, ultimately reaching the North

Atlantic through the subpolar Labrador Sea.

1.3.2 Labrador Sea oceanography and the subpolar gyre

In the North Atlantic, a large portion of the NAC turns westward transporting the

warm and salty Atlantic waters via the IC, forming the anticyclonic subpolar gyre (SPG)

circulation (Figure 1.3). The IC releases heat to the atmosphere as it flows westward,

where winter cooling of these surface waters causes convection and intermediate water

formation in the Labrador Sea (Lazier , 1973). This overturning, which can extend as
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influenceontherecentchangesinArcticseaice(Polyakovetal.,2017;Serrezeetal.,

2019).Increasedoceanheattransportsince1997hasmainlybeendrivenbyincreased

oceantemperature(Beszczynska-Mölleretal.,2012;Wangetal.,2020)leadingtoan

ongoing“Atlantification”-atransitionofArcticwaterstoastatemorecloselyresembling

thatoftheAtlantic(e.g.Ingvaldsenetal.,2021).ThisincludesincreasedAtlanticwater

temperatureswithattendantnorthwardretreatofseaice,reductionsinstratification,

increasedverticalmixing,andalteredprimaryproduction(e.g.Reigstadetal.,2002).

TheimportanceofAtlanticwaterinfluenceontheseaicestateisdemonstratedinmodern

observations,especiallyintheBarentsSeaandnorthofSvalbardwheretheretreatofthe

winterseaiceedgehasbeenmostpronouncedalongthemainadvectionpathsofthewarm

Atlanticwater(̊Arthunetal.,2012;Ivanovetal.,2018;Ingvaldsenetal.,2021).While

theeasternFramStraithasbeenessentiallyseaice-freeyear-roundthroughoutrecent

history(1981–2010;Figure1.3)(Polyakovetal.,2017),largechangesinseaiceextentare

documentedintheareanortheastofSvalbard.Thisarea,whichhastraditionallybeen

icecoveredmostoftheyear,hasinrecentdecadesexperiencedlargerareaswithice-free

conditionsforlongerperiods,primarilyduetoacontemporaryincreaseintemperature

oftheAtlanticwaterinflow(Ivanovetal.,2012;Onarheimetal.,2014).Nevertheless,

therearestilluncertaintiesrelatedtothedriversofseaiceloss.WhileAtlanticwater

relatedlossisthemostobviousfingerprintofAtlanticfication,atmosphericprocessesby

localandregionalwindsalsoplayarole(e.g.Ingvaldsenetal.,2021).Thus,thereis

stillnocomprehensiveunderstandingoftherolethatupstreamandregionaloceanicand

atmosphericforcinghaveinshapingtheseaicechangesintheregion.

InthewesternFramStrait,theEGCisacoldcurrentthatisresponsibleforsubstantial

seaicedischargefromtheArcticOcean(averagingapproximately3,000km3annually

between1950and2000)(Vinje,2001b).Thiscurrentispredominantlyconstrained

tothewesternsectorofthestrait,wheretheEGCflowssouthwardalongtheeastern

continentalmarginofGreenland(AagaardandCoachman,1968;Rudelsetal.,2002),

transportingseaiceandaccompanyingfreshwatersouth,ultimatelyreachingtheNorth

AtlanticthroughthesubpolarLabradorSea.

1.3.2LabradorSeaoceanographyandthesubpolargyre

IntheNorthAtlantic,alargeportionoftheNACturnswestwardtransportingthe

warmandsaltyAtlanticwatersviatheIC,formingtheanticyclonicsubpolargyre(SPG)

circulation(Figure1.3).TheICreleasesheattotheatmosphereasitflowswestward,

wherewintercoolingofthesesurfacewaterscausesconvectionandintermediatewater

formationintheLabradorSea(Lazier,1973).Thisoverturning,whichcanextendas
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deep as two kilometers, forms Labrador Sea Water (LSW), which then spreads into the

greater North Atlantic Ocean and beyond as one of the major connections between the

warm upper branch and the cold lower branch of the AMOC (Pickart et al., 2002). The

EGC, flowing southward from the Arctic Ocean with cold, fresh surface water mixes with

the IC south of Greenland. Today, the relatively thin (< ca. 150 m) layer of cold, low-

salinity Polar Water derived from the EGC, overlies the relatively warm Atlantic-source

subsurface water masses derived from the IC.

Importantly, the SPG shares links between the North Atlantic, Labrador Sea with the

Nordic Seas, Fram Strait and Arctic Ocean through the surface transport and exchange

of heat, salinity, and freshwater (Born and Stocker , 2014; Häkkinen and Rhines , 2004).

The cyclonic circulation of the SPG is a key mechanism for North Atlantic climate

variability on a wide range of time scales, driven by both buoyancy and wind forcing

(Born and Stocker , 2014; Levermann and Born, 2007; Montoya et al., 2011), of which sea

ice can influence both. While today there is little to no sea ice in the Labrador Sea, it has

been found that increased freshwater input to the subpolar Labrador Sea associated with

recent sea ice melting in the Arctic may have slowed down the Labrador Sea intermediate

water formation, reducing the strength of the SPG, and by implication, the AMOC (Yang

et al., 2016). Thus, it has been found that only minor (freshwater) perturbations of the

system can cause large shifts in the circulation of the SPG, with implications for the

AMOC. Nevertheless the coupling between the SPG and the AMOC is complex, and it

remains unclear if and how the SPG contributed to recent changes in the overturning

circulation (Lozier , 2012; Lozier et al., 2019). Despite the complex circulation coupling,

the SPG’s potential to alter mass, heat, and buoyancy, and alter climate across the North

Atlantic, and beyond, makes it crucial to understand the mechanisms by, and timescales

on, which the SPG can vary.

1.4 The Last Interglacial

The potential climatic implications of projected global warming can be understood by

investigating past periods in Earth’s history that were as warm or warmer than today.

The LIG, Marine Isotope Stage 5e (MIS 5e), is one such period that is commonly used as a

comparison to the ongoing Holocene interglacial. It has many features in common with

model projections of future climate. For example, the LIG climate was characterized

by Northern Hemisphere continental summer temperatures that are similar to those

expected for the coming centuries. Globally, it is believed to have been at least 2 °C
warmer than the present (Masson-Delmotte et al., 2013), while polar temperatures in

both hemispheres were about 3–5 °C warmer than today (Jansen et al., 2007). This
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ThecycloniccirculationoftheSPGisakeymechanismforNorthAtlanticclimate

variabilityonawiderangeoftimescales,drivenbybothbuoyancyandwindforcing

(BornandStocker,2014;LevermannandBorn,2007;Montoyaetal.,2011),ofwhichsea

icecaninfluenceboth.WhiletodaythereislittletonoseaiceintheLabradorSea,ithas

beenfoundthatincreasedfreshwaterinputtothesubpolarLabradorSeaassociatedwith

recentseaicemeltingintheArcticmayhavesloweddowntheLabradorSeaintermediate

waterformation,reducingthestrengthoftheSPG,andbyimplication,theAMOC(Yang

etal.,2016).Thus,ithasbeenfoundthatonlyminor(freshwater)perturbationsofthe

systemcancauselargeshiftsinthecirculationoftheSPG,withimplicationsforthe

AMOC.NeverthelessthecouplingbetweentheSPGandtheAMOCiscomplex,andit

remainsunclearifandhowtheSPGcontributedtorecentchangesintheoverturning

circulation(Lozier,2012;Lozieretal.,2019).Despitethecomplexcirculationcoupling,

theSPG’spotentialtoaltermass,heat,andbuoyancy,andalterclimateacrosstheNorth

Atlantic,andbeyond,makesitcrucialtounderstandthemechanismsby,andtimescales

on,whichtheSPGcanvary.

1.4TheLastInterglacial

Thepotentialclimaticimplicationsofprojectedglobalwarmingcanbeunderstoodby

investigatingpastperiodsinEarth’shistorythatwereaswarmorwarmerthantoday.

TheLIG,MarineIsotopeStage5e(MIS5e),isonesuchperiodthatiscommonlyusedasa

comparisontotheongoingHoloceneinterglacial.Ithasmanyfeaturesincommonwith

modelprojectionsoffutureclimate.Forexample,theLIGclimatewascharacterized

byNorthernHemispherecontinentalsummertemperaturesthataresimilartothose

expectedforthecomingcenturies.Globally,itisbelievedtohavebeenatleast2°C
warmerthanthepresent(Masson-Delmotteetal.,2013),whilepolartemperaturesin

bothhemisphereswereabout3–5°Cwarmerthantoday(Jansenetal.,2007).This

10 Introduction

deep as two kilometers, forms Labrador Sea Water (LSW), which then spreads into the

greater North Atlantic Ocean and beyond as one of the major connections between the

warm upper branch and the cold lower branch of the AMOC (Pickart et al., 2002). The

EGC, flowing southward from the Arctic Ocean with cold, fresh surface water mixes with

the IC south of Greenland. Today, the relatively thin (< ca. 150 m) layer of cold, low-

salinity Polar Water derived from the EGC, overlies the relatively warm Atlantic-source

subsurface water masses derived from the IC.

Importantly, the SPG shares links between the North Atlantic, Labrador Sea with the

Nordic Seas, Fram Strait and Arctic Ocean through the surface transport and exchange

of heat, salinity, and freshwater (Born and Stocker , 2014; Häkkinen and Rhines , 2004).
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is comparable to the 3–6 °C of Arctic warming that is expected to accompany 1–2

°C of global warming (Kattsov et al., 2004), due to polar amplification (e.g. cape last

interglacial project members , 2006). Also, sea level is estimated to have been 6–9 m above

present-day levels, with a significantly reduced Greenland Ice Sheet (GIS) accounting for

0.6–3.5 m of this sea level rise (Dutton et al., 2015).

However, the LIG warmth was forced under different orbital configurations than present,

and greenhouse gas concentrations which drive much of modern warming, remained at

preindustrial levels during MIS 5e (Lüthi et al., 2008). Thus, the LIG is no perfect

analogue for a projected future warm climate, but it does represent an excellent case

study to investigate climate feedbacks shaping the response to orbital forcing, gives

valuable insights into the climate and environmental responses that may be triggered in

a future warmer world, and it provides a reference of interglacial climate variability in

the absence of anthropogenic forcing.

Indeed, around 128 thousand years ago, astronomical forcing (Berger , 1988) lead to

insolation maximum and ice volume minimum (Shackleton, 1969), leading to the pacing

of the LIG. The response of the climate system to the astronomical forcing includes

a diversity of feedbacks involving the atmosphere, ocean, sea ice, vegetation and land

ice (Rohling et al., 2012), leading to climate variability and instability superimposed on

insolation trends. Starting in the early 1980s, studies suggested that AMOC changes

could drive climate fluctuations (Broecker and Peng , 1982; Broecker , 1991, and references

therein) on millennial timescales, and even on decadel, or rapid, timescales (Stocker and

Wright , 1991; Rahmstorf , 1994). The variability in the AMOC’s strength and structure

as the leading candidate for generating climate variability was discussed in the context

of glacial periods, while interglacial periods were long considered to be accompanied by a

relatively stable and vigorous AMOC. However, more recently, this interglacial stability

has been questioned (Galaasen et al., 2014, 2020).

1.4.1 North Atlantic climate variability

LIG climate variability, and instability, has been documented in a range of marine and

terrestrial proxy records from the North Atlantic and Europe, involving several cooling

events, consistent with low-intensity disruptions of the overturning circulation (C28-C24

in Figure 1.4) (Tzedakis et al., 2018). Interglacial variability is evident in isotopic, fau-

nal and ice rafted debris (IRD) from marine sediment cores, which revealed the presence

of a series of surface-cooling events in the North Atlantic (e.g. Chapman and Shackle-

ton, 1999; Irvali et al., 2012; Irvali et al., 2016; Mokeddem et al., 2014; Oppo et al.,

2006; Sánchez Goñi et al., 2012). Sea surface temperature (SST) fluctuations have
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2006;SánchezGoñietal.,2012).Seasurfacetemperature(SST)fluctuationshave

1.4TheLastInterglacial11

iscomparabletothe3–6°CofArcticwarmingthatisexpectedtoaccompany1–2

°Cofglobalwarming(Kattsovetal.,2004),duetopolaramplification(e.g.capelast

interglacialprojectmembers,2006).Also,sealevelisestimatedtohavebeen6–9mabove

present-daylevels,withasignificantlyreducedGreenlandIceSheet(GIS)accountingfor

0.6–3.5mofthissealevelrise(Duttonetal.,2015).

However,theLIGwarmthwasforcedunderdifferentorbitalconfigurationsthanpresent,

andgreenhousegasconcentrationswhichdrivemuchofmodernwarming,remainedat
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ice(Rohlingetal.,2012),leadingtoclimatevariabilityandinstabilitysuperimposedon

insolationtrends.Startingintheearly1980s,studiessuggestedthatAMOCchanges

coulddriveclimatefluctuations(BroeckerandPeng,1982;Broecker,1991,andreferences

therein)onmillennialtimescales,andevenondecadel,orrapid,timescales(Stockerand

Wright,1991;Rahmstorf,1994).ThevariabilityintheAMOC’sstrengthandstructure

astheleadingcandidateforgeneratingclimatevariabilitywasdiscussedinthecontext

ofglacialperiods,whileinterglacialperiodswerelongconsideredtobeaccompaniedbya
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Figure 1.4: Paleoclimate records compiled by Tzedakis et al. (2018) demonstrating
the widespread climate variability within the Last Interglacial (LIG); a) cave-stacked
δ18Ospeleothem; b) temperate tree pollen; c) δ18Oplanktic; d) alkenone Uk′

37 and Mg/Ca sea
surface temperatures; e) N. pachyderma (s) and N. incompta percentages f) Mg/Ca re-
constructed sea surface temperature; g) δ13C C. wuellerstorfi ; h) ice rafted debris (IRD).
Light blue vertical bars indicate Heinrich Stadial events; grey bars indicate cold events.

been detected in the Nordic Seas (Fronval and Jansen, 1996) and North Atlantic (Irvali

et al., 2012; Irvali et al., 2016), and lithological variations in the subpolar North Atlantic
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speleothem records (Moseley et al., 2015 ;Regattieri et al., 2016; Tzedakis et al., 2018)

demonstrate LIG climate variability, and in numerical simulations, centennial-scale cool-

ing at the surface of the North Atlantic converge towards moderate AMOC weakening

(Tzedakis et al., 2018). Additionally, the Greenland NEEM LIG record, reconstructed

from a folded ice core, indicates multiple episodes of extensive ice surface melting super-

imposed on a relatively smooth surface temperature profile with gradual cooling following

early peak conditions (neem community members , 2013).

One of the largest interglacial excursions was the “C27 cooling event” which likely expe-

rienced a major decline in NADW (Galaasen et al., 2014). These authors documented

large and abrupt variability in bottom water mass properties (δ13C) during the LIG. This

event was compared to the “8.2 event” during the Holocene interglacial where a major

decline in NADW in the deep Atlantic (Kleiven et al., 2008), and a weakening of the

overturning circulation was caused by a major freshwater outburst associated with ice

sheet decay. Major declines in NADW in the deep Atlantic were also demonstrated for

the three preceding interglacial periods (Galaasen et al., 2020). Both freshwater and/or

atmospheric forcing likely triggered reductions in the AMOC and caused the centennial-

scale cooling at the surface of the North Atlantic (Tzedakis et al., 2018). However, also

in the latter MIS 5e, transients in the bottom water δ13C suggests that reductions in

NADW occurred. During this time conditions favored ice mass expansion rather than

rapid retreat, suggesting that decaying ice sheets, and associated freshwater outburst,

was likely not the main triggering of these rapid NADW reductions (Galaasen et al.,

2014). This illustrates that we still lack an understanding of the mechanisms that may

lead to climate variability, instability, and how the surface ocean variability is linked

with the deep circulation branch of the AMOC.

1.4.2 Sea ice and North Atlantic climate variability

Alterations in the circulation of the SPG has been extensively deliberated as a plausible

mechanism contributing to the widespread variability in the North Atlantic LIG climate

(e.g. Irvali et al., 2012, 2016; Mokeddem et al., 2014; Tzedakis et al., 2018). This is

attributed to the SPG’s links throughout the North Atlantic via surface transport of heat,

salinity, and freshwater, coupled with its potential to influence the AMOC as outlined

in Chapter 1.3.2. Sea ice holds the potential to influence both wind and buoyancy

forcing to which the SPG reacts sensitively. Furthermore, buoyancy forcing affects deep

water formation in the subpolar North Atlantic, which in turn affects the strength of

the AMOC. Thus, in the subpolar Labrador Sea where deep water formation occurs, the

SPG could be especially sensitive to the extent of sea ice and its associated freshwater.
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speleothemrecords(Moseleyetal.,2015;Regattierietal.,2016;Tzedakisetal.,2018)

demonstrateLIGclimatevariability,andinnumericalsimulations,centennial-scalecool-

ingatthesurfaceoftheNorthAtlanticconvergetowardsmoderateAMOCweakening

(Tzedakisetal.,2018).Additionally,theGreenlandNEEMLIGrecord,reconstructed

fromafoldedicecore,indicatesmultipleepisodesofextensiveicesurfacemeltingsuper-

imposedonarelativelysmoothsurfacetemperatureprofilewithgradualcoolingfollowing

earlypeakconditions(neemcommunitymembers,2013).

Oneofthelargestinterglacialexcursionswasthe“C27coolingevent”whichlikelyexpe-

riencedamajordeclineinNADW(Galaasenetal.,2014).Theseauthorsdocumented

largeandabruptvariabilityinbottomwatermassproperties(δ13C)duringtheLIG.This

eventwascomparedtothe“8.2event”duringtheHoloceneinterglacialwhereamajor

declineinNADWinthedeepAtlantic(Kleivenetal.,2008),andaweakeningofthe

overturningcirculationwascausedbyamajorfreshwateroutburstassociatedwithice

sheetdecay.MajordeclinesinNADWinthedeepAtlanticwerealsodemonstratedfor

thethreeprecedinginterglacialperiods(Galaasenetal.,2020).Bothfreshwaterand/or

atmosphericforcinglikelytriggeredreductionsintheAMOCandcausedthecentennial-

scalecoolingatthesurfaceoftheNorthAtlantic(Tzedakisetal.,2018).However,also

inthelatterMIS5e,transientsinthebottomwaterδ13Csuggeststhatreductionsin

NADWoccurred.Duringthistimeconditionsfavoredicemassexpansionratherthan

rapidretreat,suggestingthatdecayingicesheets,andassociatedfreshwateroutburst,

waslikelynotthemaintriggeringoftheserapidNADWreductions(Galaasenetal.,

2014).Thisillustratesthatwestilllackanunderstandingofthemechanismsthatmay

leadtoclimatevariability,instability,andhowthesurfaceoceanvariabilityislinked

withthedeepcirculationbranchoftheAMOC.

1.4.2SeaiceandNorthAtlanticclimatevariability

AlterationsinthecirculationoftheSPGhasbeenextensivelydeliberatedasaplausible

mechanismcontributingtothewidespreadvariabilityintheNorthAtlanticLIGclimate

(e.g.Irvalietal.,2012,2016;Mokeddemetal.,2014;Tzedakisetal.,2018).Thisis

attributedtotheSPG’slinksthroughouttheNorthAtlanticviasurfacetransportofheat,

salinity,andfreshwater,coupledwithitspotentialtoinfluencetheAMOCasoutlined

inChapter1.3.2.Seaiceholdsthepotentialtoinfluencebothwindandbuoyancy

forcingtowhichtheSPGreactssensitively.Furthermore,buoyancyforcingaffectsdeep

waterformationinthesubpolarNorthAtlantic,whichinturnaffectsthestrengthof

theAMOC.Thus,inthesubpolarLabradorSeawheredeepwaterformationoccurs,the

SPGcouldbeespeciallysensitivetotheextentofseaiceanditsassociatedfreshwater.
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the LIG (Galaasen et al., 2014) and during the last glacial inception (Born et al., 2010).

However, the absence of direct sea ice proxy evidence from this region impedes the val-

idation of these hypotheses. While sea ice reconstructions within this specific region

and time interval are limited, broader compilations (e.g. Kageyama et al., 2021) indi-

cate that south of 79°N, the Atlantic and Nordic Seas were devoid of sea ice during the

LIG. Evidence from the preceding MIS 6 and Termination II (T II) indicates that sea

ice did exist in the subpolar Labrador Sea (Irvali et al., 2012) and further north along

the East Greenland Margin (Zhuravleva et al., 2017a). Nevertheless, these existing data

are indirect and do not resolve the potential extent of sea ice within the LIG. Our lim-

ited knowledge about sea ice extent and variability in the North Atlantic SPG region,

crucially hinders an evaluation of its potential role for modulating ocean circulation and

the SPG within the LIG and on glacial-interglacial timescales.

1.4.3 Arctic sea ice and unresolved questions

The Arctic Ocean, and the adjacent Fram Strait are more widely researched in the

context of sea ice throughout the past. The Fram Strait is characterised by a complex

interplay between atmospheric circulation, ocean currents and ice sheet dynamics, which

all leads to profound fluctuations in sea ice conditions through time, providing valuable

insights into the Earth’s climatic history. During the LIG, and its glacial transitions, the

responses of sea ice to various internal and external forces in the Fram Strait resulted in

highly dynamic sea ice conditions. While some regions encountered significantly reduced

sea ice, resulting in seasonally ice-free conditions (Stein et al., 2017), others exhibited

extensive and even perennial sea ice cover (Kremer et al., 2018a; Kremer et al., 2018b).

This variability was found to be intricately linked to the fluctuations of warm Atlantic

water influence via the WSC and the extent of the Svalbard Barents Sea Ice Sheet (SBIS),

where katabatic winds played a role in the opening polynyas to the west and north of

the SBIS.

Nonetheless, discrepancies in the climatic evolution of the LIG persist, specifically in

relation to the influx and influence of Atlantic waters during this period. While the

importance of Atlantic heat flux for sea surface properties in the Fram Strait is well

established (chapter 1.3.1), different perspectives exist regarding the strength and extent

of Atlantic water influence during the LIG (e.g. Zhuravleva et al., 2017b). Variability in

Atlantic water influx, and its influence on the surface ocean and sea ice conditions, have

been discussed in connection, freshwater inputs, stratification regimes, wind patterns,

14Introduction

Indeed,previousstudieshavesuggestedthatseaiceanditsassociatedmeltinthe

LabradorSeacouldhavemodulatedtheSPGcirculationoncentennialtimescaleswithin

theLIG(Galaasenetal.,2014)andduringthelastglacialinception(Bornetal.,2010).

However,theabsenceofdirectseaiceproxyevidencefromthisregionimpedestheval-

idationofthesehypotheses.Whileseaicereconstructionswithinthisspecificregion

andtimeintervalarelimited,broadercompilations(e.g.Kageyamaetal.,2021)indi-

catethatsouthof79°N,theAtlanticandNordicSeasweredevoidofseaiceduringthe

LIG.EvidencefromtheprecedingMIS6andTerminationII(TII)indicatesthatsea

icedidexistinthesubpolarLabradorSea(Irvalietal.,2012)andfurthernorthalong

theEastGreenlandMargin(Zhuravlevaetal.,2017a).Nevertheless,theseexistingdata

areindirectanddonotresolvethepotentialextentofseaicewithintheLIG.Ourlim-

itedknowledgeaboutseaiceextentandvariabilityintheNorthAtlanticSPGregion,

cruciallyhindersanevaluationofitspotentialroleformodulatingoceancirculationand

theSPGwithintheLIGandonglacial-interglacialtimescales.

1.4.3Arcticseaiceandunresolvedquestions

TheArcticOcean,andtheadjacentFramStraitaremorewidelyresearchedinthe

contextofseaicethroughoutthepast.TheFramStraitischaracterisedbyacomplex

interplaybetweenatmosphericcirculation,oceancurrentsandicesheetdynamics,which

allleadstoprofoundfluctuationsinseaiceconditionsthroughtime,providingvaluable

insightsintotheEarth’sclimatichistory.DuringtheLIG,anditsglacialtransitions,the

responsesofseaicetovariousinternalandexternalforcesintheFramStraitresultedin

highlydynamicseaiceconditions.Whilesomeregionsencounteredsignificantlyreduced

seaice,resultinginseasonallyice-freeconditions(Steinetal.,2017),othersexhibited

extensiveandevenperennialseaicecover(Kremeretal.,2018a;Kremeretal.,2018b).

ThisvariabilitywasfoundtobeintricatelylinkedtothefluctuationsofwarmAtlantic

waterinfluenceviatheWSCandtheextentoftheSvalbardBarentsSeaIceSheet(SBIS),

wherekatabaticwindsplayedaroleintheopeningpolynyastothewestandnorthof

theSBIS.

Nonetheless,discrepanciesintheclimaticevolutionoftheLIGpersist,specificallyin

relationtotheinfluxandinfluenceofAtlanticwatersduringthisperiod.Whilethe

importanceofAtlanticheatfluxforseasurfacepropertiesintheFramStraitiswell

established(chapter1.3.1),differentperspectivesexistregardingthestrengthandextent

ofAtlanticwaterinfluenceduringtheLIG(e.g.Zhuravlevaetal.,2017b).Variabilityin

Atlanticwaterinflux,anditsinfluenceonthesurfaceoceanandseaiceconditions,have

beendiscussedinconnection,freshwaterinputs,stratificationregimes,windpatterns,

14Introduction

Indeed,previousstudieshavesuggestedthatseaiceanditsassociatedmeltinthe

LabradorSeacouldhavemodulatedtheSPGcirculationoncentennialtimescaleswithin

theLIG(Galaasenetal.,2014)andduringthelastglacialinception(Bornetal.,2010).

However,theabsenceofdirectseaiceproxyevidencefromthisregionimpedestheval-

idationofthesehypotheses.Whileseaicereconstructionswithinthisspecificregion

andtimeintervalarelimited,broadercompilations(e.g.Kageyamaetal.,2021)indi-

catethatsouthof79°N,theAtlanticandNordicSeasweredevoidofseaiceduringthe

LIG.EvidencefromtheprecedingMIS6andTerminationII(TII)indicatesthatsea

icedidexistinthesubpolarLabradorSea(Irvalietal.,2012)andfurthernorthalong

theEastGreenlandMargin(Zhuravlevaetal.,2017a).Nevertheless,theseexistingdata

areindirectanddonotresolvethepotentialextentofseaicewithintheLIG.Ourlim-

itedknowledgeaboutseaiceextentandvariabilityintheNorthAtlanticSPGregion,

cruciallyhindersanevaluationofitspotentialroleformodulatingoceancirculationand

theSPGwithintheLIGandonglacial-interglacialtimescales.

1.4.3Arcticseaiceandunresolvedquestions

TheArcticOcean,andtheadjacentFramStraitaremorewidelyresearchedinthe

contextofseaicethroughoutthepast.TheFramStraitischaracterisedbyacomplex

interplaybetweenatmosphericcirculation,oceancurrentsandicesheetdynamics,which

allleadstoprofoundfluctuationsinseaiceconditionsthroughtime,providingvaluable

insightsintotheEarth’sclimatichistory.DuringtheLIG,anditsglacialtransitions,the

responsesofseaicetovariousinternalandexternalforcesintheFramStraitresultedin

highlydynamicseaiceconditions.Whilesomeregionsencounteredsignificantlyreduced

seaice,resultinginseasonallyice-freeconditions(Steinetal.,2017),othersexhibited

extensiveandevenperennialseaicecover(Kremeretal.,2018a;Kremeretal.,2018b).

ThisvariabilitywasfoundtobeintricatelylinkedtothefluctuationsofwarmAtlantic

waterinfluenceviatheWSCandtheextentoftheSvalbardBarentsSeaIceSheet(SBIS),

wherekatabaticwindsplayedaroleintheopeningpolynyastothewestandnorthof

theSBIS.

Nonetheless,discrepanciesintheclimaticevolutionoftheLIGpersist,specificallyin

relationtotheinfluxandinfluenceofAtlanticwatersduringthisperiod.Whilethe

importanceofAtlanticheatfluxforseasurfacepropertiesintheFramStraitiswell

established(chapter1.3.1),differentperspectivesexistregardingthestrengthandextent

ofAtlanticwaterinfluenceduringtheLIG(e.g.Zhuravlevaetal.,2017b).Variabilityin

Atlanticwaterinflux,anditsinfluenceonthesurfaceoceanandseaiceconditions,have

beendiscussedinconnection,freshwaterinputs,stratificationregimes,windpatterns,

14 Introduction

Indeed, previous studies have suggested that sea ice and its associated melt in the

Labrador Sea could have modulated the SPG circulation on centennial timescales within

the LIG (Galaasen et al., 2014) and during the last glacial inception (Born et al., 2010).

However, the absence of direct sea ice proxy evidence from this region impedes the val-

idation of these hypotheses. While sea ice reconstructions within this specific region

and time interval are limited, broader compilations (e.g. Kageyama et al., 2021) indi-

cate that south of 79°N, the Atlantic and Nordic Seas were devoid of sea ice during the

LIG. Evidence from the preceding MIS 6 and Termination II (T II) indicates that sea

ice did exist in the subpolar Labrador Sea (Irvali et al., 2012) and further north along

the East Greenland Margin (Zhuravleva et al., 2017a). Nevertheless, these existing data

are indirect and do not resolve the potential extent of sea ice within the LIG. Our lim-

ited knowledge about sea ice extent and variability in the North Atlantic SPG region,

crucially hinders an evaluation of its potential role for modulating ocean circulation and

the SPG within the LIG and on glacial-interglacial timescales.

1.4.3 Arctic sea ice and unresolved questions

The Arctic Ocean, and the adjacent Fram Strait are more widely researched in the

context of sea ice throughout the past. The Fram Strait is characterised by a complex

interplay between atmospheric circulation, ocean currents and ice sheet dynamics, which

all leads to profound fluctuations in sea ice conditions through time, providing valuable

insights into the Earth’s climatic history. During the LIG, and its glacial transitions, the

responses of sea ice to various internal and external forces in the Fram Strait resulted in

highly dynamic sea ice conditions. While some regions encountered significantly reduced

sea ice, resulting in seasonally ice-free conditions (Stein et al., 2017), others exhibited

extensive and even perennial sea ice cover (Kremer et al., 2018a; Kremer et al., 2018b).

This variability was found to be intricately linked to the fluctuations of warm Atlantic

water influence via the WSC and the extent of the Svalbard Barents Sea Ice Sheet (SBIS),

where katabatic winds played a role in the opening polynyas to the west and north of

the SBIS.

Nonetheless, discrepancies in the climatic evolution of the LIG persist, specifically in

relation to the influx and influence of Atlantic waters during this period. While the

importance of Atlantic heat flux for sea surface properties in the Fram Strait is well

established (chapter 1.3.1), different perspectives exist regarding the strength and extent

of Atlantic water influence during the LIG (e.g. Zhuravleva et al., 2017b). Variability in

Atlantic water influx, and its influence on the surface ocean and sea ice conditions, have

been discussed in connection, freshwater inputs, stratification regimes, wind patterns,

14 Introduction

Indeed, previous studies have suggested that sea ice and its associated melt in the

Labrador Sea could have modulated the SPG circulation on centennial timescales within

the LIG (Galaasen et al., 2014) and during the last glacial inception (Born et al., 2010).

However, the absence of direct sea ice proxy evidence from this region impedes the val-

idation of these hypotheses. While sea ice reconstructions within this specific region

and time interval are limited, broader compilations (e.g. Kageyama et al., 2021) indi-

cate that south of 79°N, the Atlantic and Nordic Seas were devoid of sea ice during the

LIG. Evidence from the preceding MIS 6 and Termination II (T II) indicates that sea

ice did exist in the subpolar Labrador Sea (Irvali et al., 2012) and further north along

the East Greenland Margin (Zhuravleva et al., 2017a). Nevertheless, these existing data

are indirect and do not resolve the potential extent of sea ice within the LIG. Our lim-

ited knowledge about sea ice extent and variability in the North Atlantic SPG region,

crucially hinders an evaluation of its potential role for modulating ocean circulation and

the SPG within the LIG and on glacial-interglacial timescales.

1.4.3 Arctic sea ice and unresolved questions

The Arctic Ocean, and the adjacent Fram Strait are more widely researched in the

context of sea ice throughout the past. The Fram Strait is characterised by a complex

interplay between atmospheric circulation, ocean currents and ice sheet dynamics, which

all leads to profound fluctuations in sea ice conditions through time, providing valuable

insights into the Earth’s climatic history. During the LIG, and its glacial transitions, the

responses of sea ice to various internal and external forces in the Fram Strait resulted in

highly dynamic sea ice conditions. While some regions encountered significantly reduced

sea ice, resulting in seasonally ice-free conditions (Stein et al., 2017), others exhibited

extensive and even perennial sea ice cover (Kremer et al., 2018a; Kremer et al., 2018b).

This variability was found to be intricately linked to the fluctuations of warm Atlantic

water influence via the WSC and the extent of the Svalbard Barents Sea Ice Sheet (SBIS),

where katabatic winds played a role in the opening polynyas to the west and north of

the SBIS.

Nonetheless, discrepancies in the climatic evolution of the LIG persist, specifically in

relation to the influx and influence of Atlantic waters during this period. While the

importance of Atlantic heat flux for sea surface properties in the Fram Strait is well

established (chapter 1.3.1), different perspectives exist regarding the strength and extent

of Atlantic water influence during the LIG (e.g. Zhuravleva et al., 2017b). Variability in

Atlantic water influx, and its influence on the surface ocean and sea ice conditions, have

been discussed in connection, freshwater inputs, stratification regimes, wind patterns,

14Introduction

Indeed,previousstudieshavesuggestedthatseaiceanditsassociatedmeltinthe

LabradorSeacouldhavemodulatedtheSPGcirculationoncentennialtimescaleswithin

theLIG(Galaasenetal.,2014)andduringthelastglacialinception(Bornetal.,2010).

However,theabsenceofdirectseaiceproxyevidencefromthisregionimpedestheval-

idationofthesehypotheses.Whileseaicereconstructionswithinthisspecificregion

andtimeintervalarelimited,broadercompilations(e.g.Kageyamaetal.,2021)indi-

catethatsouthof79°N,theAtlanticandNordicSeasweredevoidofseaiceduringthe

LIG.EvidencefromtheprecedingMIS6andTerminationII(TII)indicatesthatsea

icedidexistinthesubpolarLabradorSea(Irvalietal.,2012)andfurthernorthalong

theEastGreenlandMargin(Zhuravlevaetal.,2017a).Nevertheless,theseexistingdata

areindirectanddonotresolvethepotentialextentofseaicewithintheLIG.Ourlim-

itedknowledgeaboutseaiceextentandvariabilityintheNorthAtlanticSPGregion,

cruciallyhindersanevaluationofitspotentialroleformodulatingoceancirculationand

theSPGwithintheLIGandonglacial-interglacialtimescales.

1.4.3Arcticseaiceandunresolvedquestions

TheArcticOcean,andtheadjacentFramStraitaremorewidelyresearchedinthe

contextofseaicethroughoutthepast.TheFramStraitischaracterisedbyacomplex

interplaybetweenatmosphericcirculation,oceancurrentsandicesheetdynamics,which

allleadstoprofoundfluctuationsinseaiceconditionsthroughtime,providingvaluable

insightsintotheEarth’sclimatichistory.DuringtheLIG,anditsglacialtransitions,the

responsesofseaicetovariousinternalandexternalforcesintheFramStraitresultedin

highlydynamicseaiceconditions.Whilesomeregionsencounteredsignificantlyreduced

seaice,resultinginseasonallyice-freeconditions(Steinetal.,2017),othersexhibited

extensiveandevenperennialseaicecover(Kremeretal.,2018a;Kremeretal.,2018b).

ThisvariabilitywasfoundtobeintricatelylinkedtothefluctuationsofwarmAtlantic

waterinfluenceviatheWSCandtheextentoftheSvalbardBarentsSeaIceSheet(SBIS),

wherekatabaticwindsplayedaroleintheopeningpolynyastothewestandnorthof

theSBIS.

Nonetheless,discrepanciesintheclimaticevolutionoftheLIGpersist,specificallyin

relationtotheinfluxandinfluenceofAtlanticwatersduringthisperiod.Whilethe

importanceofAtlanticheatfluxforseasurfacepropertiesintheFramStraitiswell

established(chapter1.3.1),differentperspectivesexistregardingthestrengthandextent

ofAtlanticwaterinfluenceduringtheLIG(e.g.Zhuravlevaetal.,2017b).Variabilityin

Atlanticwaterinflux,anditsinfluenceonthesurfaceoceanandseaiceconditions,have

beendiscussedinconnection,freshwaterinputs,stratificationregimes,windpatterns,

14Introduction

Indeed,previousstudieshavesuggestedthatseaiceanditsassociatedmeltinthe

LabradorSeacouldhavemodulatedtheSPGcirculationoncentennialtimescaleswithin

theLIG(Galaasenetal.,2014)andduringthelastglacialinception(Bornetal.,2010).

However,theabsenceofdirectseaiceproxyevidencefromthisregionimpedestheval-

idationofthesehypotheses.Whileseaicereconstructionswithinthisspecificregion

andtimeintervalarelimited,broadercompilations(e.g.Kageyamaetal.,2021)indi-

catethatsouthof79°N,theAtlanticandNordicSeasweredevoidofseaiceduringthe

LIG.EvidencefromtheprecedingMIS6andTerminationII(TII)indicatesthatsea

icedidexistinthesubpolarLabradorSea(Irvalietal.,2012)andfurthernorthalong

theEastGreenlandMargin(Zhuravlevaetal.,2017a).Nevertheless,theseexistingdata

areindirectanddonotresolvethepotentialextentofseaicewithintheLIG.Ourlim-

itedknowledgeaboutseaiceextentandvariabilityintheNorthAtlanticSPGregion,

cruciallyhindersanevaluationofitspotentialroleformodulatingoceancirculationand

theSPGwithintheLIGandonglacial-interglacialtimescales.

1.4.3Arcticseaiceandunresolvedquestions

TheArcticOcean,andtheadjacentFramStraitaremorewidelyresearchedinthe

contextofseaicethroughoutthepast.TheFramStraitischaracterisedbyacomplex

interplaybetweenatmosphericcirculation,oceancurrentsandicesheetdynamics,which

allleadstoprofoundfluctuationsinseaiceconditionsthroughtime,providingvaluable

insightsintotheEarth’sclimatichistory.DuringtheLIG,anditsglacialtransitions,the

responsesofseaicetovariousinternalandexternalforcesintheFramStraitresultedin

highlydynamicseaiceconditions.Whilesomeregionsencounteredsignificantlyreduced

seaice,resultinginseasonallyice-freeconditions(Steinetal.,2017),othersexhibited

extensiveandevenperennialseaicecover(Kremeretal.,2018a;Kremeretal.,2018b).

ThisvariabilitywasfoundtobeintricatelylinkedtothefluctuationsofwarmAtlantic

waterinfluenceviatheWSCandtheextentoftheSvalbardBarentsSeaIceSheet(SBIS),

wherekatabaticwindsplayedaroleintheopeningpolynyastothewestandnorthof

theSBIS.

Nonetheless,discrepanciesintheclimaticevolutionoftheLIGpersist,specificallyin

relationtotheinfluxandinfluenceofAtlanticwatersduringthisperiod.Whilethe

importanceofAtlanticheatfluxforseasurfacepropertiesintheFramStraitiswell

established(chapter1.3.1),differentperspectivesexistregardingthestrengthandextent

ofAtlanticwaterinfluenceduringtheLIG(e.g.Zhuravlevaetal.,2017b).Variabilityin

Atlanticwaterinflux,anditsinfluenceonthesurfaceoceanandseaiceconditions,have

beendiscussedinconnection,freshwaterinputs,stratificationregimes,windpatterns,

14Introduction

Indeed,previousstudieshavesuggestedthatseaiceanditsassociatedmeltinthe

LabradorSeacouldhavemodulatedtheSPGcirculationoncentennialtimescaleswithin

theLIG(Galaasenetal.,2014)andduringthelastglacialinception(Bornetal.,2010).

However,theabsenceofdirectseaiceproxyevidencefromthisregionimpedestheval-

idationofthesehypotheses.Whileseaicereconstructionswithinthisspecificregion

andtimeintervalarelimited,broadercompilations(e.g.Kageyamaetal.,2021)indi-

catethatsouthof79°N,theAtlanticandNordicSeasweredevoidofseaiceduringthe

LIG.EvidencefromtheprecedingMIS6andTerminationII(TII)indicatesthatsea

icedidexistinthesubpolarLabradorSea(Irvalietal.,2012)andfurthernorthalong

theEastGreenlandMargin(Zhuravlevaetal.,2017a).Nevertheless,theseexistingdata

areindirectanddonotresolvethepotentialextentofseaicewithintheLIG.Ourlim-

itedknowledgeaboutseaiceextentandvariabilityintheNorthAtlanticSPGregion,

cruciallyhindersanevaluationofitspotentialroleformodulatingoceancirculationand

theSPGwithintheLIGandonglacial-interglacialtimescales.

1.4.3Arcticseaiceandunresolvedquestions

TheArcticOcean,andtheadjacentFramStraitaremorewidelyresearchedinthe

contextofseaicethroughoutthepast.TheFramStraitischaracterisedbyacomplex

interplaybetweenatmosphericcirculation,oceancurrentsandicesheetdynamics,which

allleadstoprofoundfluctuationsinseaiceconditionsthroughtime,providingvaluable

insightsintotheEarth’sclimatichistory.DuringtheLIG,anditsglacialtransitions,the

responsesofseaicetovariousinternalandexternalforcesintheFramStraitresultedin

highlydynamicseaiceconditions.Whilesomeregionsencounteredsignificantlyreduced

seaice,resultinginseasonallyice-freeconditions(Steinetal.,2017),othersexhibited

extensiveandevenperennialseaicecover(Kremeretal.,2018a;Kremeretal.,2018b).

ThisvariabilitywasfoundtobeintricatelylinkedtothefluctuationsofwarmAtlantic

waterinfluenceviatheWSCandtheextentoftheSvalbardBarentsSeaIceSheet(SBIS),

wherekatabaticwindsplayedaroleintheopeningpolynyastothewestandnorthof

theSBIS.

Nonetheless,discrepanciesintheclimaticevolutionoftheLIGpersist,specificallyin

relationtotheinfluxandinfluenceofAtlanticwatersduringthisperiod.Whilethe

importanceofAtlanticheatfluxforseasurfacepropertiesintheFramStraitiswell

established(chapter1.3.1),differentperspectivesexistregardingthestrengthandextent

ofAtlanticwaterinfluenceduringtheLIG(e.g.Zhuravlevaetal.,2017b).Variabilityin

Atlanticwaterinflux,anditsinfluenceonthesurfaceoceanandseaiceconditions,have

beendiscussedinconnection,freshwaterinputs,stratificationregimes,windpatterns,

14Introduction

Indeed,previousstudieshavesuggestedthatseaiceanditsassociatedmeltinthe

LabradorSeacouldhavemodulatedtheSPGcirculationoncentennialtimescaleswithin

theLIG(Galaasenetal.,2014)andduringthelastglacialinception(Bornetal.,2010).

However,theabsenceofdirectseaiceproxyevidencefromthisregionimpedestheval-

idationofthesehypotheses.Whileseaicereconstructionswithinthisspecificregion

andtimeintervalarelimited,broadercompilations(e.g.Kageyamaetal.,2021)indi-

catethatsouthof79°N,theAtlanticandNordicSeasweredevoidofseaiceduringthe

LIG.EvidencefromtheprecedingMIS6andTerminationII(TII)indicatesthatsea

icedidexistinthesubpolarLabradorSea(Irvalietal.,2012)andfurthernorthalong

theEastGreenlandMargin(Zhuravlevaetal.,2017a).Nevertheless,theseexistingdata

areindirectanddonotresolvethepotentialextentofseaicewithintheLIG.Ourlim-

itedknowledgeaboutseaiceextentandvariabilityintheNorthAtlanticSPGregion,

cruciallyhindersanevaluationofitspotentialroleformodulatingoceancirculationand

theSPGwithintheLIGandonglacial-interglacialtimescales.

1.4.3Arcticseaiceandunresolvedquestions

TheArcticOcean,andtheadjacentFramStraitaremorewidelyresearchedinthe

contextofseaicethroughoutthepast.TheFramStraitischaracterisedbyacomplex

interplaybetweenatmosphericcirculation,oceancurrentsandicesheetdynamics,which

allleadstoprofoundfluctuationsinseaiceconditionsthroughtime,providingvaluable

insightsintotheEarth’sclimatichistory.DuringtheLIG,anditsglacialtransitions,the

responsesofseaicetovariousinternalandexternalforcesintheFramStraitresultedin

highlydynamicseaiceconditions.Whilesomeregionsencounteredsignificantlyreduced

seaice,resultinginseasonallyice-freeconditions(Steinetal.,2017),othersexhibited

extensiveandevenperennialseaicecover(Kremeretal.,2018a;Kremeretal.,2018b).

ThisvariabilitywasfoundtobeintricatelylinkedtothefluctuationsofwarmAtlantic

waterinfluenceviatheWSCandtheextentoftheSvalbardBarentsSeaIceSheet(SBIS),

wherekatabaticwindsplayedaroleintheopeningpolynyastothewestandnorthof

theSBIS.

Nonetheless,discrepanciesintheclimaticevolutionoftheLIGpersist,specificallyin

relationtotheinfluxandinfluenceofAtlanticwatersduringthisperiod.Whilethe

importanceofAtlanticheatfluxforseasurfacepropertiesintheFramStraitiswell

established(chapter1.3.1),differentperspectivesexistregardingthestrengthandextent

ofAtlanticwaterinfluenceduringtheLIG(e.g.Zhuravlevaetal.,2017b).Variabilityin

Atlanticwaterinflux,anditsinfluenceonthesurfaceoceanandseaiceconditions,have

beendiscussedinconnection,freshwaterinputs,stratificationregimes,windpatterns,



1.4 The Last Interglacial 15

the SPG configuration, and different surface ocean circulation pathways. Nevertheless,

understanding the mechanisms regulating the northward directed Atlantic water heat

transport remains under discussion, but is crucial to understand in the context of sea ice

variability, and the the role of sea ice, and Atlantic waters in climate variability.

Also under debate is the state of the central Arctic Ocean during the LIG and its glacial

transitions. There is no consensus on whether the Arctic Ocean was seasonally sea ice

free or permanently sea ice covered during the LIG. In the central Arctic Ocean, Stein

et al. (2017) using biomarkers showed that it was likely covered by extensive to perennial

sea ice throughout the LIG, although with a reduced sea ice cover in comparison to the

modern Arctic Ocean during the summer season. In contrast, a modeling study by

Guarino et al. (2020) and a foraminiferal assemblage study by Vermassen et al. (2023)

suggest that the central Arctic Ocean during the LIG was seasonally sea ice-free during

the LIG. Equally debated, is whether the Arctic Ocean during the preceding glacial MIS

6 was covered by a massive thick floating ice shelf extending from the Arctic Ocean to

the Fram Strait (Jakobsson et al., 2016; Geibert et al., 2021), whether it was covered with

perennial sea ice (Stein et al., 2017), or seasonally sea ice covered with multiple events

of ice shelf expansion (Xiao et al., 2020). These discrepancies underscore the imperative

need to further investigate sea ice variability in the Arctic region. One key to this

understanding is to is to fully understand the environmental conditions and mechanisms

that control sea ice in the Fram Strait, where the exchange of water masses, and sensitive

sea ice conditions may help elucidate an Arctic-propagating climate signal.
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Chapter 2

Objectives

The overall aim of this thesis is to better understand the role of sea ice in the Earth’s

ice-ocean-climate system throughout the past warmer-than-present LIG climate and

the glacial-interglacial transitions characterized by profound climatic and environmental

changes. To achieve this aim, I use mainly molecular biomarkers and dinoflagellate cyst

fossil assemblages from deep-sea sediment cores. This multiproxy approach provides evi-

dence on the natural variability of sea ice, its extent, and the surface ocean hydrography

for the glacial late MIS 6 , through T II, MIS 5e/LIG, and the last glacial inception into

MIS 5d, covering a total time span between ca. 140–90 thousand years ago.

Today, and in the past, the Labrador Sea is characterised by the dynamic circulation

of the SPG. Sea ice has the potential to influence the SPG, but its variability and

extent are poorly documented from the subpolar Labrador Sea through past interglacial

intervals. We hypothesize that sea ice modulated the SPG circulation during the LIG

and its glacial transitions (Paper I). In the eastern Fram Strait sea ice variability, and

its decline, is today strongly linked with the inflow of warm Atlantic waters, leading

to ”Atlantification” of the Arctic regions. We hypothesize that during the LIG and its

glacial to interglacial climate transitions, sea ice together with Atlantic waters and the

surrounding ice sheets played an important role in shaping the ocean-climate variability

in the eastern Fram Strait (Paper II). Based on these hypotheses our objectives (Paper

I and II) are:

I. To reconstruct sea ice variability in the eastern Fram Strait and the subpolar

Labrador Sea on centennial-scale resolution from Late MIS 6, through T II, MIS

5e, and into MIS 5d.

II. To put the sea ice variability and surface hydrography during late MIS 6, T II,

MIS 5e and MIS 5d into a broader context of ice sheet evolution and ocean-climate
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The overall aim of this thesis is to better understand the role of sea ice in the Earth’s

ice-ocean-climate system throughout the past warmer-than-present LIG climate and

the glacial-interglacial transitions characterized by profound climatic and environmental

changes. To achieve this aim, I use mainly molecular biomarkers and dinoflagellate cyst

fossil assemblages from deep-sea sediment cores. This multiproxy approach provides evi-

dence on the natural variability of sea ice, its extent, and the surface ocean hydrography

for the glacial late MIS 6 , through T II, MIS 5e/LIG, and the last glacial inception into

MIS 5d, covering a total time span between ca. 140–90 thousand years ago.

Today, and in the past, the Labrador Sea is characterised by the dynamic circulation

of the SPG. Sea ice has the potential to influence the SPG, but its variability and

extent are poorly documented from the subpolar Labrador Sea through past interglacial

intervals. We hypothesize that sea ice modulated the SPG circulation during the LIG

and its glacial transitions (Paper I). In the eastern Fram Strait sea ice variability, and

its decline, is today strongly linked with the inflow of warm Atlantic waters, leading

to ”Atlantification” of the Arctic regions. We hypothesize that during the LIG and its

glacial to interglacial climate transitions, sea ice together with Atlantic waters and the

surrounding ice sheets played an important role in shaping the ocean-climate variability

in the eastern Fram Strait (Paper II). Based on these hypotheses our objectives (Paper
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I. To reconstruct sea ice variability in the eastern Fram Strait and the subpolar

Labrador Sea on centennial-scale resolution from Late MIS 6, through T II, MIS

5e, and into MIS 5d.

II. To put the sea ice variability and surface hydrography during late MIS 6, T II,

MIS 5e and MIS 5d into a broader context of ice sheet evolution and ocean-climate

Chapter 2

Objectives

The overall aim of this thesis is to better understand the role of sea ice in the Earth’s

ice-ocean-climate system throughout the past warmer-than-present LIG climate and

the glacial-interglacial transitions characterized by profound climatic and environmental

changes. To achieve this aim, I use mainly molecular biomarkers and dinoflagellate cyst

fossil assemblages from deep-sea sediment cores. This multiproxy approach provides evi-

dence on the natural variability of sea ice, its extent, and the surface ocean hydrography

for the glacial late MIS 6 , through T II, MIS 5e/LIG, and the last glacial inception into

MIS 5d, covering a total time span between ca. 140–90 thousand years ago.

Today, and in the past, the Labrador Sea is characterised by the dynamic circulation

of the SPG. Sea ice has the potential to influence the SPG, but its variability and

extent are poorly documented from the subpolar Labrador Sea through past interglacial

intervals. We hypothesize that sea ice modulated the SPG circulation during the LIG

and its glacial transitions (Paper I). In the eastern Fram Strait sea ice variability, and

its decline, is today strongly linked with the inflow of warm Atlantic waters, leading

to ”Atlantification” of the Arctic regions. We hypothesize that during the LIG and its

glacial to interglacial climate transitions, sea ice together with Atlantic waters and the

surrounding ice sheets played an important role in shaping the ocean-climate variability

in the eastern Fram Strait (Paper II). Based on these hypotheses our objectives (Paper

I and II) are:

I. To reconstruct sea ice variability in the eastern Fram Strait and the subpolar

Labrador Sea on centennial-scale resolution from Late MIS 6, through T II, MIS

5e, and into MIS 5d.

II. To put the sea ice variability and surface hydrography during late MIS 6, T II,

MIS 5e and MIS 5d into a broader context of ice sheet evolution and ocean-climate

Chapter2

Objectives

TheoverallaimofthisthesisistobetterunderstandtheroleofseaiceintheEarth’s

ice-ocean-climatesystemthroughoutthepastwarmer-than-presentLIGclimateand

theglacial-interglacialtransitionscharacterizedbyprofoundclimaticandenvironmental

changes.Toachievethisaim,Iusemainlymolecularbiomarkersanddinoflagellatecyst

fossilassemblagesfromdeep-seasedimentcores.Thismultiproxyapproachprovidesevi-

denceonthenaturalvariabilityofseaice,itsextent,andthesurfaceoceanhydrography

fortheglaciallateMIS6,throughTII,MIS5e/LIG,andthelastglacialinceptioninto

MIS5d,coveringatotaltimespanbetweenca.140–90thousandyearsago.

Today,andinthepast,theLabradorSeaischaracterisedbythedynamiccirculation

oftheSPG.SeaicehasthepotentialtoinfluencetheSPG,butitsvariabilityand

extentarepoorlydocumentedfromthesubpolarLabradorSeathroughpastinterglacial

intervals.WehypothesizethatseaicemodulatedtheSPGcirculationduringtheLIG

anditsglacialtransitions(PaperI).IntheeasternFramStraitseaicevariability,and

itsdecline,istodaystronglylinkedwiththeinflowofwarmAtlanticwaters,leading

to”Atlantification”oftheArcticregions.WehypothesizethatduringtheLIGandits

glacialtointerglacialclimatetransitions,seaicetogetherwithAtlanticwatersandthe

surroundingicesheetsplayedanimportantroleinshapingtheocean-climatevariability

intheeasternFramStrait(PaperII).Basedonthesehypothesesourobjectives(Paper

IandII)are:

I.ToreconstructseaicevariabilityintheeasternFramStraitandthesubpolar

LabradorSeaoncentennial-scaleresolutionfromLateMIS6,throughTII,MIS

5e,andintoMIS5d.

II.ToputtheseaicevariabilityandsurfacehydrographyduringlateMIS6,TII,

MIS5eandMIS5dintoabroadercontextoficesheetevolutionandocean-climate

Chapter2

Objectives

TheoverallaimofthisthesisistobetterunderstandtheroleofseaiceintheEarth’s

ice-ocean-climatesystemthroughoutthepastwarmer-than-presentLIGclimateand

theglacial-interglacialtransitionscharacterizedbyprofoundclimaticandenvironmental

changes.Toachievethisaim,Iusemainlymolecularbiomarkersanddinoflagellatecyst

fossilassemblagesfromdeep-seasedimentcores.Thismultiproxyapproachprovidesevi-

denceonthenaturalvariabilityofseaice,itsextent,andthesurfaceoceanhydrography

fortheglaciallateMIS6,throughTII,MIS5e/LIG,andthelastglacialinceptioninto

MIS5d,coveringatotaltimespanbetweenca.140–90thousandyearsago.

Today,andinthepast,theLabradorSeaischaracterisedbythedynamiccirculation

oftheSPG.SeaicehasthepotentialtoinfluencetheSPG,butitsvariabilityand

extentarepoorlydocumentedfromthesubpolarLabradorSeathroughpastinterglacial

intervals.WehypothesizethatseaicemodulatedtheSPGcirculationduringtheLIG

anditsglacialtransitions(PaperI).IntheeasternFramStraitseaicevariability,and

itsdecline,istodaystronglylinkedwiththeinflowofwarmAtlanticwaters,leading

to”Atlantification”oftheArcticregions.WehypothesizethatduringtheLIGandits

glacialtointerglacialclimatetransitions,seaicetogetherwithAtlanticwatersandthe

surroundingicesheetsplayedanimportantroleinshapingtheocean-climatevariability

intheeasternFramStrait(PaperII).Basedonthesehypothesesourobjectives(Paper

IandII)are:

I.ToreconstructseaicevariabilityintheeasternFramStraitandthesubpolar

LabradorSeaoncentennial-scaleresolutionfromLateMIS6,throughTII,MIS

5e,andintoMIS5d.

II.ToputtheseaicevariabilityandsurfacehydrographyduringlateMIS6,TII,

MIS5eandMIS5dintoabroadercontextoficesheetevolutionandocean-climate

Chapter2

Objectives

TheoverallaimofthisthesisistobetterunderstandtheroleofseaiceintheEarth’s

ice-ocean-climatesystemthroughoutthepastwarmer-than-presentLIGclimateand

theglacial-interglacialtransitionscharacterizedbyprofoundclimaticandenvironmental

changes.Toachievethisaim,Iusemainlymolecularbiomarkersanddinoflagellatecyst

fossilassemblagesfromdeep-seasedimentcores.Thismultiproxyapproachprovidesevi-

denceonthenaturalvariabilityofseaice,itsextent,andthesurfaceoceanhydrography

fortheglaciallateMIS6,throughTII,MIS5e/LIG,andthelastglacialinceptioninto

MIS5d,coveringatotaltimespanbetweenca.140–90thousandyearsago.

Today,andinthepast,theLabradorSeaischaracterisedbythedynamiccirculation

oftheSPG.SeaicehasthepotentialtoinfluencetheSPG,butitsvariabilityand

extentarepoorlydocumentedfromthesubpolarLabradorSeathroughpastinterglacial

intervals.WehypothesizethatseaicemodulatedtheSPGcirculationduringtheLIG

anditsglacialtransitions(PaperI).IntheeasternFramStraitseaicevariability,and

itsdecline,istodaystronglylinkedwiththeinflowofwarmAtlanticwaters,leading

to”Atlantification”oftheArcticregions.WehypothesizethatduringtheLIGandits

glacialtointerglacialclimatetransitions,seaicetogetherwithAtlanticwatersandthe

surroundingicesheetsplayedanimportantroleinshapingtheocean-climatevariability

intheeasternFramStrait(PaperII).Basedonthesehypothesesourobjectives(Paper

IandII)are:

I.ToreconstructseaicevariabilityintheeasternFramStraitandthesubpolar

LabradorSeaoncentennial-scaleresolutionfromLateMIS6,throughTII,MIS

5e,andintoMIS5d.

II.ToputtheseaicevariabilityandsurfacehydrographyduringlateMIS6,TII,

MIS5eandMIS5dintoabroadercontextoficesheetevolutionandocean-climate

Chapter2

Objectives

TheoverallaimofthisthesisistobetterunderstandtheroleofseaiceintheEarth’s

ice-ocean-climatesystemthroughoutthepastwarmer-than-presentLIGclimateand

theglacial-interglacialtransitionscharacterizedbyprofoundclimaticandenvironmental

changes.Toachievethisaim,Iusemainlymolecularbiomarkersanddinoflagellatecyst

fossilassemblagesfromdeep-seasedimentcores.Thismultiproxyapproachprovidesevi-

denceonthenaturalvariabilityofseaice,itsextent,andthesurfaceoceanhydrography

fortheglaciallateMIS6,throughTII,MIS5e/LIG,andthelastglacialinceptioninto

MIS5d,coveringatotaltimespanbetweenca.140–90thousandyearsago.

Today,andinthepast,theLabradorSeaischaracterisedbythedynamiccirculation

oftheSPG.SeaicehasthepotentialtoinfluencetheSPG,butitsvariabilityand

extentarepoorlydocumentedfromthesubpolarLabradorSeathroughpastinterglacial

intervals.WehypothesizethatseaicemodulatedtheSPGcirculationduringtheLIG

anditsglacialtransitions(PaperI).IntheeasternFramStraitseaicevariability,and

itsdecline,istodaystronglylinkedwiththeinflowofwarmAtlanticwaters,leading

to”Atlantification”oftheArcticregions.WehypothesizethatduringtheLIGandits

glacialtointerglacialclimatetransitions,seaicetogetherwithAtlanticwatersandthe

surroundingicesheetsplayedanimportantroleinshapingtheocean-climatevariability

intheeasternFramStrait(PaperII).Basedonthesehypothesesourobjectives(Paper

IandII)are:

I.ToreconstructseaicevariabilityintheeasternFramStraitandthesubpolar

LabradorSeaoncentennial-scaleresolutionfromLateMIS6,throughTII,MIS

5e,andintoMIS5d.

II.ToputtheseaicevariabilityandsurfacehydrographyduringlateMIS6,TII,

MIS5eandMIS5dintoabroadercontextoficesheetevolutionandocean-climate



18 Objectives

variability in the (Sub)Arctic Oceans.

Reconstructions of past Arctic and Subarctic sea ice variability crucially rely on proxies.

Dinoflagellate cysts and biomarkers are commonly used proxies for sea ice reconstruc-

tions. Yet, these sea ice proxies have strengths and weaknesses (de Vernal et al., 2013a).

To improve the sea-ice paleo-proxy toolbox, we investigated the potential of using stable

oxygen isotopes of foraminifers as sea ice indicators in the subpolar Labrador Sea, dis-

cussed in the context of earlier observations by Lund et al. (2021) and Hillaire-Marcel

et al. (2001). Specifically, we hypothesize that the difference between benthic and plank-

tic foraminiferal stable oxygen isotopes can be used to detect sea ice in the subpolar North

Atlantic (Paper III). Based on this hypothesis our objective (paper III) is:

III. To evaluate the oxygen isotopes of coupled planktic and benthic foraminiferas as

a paleo-sea-ice proxy.
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Chapter 3

Approach and Methodology

The methodological approach of this PhD thesis relies mainly on the identification and

quantification of molecular biomarkers and dinoflagellate cyst fossil assemblages. Both

proxies originate from past-living phytoplankton and algae that once thrived in the sur-

face ocean under different environmental conditions. After the death and decomposition

of the living organisms, their fossil and geochemical remnants may be preserved in the

sedimentary record. Their identification within a sediment sample hence serves as direct

indications, “fingerprints”, of the past occurrence of the respective source organism at

the sampling site. Thus, they serve as natural archives of past climate variability that

reflects changes in sea ice cover, surface ocean hydrographic conditions, and productivity

on geological timescales. In this thesis, these proxies are supplemented by sedimentology,

stable isotopes and inorganic geochemistry for further evaluation of sea ice and surface

ocean conditions, and for robust construction of LIG chronologies.

The reconstructions for this thesis are based on two sediment cores from the subpo-

lar Labrador Sea and the Fram Strait (Figure 1.3). Core GS16-204-22-CC-B (22CC-B)

was collected by the Ice2Ice research group onboard Research Vessel G.O. Sars in 2016.

The CAGE19-3-KH14-GPC02 (KH-14) was collected with the CAGE- Centre for Gas

Hydrates, University of Tromsø onboard the Research Vessel Kronprins Haakon in Oc-

tober 2019 (Table 3.1). These cores were specifically selected for the AGENSI project,

because the project required uncontaminated and properly stored sediment cores for

ancient DNA analyses. Core 22CC-B was split onboard and immediately frozen to be

sampled later for ancient DNA, biomarkers and palynology in clean conditions. Core

KH-14 was left unopened on the ship, and was later split and sampled for ancient DNA,

biomarkers and palynology in the ancient DNA laboratory at NORCE.
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Figure 3.1: Schematic illustration of different influences sea ice exerts in the ice-ocean-
atmosphere system (see section 1.2 for details) and on species assemblages in the water
column and in the sediment. Illustrated are the idealized concentrations of the sea
ice biomarker IP25, and the open ocean biomarkers dinosterol and brassicasterol from
perennial sea ice to open water conditions based on the original figure from Müller et al.
(2011). IP25 concentrations are highest in ice-edge/polynya conditions, moderate under
lasting sea ice, and seasonal sea ice, but zero under permanent sea ice and in open ocean
conditions. The open water biomarkers increase with increasing open water and higher
seasonality, peak in ice-edge/polynya conditions, but are zero under permanent sea ice.
Additionally, illustrated is the change in the relative abundance of the dinoflagellate cyst
species O. centrocarpum (typical Atlantic water tracer) and round brown cysts (typical
sea ice tracers) from perennial sea ice to open ocean conditions under direct influence of
Atlantic water. Further details on how biomarkers and dinocyst taxa relate to sea ice,
see sections 3.1 and 3.2.

Table 3.1: Core Identification, coordinates, and the water depth (meters below sea level)
for the two cores (Labrador Sea and Fram Strait) investigated in this thesis.

Core ID Latitude Longitude Water depth (m)

GS16-204-22CC-B 58°02.83′N 47°02.36′W 3160
CAGE-19-3-KH-14-GPC02 77°31.38′N 8°08.28′E 2275
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conditions.Theopenwaterbiomarkersincreasewithincreasingopenwaterandhigher
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Additionally,illustratedisthechangeintherelativeabundanceofthedinoflagellatecyst
speciesO.centrocarpum(typicalAtlanticwatertracer)androundbrowncysts(typical
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3.1.1 IP25

Some microorganisms produce molecular organic compounds that may preserve in the

sediments after the organisms that produced the compounds decays. The identification

of these specific organic compounds, known as biomarkers, are geochemical fingerprints

of the respective source organism. After its discovery by Belt et al. (2007), the biomarker

IP25 (Ice Proxy with 25 carbon atoms; Figure 3.2) has been established as a reliable

proxy for the presence of seasonal spring sea ice in the Arctic and Subarctic (Brown

et al., 2014; Belt , 2018, 2019; Stein et al., 2012; Belt and Müller , 2013; Xiao et al., 2015;

Kolling et al., 2020). IP25 is a mono-unsaturated highly branched isoprenoid (HBI) alkene

biomarker that is exclusively produced by a few diatom species living in Arctic sea ice

(Brown et al., 2014; Limoges et al., 2018), namely by the taxa of groups of Haslea and

Pleurosigma, that is Haslea crucigeroides (and/or Haslea spicula), Haslea kjellmanii,

and Pleurosigma struxbergii var. rhomboides (Brown et al., 2014). These microalgae

occupy the underside of sea ice, where they receive enough nutrient-rich water and light,

penetrating through the ice, which favors their growth (Dieckmann and Hellmer , 2010).

When the ice melts or the diatoms die, their frustules may not be preserved in the

sediment, but their biomarkers (IP25) are preserved. IP25 has successfully been used in

sea ice reconstructions from Arctic and Subarctic regions covering the last glacial cycle

(last 130 thousand years), the Pliocene (ca 4 million years), and even the Miocene (>5

million years) (Stein and Fahl , 2013; Knies et al., 2014; Hoff et al., 2016; Stein et al.,

2016, 2022), proving itself to be a sensitive and stable proxy for Arctic sea ice.

In modern surface sediments from the Arctic and Subarctic Oceans, increased abun-

Figure 3.2: The chemical structure of IP25 after (Belt et al., 2007). The double bond is
located at C23−24
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dance of IP25 is clearly associated with overlying seasonal sea ice (Müller et al., 2011;

Navarro-Rodriguez et al., 2013; Stoynova et al., 2013; Xiao et al., 2015; Kolling et al.,

2020). However, reconstructions of sea ice in the paleorecord are not without challenges.

For example, permanent sea ice and open water conditions both are characterized by

IP25 concentrations of zero. These similar outcomes occur because permanent sea ice

limits light and nutrient availability which are required for the growth of sea ice phy-

toplankton and consequently IP25 is absent. Likewise, IP25 concentrations are zero in

open waters because the habitat for the ice algae is missing. Such ambiguity of the

signal from permanent sea ice vs. open ocean requires that IP25 is analysed in combi-

nation with biomarkers reflecting open waters. Two such biomarkers are brassicasterol

and dinosterol, which are sterols that are mainly produced by phytoplankton living un-

der ice-free conditions. Their abundance increases close to the sea ice edge (Stein and

Stax , 1991) or oceanic fronts (Hirche et al., 1991) due to higher abundance of nutrients

favoring phytoplankton growth. Dinosterol is almost exclusively produced by (marine)

dinoflagellates, although it is not found in all dinoflagellate species (Volkman et al., 1993

and refs therein). Brassicasterol is largely synthesized by marine diatoms, but never-

theless, also by coccolithophores, freshwater diatoms, and perhaps even sea ice diatoms

(Volkman, 1986; Fahl and Stein, 2012; Belt and Müller , 2013). Therefor they should

also be evaluated with some caution (see below).

3.1.2 The PIP25 index

Müller et al. (2011) combined the IP25 sea ice proxy with open-water phytoplankton

biomarkers, brassicasterol (PBIP25) and dinosterol (PDIP25), in the PIP25 index to create

more reliable estimates of sea ice conditions, and is calculated as:

PIP25 = IP25 / (IP25 + (phytoplankton biomarker × C))

Here, the balance factor C is included to counterbalance the naturally higher concentra-

tions of the sterols compared to IP25.

C = mean IP25 concentration / mean phytoplankton biomarker concentration

With the calculation of the PIP25 index sea ice conditions may be quantitatively in-

ferred. Following Müller et al. (2011), high PIP25 values (0.75–1) refer to a permanent

sea ice cover throughout the year, intermediate values (0.5–0.75) reflect seasonal ice

cover or a stable ice edge, and low values (0–0.5) indicate less ice or ice-free conditions.

Nevertheless, the authors point out that individual biomarker concentrations should al-

ways be considered alongside the PIP25 indexes when distinguishing different sea ice
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environments. For example, when low IP25 and phytoplankton biomarker concentra-

tions co-occur, PIP25 values may be both high and low, even though the combined low

concentrations likely refer to permanent ice conditions. Likewise, co-occurrence of high

IP25 and phytoplankton biomarker concentrations, likely reflecting marginal ice zone or

seasonal ice conditions, can yield the same PIP25 values as the above example.

Additional challenges to be aware of involve the unequivocal source identification of

all compounds used in the PIP25 index-calculation. Brassicasterol and dinosterol are

biosynthesized by a relatively broad group of marine phytoplankton (Boon et al., 1979;

Robinson et al., 1984; Volkman et al., 1998) and their sedimentary signal might represent

variable environmental conditions. Brassicasterol is produced to a small extent by fresh-

water diatoms (Yunker et al., 1995; Belt et al., 2013), complicating the use of the PBIP25

index in regions of enhanced river runoff (Fahl and Stein, 1999). Furthermore, selective

biomarker degradation of the structurally differing IP25 and phytoplankton compounds

may bias the PIP25 interpretation (Stein et al., 2012; Navarro-Rodriguez et al., 2013; Belt

and Müller , 2013). Despite potential limitations, both PBIP25 and PDIP25 show a posi-

tive correlation with modern satellite-based sea ice observations (e.g. Xiao et al., 2015;

Kolling et al., 2020) and thus we can define paleo sea ice conditions more quantitatively.

3.1.3 ”Other” biomarkers

Alongside IP25, there are other HBIs that may be useful in paleoenvironmental recon-

structions. For example, HBI II, also known as IPSO25 (Ice Proxy for the Southern

Ocean with 25 carbon atoms) is produced by sea ice/land-fast ice-dwelling diatoms in

the Southern Ocean (Belt et al., 2016) and has been proposed as a sea ice proxy there.

Although its origin and potential as an environmental proxy in the Northern Hemisphere

is unclear, it is often observed together with IP25. Thus, Belt (2018) postulated that

HBI II may represent an “even better” sea ice proxy than IP25 or at least be a useful sub-

stitute in cases where IP25 is absent. Additionally, HBI trienes (HBI-III), are believed

to be synthesized by a small number of marine diatom taxa but its specific ecological

controls are not fully understood so far (Belt et al., 2015). Investigation of surface sed-

iment samples from the Barents Sea has revealed that HBI-III is present under open

waters, extremely reduced or absent under seasonal and perennial sea ice, and occurs

in maximum abundance underneath the marginal ice zone (Belt et al., 2015). Accord-

ingly, HBI-III is hypothesized to represent a potential proxy for retreating sea ice or the

marginal ice zone both in the Northern (Belt et al., 2015) and Southern Hemispheres

(Collins et al., 2013a).

The sterol biomarkers, such as campesterol and sitosterol, are produced by higher land
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environments.Forexample,whenlowIP25andphytoplanktonbiomarkerconcentra-

tionsco-occur,PIP25valuesmaybebothhighandlow,eventhoughthecombinedlow

concentrationslikelyrefertopermanenticeconditions.Likewise,co-occurrenceofhigh

IP25andphytoplanktonbiomarkerconcentrations,likelyreflectingmarginalicezoneor

seasonaliceconditions,canyieldthesamePIP25valuesastheaboveexample.

Additionalchallengestobeawareofinvolvetheunequivocalsourceidentificationof

allcompoundsusedinthePIP25index-calculation.Brassicasterolanddinosterolare

biosynthesizedbyarelativelybroadgroupofmarinephytoplankton(Boonetal.,1979;

Robinsonetal.,1984;Volkmanetal.,1998)andtheirsedimentarysignalmightrepresent

variableenvironmentalconditions.Brassicasterolisproducedtoasmallextentbyfresh-

waterdiatoms(Yunkeretal.,1995;Beltetal.,2013),complicatingtheuseofthePBIP25

indexinregionsofenhancedriverrunoff(FahlandStein,1999).Furthermore,selective

biomarkerdegradationofthestructurallydifferingIP25andphytoplanktoncompounds

maybiasthePIP25interpretation(Steinetal.,2012;Navarro-Rodriguezetal.,2013;Belt

andMüller,2013).Despitepotentiallimitations,bothPBIP25andPDIP25showaposi-

tivecorrelationwithmodernsatellite-basedseaiceobservations(e.g.Xiaoetal.,2015;

Kollingetal.,2020)andthuswecandefinepaleoseaiceconditionsmorequantitatively.
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structions.Forexample,HBIII,alsoknownasIPSO25(IceProxyfortheSouthern

Oceanwith25carbonatoms)isproducedbyseaice/land-fastice-dwellingdiatomsin

theSouthernOcean(Beltetal.,2016)andhasbeenproposedasaseaiceproxythere.

AlthoughitsoriginandpotentialasanenvironmentalproxyintheNorthernHemisphere

isunclear,itisoftenobservedtogetherwithIP25.Thus,Belt(2018)postulatedthat

HBIIImayrepresentan“evenbetter”seaiceproxythanIP25oratleastbeausefulsub-

stituteincaseswhereIP25isabsent.Additionally,HBItrienes(HBI-III),arebelieved

tobesynthesizedbyasmallnumberofmarinediatomtaxabutitsspecificecological

controlsarenotfullyunderstoodsofar(Beltetal.,2015).Investigationofsurfacesed-

imentsamplesfromtheBarentsSeahasrevealedthatHBI-IIIispresentunderopen

waters,extremelyreducedorabsentunderseasonalandperennialseaice,andoccurs

inmaximumabundanceunderneaththemarginalicezone(Beltetal.,2015).Accord-

ingly,HBI-IIIishypothesizedtorepresentapotentialproxyforretreatingseaiceorthe

marginalicezonebothintheNorthern(Beltetal.,2015)andSouthernHemispheres

(Collinsetal.,2013a).
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plants (Volkman, 1986) and can reflect input of terrigenous material to the ocean, simi-

lar to IRD. However, marine sea grass has also been shown to potentially produce these

sterols (Rontani et al., 2014), but nonetheless, sitosterol and campesterol are often con-

sidered for terrigenous input in the Arctic Ocean.

3.2 Biomarker laboratory procedures

In the first step sediment samples were freeze-dried and homogenised. Total organic

carbon (TOC) content was measured on 90 mg of this sediment powder using a carbon-

sulphur determinator (CS- 125, Leco), after removal of carbonate by adding 500 ml

hydrochloric acid to each sample. For biomarker extraction ca. 5 g of the freeze-dried

and homogenized sediment was taken and various internal standards were added to

each sample for quantification purposes. Thereafter, the biomarkers were extracted

using ultrasonication, and centrifugation. The total extracts were then separated into

a hydrocarbon fraction and a sterol fraction using open-column chromatography, and

analyzed by gas chromatography-mass-spectrometry (GC-MS). For details on laboratory

and instrumental measurements see Papers I and II.

Individual compound identification was based on comparisons of their retention times

with that of reference compounds and on comparisons of their mass spectra with pub-

lished data (IP25: (Belt et al., 2007); HBI II: (Johns et al., 1999); HBI III: (Belt et al.,

2000); sterols: (Boon et al., 1979; Volkman, 1986). Biomarker concentrations were cal-

culated on the basis of their individual GC-MS ion responses compared with those of

respective internal standards, using the formula:

Compound [µg/g sed] = ((Acompound/AIStd) x µg IStd) / g sediment x Cal.factor

Here, AIStd and Acompound refer to the integrated peak Areas of the internal standard

and the target compound, respectively; µg IStd refers to the amount of internal stan-

dard added to the sediment prior to extraction; Cal.factor is a calibration factor that is

generated when the GC-MS instrumental settings change (Fahl and Stein, 2012).

IP25, HBI II, and the trienes were quantified using their molecular ions m/z 350 (IP25;

Figure 3.3), 348 (HBI II), and 346 (trienes), in relation to the abundance fragment ion

m/z 266 for 7-HND. For sterols, the molecular ions were m/z 470 for brassicasterol, m/z

500 for dinosterol, m/z 486 for sitosterol, m/z 472 for campesterol. The quantification

was done via the integration of peak areas from the selected ion monitoring (SIM) mode

allowing the detection of low concentrations. Concentrations of HBI biomarkers were

calculated in relation to the internal standard 7-HND, and concentrations of sterols to
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Here,AIStdandAcompoundrefertotheintegratedpeakAreasoftheinternalstandard

andthetargetcompound,respectively;µgIStdreferstotheamountofinternalstan-

dardaddedtothesedimentpriortoextraction;Cal.factorisacalibrationfactorthatis

generatedwhentheGC-MSinstrumentalsettingschange(FahlandStein,2012).

IP25,HBIII,andthetrieneswerequantifiedusingtheirmolecularionsm/z350(IP25;

Figure3.3),348(HBIII),and346(trienes),inrelationtotheabundancefragmention

m/z266for7-HND.Forsterols,themolecularionswerem/z470forbrassicasterol,m/z

500fordinosterol,m/z486forsitosterol,m/z472forcampesterol.Thequantification

wasdoneviatheintegrationofpeakareasfromtheselectedionmonitoring(SIM)mode

allowingthedetectionoflowconcentrations.ConcentrationsofHBIbiomarkerswere

calculatedinrelationtotheinternalstandard7-HND,andconcentrationsofsterolsto
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ellate species (ca. 15%; Head , 1996) produce organic walled cysts that are deposited

and fossilize in sediments. These fossil remains are referred to as dinoflagellate cysts, or

dinocysts.

The morphology of virtually all dinocysts is species-specific. Identification of different

dinocyst species is usually conducted under light microscopy. The dinocysts have a se-

ries of characteristics that allow their taxonomic identification. Firstly, the presence of

an archeopyle (Figure 3.4B) and any traces of tabulation (Figure 3.4D) are key features

typical for dinocysts. An archeopyle is the opening in the dinocyst formed by the release

of a single plate or group of plates. Tabulation is the pattern according to which the

dinoflagellates external plates are arranged (Evitt , 1985). Careful microscopical obser-

vation of minute morphological details may allow identification onto species level even

if the archeopyle and tabulation cannot unequivocally be identified. Morphological fea-

tures such as color, size and shape of the cyst body, number of wall layers, structure,

and ornamentation (Figure 3.4E) of cyst wall, and form and length of processes (Fig-

ure 3.4C, F) may also be highly diagnostic so that even a crumpled specimen, with no

obviously signs of tabulation, can be identified (Evitt , 1985; Matthiessen et al., 2005).

3.3.2 Paleo-ecology of dinoflagellate cysts

Dinocyst assemblages maintain relatively high taxonomic diversity across both inner

neritic–oceanic and glacial–interglacial transitions even at relatively high latitudes. Di-

noflagellates employ a range of trophic strategies including phototrophy, heterotrophy

and mixotrophy (Jeong et al., 2010), resulting in different ecological constraints. Thus,

upon sedimentation, the cysts generally reflect the distribution of their respective motile

stages in the upper water column which reflects the interplay between temperature, salin-

ity, nutrients, sea ice cover, and light availability. A number of extensive surface sediment

studies have established the relationship between dinocyst assemblage distribution and

upper water mass properties in the Northern latitudes (e.g. Rochon et al., 1999; Marret

et al., 2004; Matthiessen et al., 2005; Zonneveld et al., 2013; de Vernal et al., 2020).

Among the phototrophic taxa, the most commonly found dinocysts in the high north-

ern latitude surface sediment (n=1968) database from de Vernal et al. (2020) are

Operculodinium centrocarpum, Nematosphaeropsis labyrinthus, Spiniferites elongatus,

Spiniferites ramosus and cysts of Pentapharsodinium dalei. Where O. centrocarpum

is unquestionably cosmopolitan, N. labyrinthus and S. ramosus appear rarely in the

Arctic Ocean, and the cyst of P. dalei and S. elongatus have boreal–polar distri-

butions. Among other common phototrophic taxa, Impagidinium pallidum is bo-

real–Subarctic, Bitectatodinium tepikiense and Impagidinium sphaericum occur mostly
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Figure 3.4: Schematic of the characteristics of a dinoflagellate cyst that can be used to
identify the species; A) location and name of the different plate rows in two opposing
views of the orientation of a dinoflagellate, ventral and dorsal, B) examples of different
archeopyles, C) examples of processes on the cyst wall, D) examples of tabulation of the
cyst wall, E) examples of ornamentation, F) examples of different processes. All figures
are from Evitt (1985) and Williams et al. (2000).

at mid-latitudes of the North Atlantic, and taxa in abundant in low to middle latitudes

include Spiniferites mirabilis, Impagidinium aculeatum, Impagidinium patulum and Lin-

gulodinium machaerophorum. Examples of species found in the LIG sediments of the

subpolar Labrador Sea (Core 22CC-B) are shown in Figure 3.5.

The above phototrophic dinocysts require seasonally open water for photosynthesis. Con-

versely, heterotrophic taxa are influenced by biotic factors including prey availability.

This leads to the highest proportions of heterotrophic taxa in the coastal zones of the

eastern North Pacific marked by upwelling, and in the circum-Arctic where sea ice cover

develops seasonally (de Vernal et al., 2020). Among the heterotrophic taxa the genus

Brigantedinum spp. is the most cosmopolitan. In surface sediments, it is not very

diagnostic as it is an opportunistic genus, but nevertheless, its recovery from bottom
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sediments may indicate good preservation since it is sensitive to degradation by oxi-

dation (Zonneveld et al., 2008). Sea ice and productivity are two of the factors most

strongly linked with heterotopic taxa distribution (de Vernal et al., 2020). Many sub-

polar and polar species occur in regions that are characterized by a variable seasonal

duration of sea ice cover, with a distinct relationship to sea ice cover proven for some

species. Islandinium minutum is the polar species that probably withstands the most

adverse conditions with respect to sea-ice cover (Rochon et al., 1999). This species oc-

curs in sediment traps within the maximum limit of sea ice cover (Harland and Pudsey ,

1999). Some species also have a direct relationship to sea ice which is the case for Po-

larella glacialis, one of the only cyst-forming species that thrive in land fast and pack

ice. Thus, the cyst of P. glacialis may be a good qualitative indicator for sea ice cover in

both polar regions (Montresor et al., 2003). While its use as a paleo sea-ice indicator has

been questioned due to its small size (>15 µm) in combination with poor preservation

potential (Matthiessen et al., 2005), more recent studies have shown a tight connection

between (the cysts of) P. glacialis with seasonal sea ice, demonstrating a promising

potential as a new paleo sea-ice proxy (Limoges et al., 2018; Harardóttir et al., 2024).

3.3.3 Challenges with the approach

When doing dinocyst-based palaeoceanographic interpretation, it is important to con-

sider that several processes may bias the fossil dinocyst assemblage as it is identified

under the microscope. A first bias comes from the fact that only ca. 10–15% from the

known (∼2000) dinoflagellates produce fossilizable organic-walled cysts during their life

cycle (e.g. Head , 1996). Thus, a fossil assemblage can inherently only provide an esti-

mate for the diversity of the living assemblage from which it originated. Dinocysts have

a sedimentary behavior comparable to fine silt and can therefore be subject to transport

as they sink to the seafloor. However, laboratory experiments indicate that cysts sink

relatively rapidly in the water column (e.g. Anderson et al., 1985; Zonneveld and Brum-

mer , 2000), and it is generally believed that transport by currents over long distances

has only minor influences. Hence, the environmental conditions of the overlying surface

water are well reflected by the assemblages in sediments (Marret and Zonneveld , 2003;

Matthiessen et al., 2005; Marret et al., 2020; de Vernal et al., 2020). If not completely in

situ, the dinocysts can at least give insight into the prevailing currents and their phys-

ical parameters that might have brought the cysts into the area where they eventually

settled. Palynomorphs, including dinocysts, in general have a high preservation poten-

tial. For organic matter, oxygen is generally the most destructive agent, and it has been

shown that well-oxygenated bottom sediments can cause species-selective degradation of

dinocysts (Zonneveld et al., 2008; Gray et al., 2017). Whereas the cysts of phototrophic
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stronglylinkedwithheterotopictaxadistribution(deVernaletal.,2020).Manysub-

polarandpolarspeciesoccurinregionsthatarecharacterizedbyavariableseasonal

durationofseaicecover,withadistinctrelationshiptoseaicecoverprovenforsome

species.Islandiniumminutumisthepolarspeciesthatprobablywithstandsthemost

adverseconditionswithrespecttosea-icecover(Rochonetal.,1999).Thisspeciesoc-

cursinsedimenttrapswithinthemaximumlimitofseaicecover(HarlandandPudsey,

1999).SomespeciesalsohaveadirectrelationshiptoseaicewhichisthecaseforPo-

larellaglacialis,oneoftheonlycyst-formingspeciesthatthriveinlandfastandpack

ice.Thus,thecystofP.glacialismaybeagoodqualitativeindicatorforseaicecoverin

bothpolarregions(Montresoretal.,2003).Whileitsuseasapaleosea-iceindicatorhas

beenquestionedduetoitssmallsize(>15µm)incombinationwithpoorpreservation

potential(Matthiessenetal.,2005),morerecentstudieshaveshownatightconnection

between(thecystsof)P.glacialiswithseasonalseaice,demonstratingapromising

potentialasanewpaleosea-iceproxy(Limogesetal.,2018;Harardóttiretal.,2024).
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siderthatseveralprocessesmaybiasthefossildinocystassemblageasitisidentified

underthemicroscope.Afirstbiascomesfromthefactthatonlyca.10–15%fromthe

known(∼2000)dinoflagellatesproducefossilizableorganic-walledcystsduringtheirlife

cycle(e.g.Head,1996).Thus,afossilassemblagecaninherentlyonlyprovideanesti-

mateforthediversityofthelivingassemblagefromwhichitoriginated.Dinocystshave

asedimentarybehaviorcomparabletofinesiltandcanthereforebesubjecttotransport

astheysinktotheseafloor.However,laboratoryexperimentsindicatethatcystssink

relativelyrapidlyinthewatercolumn(e.g.Andersonetal.,1985;ZonneveldandBrum-

mer,2000),anditisgenerallybelievedthattransportbycurrentsoverlongdistances

hasonlyminorinfluences.Hence,theenvironmentalconditionsoftheoverlyingsurface

waterarewellreflectedbytheassemblagesinsediments(MarretandZonneveld,2003;

Matthiessenetal.,2005;Marretetal.,2020;deVernaletal.,2020).Ifnotcompletelyin

situ,thedinocystscanatleastgiveinsightintotheprevailingcurrentsandtheirphys-

icalparametersthatmighthavebroughtthecystsintotheareawheretheyeventually

settled.Palynomorphs,includingdinocysts,ingeneralhaveahighpreservationpoten-

tial.Fororganicmatter,oxygenisgenerallythemostdestructiveagent,andithasbeen

shownthatwell-oxygenatedbottomsedimentscancausespecies-selectivedegradationof

dinocysts(Zonneveldetal.,2008;Grayetal.,2017).Whereasthecystsofphototrophic
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polarandpolarspeciesoccurinregionsthatarecharacterizedbyavariableseasonal

durationofseaicecover,withadistinctrelationshiptoseaicecoverprovenforsome

species.Islandiniumminutumisthepolarspeciesthatprobablywithstandsthemost

adverseconditionswithrespecttosea-icecover(Rochonetal.,1999).Thisspeciesoc-

cursinsedimenttrapswithinthemaximumlimitofseaicecover(HarlandandPudsey,

1999).SomespeciesalsohaveadirectrelationshiptoseaicewhichisthecaseforPo-

larellaglacialis,oneoftheonlycyst-formingspeciesthatthriveinlandfastandpack

ice.Thus,thecystofP.glacialismaybeagoodqualitativeindicatorforseaicecoverin

bothpolarregions(Montresoretal.,2003).Whileitsuseasapaleosea-iceindicatorhas

beenquestionedduetoitssmallsize(>15µm)incombinationwithpoorpreservation

potential(Matthiessenetal.,2005),morerecentstudieshaveshownatightconnection

between(thecystsof)P.glacialiswithseasonalseaice,demonstratingapromising
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cycle(e.g.Head,1996).Thus,afossilassemblagecaninherentlyonlyprovideanesti-

mateforthediversityofthelivingassemblagefromwhichitoriginated.Dinocystshave
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astheysinktotheseafloor.However,laboratoryexperimentsindicatethatcystssink

relativelyrapidlyinthewatercolumn(e.g.Andersonetal.,1985;ZonneveldandBrum-

mer,2000),anditisgenerallybelievedthattransportbycurrentsoverlongdistances

hasonlyminorinfluences.Hence,theenvironmentalconditionsoftheoverlyingsurface

waterarewellreflectedbytheassemblagesinsediments(MarretandZonneveld,2003;

Matthiessenetal.,2005;Marretetal.,2020;deVernaletal.,2020).Ifnotcompletelyin

situ,thedinocystscanatleastgiveinsightintotheprevailingcurrentsandtheirphys-

icalparametersthatmighthavebroughtthecystsintotheareawheretheyeventually

settled.Palynomorphs,includingdinocysts,ingeneralhaveahighpreservationpoten-

tial.Fororganicmatter,oxygenisgenerallythemostdestructiveagent,andithasbeen

shownthatwell-oxygenatedbottomsedimentscancausespecies-selectivedegradationof
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3.3.3Challengeswiththeapproach

Whendoingdinocyst-basedpalaeoceanographicinterpretation,itisimportanttocon-

siderthatseveralprocessesmaybiasthefossildinocystassemblageasitisidentified

underthemicroscope.Afirstbiascomesfromthefactthatonlyca.10–15%fromthe

known(∼2000)dinoflagellatesproducefossilizableorganic-walledcystsduringtheirlife

cycle(e.g.Head,1996).Thus,afossilassemblagecaninherentlyonlyprovideanesti-

mateforthediversityofthelivingassemblagefromwhichitoriginated.Dinocystshave

asedimentarybehaviorcomparabletofinesiltandcanthereforebesubjecttotransport

astheysinktotheseafloor.However,laboratoryexperimentsindicatethatcystssink

relativelyrapidlyinthewatercolumn(e.g.Andersonetal.,1985;ZonneveldandBrum-

mer,2000),anditisgenerallybelievedthattransportbycurrentsoverlongdistances

hasonlyminorinfluences.Hence,theenvironmentalconditionsoftheoverlyingsurface

waterarewellreflectedbytheassemblagesinsediments(MarretandZonneveld,2003;

Matthiessenetal.,2005;Marretetal.,2020;deVernaletal.,2020).Ifnotcompletelyin

situ,thedinocystscanatleastgiveinsightintotheprevailingcurrentsandtheirphys-

icalparametersthatmighthavebroughtthecystsintotheareawheretheyeventually

settled.Palynomorphs,includingdinocysts,ingeneralhaveahighpreservationpoten-

tial.Fororganicmatter,oxygenisgenerallythemostdestructiveagent,andithasbeen

shownthatwell-oxygenatedbottomsedimentscancausespecies-selectivedegradationof

dinocysts(Zonneveldetal.,2008;Grayetal.,2017).Whereasthecystsofphototrophic

28ApproachandMethodology

sedimentsmayindicategoodpreservationsinceitissensitivetodegradationbyoxi-

dation(Zonneveldetal.,2008).Seaiceandproductivityaretwoofthefactorsmost

stronglylinkedwithheterotopictaxadistribution(deVernaletal.,2020).Manysub-

polarandpolarspeciesoccurinregionsthatarecharacterizedbyavariableseasonal

durationofseaicecover,withadistinctrelationshiptoseaicecoverprovenforsome

species.Islandiniumminutumisthepolarspeciesthatprobablywithstandsthemost

adverseconditionswithrespecttosea-icecover(Rochonetal.,1999).Thisspeciesoc-

cursinsedimenttrapswithinthemaximumlimitofseaicecover(HarlandandPudsey,

1999).SomespeciesalsohaveadirectrelationshiptoseaicewhichisthecaseforPo-

larellaglacialis,oneoftheonlycyst-formingspeciesthatthriveinlandfastandpack

ice.Thus,thecystofP.glacialismaybeagoodqualitativeindicatorforseaicecoverin

bothpolarregions(Montresoretal.,2003).Whileitsuseasapaleosea-iceindicatorhas

beenquestionedduetoitssmallsize(>15µm)incombinationwithpoorpreservation

potential(Matthiessenetal.,2005),morerecentstudieshaveshownatightconnection

between(thecystsof)P.glacialiswithseasonalseaice,demonstratingapromising

potentialasanewpaleosea-iceproxy(Limogesetal.,2018;Harardóttiretal.,2024).
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Figure 3.5: Light microscopy photographs of the typical species identified throughout
the LIG from the subpolar Labrador Sea, Core 22CC-B. 1–2: Spiniferites elongatus,
3–6: Spiniferites mirabilis, 7–8: Bitectatodinium tepikiense, 9–10: Ataxiodinium choane,
11: Brigantedinium simplex (round brown cyst), 12: Impagidinium pallidum, 13–14:
Impagidinium sphaericum, 15–16: Impagidinium aculeatum, 17–18: Islandinium min-
utum, 19–20: Operculodinium centrocarpum sensu Wall and Dale 1966, 21–22: Ne-
matosphaeropsis labyrinthus, 23–24: cyst of Scrippsiella trifida, 25–26: cyst of Pen-
tapharsodinium dalei, 27–28: cyst of Polarella glacialis?
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taxa are fairly resistant to oxidation, cysts produced by heterotrophic taxa appear to be

very sensitive to the presence of oxygen and are likely to be removed rapidly from the

assemblages under well-oxygenated conditions (Kodrans-Nsiah et al., 2008). An addi-

tional bias can come from microbial degradation and species-selective grazing by benthic

deposit feeders. These processes, however, appear to be of minor importance for the

common fossil cysts, as the benthic grazers seem to prefer naked, non-fossilizable and

thus easily degradable cysts (Persson and Rosenberg , 2003).

Because of potential biases that occur for all biologically derived proxies, it is always

important to apply a multiproxy approach. Such approaches will reveal potential biasing

factors within one of the proxies, but may also reveal a larger picture of the surface ocean.

For example, De Schepper (2013) brings up an example where an ocean site is located

beneath a warm surface-water current. When a proxy records a cooling, what does that

temperature drop really mean? We can question whether the current is still active but

cooler, or if the current has shifted away from the site and cooler water taken its place.

Geochemical proxies alone cannot answer these questions. Microfossil assemblages are,

in this case, a major asset because assemblages provide information about fundamental

water mass changes in the surface ocean, including shifts in ocean currents that are not

necessarily picked up by a single geochemical proxy. This example highlights both the

importance of dinocysts, and more generally microfossil assemblages, for reconstructions,

and the use of multiproxy studies.

3.4 Dinoflagellate cyst laboratory preparation

Slides for dinocyst analysis under a microscope were prepared using a standard palyno-

logical preparation procedure (e.g. De Schepper et al., 2017). The slides for this PhD the-

sis were prepared at Palynological Laboratory Services (Wales, UK) by Malcolm Jones.

First, the mineral fraction was removed with cold hydrochloric and hydrofluoric acid.

The palynological residue was sieved over a 10 µm polymer mesh before mounting on

slides with glycerine jelly. One tablet of Lycopodium clavatum spores was added to each

sample before the chemical treatment which allows calculation of dinocyst concentrations

and associated errors (Stockmarr , 1971). The palynological slides were counted at x400

magnification for dinocyst assemblage analyses until a minimum of 300 in situ dinocysts

were identified. If the dinocyst concentration was too low to reach this minimum thresh-

old, the entire slide (ca. 20 non-overlapping traverses) was counted. Dinoflagellate cyst

taxonomy and nomenclature followed Williams et al. (2017) (DINOFLAJ3).

More methodological details on dinocyst analyses and statistical analyses is given in the
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ure 3.6) which are assumed to mainly reflect the sea level high stand associated with ice
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MD95-2042 δ18O values (Shackleton et al., 2002; Shackleton et al., 2003) which is a high-

resolution and commonly used chronology for the North Atlantic. For core MD95-2042,

Shackleton et al. (2003) developed an age chronology for MIS 5e by constraining the

low benthic isotopic plateau to 116.1 ka and 128 ka based on Uranium/Thorium dates

of fossil coral reefs of the LIG sea level high stand (Stirling et al., 1998). While this is

only one reference chronology, a high consistency is evident with other chronologies that

are orbitally tuned like the benthic δ18O stacks “LR04” (Lisiecki and Raymo, 2005),

NEAP18k (Chapman and Shackleton, 1999), and the benthic δ18O stack of Pisias et al.

(1984) and Martinson et al. (1987). This, provides independent validation of the individ-

ual reference chronologies. Additionally, the benthic δ18O stacks are overall consistent

with independent global ice volume chronology (ngrip community members , 2004) and

insolation (Laskar et al., 2004) (Figure 3.6), and thus provide workable floating timeta-

bles with a reasonably high resolution. For further details on how the chronologies for

Core KH-14 and 22CC-B were constructed see papers I and II.

Nevertheless, the LIG chronology remains rather ambiguous. The LIG is a period that

lies beyond the reach of radiocarbon dating, where a scarcity of radiometric dating

techniques, and lack of precise absolute age constraints such as dated tephra layers

and magnetic excursions, make dating of geological records across the LIG difficult. A

detailed review of challenges related to LIG chronologies was provided by Govin et al.

(2015).

Overall, a variety of existing time scales from different archives (i.e. sediment cores, ice

cores, pollen, speleothems and corals) and record alignment techniques has lead to some

confusion and a general lack of awareness of how chronologies are defined across the T

II transition and the LIG. As a result, Govin et al. (2015) brings up examples where age

uncertainties and discrepancies between the reference records have often been overlooked

or even completely ignored in data compilations and subsequent model-data comparison.

In addition, apparent age differences are generated by a lack of rigor in the way the

LIG time periods are referred to. One example is the term “Eemian” which has been
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Figure 3.6: Late Pleistocene records of a) July northern hemisphere summer insolation
(Laskar et al., 2004), and the NGRIP ice core from Greenland (ngrip community mem-
bers , 2004), B) reference chronologies of benthic foraminiferal δ18O from MD95-2042
(Shackleton et al., 2003), “LR04” (Lisiecki and Raymo, 2005), the δ18O stack by Pisias
et al. (1984) and Martinson et al. (1987), and NEAP18k (Chapman and Shackleton,
1999) for the last 180,000 years, C) Zoom-in on the LIG and its glacial transitions. Ma-
rine Isotope Stages (MIS) are numbered at the top and peak glacial stages are shaded
in dark grey. MIS 5e is shaded in pink. All records are plotted on the age scale from the
original publications.

frequently used interchangeably with “Last Interglacial” (e.g. cape last interglacial project

members , 2006; neem community members , 2013). However, the Eemian is based on

vegetation changes due to climate change, is a terrestrial stratigraphic concept (Harting ,

1875), and is not synchronous with marine archives. These challenges are important to

be aware of when working with LIG chronologies.

Due to the LIG ambiguity, to avoid misunderstanding, and in order to discuss LIG inter-

nal climate variability, it is crucial to be able to accurately compare individual records

between sites. In reality, recognizing the LIG global climate from individual geologic

records and the assignment of interglacial/glacial boundaries is often difficult. This

is especially true for the high northern latitudes (e.g. the Nordic Seas, Fram Strait,

the Labrador Sea) where deglacial overprints during early MIS 5e (e.g. Bauch, 1996;

32ApproachandMethodology

Figure3.6:LatePleistocenerecordsofa)Julynorthernhemispheresummerinsolation
(Laskaretal.,2004),andtheNGRIPicecorefromGreenland(ngripcommunitymem-
bers,2004),B)referencechronologiesofbenthicforaminiferalδ18OfromMD95-2042
(Shackletonetal.,2003),“LR04”(LisieckiandRaymo,2005),theδ18OstackbyPisias
etal.(1984)andMartinsonetal.(1987),andNEAP18k(ChapmanandShackleton,
1999)forthelast180,000years,C)Zoom-inontheLIGanditsglacialtransitions.Ma-
rineIsotopeStages(MIS)arenumberedatthetopandpeakglacialstagesareshaded
indarkgrey.MIS5eisshadedinpink.Allrecordsareplottedontheagescalefromthe
originalpublications.

frequentlyusedinterchangeablywith“LastInterglacial”(e.g.capelastinterglacialproject

members,2006;neemcommunitymembers,2013).However,theEemianisbasedon

vegetationchangesduetoclimatechange,isaterrestrialstratigraphicconcept(Harting,

1875),andisnotsynchronouswithmarinearchives.Thesechallengesareimportantto

beawareofwhenworkingwithLIGchronologies.

DuetotheLIGambiguity,toavoidmisunderstanding,andinordertodiscussLIGinter-

nalclimatevariability,itiscrucialtobeabletoaccuratelycompareindividualrecords

betweensites.Inreality,recognizingtheLIGglobalclimatefromindividualgeologic

recordsandtheassignmentofinterglacial/glacialboundariesisoftendifficult.This

isespeciallytrueforthehighnorthernlatitudes(e.g.theNordicSeas,FramStrait,

theLabradorSea)wheredeglacialoverprintsduringearlyMIS5e(e.g.Bauch,1996;

32ApproachandMethodology

Figure3.6:LatePleistocenerecordsofa)Julynorthernhemispheresummerinsolation
(Laskaretal.,2004),andtheNGRIPicecorefromGreenland(ngripcommunitymem-
bers,2004),B)referencechronologiesofbenthicforaminiferalδ18OfromMD95-2042
(Shackletonetal.,2003),“LR04”(LisieckiandRaymo,2005),theδ18OstackbyPisias
etal.(1984)andMartinsonetal.(1987),andNEAP18k(ChapmanandShackleton,
1999)forthelast180,000years,C)Zoom-inontheLIGanditsglacialtransitions.Ma-
rineIsotopeStages(MIS)arenumberedatthetopandpeakglacialstagesareshaded
indarkgrey.MIS5eisshadedinpink.Allrecordsareplottedontheagescalefromthe
originalpublications.

frequentlyusedinterchangeablywith“LastInterglacial”(e.g.capelastinterglacialproject

members,2006;neemcommunitymembers,2013).However,theEemianisbasedon

vegetationchangesduetoclimatechange,isaterrestrialstratigraphicconcept(Harting,

1875),andisnotsynchronouswithmarinearchives.Thesechallengesareimportantto

beawareofwhenworkingwithLIGchronologies.

DuetotheLIGambiguity,toavoidmisunderstanding,andinordertodiscussLIGinter-

nalclimatevariability,itiscrucialtobeabletoaccuratelycompareindividualrecords

betweensites.Inreality,recognizingtheLIGglobalclimatefromindividualgeologic

recordsandtheassignmentofinterglacial/glacialboundariesisoftendifficult.This

isespeciallytrueforthehighnorthernlatitudes(e.g.theNordicSeas,FramStrait,

theLabradorSea)wheredeglacialoverprintsduringearlyMIS5e(e.g.Bauch,1996;

32 Approach and Methodology

Figure 3.6: Late Pleistocene records of a) July northern hemisphere summer insolation
(Laskar et al., 2004), and the NGRIP ice core from Greenland (ngrip community mem-
bers , 2004), B) reference chronologies of benthic foraminiferal δ

18
O from MD95-2042

(Shackleton et al., 2003), “LR04” (Lisiecki and Raymo, 2005), the δ
18
O stack by Pisias

et al. (1984) and Martinson et al. (1987), and NEAP18k (Chapman and Shackleton,
1999) for the last 180,000 years, C) Zoom-in on the LIG and its glacial transitions. Ma-
rine Isotope Stages (MIS) are numbered at the top and peak glacial stages are shaded
in dark grey. MIS 5e is shaded in pink. All records are plotted on the age scale from the
original publications.

frequently used interchangeably with “Last Interglacial” (e.g. cape last interglacial project

members , 2006; neem community members , 2013). However, the Eemian is based on

vegetation changes due to climate change, is a terrestrial stratigraphic concept (Harting ,

1875), and is not synchronous with marine archives. These challenges are important to

be aware of when working with LIG chronologies.

Due to the LIG ambiguity, to avoid misunderstanding, and in order to discuss LIG inter-

nal climate variability, it is crucial to be able to accurately compare individual records

between sites. In reality, recognizing the LIG global climate from individual geologic

records and the assignment of interglacial/glacial boundaries is often difficult. This

is especially true for the high northern latitudes (e.g. the Nordic Seas, Fram Strait,

the Labrador Sea) where deglacial overprints during early MIS 5e (e.g. Bauch, 1996;

32 Approach and Methodology

Figure 3.6: Late Pleistocene records of a) July northern hemisphere summer insolation
(Laskar et al., 2004), and the NGRIP ice core from Greenland (ngrip community mem-
bers , 2004), B) reference chronologies of benthic foraminiferal δ

18
O from MD95-2042

(Shackleton et al., 2003), “LR04” (Lisiecki and Raymo, 2005), the δ
18
O stack by Pisias

et al. (1984) and Martinson et al. (1987), and NEAP18k (Chapman and Shackleton,
1999) for the last 180,000 years, C) Zoom-in on the LIG and its glacial transitions. Ma-
rine Isotope Stages (MIS) are numbered at the top and peak glacial stages are shaded
in dark grey. MIS 5e is shaded in pink. All records are plotted on the age scale from the
original publications.

frequently used interchangeably with “Last Interglacial” (e.g. cape last interglacial project

members , 2006; neem community members , 2013). However, the Eemian is based on

vegetation changes due to climate change, is a terrestrial stratigraphic concept (Harting ,

1875), and is not synchronous with marine archives. These challenges are important to

be aware of when working with LIG chronologies.

Due to the LIG ambiguity, to avoid misunderstanding, and in order to discuss LIG inter-

nal climate variability, it is crucial to be able to accurately compare individual records

between sites. In reality, recognizing the LIG global climate from individual geologic

records and the assignment of interglacial/glacial boundaries is often difficult. This

is especially true for the high northern latitudes (e.g. the Nordic Seas, Fram Strait,

the Labrador Sea) where deglacial overprints during early MIS 5e (e.g. Bauch, 1996;

32ApproachandMethodology

Figure3.6:LatePleistocenerecordsofa)Julynorthernhemispheresummerinsolation
(Laskaretal.,2004),andtheNGRIPicecorefromGreenland(ngripcommunitymem-
bers,2004),B)referencechronologiesofbenthicforaminiferalδ

18
OfromMD95-2042

(Shackletonetal.,2003),“LR04”(LisieckiandRaymo,2005),theδ
18
OstackbyPisias

etal.(1984)andMartinsonetal.(1987),andNEAP18k(ChapmanandShackleton,
1999)forthelast180,000years,C)Zoom-inontheLIGanditsglacialtransitions.Ma-
rineIsotopeStages(MIS)arenumberedatthetopandpeakglacialstagesareshaded
indarkgrey.MIS5eisshadedinpink.Allrecordsareplottedontheagescalefromthe
originalpublications.

frequentlyusedinterchangeablywith“LastInterglacial”(e.g.capelastinterglacialproject

members,2006;neemcommunitymembers,2013).However,theEemianisbasedon

vegetationchangesduetoclimatechange,isaterrestrialstratigraphicconcept(Harting,

1875),andisnotsynchronouswithmarinearchives.Thesechallengesareimportantto

beawareofwhenworkingwithLIGchronologies.

DuetotheLIGambiguity,toavoidmisunderstanding,andinordertodiscussLIGinter-

nalclimatevariability,itiscrucialtobeabletoaccuratelycompareindividualrecords

betweensites.Inreality,recognizingtheLIGglobalclimatefromindividualgeologic

recordsandtheassignmentofinterglacial/glacialboundariesisoftendifficult.This

isespeciallytrueforthehighnorthernlatitudes(e.g.theNordicSeas,FramStrait,

theLabradorSea)wheredeglacialoverprintsduringearlyMIS5e(e.g.Bauch,1996;

32ApproachandMethodology

Figure3.6:LatePleistocenerecordsofa)Julynorthernhemispheresummerinsolation
(Laskaretal.,2004),andtheNGRIPicecorefromGreenland(ngripcommunitymem-
bers,2004),B)referencechronologiesofbenthicforaminiferalδ

18
OfromMD95-2042

(Shackletonetal.,2003),“LR04”(LisieckiandRaymo,2005),theδ
18
OstackbyPisias

etal.(1984)andMartinsonetal.(1987),andNEAP18k(ChapmanandShackleton,
1999)forthelast180,000years,C)Zoom-inontheLIGanditsglacialtransitions.Ma-
rineIsotopeStages(MIS)arenumberedatthetopandpeakglacialstagesareshaded
indarkgrey.MIS5eisshadedinpink.Allrecordsareplottedontheagescalefromthe
originalpublications.

frequentlyusedinterchangeablywith“LastInterglacial”(e.g.capelastinterglacialproject

members,2006;neemcommunitymembers,2013).However,theEemianisbasedon

vegetationchangesduetoclimatechange,isaterrestrialstratigraphicconcept(Harting,

1875),andisnotsynchronouswithmarinearchives.Thesechallengesareimportantto

beawareofwhenworkingwithLIGchronologies.

DuetotheLIGambiguity,toavoidmisunderstanding,andinordertodiscussLIGinter-

nalclimatevariability,itiscrucialtobeabletoaccuratelycompareindividualrecords

betweensites.Inreality,recognizingtheLIGglobalclimatefromindividualgeologic

recordsandtheassignmentofinterglacial/glacialboundariesisoftendifficult.This

isespeciallytrueforthehighnorthernlatitudes(e.g.theNordicSeas,FramStrait,

theLabradorSea)wheredeglacialoverprintsduringearlyMIS5e(e.g.Bauch,1996;

32ApproachandMethodology

Figure3.6:LatePleistocenerecordsofa)Julynorthernhemispheresummerinsolation
(Laskaretal.,2004),andtheNGRIPicecorefromGreenland(ngripcommunitymem-
bers,2004),B)referencechronologiesofbenthicforaminiferalδ

18
OfromMD95-2042

(Shackletonetal.,2003),“LR04”(LisieckiandRaymo,2005),theδ
18
OstackbyPisias

etal.(1984)andMartinsonetal.(1987),andNEAP18k(ChapmanandShackleton,
1999)forthelast180,000years,C)Zoom-inontheLIGanditsglacialtransitions.Ma-
rineIsotopeStages(MIS)arenumberedatthetopandpeakglacialstagesareshaded
indarkgrey.MIS5eisshadedinpink.Allrecordsareplottedontheagescalefromthe
originalpublications.

frequentlyusedinterchangeablywith“LastInterglacial”(e.g.capelastinterglacialproject

members,2006;neemcommunitymembers,2013).However,theEemianisbasedon

vegetationchangesduetoclimatechange,isaterrestrialstratigraphicconcept(Harting,

1875),andisnotsynchronouswithmarinearchives.Thesechallengesareimportantto

beawareofwhenworkingwithLIGchronologies.

DuetotheLIGambiguity,toavoidmisunderstanding,andinordertodiscussLIGinter-

nalclimatevariability,itiscrucialtobeabletoaccuratelycompareindividualrecords

betweensites.Inreality,recognizingtheLIGglobalclimatefromindividualgeologic

recordsandtheassignmentofinterglacial/glacialboundariesisoftendifficult.This

isespeciallytrueforthehighnorthernlatitudes(e.g.theNordicSeas,FramStrait,

theLabradorSea)wheredeglacialoverprintsduringearlyMIS5e(e.g.Bauch,1996;

32ApproachandMethodology

Figure3.6:LatePleistocenerecordsofa)Julynorthernhemispheresummerinsolation
(Laskaretal.,2004),andtheNGRIPicecorefromGreenland(ngripcommunitymem-
bers,2004),B)referencechronologiesofbenthicforaminiferalδ

18
OfromMD95-2042

(Shackletonetal.,2003),“LR04”(LisieckiandRaymo,2005),theδ
18
OstackbyPisias

etal.(1984)andMartinsonetal.(1987),andNEAP18k(ChapmanandShackleton,
1999)forthelast180,000years,C)Zoom-inontheLIGanditsglacialtransitions.Ma-
rineIsotopeStages(MIS)arenumberedatthetopandpeakglacialstagesareshaded
indarkgrey.MIS5eisshadedinpink.Allrecordsareplottedontheagescalefromthe
originalpublications.

frequentlyusedinterchangeablywith“LastInterglacial”(e.g.capelastinterglacialproject

members,2006;neemcommunitymembers,2013).However,theEemianisbasedon

vegetationchangesduetoclimatechange,isaterrestrialstratigraphicconcept(Harting,

1875),andisnotsynchronouswithmarinearchives.Thesechallengesareimportantto

beawareofwhenworkingwithLIGchronologies.

DuetotheLIGambiguity,toavoidmisunderstanding,andinordertodiscussLIGinter-

nalclimatevariability,itiscrucialtobeabletoaccuratelycompareindividualrecords

betweensites.Inreality,recognizingtheLIGglobalclimatefromindividualgeologic

recordsandtheassignmentofinterglacial/glacialboundariesisoftendifficult.This

isespeciallytrueforthehighnorthernlatitudes(e.g.theNordicSeas,FramStrait,

theLabradorSea)wheredeglacialoverprintsduringearlyMIS5e(e.g.Bauch,1996;



3.5 Last Interglacial chronology 33

Van Nieuwenhove et al., 2011; Govin et al., 2012), and often sparse benthic foraminifera

in sediments, makes core-to-core correlations challenging. Especially during T II, both

benthic and planktonic isotopic records are affected by highly depleted δ18O (e.g. Ras-

mussen et al., 2003; Risebrobakken et al., 2006). These negative δ18O anomalies make the

beginning of the LIG very difficult to identify in sediment cores from the high northern

latitudes.

In some cases, when benthic foraminiferal δ18O records are discontinuous or not available,

it is necessary to align planktic foraminiferal δ18O records to reference δ18O stacks (e.g.

Bianchi and Gersonde, 2002; de Vernal and Hillaire-Marcel , 2008). However, planktic

δ18O is even more sensitive than benthic δ18O to local changes in sea surface tempera-

ture and non-glacioeustatic seawater δ18O (e.g. meltwater input, local changes in precip-

itation and evaporation). Thus, uncertainties related to heterogeneous hydrographical

changes in the ocean are even higher when aligning planktonic δ18O records to reference

δ18O stacks. It is critical to overcome these challenges in order to decipher the nature

and pattern of the LIG (Govin et al., 2015). For further discussion on LIG chronologies,

and some recommendations for future work see chapter 6.2.4.
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Summary of papers

Paper I: Sea ice variability in the North Atlantic subpolar gyre

throughout the Last Interglacial

In paper I we investigate the nature and timing of sea ice variability in the subpolar

Labrador Sea, a region influenced by the SPG and where deep water formation occurs.

We aim to asses what role sea ice may have played in influencing the flow of the SPG

circulation, ultimately to evaluate the potential of sea ice to drive or amplify ocean

variability. For this purpose, we present new centennial-scale resolution sea ice algae

biomarker IP25, open-water phytoplankton sterols (brassicasterol and dinosterol), and

dinoflagellate cyst assemblages from core GS16-204-22CC-B covering the LIG period

and its glacial transitions, a total timespan of ca. 145–110 ka. Our results show that the

late MIS 6 (145–135 ka) was overall characterized by extensive to perennial sea ice which

started to break up occasionally during T II (135–128 ka). During the first phase of MIS

5e, the hydrography was highly variable. The initial 1,500 years (128–126.5 ka) were

characterized by the presence of a seasonal Marginal Ice Zone (MIZ) accompanied by

subsurface warmth. As the sea ice retreated, cool, likely polar-sourced water dominated

the surface and subsurface ocean (126.5–124 ka) until an abrupt surge of sea ice marked

the final pulse of the remnants of the deglaciation. The second half of MIS 5e (124–116

ka) was characterized by a persistent inflow of warm water, only interrupted by incursions

of cold water as summer insolation declined. Seasonal sea ice returned to the Eirik Drift

during MIS 5d. We show that sea ice variability throughout MIS 5e was coupled with

the variability of the SPG circulation. Especially, the location of a proximal MIZ to the

convection region in the Labrador Sea may have been important for SPG strengthening

in the earliest MIS 5e (128–126.5 ka). Together with the sea ice return during the

start of MIS 5d, we show that the presence of sea ice at the major transitions into
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throughouttheLastInterglacial

InpaperIweinvestigatethenatureandtimingofseaicevariabilityinthesubpolar

LabradorSea,aregioninfluencedbytheSPGandwheredeepwaterformationoccurs.

WeaimtoasseswhatroleseaicemayhaveplayedininfluencingtheflowoftheSPG

circulation,ultimatelytoevaluatethepotentialofseaicetodriveoramplifyocean

variability.Forthispurpose,wepresentnewcentennial-scaleresolutionseaicealgae

biomarkerIP25,open-waterphytoplanktonsterols(brassicasterolanddinosterol),and

dinoflagellatecystassemblagesfromcoreGS16-204-22CC-BcoveringtheLIGperiod

anditsglacialtransitions,atotaltimespanofca.145–110ka.Ourresultsshowthatthe

lateMIS6(145–135ka)wasoverallcharacterizedbyextensivetoperennialseaicewhich

startedtobreakupoccasionallyduringTII(135–128ka).DuringthefirstphaseofMIS

5e,thehydrographywashighlyvariable.Theinitial1,500years(128–126.5ka)were

characterizedbythepresenceofaseasonalMarginalIceZone(MIZ)accompaniedby

subsurfacewarmth.Astheseaiceretreated,cool,likelypolar-sourcedwaterdominated

thesurfaceandsubsurfaceocean(126.5–124ka)untilanabruptsurgeofseaicemarked

thefinalpulseoftheremnantsofthedeglaciation.ThesecondhalfofMIS5e(124–116

ka)wascharacterizedbyapersistentinflowofwarmwater,onlyinterruptedbyincursions

ofcoldwaterassummerinsolationdeclined.SeasonalseaicereturnedtotheEirikDrift

duringMIS5d.WeshowthatseaicevariabilitythroughoutMIS5ewascoupledwith

thevariabilityoftheSPGcirculation.Especially,thelocationofaproximalMIZtothe

convectionregionintheLabradorSeamayhavebeenimportantforSPGstrengthening

intheearliestMIS5e(128–126.5ka).Togetherwiththeseaicereturnduringthe

startofMIS5d,weshowthatthepresenceofseaiceatthemajortransitionsinto
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and out of MIS 5e may point to its important role in modulating and enhancing the

magnitude and coherence of climate signals at major climatic transitions. Nevertheless,

we also demonstrate that sea ice is not a prerequisite SPG variability. Other factors,

like cryospheric reconfiguration, and their influence on freshwater export and rerouting

to the North Atlantic, may be important mechanisms for the climate and hydrographic

variability within the LIG, and the transitions associated with glacial termination and

inception.

Paper II: Sea ice variability throughout the Penultimate Deglacia-

tion and Last Interglacial in the eastern Fram Strait

In paper II we investigate the nature and timing of sea ice and surface ocean hydrog-

raphy in the eastern Fram Strait (sediment core KH14-GPC-02), throughout the LIG,

and its glacial transitions when the ocean underwent profound environmental changes.

The Fram Strait is the only deep-water passage connecting the Arctic and North At-

lantic Oceans, and its dynamic environment leads to a sea ice cover highly sensitive to

changes in climate. We investigate the connection between the variability of Atlantic

water influence to the surface ocean, coupled with ice sheet dynamics and sea ice in

the eastern Fram Strait. The sea ice proxy-reconstructions are based on the sea ice

biomarker IP25 and the related phytoplankton, PIP25 sea ice index, in combination with

dinoflagellate cysts. Furthermore, interpretations are supported by XRF, stable oxygen

isotope, and Total Organic Carbon measurements. Our findings demonstrate an evolu-

tion of sea ice from extensive, and variable, late Marine Isotope Stage (MIS) 6 sea ice

cover, to a Marginal Ice Zone during T II, and to open ocean conditions during MIS 5e.

The sea ice variability was likely linked to the extent of the Svalbard Barents Sea Ice

Sheet (SBIS) and fluctuations of Atlantic water influence on the surface ocean. A unique

environment is recorded during T II where the highest concentrations of sea ice, marine

and terrigenous biomarkers point to a high-productivity ocean and an efficient biologi-

cal pump associated with the sedimentary influx from the retreating SBIS and marginal

ice zone establishment. During the LIG, when there was no sea ice at our core location,

we recorded peak interglacial optimal conditions with maximum Atlantic water influ-

ence in the late MIS 5e, ca. 120 ka, consistent with several previous findings from cores

located both upstream and downstream in the Western Spitsbergen Current. Through-

out MIS 5d–b, oligotrophic conditions may have occurred due to an eastward advance of

Arctic waters and a lower, but still present influence of Atlantic waters. Here, low con-

centrations, and potential poor biomarker preservation make any interpretation of sea

ice conditions during this time challenging, and further studies are needed to asses the

variability of sea ice during MIS 5d-b in the eastern Fram Strait
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wealsodemonstratethatseaiceisnotaprerequisiteSPGvariability.Otherfactors,

likecryosphericreconfiguration,andtheirinfluenceonfreshwaterexportandrerouting

totheNorthAtlantic,maybeimportantmechanismsfortheclimateandhydrographic

variabilitywithintheLIG,andthetransitionsassociatedwithglacialterminationand

inception.

PaperII:SeaicevariabilitythroughoutthePenultimateDeglacia-

tionandLastInterglacialintheeasternFramStrait

InpaperIIweinvestigatethenatureandtimingofseaiceandsurfaceoceanhydrog-

raphyintheeasternFramStrait(sedimentcoreKH14-GPC-02),throughouttheLIG,

anditsglacialtransitionswhentheoceanunderwentprofoundenvironmentalchanges.

TheFramStraitistheonlydeep-waterpassageconnectingtheArcticandNorthAt-

lanticOceans,anditsdynamicenvironmentleadstoaseaicecoverhighlysensitiveto

changesinclimate.WeinvestigatetheconnectionbetweenthevariabilityofAtlantic

waterinfluencetothesurfaceocean,coupledwithicesheetdynamicsandseaicein

theeasternFramStrait.Theseaiceproxy-reconstructionsarebasedontheseaice

biomarkerIP25andtherelatedphytoplankton,PIP25seaiceindex,incombinationwith

dinoflagellatecysts.Furthermore,interpretationsaresupportedbyXRF,stableoxygen

isotope,andTotalOrganicCarbonmeasurements.Ourfindingsdemonstrateanevolu-

tionofseaicefromextensive,andvariable,lateMarineIsotopeStage(MIS)6seaice

cover,toaMarginalIceZoneduringTII,andtoopenoceanconditionsduringMIS5e.

TheseaicevariabilitywaslikelylinkedtotheextentoftheSvalbardBarentsSeaIce

Sheet(SBIS)andfluctuationsofAtlanticwaterinfluenceonthesurfaceocean.Aunique
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and out of MIS 5e may point to its important role in modulating and enhancing the

magnitude and coherence of climate signals at major climatic transitions. Nevertheless,

we also demonstrate that sea ice is not a prerequisite SPG variability. Other factors,

like cryospheric reconfiguration, and their influence on freshwater export and rerouting

to the North Atlantic, may be important mechanisms for the climate and hydrographic

variability within the LIG, and the transitions associated with glacial termination and

inception.

Paper II: Sea ice variability throughout the Penultimate Deglacia-

tion and Last Interglacial in the eastern Fram Strait

In paper II we investigate the nature and timing of sea ice and surface ocean hydrog-

raphy in the eastern Fram Strait (sediment core KH14-GPC-02), throughout the LIG,

and its glacial transitions when the ocean underwent profound environmental changes.

The Fram Strait is the only deep-water passage connecting the Arctic and North At-

lantic Oceans, and its dynamic environment leads to a sea ice cover highly sensitive to

changes in climate. We investigate the connection between the variability of Atlantic

water influence to the surface ocean, coupled with ice sheet dynamics and sea ice in

the eastern Fram Strait. The sea ice proxy-reconstructions are based on the sea ice

biomarker IP25 and the related phytoplankton, PIP25 sea ice index, in combination with

dinoflagellate cysts. Furthermore, interpretations are supported by XRF, stable oxygen

isotope, and Total Organic Carbon measurements. Our findings demonstrate an evolu-

tion of sea ice from extensive, and variable, late Marine Isotope Stage (MIS) 6 sea ice

cover, to a Marginal Ice Zone during T II, and to open ocean conditions during MIS 5e.

The sea ice variability was likely linked to the extent of the Svalbard Barents Sea Ice

Sheet (SBIS) and fluctuations of Atlantic water influence on the surface ocean. A unique

environment is recorded during T II where the highest concentrations of sea ice, marine

and terrigenous biomarkers point to a high-productivity ocean and an efficient biologi-

cal pump associated with the sedimentary influx from the retreating SBIS and marginal

ice zone establishment. During the LIG, when there was no sea ice at our core location,

we recorded peak interglacial optimal conditions with maximum Atlantic water influ-

ence in the late MIS 5e, ca. 120 ka, consistent with several previous findings from cores

located both upstream and downstream in the Western Spitsbergen Current. Through-

out MIS 5d–b, oligotrophic conditions may have occurred due to an eastward advance of

Arctic waters and a lower, but still present influence of Atlantic waters. Here, low con-

centrations, and potential poor biomarker preservation make any interpretation of sea

ice conditions during this time challenging, and further studies are needed to asses the

variability of sea ice during MIS 5d-b in the eastern Fram Strait
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andoutofMIS5emaypointtoitsimportantroleinmodulatingandenhancingthe

magnitudeandcoherenceofclimatesignalsatmajorclimatictransitions.Nevertheless,

wealsodemonstratethatseaiceisnotaprerequisiteSPGvariability.Otherfactors,

likecryosphericreconfiguration,andtheirinfluenceonfreshwaterexportandrerouting

totheNorthAtlantic,maybeimportantmechanismsfortheclimateandhydrographic

variabilitywithintheLIG,andthetransitionsassociatedwithglacialterminationand

inception.

PaperII:SeaicevariabilitythroughoutthePenultimateDeglacia-

tionandLastInterglacialintheeasternFramStrait

InpaperIIweinvestigatethenatureandtimingofseaiceandsurfaceoceanhydrog-

raphyintheeasternFramStrait(sedimentcoreKH14-GPC-02),throughouttheLIG,

anditsglacialtransitionswhentheoceanunderwentprofoundenvironmentalchanges.

TheFramStraitistheonlydeep-waterpassageconnectingtheArcticandNorthAt-

lanticOceans,anditsdynamicenvironmentleadstoaseaicecoverhighlysensitiveto

changesinclimate.WeinvestigatetheconnectionbetweenthevariabilityofAtlantic

waterinfluencetothesurfaceocean,coupledwithicesheetdynamicsandseaicein

theeasternFramStrait.Theseaiceproxy-reconstructionsarebasedontheseaice

biomarkerIP25andtherelatedphytoplankton,PIP25seaiceindex,incombinationwith

dinoflagellatecysts.Furthermore,interpretationsaresupportedbyXRF,stableoxygen

isotope,andTotalOrganicCarbonmeasurements.Ourfindingsdemonstrateanevolu-

tionofseaicefromextensive,andvariable,lateMarineIsotopeStage(MIS)6seaice

cover,toaMarginalIceZoneduringTII,andtoopenoceanconditionsduringMIS5e.

TheseaicevariabilitywaslikelylinkedtotheextentoftheSvalbardBarentsSeaIce

Sheet(SBIS)andfluctuationsofAtlanticwaterinfluenceonthesurfaceocean.Aunique

environmentisrecordedduringTIIwherethehighestconcentrationsofseaice,marine

andterrigenousbiomarkerspointtoahigh-productivityoceanandanefficientbiologi-

calpumpassociatedwiththesedimentaryinfluxfromtheretreatingSBISandmarginal

icezoneestablishment.DuringtheLIG,whentherewasnoseaiceatourcorelocation,

werecordedpeakinterglacialoptimalconditionswithmaximumAtlanticwaterinflu-

enceinthelateMIS5e,ca.120ka,consistentwithseveralpreviousfindingsfromcores

locatedbothupstreamanddownstreamintheWesternSpitsbergenCurrent.Through-

outMIS5d–b,oligotrophicconditionsmayhaveoccurredduetoaneastwardadvanceof

Arcticwatersandalower,butstillpresentinfluenceofAtlanticwaters.Here,lowcon-

centrations,andpotentialpoorbiomarkerpreservationmakeanyinterpretationofsea

iceconditionsduringthistimechallenging,andfurtherstudiesareneededtoassesthe

variabilityofseaiceduringMIS5d-bintheeasternFramStrait
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Paper III: Proxy signals for sea ice, hydrography and deep con-

vection in the subpolar gyre- a critical review of the Last In-

terglacial

In paper III we revisit sediment Core GS16-204-22CC-B from Paper I, covering the

LIG and its glacial transitions (ca. 145-108 ka). In the study, we firstly assessed the

potential of stable oxygen isotopes (δ18O) obtained from paired planktic and benthic

foraminifers(∆δ18O) in the subpolar Labrador Sea to serve as indicators of sea ice. Sec-

ondly, we reevaluated previous interpretations of ocean stratification, deep convection,

and deep ocean currents in the subpolar Labrador Sea in connection to the different sea

ice conditions. Thus, we assessed whether distinctive isotopic values can be identified

for various hydrographic conditions and sea ice. The study suggests that combined iso-

topic measurements of benthic and planktic foraminifers may offer valuable insights into

the potential presence of sea ice at the surface ocean. Specifically, we find that during

the ”cold” sea ice dominated periods (MIS 6, T II, and MIS 5d), distinct, similar iso-

topic values with (∆δ18O) around 0 occurred, which may be explained by similar cold

temperatures throughout the water column from the surface to the deep ocean. Thus,

we hypothesize that conditions cold enough to support sea ice may also lead to the pro-

duction of near subsurface waters with temperatures dropping to levels close to those in

the deep, similar to observations made from the modern Southern Ocean by Lund et al.

(2021). However, we also demonstrate that unequivocal interpretations of isotopic off-

sets between planktic and benthic species are challenging, because competing influences

on the isotope signal can, and have, intermittently overridden the signal related to sea

ice and vertical stratification. Thus, other factors, such as intense deglacial freshwater

fluxes, may complicate the univocal interpretation of the isotopes in the context of sea

ice or other hydrographic conditions. Nevertheless, our results are promising, and we

encourage further multiproxy studies involving a comparison of established sea ice prox-

ies with planktic and benthic (δ18O), combined with their collective ∆δ18O, to assess

the relationships between foraminiferal ∆δ18O, sea ice, and ocean hydrographic condi-

tions across a broader range of hydrographic settings. We suggest that when applied in

conjunction with complementary sea ice and hydrographic proxies, the judicious use of

∆δ18O could allow the vast body of available oxygen isotopic data to be brought to bear

in filling key spatio-temporal gaps in our understanding of past sea ice variability.
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vection in the subpolar gyre- a critical review of the Last In-

terglacial
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vectioninthesubpolargyre-acriticalreviewoftheLastIn-

terglacial

InpaperIIIwerevisitsedimentCoreGS16-204-22CC-BfromPaperI,coveringthe

LIGanditsglacialtransitions(ca.145-108ka).Inthestudy,wefirstlyassessedthe

potentialofstableoxygenisotopes(δ
18
O)obtainedfrompairedplankticandbenthic

foraminifers(∆δ
18
O)inthesubpolarLabradorSeatoserveasindicatorsofseaice.Sec-

ondly,wereevaluatedpreviousinterpretationsofoceanstratification,deepconvection,

anddeepoceancurrentsinthesubpolarLabradorSeainconnectiontothedifferentsea

iceconditions.Thus,weassessedwhetherdistinctiveisotopicvaluescanbeidentified

forvarioushydrographicconditionsandseaice.Thestudysuggeststhatcombinediso-

topicmeasurementsofbenthicandplankticforaminifersmayoffervaluableinsightsinto

thepotentialpresenceofseaiceatthesurfaceocean.Specifically,wefindthatduring

the”cold”seaicedominatedperiods(MIS6,TII,andMIS5d),distinct,similariso-

topicvalueswith(∆δ
18
O)around0occurred,whichmaybeexplainedbysimilarcold

temperaturesthroughoutthewatercolumnfromthesurfacetothedeepocean.Thus,

wehypothesizethatconditionscoldenoughtosupportseaicemayalsoleadtothepro-

ductionofnearsubsurfacewaterswithtemperaturesdroppingtolevelsclosetothosein

thedeep,similartoobservationsmadefromthemodernSouthernOceanbyLundetal.

(2021).However,wealsodemonstratethatunequivocalinterpretationsofisotopicoff-

setsbetweenplankticandbenthicspeciesarechallenging,becausecompetinginfluences

ontheisotopesignalcan,andhave,intermittentlyoverriddenthesignalrelatedtosea

iceandverticalstratification.Thus,otherfactors,suchasintensedeglacialfreshwater

fluxes,maycomplicatetheunivocalinterpretationoftheisotopesinthecontextofsea

iceorotherhydrographicconditions.Nevertheless,ourresultsarepromising,andwe

encouragefurthermultiproxystudiesinvolvingacomparisonofestablishedseaiceprox-

ieswithplankticandbenthic(δ
18
O),combinedwiththeircollective∆δ

18
O,toassess

therelationshipsbetweenforaminiferal∆δ
18
O,seaice,andoceanhydrographiccondi-

tionsacrossabroaderrangeofhydrographicsettings.Wesuggestthatwhenappliedin

conjunctionwithcomplementaryseaiceandhydrographicproxies,thejudicioususeof

∆δ
18
Ocouldallowthevastbodyofavailableoxygenisotopicdatatobebroughttobear

infillingkeyspatio-temporalgapsinourunderstandingofpastseaicevariability.
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a b s t r a c t

The Last Interglacial period, Marine Isotope Stage 5e (MIS 5e ~116e128 ka), is thought to have had a
warmer, but less stable climate than the present interglacial. One key factor that has the potential to
influence the ocean and climate is sea ice, but its presence and extent throughout MIS 5e is poorly
constrained. Here we reconstruct the sea surface hydrography and sea ice variability in the Labrador Sea,
a region influenced by the subpolar gyre (SPG) and where deep water formation occurs, in order to
evaluate the potential of sea ice to drive or amplify ocean variability. We analysed biomarkers (highly
branched isoprenoids, HBIs, and sterols), dinoflagellate cyst assemblages and stable oxygen isotopes from
the late stages of MIS 6, throughout MIS 5e, into MIS 5d. Our results show that the late glacial MIS 6 was
likely characterised by a thick multiyear sea ice cover. During the first phase of MIS 5e, the hydrography
was highly variable. The initial 1500 years (128e126.5 ka) were characterised by the presence of a
seasonal Marginal Ice Zone (MIZ) accompanied by subsurface warmth. As the sea ice retreated, cool,
likely polar-sourced water dominated the surface and subsurface ocean (126.5e124 ka), until an abrupt
surge of sea ice marked the final pulse of the remnants of the deglaciation. The second half of MIS 5e (124
e116 ka) was characterised by a persistent inflow of warm water, only interrupted by incursions of cold
water as summer insolation declined. Seasonal sea ice returned to the Eirik Drift during MIS 5d. We infer
that sea ice variability throughout MIS 5e was coupled with the variability of the SPG. Especially the
location of a proximal MIZ to the Labrador Sea convection region could have been important for SPG
dynamics. In addition, the presence of sea ice at the transitions into and out of MIS 5e could point to its
important role in modulating and enhancing the magnitude and coherence of climate signals at major
climatic transitions.

© 2023 Published by Elsevier Ltd.

1. Introduction

The potential climatic implications of global warming can be
understood by investigating past periods in Earth's history which
were as warm or warmer than today. Although there is no perfect
analogue, the Last Interglacial (LIG; 116e128 ka), Marine Isotope
Stage 5e (MIS 5e), has many features in common with model pro-
jections of future climate. These features include a warmer than

present global climate, a significantly reduced Greenland Ice Sheet
(GIS), and a higher sea level (e.g. Otto-Bliesner et al., 2006; Kopp
et al., 2009). For this reason, the LIG has sparked the interest of
many studies, aiming to understand climate variability, instability,
and their underlying mechanisms.

Sea ice has been proposed as a cause for variability and insta-
bility of the North Atlantic Ocean circulation during the LIG due to
its potential effect on the subpolar gyre (SPG; Born et al., 2010;
Galaasen et al., 2014; Li and Born, 2019; Kessler et al., 2020). Sea ice
can change rapidly in response to relatively weak forcing and it can
amplify climate change non-linearly, resulting in rapid and large* Corresponding author.
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abstract

TheLastInterglacialperiod,MarineIsotopeStage5e(MIS5e~116e128ka),isthoughttohavehada
warmer,butlessstableclimatethanthepresentinterglacial.Onekeyfactorthathasthepotentialto
influencetheoceanandclimateisseaice,butitspresenceandextentthroughoutMIS5eispoorly
constrained.HerewereconstructtheseasurfacehydrographyandseaicevariabilityintheLabradorSea,
aregioninfluencedbythesubpolargyre(SPG)andwheredeepwaterformationoccurs,inorderto
evaluatethepotentialofseaicetodriveoramplifyoceanvariability.Weanalysedbiomarkers(highly
branchedisoprenoids,HBIs,andsterols),dinoflagellatecystassemblagesandstableoxygenisotopesfrom
thelatestagesofMIS6,throughoutMIS5e,intoMIS5d.OurresultsshowthatthelateglacialMIS6was
likelycharacterisedbyathickmultiyearseaicecover.DuringthefirstphaseofMIS5e,thehydrography
washighlyvariable.Theinitial1500years(128e126.5ka)werecharacterisedbythepresenceofa
seasonalMarginalIceZone(MIZ)accompaniedbysubsurfacewarmth.Astheseaiceretreated,cool,
likelypolar-sourcedwaterdominatedthesurfaceandsubsurfaceocean(126.5e124ka),untilanabrupt
surgeofseaicemarkedthefinalpulseoftheremnantsofthedeglaciation.ThesecondhalfofMIS5e(124
e116ka)wascharacterisedbyapersistentinflowofwarmwater,onlyinterruptedbyincursionsofcold
waterassummerinsolationdeclined.SeasonalseaicereturnedtotheEirikDriftduringMIS5d.Weinfer
thatseaicevariabilitythroughoutMIS5ewascoupledwiththevariabilityoftheSPG.Especiallythe
locationofaproximalMIZtotheLabradorSeaconvectionregioncouldhavebeenimportantforSPG
dynamics.Inaddition,thepresenceofseaiceatthetransitionsintoandoutofMIS5ecouldpointtoits
importantroleinmodulatingandenhancingthemagnitudeandcoherenceofclimatesignalsatmajor
climatictransitions.

©2023PublishedbyElsevierLtd.
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a b s t r a c t

The Last Interglacial period, Marine Isotope Stage 5e (MIS 5e ~116e128 ka), is thought to have had a
warmer, but less stable climate than the present interglacial. One key factor that has the potential to
influence the ocean and climate is sea ice, but its presence and extent throughout MIS 5e is poorly
constrained. Here we reconstruct the sea surface hydrography and sea ice variability in the Labrador Sea,
a region influenced by the subpolar gyre (SPG) and where deep water formation occurs, in order to
evaluate the potential of sea ice to drive or amplify ocean variability. We analysed biomarkers (highly
branched isoprenoids, HBIs, and sterols), dinoflagellate cyst assemblages and stable oxygen isotopes from
the late stages of MIS 6, throughout MIS 5e, into MIS 5d. Our results show that the late glacial MIS 6 was
likely characterised by a thick multiyear sea ice cover. During the first phase of MIS 5e, the hydrography
was highly variable. The initial 1500 years (128e126.5 ka) were characterised by the presence of a
seasonal Marginal Ice Zone (MIZ) accompanied by subsurface warmth. As the sea ice retreated, cool,
likely polar-sourced water dominated the surface and subsurface ocean (126.5e124 ka), until an abrupt
surge of sea ice marked the final pulse of the remnants of the deglaciation. The second half of MIS 5e (124
e116 ka) was characterised by a persistent inflow of warm water, only interrupted by incursions of cold
water as summer insolation declined. Seasonal sea ice returned to the Eirik Drift during MIS 5d. We infer
that sea ice variability throughout MIS 5e was coupled with the variability of the SPG. Especially the
location of a proximal MIZ to the Labrador Sea convection region could have been important for SPG
dynamics. In addition, the presence of sea ice at the transitions into and out of MIS 5e could point to its
important role in modulating and enhancing the magnitude and coherence of climate signals at major
climatic transitions.
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1. Introduction
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understood by investigating past periods in Earth's history which
were as warm or warmer than today. Although there is no perfect
analogue, the Last Interglacial (LIG; 116e128 ka), Marine Isotope
Stage 5e (MIS 5e), has many features in common with model pro-
jections of future climate. These features include a warmer than
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(GIS), and a higher sea level (e.g. Otto-Bliesner et al., 2006; Kopp
et al., 2009). For this reason, the LIG has sparked the interest of
many studies, aiming to understand climate variability, instability,
and their underlying mechanisms.

Sea ice has been proposed as a cause for variability and insta-
bility of the North Atlantic Ocean circulation during the LIG due to
its potential effect on the subpolar gyre (SPG; Born et al., 2010;
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amplify climate change non-linearly, resulting in rapid and large* Corresponding author.

E-mail address: stei@norceresearch.no (K. Steinsland).

Contents lists available at ScienceDirect

Quaternary Science Reviews

journal homepage: www.elsevier .com/locate/quascirev

https://doi.org/10.1016/j.quascirev.2023.108198
0277-3791/© 2023 Published by Elsevier Ltd.

Quaternary Science Reviews 313 (2023) 108198

Invited paper

Sea ice variability in the North Atlantic subpolar gyre throughout the
Last Interglacial

Kristine Steinsland
a, *

, Danielle M. Grant
a
, Ulysses S. Ninnemann

b
, Kirsten Fahl

c
,

Ruediger Stein
c, d, e

, Stijn De Schepper
a

a
NORCE Climate and Environment, NORCE Norwegian Research Centre AS and Bjerknes Centre for Climate Research, Bergen, Norway

b
University of Bergen, Department of Earth Science and Bjerknes Centre for Climate Research, Bergen, Norway

c
Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research, Bremerhaven, Germany

d
University of Bremen, Faculty of Geosciences and Center for Marine Environmental Sciences, Bremen, Germany

e
Ocean University of China, Frontiers Science Center for Deep Ocean Multispheres and Earth System and Key Laboratory of Marine Chemistry Theory and

Technology, Qingdao, China

a r t i c l e i n f o

Article history:
Received 11 November 2022
Received in revised form
20 June 2023
Accepted 20 June 2023
Available online 9 July 2023

Handling Editor: A. Voelker

Keywords:
Sea ice
Labrador sea
Eirik drift
Ocean circulation
Dinoflagellate cysts
Biomarkers
IP25
MIS 5e

a b s t r a c t

The Last Interglacial period, Marine Isotope Stage 5e (MIS 5e ~116e128 ka), is thought to have had a
warmer, but less stable climate than the present interglacial. One key factor that has the potential to
influence the ocean and climate is sea ice, but its presence and extent throughout MIS 5e is poorly
constrained. Here we reconstruct the sea surface hydrography and sea ice variability in the Labrador Sea,
a region influenced by the subpolar gyre (SPG) and where deep water formation occurs, in order to
evaluate the potential of sea ice to drive or amplify ocean variability. We analysed biomarkers (highly
branched isoprenoids, HBIs, and sterols), dinoflagellate cyst assemblages and stable oxygen isotopes from
the late stages of MIS 6, throughout MIS 5e, into MIS 5d. Our results show that the late glacial MIS 6 was
likely characterised by a thick multiyear sea ice cover. During the first phase of MIS 5e, the hydrography
was highly variable. The initial 1500 years (128e126.5 ka) were characterised by the presence of a
seasonal Marginal Ice Zone (MIZ) accompanied by subsurface warmth. As the sea ice retreated, cool,
likely polar-sourced water dominated the surface and subsurface ocean (126.5e124 ka), until an abrupt
surge of sea ice marked the final pulse of the remnants of the deglaciation. The second half of MIS 5e (124
e116 ka) was characterised by a persistent inflow of warm water, only interrupted by incursions of cold
water as summer insolation declined. Seasonal sea ice returned to the Eirik Drift during MIS 5d. We infer
that sea ice variability throughout MIS 5e was coupled with the variability of the SPG. Especially the
location of a proximal MIZ to the Labrador Sea convection region could have been important for SPG
dynamics. In addition, the presence of sea ice at the transitions into and out of MIS 5e could point to its
important role in modulating and enhancing the magnitude and coherence of climate signals at major
climatic transitions.

© 2023 Published by Elsevier Ltd.

1. Introduction

The potential climatic implications of global warming can be
understood by investigating past periods in Earth's history which
were as warm or warmer than today. Although there is no perfect
analogue, the Last Interglacial (LIG; 116e128 ka), Marine Isotope
Stage 5e (MIS 5e), has many features in common with model pro-
jections of future climate. These features include a warmer than

present global climate, a significantly reduced Greenland Ice Sheet
(GIS), and a higher sea level (e.g. Otto-Bliesner et al., 2006; Kopp
et al., 2009). For this reason, the LIG has sparked the interest of
many studies, aiming to understand climate variability, instability,
and their underlying mechanisms.

Sea ice has been proposed as a cause for variability and insta-
bility of the North Atlantic Ocean circulation during the LIG due to
its potential effect on the subpolar gyre (SPG; Born et al., 2010;
Galaasen et al., 2014; Li and Born, 2019; Kessler et al., 2020). Sea ice
can change rapidly in response to relatively weak forcing and it can
amplify climate change non-linearly, resulting in rapid and large* Corresponding author.

E-mail address: stei@norceresearch.no (K. Steinsland).

Contents lists available at ScienceDirect

Quaternary Science Reviews

journal homepage: www.elsevier .com/locate/quascirev

https://doi.org/10.1016/j.quascirev.2023.108198
0277-3791/© 2023 Published by Elsevier Ltd.

Quaternary Science Reviews 313 (2023) 108198

Invitedpaper

SeaicevariabilityintheNorthAtlanticsubpolargyrethroughoutthe
LastInterglacial

KristineSteinsland
a,*

,DanielleM.Grant
a
,UlyssesS.Ninnemann

b
,KirstenFahl

c
,

RuedigerStein
c,d,e

,StijnDeSchepper
a

a
NORCEClimateandEnvironment,NORCENorwegianResearchCentreASandBjerknesCentreforClimateResearch,Bergen,Norway

b
UniversityofBergen,DepartmentofEarthScienceandBjerknesCentreforClimateResearch,Bergen,Norway

c
AlfredWegenerInstituteHelmholtzCentreforPolarandMarineResearch,Bremerhaven,Germany

d
UniversityofBremen,FacultyofGeosciencesandCenterforMarineEnvironmentalSciences,Bremen,Germany

e
OceanUniversityofChina,FrontiersScienceCenterforDeepOceanMultispheresandEarthSystemandKeyLaboratoryofMarineChemistryTheoryand

Technology,Qingdao,China

articleinfo

Articlehistory:
Received11November2022
Receivedinrevisedform
20June2023
Accepted20June2023
Availableonline9July2023

HandlingEditor:A.Voelker

Keywords:
Seaice
Labradorsea
Eirikdrift
Oceancirculation
Dinoflagellatecysts
Biomarkers
IP25
MIS5e

abstract

TheLastInterglacialperiod,MarineIsotopeStage5e(MIS5e~116e128ka),isthoughttohavehada
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washighlyvariable.Theinitial1500years(128e126.5ka)werecharacterisedbythepresenceofa
seasonalMarginalIceZone(MIZ)accompaniedbysubsurfacewarmth.Astheseaiceretreated,cool,
likelypolar-sourcedwaterdominatedthesurfaceandsubsurfaceocean(126.5e124ka),untilanabrupt
surgeofseaicemarkedthefinalpulseoftheremnantsofthedeglaciation.ThesecondhalfofMIS5e(124
e116ka)wascharacterisedbyapersistentinflowofwarmwater,onlyinterruptedbyincursionsofcold
waterassummerinsolationdeclined.SeasonalseaicereturnedtotheEirikDriftduringMIS5d.Weinfer
thatseaicevariabilitythroughoutMIS5ewascoupledwiththevariabilityoftheSPG.Especiallythe
locationofaproximalMIZtotheLabradorSeaconvectionregioncouldhavebeenimportantforSPG
dynamics.Inaddition,thepresenceofseaiceatthetransitionsintoandoutofMIS5ecouldpointtoits
importantroleinmodulatingandenhancingthemagnitudeandcoherenceofclimatesignalsatmajor
climatictransitions.
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branchedisoprenoids,HBIs,andsterols),dinoflagellatecystassemblagesandstableoxygenisotopesfrom
thelatestagesofMIS6,throughoutMIS5e,intoMIS5d.OurresultsshowthatthelateglacialMIS6was
likelycharacterisedbyathickmultiyearseaicecover.DuringthefirstphaseofMIS5e,thehydrography
washighlyvariable.Theinitial1500years(128e126.5ka)werecharacterisedbythepresenceofa
seasonalMarginalIceZone(MIZ)accompaniedbysubsurfacewarmth.Astheseaiceretreated,cool,
likelypolar-sourcedwaterdominatedthesurfaceandsubsurfaceocean(126.5e124ka),untilanabrupt
surgeofseaicemarkedthefinalpulseoftheremnantsofthedeglaciation.ThesecondhalfofMIS5e(124
e116ka)wascharacterisedbyapersistentinflowofwarmwater,onlyinterruptedbyincursionsofcold
waterassummerinsolationdeclined.SeasonalseaicereturnedtotheEirikDriftduringMIS5d.Weinfer
thatseaicevariabilitythroughoutMIS5ewascoupledwiththevariabilityoftheSPG.Especiallythe
locationofaproximalMIZtotheLabradorSeaconvectionregioncouldhavebeenimportantforSPG
dynamics.Inaddition,thepresenceofseaiceatthetransitionsintoandoutofMIS5ecouldpointtoits
importantroleinmodulatingandenhancingthemagnitudeandcoherenceofclimatesignalsatmajor
climatictransitions.
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1.Introduction

Thepotentialclimaticimplicationsofglobalwarmingcanbe
understoodbyinvestigatingpastperiodsinEarth'shistorywhich
wereaswarmorwarmerthantoday.Althoughthereisnoperfect
analogue,theLastInterglacial(LIG;116e128ka),MarineIsotope
Stage5e(MIS5e),hasmanyfeaturesincommonwithmodelpro-
jectionsoffutureclimate.Thesefeaturesincludeawarmerthan

presentglobalclimate,asignificantlyreducedGreenlandIceSheet
(GIS),andahighersealevel(e.g.Otto-Bliesneretal.,2006;Kopp
etal.,2009).Forthisreason,theLIGhassparkedtheinterestof
manystudies,aimingtounderstandclimatevariability,instability,
andtheirunderlyingmechanisms.

Seaicehasbeenproposedasacauseforvariabilityandinsta-
bilityoftheNorthAtlanticOceancirculationduringtheLIGdueto
itspotentialeffectonthesubpolargyre(SPG;Bornetal.,2010;
Galaasenetal.,2014;LiandBorn,2019;Kessleretal.,2020).Seaice
canchangerapidlyinresponsetorelativelyweakforcinganditcan
amplifyclimatechangenon-linearly,resultinginrapidandlarge *Correspondingauthor.
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climate shifts. The SPG has been suggested to be integrally con-
nected to the larger scale circulation and the Atlantic Meridional
Overturning Circulation (AMOC; e.g. H�atún et al., 2005; Thornalley
et al., 2009; Yeager, 2015; Klockmann et al., 2020), and thus it
serves as one link in the chain of global teleconnections that alters
climate on a global scale. The SPG is sensitive to buoyancy and wind
forcing (e.g. Born and Stocker, 2014; Levermann and Born, 2007;
Montoya et al., 2011) whereas the extent of sea ice influences both
these forcings. Furthermore, buoyancy forcing affects deep water
formation in the North Atlantic, which in turn affects the strength
of the AMOC. Thus, in the Labrador Sea where deep water forma-
tion occurs, the SPG could be especially sensitive to the extent of
sea ice and its associated freshwater (Born et al., 2010; Li and Born,
2019). It has been suggested that a strong SPG may also tend to
expand zonally (eastward), redirect Atlantic waters into the west-
ward flowing Irminger Current (IC) and corresponds to a weak
AMOC (Klockmann et al., 2020). In contrast, aweak SPG contracts to
the west, directs Atlantic waters northeast into the Nordic Seas,
contributing to persistent deep water formation there (Thornalley
et al., 2009) and corresponds to a strong AMOC (H�atún et al.,
2005; H€akkinen and Rhines, 2004). However, it does remain un-
clear exactly how tightly coupled gyre size and strength are (Foukal
and Lozier, 2017), and how or if they contributed to recent changes
in overturning circulation (Lozier, 2012; Lozier et al., 2019). Thus,
based on the brief observational period, it is difficult to draw con-
clusions about how SPG geometry, strength, and the basin scale
overturning circulation are linked. Despite the complex circulation
coupling, the SPG's potential to alter mass, heat, and buoyancy, and
alter climate across the North Atlantic, and beyond, makes it crucial
to understand the mechanisms by, and timescales on, which the
SPG can vary. In this study, we focus on the potential of sea ice and
its associated feedbacks on SPG and North Atlantic Ocean vari-
ability during the LIG.

Fossil assemblages and biomarkers preserved in marine sedi-
ments are frequently used for sea ice reconstructions (e.g. de Vernal
et al., 2013). While several proxies are indirectly related to sea ice,
the biomarker IP25 is exclusively biosynthesized by a few diatom
species living in Arctic sea ice (Brown et al., 2014; Limoges et al.,
2018) and provides a sensitive and reliable sea ice indicator. LIG
sea ice reconstructions based on biomarkers are restricted to the
Arctic Ocean (Stein et al., 2017, 2022; Kremer et al., 2018a, 2018b). No
biomarker records exist from the LIG subpolar North Atlantic. Spe-
cifically for the Labrador Sea, biomarker-based sea ice re-
constructions are only available for part of MIS 3 (Scoto et al., 2022)
and the last Glacial to Holocene (You et al., 2023). For the LIG time
interval from this area, on the other hand, sea ice reconstructions are
mainly based on dinoflagellate cyst (hereafter dinocyst) transfer
functions and assemblages (e.g. Eynaud et al., 2004; Hillaire-Marcel
et al., 2001; de Vernal and Hillaire-Marcel, 2008; Penaud et al., 2008;
Van Nieuwenhove et al., 2011), and indirect inferences based on
foraminifer assemblages (e.g. Irvali et al., 2012, 2016). A compilation
of sea ice records by Kageyama et al. (2021) demonstrates that north
of 79�N the LIG sea ice concentrations range from minimal to sub-
stantial (>75%) all year around. South of 79�N, the Atlantic and
Nordic Seas were sea ice free during the LIG. This partly contrasts
previous studies suggesting that sea ice and its associatedmelt in the
Labrador Sea could modulate SPG circulation on centennial time-
scales within the LIG (Galaasen et al., 2014), and during the last
glacial inception (Born et al., 2010). These authors speculate and/or
infer sea ice presence from indirect proxies and modelling experi-
ments but biomarker data that can unequivocally document sea ice
presence is lacking. This highlights our limited knowledge about sea
ice extent and variability in the North Atlantic SPG region, which is
crucial in order to evaluate its role in modulating ocean circulation
and the SPG on glacial-interglacial timescales.

Here we reconstruct sea ice occurrence, marginal ice zone (MIZ;
transition between open ocean and sea ice) extent, and surface
ocean hydrography from the late glacial stage of MIS 6 throughout
MIS 5e, and into MIS 5d using dinocyst assemblages, biomarkers
(IP25) and stable oxygen isotopes from an Eirik Drift sediment core.
We combine our data with previously published foraminifer re-
cords from the same region, and with other North Atlantic records
to gain a broader understanding of the Labrador Sea surface hy-
drography, the surface currents of the SPG and the larger scale
North Atlantic surface ocean variability.

2. Site location and oceanography

The Eirik Drift is a sediment drift located off the southern tip of
the Greenland margin and is well situated to monitor changes in
the northwest SPG that dominates the hydrography of the North
Atlantic (H�atún et al., 2005). It is characterised by high sedimen-
tation rates sustained by eroded sediments imported primarily by
Denmark Strait OverflowWater and deposited here along the most
offshore portion of the Deep Western Boundary Current (DWBC)
(Wold, 1994; Hunter et al., 2007), leading to expanded sedimentary
interglacial intervals (Hillaire-Marcel et al., 1994). The surface
ocean hydrography at the Eirik Drift is characterised by the cyclonic
circulation of the SPG, which is fed by the North Atlantic Current
(NAC) from the south, and the East Greenland Current (EGC) from
the north (Fig. 1). The NAC transports warm and salty Atlantic
waters northward as an extension of the Gulf Stream, branching
into the Norwegian Atlantic Current (NwAC) flowing northward,
and the IC flowing west and forming the east part of the SPG cir-
culation pattern. The EGC flows southward from the Arctic Ocean,
via the Denmark Strait, into the North Atlantic and is a major
contributor of cold, fresh surface water to the vicinity of the study
area (Bacon et al., 2002).

3. Material and methods

In 2016, calypso Core GS16-204-22CC-B (hereafter 22CC-B;
58�02.830N, 47�02.360W; 3160 m water depth) was collected from
the Eirik Drift with the research vessel G.O. Sars. Based on litho-
logical description of this core, and a preliminary correlation (ox-
ygen isotopes, colour scan) to the well-dated Core MD03-2664
(57�26.340N, 48�36.350W; 3440 m water depth; Irvali et al., 2012,
2016), we first estimated MIS 5e to occur between 14.5 and 18.5 m
core depth. The samples for this study were collected at different
times and for different purposes. During the initial sampling, we
collected 1.5 cm thick sediment samples at 4 cm resolution for
sedimentary ancient DNA (sedaDNA), palynology, foraminifers and
biomarkers for the entire study interval (1456e1852 cm). In the
second sampling phase, we sampled in-between the first sample
set at higher resolution and with thinner sediment samples
(0.7e0.8 cm) for part of the core (1556e1753.5 cm).

Dinocyst assemblages were analysed every 4 cm, except inMIS 6
(1756e1852 cm) where we analysed every 12 cm. Biomarkers and
foraminifers were prioritised for a higher resolution sampling at
obvious transitions in the core. Biomarkers were analysed at every
~2 cm between 1555 and 1648 cm, and at every ~1 cm between
1648 and 1756 cm. Foraminifers were analysed at the same reso-
lution as the biomarkers (every ~1 cm) between 1704 and 1756 cm.
For the rest of the core, sampling was done every 4 cm. For exact
sampling depths, and intervals, see Supplementary Data.

3.1. Stable isotopes

Stable oxygen isotope analyses (d18O) were performed on the
planktic foraminifer Neogloboquadrina pachyderma (sinistral) and
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climateshifts.TheSPGhasbeensuggestedtobeintegrallycon-
nectedtothelargerscalecirculationandtheAtlanticMeridional
OverturningCirculation(AMOC;e.g.H�atúnetal.,2005;Thornalley
etal.,2009;Yeager,2015;Klockmannetal.,2020),andthusit
servesasonelinkinthechainofglobalteleconnectionsthatalters
climateonaglobalscale.TheSPGissensitivetobuoyancyandwind
forcing(e.g.BornandStocker,2014;LevermannandBorn,2007;
Montoyaetal.,2011)whereastheextentofseaiceinfluencesboth
theseforcings.Furthermore,buoyancyforcingaffectsdeepwater
formationintheNorthAtlantic,whichinturnaffectsthestrength
oftheAMOC.Thus,intheLabradorSeawheredeepwaterforma-
tionoccurs,theSPGcouldbeespeciallysensitivetotheextentof
seaiceanditsassociatedfreshwater(Bornetal.,2010;LiandBorn,
2019).IthasbeensuggestedthatastrongSPGmayalsotendto
expandzonally(eastward),redirectAtlanticwatersintothewest-
wardflowingIrmingerCurrent(IC)andcorrespondstoaweak
AMOC(Klockmannetal.,2020).Incontrast,aweakSPGcontractsto
thewest,directsAtlanticwatersnortheastintotheNordicSeas,
contributingtopersistentdeepwaterformationthere(Thornalley
etal.,2009)andcorrespondstoastrongAMOC(H�atúnetal.,
2005;H€akkinenandRhines,2004).However,itdoesremainun-
clearexactlyhowtightlycoupledgyresizeandstrengthare(Foukal
andLozier,2017),andhoworiftheycontributedtorecentchanges
inoverturningcirculation(Lozier,2012;Lozieretal.,2019).Thus,
basedonthebriefobservationalperiod,itisdifficulttodrawcon-
clusionsabouthowSPGgeometry,strength,andthebasinscale
overturningcirculationarelinked.Despitethecomplexcirculation
coupling,theSPG'spotentialtoaltermass,heat,andbuoyancy,and
alterclimateacrosstheNorthAtlantic,andbeyond,makesitcrucial
tounderstandthemechanismsby,andtimescaleson,whichthe
SPGcanvary.Inthisstudy,wefocusonthepotentialofseaiceand
itsassociatedfeedbacksonSPGandNorthAtlanticOceanvari-
abilityduringtheLIG.

Fossilassemblagesandbiomarkerspreservedinmarinesedi-
mentsarefrequentlyusedforseaicereconstructions(e.g.deVernal
etal.,2013).Whileseveralproxiesareindirectlyrelatedtoseaice,
thebiomarkerIP25isexclusivelybiosynthesizedbyafewdiatom
specieslivinginArcticseaice(Brownetal.,2014;Limogesetal.,
2018)andprovidesasensitiveandreliableseaiceindicator.LIG
seaicereconstructionsbasedonbiomarkersarerestrictedtothe
ArcticOcean(Steinetal.,2017,2022;Kremeretal.,2018a,2018b).No
biomarkerrecordsexistfromtheLIGsubpolarNorthAtlantic.Spe-
cificallyfortheLabradorSea,biomarker-basedseaicere-
constructionsareonlyavailableforpartofMIS3(Scotoetal.,2022)
andthelastGlacialtoHolocene(Youetal.,2023).FortheLIGtime
intervalfromthisarea,ontheotherhand,seaicereconstructionsare
mainlybasedondinoflagellatecyst(hereafterdinocyst)transfer
functionsandassemblages(e.g.Eynaudetal.,2004;Hillaire-Marcel
etal.,2001;deVernalandHillaire-Marcel,2008;Penaudetal.,2008;
VanNieuwenhoveetal.,2011),andindirectinferencesbasedon
foraminiferassemblages(e.g.Irvalietal.,2012,2016).Acompilation
ofseaicerecordsbyKageyamaetal.(2021)demonstratesthatnorth
of79�NtheLIGseaiceconcentrationsrangefromminimaltosub-
stantial(>75%)allyeararound.Southof79�N,theAtlanticand
NordicSeaswereseaicefreeduringtheLIG.Thispartlycontrasts
previousstudiessuggestingthatseaiceanditsassociatedmeltinthe
LabradorSeacouldmodulateSPGcirculationoncentennialtime-
scaleswithintheLIG(Galaasenetal.,2014),andduringthelast
glacialinception(Bornetal.,2010).Theseauthorsspeculateand/or
inferseaicepresencefromindirectproxiesandmodellingexperi-
mentsbutbiomarkerdatathatcanunequivocallydocumentseaice
presenceislacking.Thishighlightsourlimitedknowledgeaboutsea
iceextentandvariabilityintheNorthAtlanticSPGregion,whichis
crucialinordertoevaluateitsroleinmodulatingoceancirculation
andtheSPGonglacial-interglacialtimescales.

Herewereconstructseaiceoccurrence,marginalicezone(MIZ;
transitionbetweenopenoceanandseaice)extent,andsurface
oceanhydrographyfromthelateglacialstageofMIS6throughout
MIS5e,andintoMIS5dusingdinocystassemblages,biomarkers
(IP25)andstableoxygenisotopesfromanEirikDriftsedimentcore.
Wecombineourdatawithpreviouslypublishedforaminiferre-
cordsfromthesameregion,andwithotherNorthAtlanticrecords
togainabroaderunderstandingoftheLabradorSeasurfacehy-
drography,thesurfacecurrentsoftheSPGandthelargerscale
NorthAtlanticsurfaceoceanvariability.

2.Sitelocationandoceanography

TheEirikDriftisasedimentdriftlocatedoffthesoutherntipof
theGreenlandmarginandiswellsituatedtomonitorchangesin
thenorthwestSPGthatdominatesthehydrographyoftheNorth
Atlantic(H�atúnetal.,2005).Itischaracterisedbyhighsedimen-
tationratessustainedbyerodedsedimentsimportedprimarilyby
DenmarkStraitOverflowWateranddepositedherealongthemost
offshoreportionoftheDeepWesternBoundaryCurrent(DWBC)
(Wold,1994;Hunteretal.,2007),leadingtoexpandedsedimentary
interglacialintervals(Hillaire-Marceletal.,1994).Thesurface
oceanhydrographyattheEirikDriftischaracterisedbythecyclonic
circulationoftheSPG,whichisfedbytheNorthAtlanticCurrent
(NAC)fromthesouth,andtheEastGreenlandCurrent(EGC)from
thenorth(Fig.1).TheNACtransportswarmandsaltyAtlantic
watersnorthwardasanextensionoftheGulfStream,branching
intotheNorwegianAtlanticCurrent(NwAC)flowingnorthward,
andtheICflowingwestandformingtheeastpartoftheSPGcir-
culationpattern.TheEGCflowssouthwardfromtheArcticOcean,
viatheDenmarkStrait,intotheNorthAtlanticandisamajor
contributorofcold,freshsurfacewatertothevicinityofthestudy
area(Baconetal.,2002).

3.Materialandmethods

In2016,calypsoCoreGS16-204-22CC-B(hereafter22CC-B;
58�02.830N,47�02.360W;3160mwaterdepth)wascollectedfrom
theEirikDriftwiththeresearchvesselG.O.Sars.Basedonlitho-
logicaldescriptionofthiscore,andapreliminarycorrelation(ox-
ygenisotopes,colourscan)tothewell-datedCoreMD03-2664
(57�26.340N,48�36.350W;3440mwaterdepth;Irvalietal.,2012,
2016),wefirstestimatedMIS5etooccurbetween14.5and18.5m
coredepth.Thesamplesforthisstudywerecollectedatdifferent
timesandfordifferentpurposes.Duringtheinitialsampling,we
collected1.5cmthicksedimentsamplesat4cmresolutionfor
sedimentaryancientDNA(sedaDNA),palynology,foraminifersand
biomarkersfortheentirestudyinterval(1456e1852cm).Inthe
secondsamplingphase,wesampledin-betweenthefirstsample
setathigherresolutionandwiththinnersedimentsamples
(0.7e0.8cm)forpartofthecore(1556e1753.5cm).

Dinocystassemblageswereanalysedevery4cm,exceptinMIS6
(1756e1852cm)whereweanalysedevery12cm.Biomarkersand
foraminiferswereprioritisedforahigherresolutionsamplingat
obvioustransitionsinthecore.Biomarkerswereanalysedatevery
~2cmbetween1555and1648cm,andatevery~1cmbetween
1648and1756cm.Foraminiferswereanalysedatthesamereso-
lutionasthebiomarkers(every~1cm)between1704and1756cm.
Fortherestofthecore,samplingwasdoneevery4cm.Forexact
samplingdepths,andintervals,seeSupplementaryData.

3.1.Stableisotopes

Stableoxygenisotopeanalyses(d18O)wereperformedonthe
plankticforaminiferNeogloboquadrinapachyderma(sinistral)and
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etal.,2009;Yeager,2015;Klockmannetal.,2020),andthusit
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forcing(e.g.BornandStocker,2014;LevermannandBorn,2007;
Montoyaetal.,2011)whereastheextentofseaiceinfluencesboth
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formationintheNorthAtlantic,whichinturnaffectsthestrength
oftheAMOC.Thus,intheLabradorSeawheredeepwaterforma-
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wardflowingIrmingerCurrent(IC)andcorrespondstoaweak
AMOC(Klockmannetal.,2020).Incontrast,aweakSPGcontractsto
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contributingtopersistentdeepwaterformationthere(Thornalley
etal.,2009)andcorrespondstoastrongAMOC(H�atúnetal.,
2005;H€akkinenandRhines,2004).However,itdoesremainun-
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andLozier,2017),andhoworiftheycontributedtorecentchanges
inoverturningcirculation(Lozier,2012;Lozieretal.,2019).Thus,
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clusionsabouthowSPGgeometry,strength,andthebasinscale
overturningcirculationarelinked.Despitethecomplexcirculation
coupling,theSPG'spotentialtoaltermass,heat,andbuoyancy,and
alterclimateacrosstheNorthAtlantic,andbeyond,makesitcrucial
tounderstandthemechanismsby,andtimescaleson,whichthe
SPGcanvary.Inthisstudy,wefocusonthepotentialofseaiceand
itsassociatedfeedbacksonSPGandNorthAtlanticOceanvari-
abilityduringtheLIG.

Fossilassemblagesandbiomarkerspreservedinmarinesedi-
mentsarefrequentlyusedforseaicereconstructions(e.g.deVernal
etal.,2013).Whileseveralproxiesareindirectlyrelatedtoseaice,
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stantial(>75%)allyeararound.Southof79�N,theAtlanticand
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transitionbetweenopenoceanandseaice)extent,andsurface
oceanhydrographyfromthelateglacialstageofMIS6throughout
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Wecombineourdatawithpreviouslypublishedforaminiferre-
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drography,thesurfacecurrentsoftheSPGandthelargerscale
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viatheDenmarkStrait,intotheNorthAtlanticandisamajor
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In2016,calypsoCoreGS16-204-22CC-B(hereafter22CC-B;
58�02.830N,47�02.360W;3160mwaterdepth)wascollectedfrom
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2016),wefirstestimatedMIS5etooccurbetween14.5and18.5m
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timesandfordifferentpurposes.Duringtheinitialsampling,we
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secondsamplingphase,wesampledin-betweenthefirstsample
setathigherresolutionandwiththinnersedimentsamples
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samplingdepths,andintervals,seeSupplementaryData.

3.1.Stableisotopes

Stableoxygenisotopeanalyses(d18O)wereperformedonthe
plankticforaminiferNeogloboquadrinapachyderma(sinistral)and

K.Steinsland,D.M.Grant,U.S.Ninnemannetal.QuaternaryScienceReviews313(2023)108198

2

climate shifts. The SPG has been suggested to be integrally con-
nected to the larger scale circulation and the Atlantic Meridional
Overturning Circulation (AMOC; e.g. H�atún et al., 2005; Thornalley
et al., 2009; Yeager, 2015; Klockmann et al., 2020), and thus it
serves as one link in the chain of global teleconnections that alters
climate on a global scale. The SPG is sensitive to buoyancy and wind
forcing (e.g. Born and Stocker, 2014; Levermann and Born, 2007;
Montoya et al., 2011) whereas the extent of sea ice influences both
these forcings. Furthermore, buoyancy forcing affects deep water
formation in the North Atlantic, which in turn affects the strength
of the AMOC. Thus, in the Labrador Sea where deep water forma-
tion occurs, the SPG could be especially sensitive to the extent of
sea ice and its associated freshwater (Born et al., 2010; Li and Born,
2019). It has been suggested that a strong SPG may also tend to
expand zonally (eastward), redirect Atlantic waters into the west-
ward flowing Irminger Current (IC) and corresponds to a weak
AMOC (Klockmann et al., 2020). In contrast, aweak SPG contracts to
the west, directs Atlantic waters northeast into the Nordic Seas,
contributing to persistent deep water formation there (Thornalley
et al., 2009) and corresponds to a strong AMOC (H�atún et al.,
2005; H€akkinen and Rhines, 2004). However, it does remain un-
clear exactly how tightly coupled gyre size and strength are (Foukal
and Lozier, 2017), and how or if they contributed to recent changes
in overturning circulation (Lozier, 2012; Lozier et al., 2019). Thus,
based on the brief observational period, it is difficult to draw con-
clusions about how SPG geometry, strength, and the basin scale
overturning circulation are linked. Despite the complex circulation
coupling, the SPG's potential to alter mass, heat, and buoyancy, and
alter climate across the North Atlantic, and beyond, makes it crucial
to understand the mechanisms by, and timescales on, which the
SPG can vary. In this study, we focus on the potential of sea ice and
its associated feedbacks on SPG and North Atlantic Ocean vari-
ability during the LIG.

Fossil assemblages and biomarkers preserved in marine sedi-
ments are frequently used for sea ice reconstructions (e.g. de Vernal
et al., 2013). While several proxies are indirectly related to sea ice,
the biomarker IP25 is exclusively biosynthesized by a few diatom
species living in Arctic sea ice (Brown et al., 2014; Limoges et al.,
2018) and provides a sensitive and reliable sea ice indicator. LIG
sea ice reconstructions based on biomarkers are restricted to the
Arctic Ocean (Stein et al., 2017, 2022; Kremer et al., 2018a, 2018b). No
biomarker records exist from the LIG subpolar North Atlantic. Spe-
cifically for the Labrador Sea, biomarker-based sea ice re-
constructions are only available for part of MIS 3 (Scoto et al., 2022)
and the last Glacial to Holocene (You et al., 2023). For the LIG time
interval from this area, on the other hand, sea ice reconstructions are
mainly based on dinoflagellate cyst (hereafter dinocyst) transfer
functions and assemblages (e.g. Eynaud et al., 2004; Hillaire-Marcel
et al., 2001; de Vernal and Hillaire-Marcel, 2008; Penaud et al., 2008;
Van Nieuwenhove et al., 2011), and indirect inferences based on
foraminifer assemblages (e.g. Irvali et al., 2012, 2016). A compilation
of sea ice records by Kageyama et al. (2021) demonstrates that north
of 79�N the LIG sea ice concentrations range from minimal to sub-
stantial (>75%) all year around. South of 79�N, the Atlantic and
Nordic Seas were sea ice free during the LIG. This partly contrasts
previous studies suggesting that sea ice and its associatedmelt in the
Labrador Sea could modulate SPG circulation on centennial time-
scales within the LIG (Galaasen et al., 2014), and during the last
glacial inception (Born et al., 2010). These authors speculate and/or
infer sea ice presence from indirect proxies and modelling experi-
ments but biomarker data that can unequivocally document sea ice
presence is lacking. This highlights our limited knowledge about sea
ice extent and variability in the North Atlantic SPG region, which is
crucial in order to evaluate its role in modulating ocean circulation
and the SPG on glacial-interglacial timescales.

Here we reconstruct sea ice occurrence, marginal ice zone (MIZ;
transition between open ocean and sea ice) extent, and surface
ocean hydrography from the late glacial stage of MIS 6 throughout
MIS 5e, and into MIS 5d using dinocyst assemblages, biomarkers
(IP25) and stable oxygen isotopes from an Eirik Drift sediment core.
We combine our data with previously published foraminifer re-
cords from the same region, and with other North Atlantic records
to gain a broader understanding of the Labrador Sea surface hy-
drography, the surface currents of the SPG and the larger scale
North Atlantic surface ocean variability.

2. Site location and oceanography

The Eirik Drift is a sediment drift located off the southern tip of
the Greenland margin and is well situated to monitor changes in
the northwest SPG that dominates the hydrography of the North
Atlantic (H�atún et al., 2005). It is characterised by high sedimen-
tation rates sustained by eroded sediments imported primarily by
Denmark Strait OverflowWater and deposited here along the most
offshore portion of the Deep Western Boundary Current (DWBC)
(Wold, 1994; Hunter et al., 2007), leading to expanded sedimentary
interglacial intervals (Hillaire-Marcel et al., 1994). The surface
ocean hydrography at the Eirik Drift is characterised by the cyclonic
circulation of the SPG, which is fed by the North Atlantic Current
(NAC) from the south, and the East Greenland Current (EGC) from
the north (Fig. 1). The NAC transports warm and salty Atlantic
waters northward as an extension of the Gulf Stream, branching
into the Norwegian Atlantic Current (NwAC) flowing northward,
and the IC flowing west and forming the east part of the SPG cir-
culation pattern. The EGC flows southward from the Arctic Ocean,
via the Denmark Strait, into the North Atlantic and is a major
contributor of cold, fresh surface water to the vicinity of the study
area (Bacon et al., 2002).

3. Material and methods

In 2016, calypso Core GS16-204-22CC-B (hereafter 22CC-B;
58�02.830N, 47�02.360W; 3160 m water depth) was collected from
the Eirik Drift with the research vessel G.O. Sars. Based on litho-
logical description of this core, and a preliminary correlation (ox-
ygen isotopes, colour scan) to the well-dated Core MD03-2664
(57�26.340N, 48�36.350W; 3440 m water depth; Irvali et al., 2012,
2016), we first estimated MIS 5e to occur between 14.5 and 18.5 m
core depth. The samples for this study were collected at different
times and for different purposes. During the initial sampling, we
collected 1.5 cm thick sediment samples at 4 cm resolution for
sedimentary ancient DNA (sedaDNA), palynology, foraminifers and
biomarkers for the entire study interval (1456e1852 cm). In the
second sampling phase, we sampled in-between the first sample
set at higher resolution and with thinner sediment samples
(0.7e0.8 cm) for part of the core (1556e1753.5 cm).

Dinocyst assemblages were analysed every 4 cm, except inMIS 6
(1756e1852 cm) where we analysed every 12 cm. Biomarkers and
foraminifers were prioritised for a higher resolution sampling at
obvious transitions in the core. Biomarkers were analysed at every
~2 cm between 1555 and 1648 cm, and at every ~1 cm between
1648 and 1756 cm. Foraminifers were analysed at the same reso-
lution as the biomarkers (every ~1 cm) between 1704 and 1756 cm.
For the rest of the core, sampling was done every 4 cm. For exact
sampling depths, and intervals, see Supplementary Data.

3.1. Stable isotopes

Stable oxygen isotope analyses (d18O) were performed on the
planktic foraminifer Neogloboquadrina pachyderma (sinistral) and
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climate shifts. The SPG has been suggested to be integrally con-
nected to the larger scale circulation and the Atlantic Meridional
Overturning Circulation (AMOC; e.g. H�atún et al., 2005; Thornalley
et al., 2009; Yeager, 2015; Klockmann et al., 2020), and thus it
serves as one link in the chain of global teleconnections that alters
climate on a global scale. The SPG is sensitive to buoyancy and wind
forcing (e.g. Born and Stocker, 2014; Levermann and Born, 2007;
Montoya et al., 2011) whereas the extent of sea ice influences both
these forcings. Furthermore, buoyancy forcing affects deep water
formation in the North Atlantic, which in turn affects the strength
of the AMOC. Thus, in the Labrador Sea where deep water forma-
tion occurs, the SPG could be especially sensitive to the extent of
sea ice and its associated freshwater (Born et al., 2010; Li and Born,
2019). It has been suggested that a strong SPG may also tend to
expand zonally (eastward), redirect Atlantic waters into the west-
ward flowing Irminger Current (IC) and corresponds to a weak
AMOC (Klockmann et al., 2020). In contrast, aweak SPG contracts to
the west, directs Atlantic waters northeast into the Nordic Seas,
contributing to persistent deep water formation there (Thornalley
et al., 2009) and corresponds to a strong AMOC (H�atún et al.,
2005; H€akkinen and Rhines, 2004). However, it does remain un-
clear exactly how tightly coupled gyre size and strength are (Foukal
and Lozier, 2017), and how or if they contributed to recent changes
in overturning circulation (Lozier, 2012; Lozier et al., 2019). Thus,
based on the brief observational period, it is difficult to draw con-
clusions about how SPG geometry, strength, and the basin scale
overturning circulation are linked. Despite the complex circulation
coupling, the SPG's potential to alter mass, heat, and buoyancy, and
alter climate across the North Atlantic, and beyond, makes it crucial
to understand the mechanisms by, and timescales on, which the
SPG can vary. In this study, we focus on the potential of sea ice and
its associated feedbacks on SPG and North Atlantic Ocean vari-
ability during the LIG.

Fossil assemblages and biomarkers preserved in marine sedi-
ments are frequently used for sea ice reconstructions (e.g. de Vernal
et al., 2013). While several proxies are indirectly related to sea ice,
the biomarker IP25 is exclusively biosynthesized by a few diatom
species living in Arctic sea ice (Brown et al., 2014; Limoges et al.,
2018) and provides a sensitive and reliable sea ice indicator. LIG
sea ice reconstructions based on biomarkers are restricted to the
Arctic Ocean (Stein et al., 2017, 2022; Kremer et al., 2018a, 2018b). No
biomarker records exist from the LIG subpolar North Atlantic. Spe-
cifically for the Labrador Sea, biomarker-based sea ice re-
constructions are only available for part of MIS 3 (Scoto et al., 2022)
and the last Glacial to Holocene (You et al., 2023). For the LIG time
interval from this area, on the other hand, sea ice reconstructions are
mainly based on dinoflagellate cyst (hereafter dinocyst) transfer
functions and assemblages (e.g. Eynaud et al., 2004; Hillaire-Marcel
et al., 2001; de Vernal and Hillaire-Marcel, 2008; Penaud et al., 2008;
Van Nieuwenhove et al., 2011), and indirect inferences based on
foraminifer assemblages (e.g. Irvali et al., 2012, 2016). A compilation
of sea ice records by Kageyama et al. (2021) demonstrates that north
of 79�N the LIG sea ice concentrations range from minimal to sub-
stantial (>75%) all year around. South of 79�N, the Atlantic and
Nordic Seas were sea ice free during the LIG. This partly contrasts
previous studies suggesting that sea ice and its associatedmelt in the
Labrador Sea could modulate SPG circulation on centennial time-
scales within the LIG (Galaasen et al., 2014), and during the last
glacial inception (Born et al., 2010). These authors speculate and/or
infer sea ice presence from indirect proxies and modelling experi-
ments but biomarker data that can unequivocally document sea ice
presence is lacking. This highlights our limited knowledge about sea
ice extent and variability in the North Atlantic SPG region, which is
crucial in order to evaluate its role in modulating ocean circulation
and the SPG on glacial-interglacial timescales.

Here we reconstruct sea ice occurrence, marginal ice zone (MIZ;
transition between open ocean and sea ice) extent, and surface
ocean hydrography from the late glacial stage of MIS 6 throughout
MIS 5e, and into MIS 5d using dinocyst assemblages, biomarkers
(IP25) and stable oxygen isotopes from an Eirik Drift sediment core.
We combine our data with previously published foraminifer re-
cords from the same region, and with other North Atlantic records
to gain a broader understanding of the Labrador Sea surface hy-
drography, the surface currents of the SPG and the larger scale
North Atlantic surface ocean variability.

2. Site location and oceanography

The Eirik Drift is a sediment drift located off the southern tip of
the Greenland margin and is well situated to monitor changes in
the northwest SPG that dominates the hydrography of the North
Atlantic (H�atún et al., 2005). It is characterised by high sedimen-
tation rates sustained by eroded sediments imported primarily by
Denmark Strait OverflowWater and deposited here along the most
offshore portion of the Deep Western Boundary Current (DWBC)
(Wold, 1994; Hunter et al., 2007), leading to expanded sedimentary
interglacial intervals (Hillaire-Marcel et al., 1994). The surface
ocean hydrography at the Eirik Drift is characterised by the cyclonic
circulation of the SPG, which is fed by the North Atlantic Current
(NAC) from the south, and the East Greenland Current (EGC) from
the north (Fig. 1). The NAC transports warm and salty Atlantic
waters northward as an extension of the Gulf Stream, branching
into the Norwegian Atlantic Current (NwAC) flowing northward,
and the IC flowing west and forming the east part of the SPG cir-
culation pattern. The EGC flows southward from the Arctic Ocean,
via the Denmark Strait, into the North Atlantic and is a major
contributor of cold, fresh surface water to the vicinity of the study
area (Bacon et al., 2002).

3. Material and methods

In 2016, calypso Core GS16-204-22CC-B (hereafter 22CC-B;
58�02.830N, 47�02.360W; 3160 m water depth) was collected from
the Eirik Drift with the research vessel G.O. Sars. Based on litho-
logical description of this core, and a preliminary correlation (ox-
ygen isotopes, colour scan) to the well-dated Core MD03-2664
(57�26.340N, 48�36.350W; 3440 m water depth; Irvali et al., 2012,
2016), we first estimated MIS 5e to occur between 14.5 and 18.5 m
core depth. The samples for this study were collected at different
times and for different purposes. During the initial sampling, we
collected 1.5 cm thick sediment samples at 4 cm resolution for
sedimentary ancient DNA (sedaDNA), palynology, foraminifers and
biomarkers for the entire study interval (1456e1852 cm). In the
second sampling phase, we sampled in-between the first sample
set at higher resolution and with thinner sediment samples
(0.7e0.8 cm) for part of the core (1556e1753.5 cm).

Dinocyst assemblages were analysed every 4 cm, except inMIS 6
(1756e1852 cm) where we analysed every 12 cm. Biomarkers and
foraminifers were prioritised for a higher resolution sampling at
obvious transitions in the core. Biomarkers were analysed at every
~2 cm between 1555 and 1648 cm, and at every ~1 cm between
1648 and 1756 cm. Foraminifers were analysed at the same reso-
lution as the biomarkers (every ~1 cm) between 1704 and 1756 cm.
For the rest of the core, sampling was done every 4 cm. For exact
sampling depths, and intervals, see Supplementary Data.

3.1. Stable isotopes

Stable oxygen isotope analyses (d18O) were performed on the
planktic foraminifer Neogloboquadrina pachyderma (sinistral) and
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climateshifts.TheSPGhasbeensuggestedtobeintegrallycon-
nectedtothelargerscalecirculationandtheAtlanticMeridional
OverturningCirculation(AMOC;e.g.H�atúnetal.,2005;Thornalley
etal.,2009;Yeager,2015;Klockmannetal.,2020),andthusit
servesasonelinkinthechainofglobalteleconnectionsthatalters
climateonaglobalscale.TheSPGissensitivetobuoyancyandwind
forcing(e.g.BornandStocker,2014;LevermannandBorn,2007;
Montoyaetal.,2011)whereastheextentofseaiceinfluencesboth
theseforcings.Furthermore,buoyancyforcingaffectsdeepwater
formationintheNorthAtlantic,whichinturnaffectsthestrength
oftheAMOC.Thus,intheLabradorSeawheredeepwaterforma-
tionoccurs,theSPGcouldbeespeciallysensitivetotheextentof
seaiceanditsassociatedfreshwater(Bornetal.,2010;LiandBorn,
2019).IthasbeensuggestedthatastrongSPGmayalsotendto
expandzonally(eastward),redirectAtlanticwatersintothewest-
wardflowingIrmingerCurrent(IC)andcorrespondstoaweak
AMOC(Klockmannetal.,2020).Incontrast,aweakSPGcontractsto
thewest,directsAtlanticwatersnortheastintotheNordicSeas,
contributingtopersistentdeepwaterformationthere(Thornalley
etal.,2009)andcorrespondstoastrongAMOC(H�atúnetal.,
2005;H€akkinenandRhines,2004).However,itdoesremainun-
clearexactlyhowtightlycoupledgyresizeandstrengthare(Foukal
andLozier,2017),andhoworiftheycontributedtorecentchanges
inoverturningcirculation(Lozier,2012;Lozieretal.,2019).Thus,
basedonthebriefobservationalperiod,itisdifficulttodrawcon-
clusionsabouthowSPGgeometry,strength,andthebasinscale
overturningcirculationarelinked.Despitethecomplexcirculation
coupling,theSPG'spotentialtoaltermass,heat,andbuoyancy,and
alterclimateacrosstheNorthAtlantic,andbeyond,makesitcrucial
tounderstandthemechanismsby,andtimescaleson,whichthe
SPGcanvary.Inthisstudy,wefocusonthepotentialofseaiceand
itsassociatedfeedbacksonSPGandNorthAtlanticOceanvari-
abilityduringtheLIG.

Fossilassemblagesandbiomarkerspreservedinmarinesedi-
mentsarefrequentlyusedforseaicereconstructions(e.g.deVernal
etal.,2013).Whileseveralproxiesareindirectlyrelatedtoseaice,
thebiomarkerIP25isexclusivelybiosynthesizedbyafewdiatom
specieslivinginArcticseaice(Brownetal.,2014;Limogesetal.,
2018)andprovidesasensitiveandreliableseaiceindicator.LIG
seaicereconstructionsbasedonbiomarkersarerestrictedtothe
ArcticOcean(Steinetal.,2017,2022;Kremeretal.,2018a,2018b).No
biomarkerrecordsexistfromtheLIGsubpolarNorthAtlantic.Spe-
cificallyfortheLabradorSea,biomarker-basedseaicere-
constructionsareonlyavailableforpartofMIS3(Scotoetal.,2022)
andthelastGlacialtoHolocene(Youetal.,2023).FortheLIGtime
intervalfromthisarea,ontheotherhand,seaicereconstructionsare
mainlybasedondinoflagellatecyst(hereafterdinocyst)transfer
functionsandassemblages(e.g.Eynaudetal.,2004;Hillaire-Marcel
etal.,2001;deVernalandHillaire-Marcel,2008;Penaudetal.,2008;
VanNieuwenhoveetal.,2011),andindirectinferencesbasedon
foraminiferassemblages(e.g.Irvalietal.,2012,2016).Acompilation
ofseaicerecordsbyKageyamaetal.(2021)demonstratesthatnorth
of79�NtheLIGseaiceconcentrationsrangefromminimaltosub-
stantial(>75%)allyeararound.Southof79�N,theAtlanticand
NordicSeaswereseaicefreeduringtheLIG.Thispartlycontrasts
previousstudiessuggestingthatseaiceanditsassociatedmeltinthe
LabradorSeacouldmodulateSPGcirculationoncentennialtime-
scaleswithintheLIG(Galaasenetal.,2014),andduringthelast
glacialinception(Bornetal.,2010).Theseauthorsspeculateand/or
inferseaicepresencefromindirectproxiesandmodellingexperi-
mentsbutbiomarkerdatathatcanunequivocallydocumentseaice
presenceislacking.Thishighlightsourlimitedknowledgeaboutsea
iceextentandvariabilityintheNorthAtlanticSPGregion,whichis
crucialinordertoevaluateitsroleinmodulatingoceancirculation
andtheSPGonglacial-interglacialtimescales.

Herewereconstructseaiceoccurrence,marginalicezone(MIZ;
transitionbetweenopenoceanandseaice)extent,andsurface
oceanhydrographyfromthelateglacialstageofMIS6throughout
MIS5e,andintoMIS5dusingdinocystassemblages,biomarkers
(IP25)andstableoxygenisotopesfromanEirikDriftsedimentcore.
Wecombineourdatawithpreviouslypublishedforaminiferre-
cordsfromthesameregion,andwithotherNorthAtlanticrecords
togainabroaderunderstandingoftheLabradorSeasurfacehy-
drography,thesurfacecurrentsoftheSPGandthelargerscale
NorthAtlanticsurfaceoceanvariability.

2.Sitelocationandoceanography

TheEirikDriftisasedimentdriftlocatedoffthesoutherntipof
theGreenlandmarginandiswellsituatedtomonitorchangesin
thenorthwestSPGthatdominatesthehydrographyoftheNorth
Atlantic(H�atúnetal.,2005).Itischaracterisedbyhighsedimen-
tationratessustainedbyerodedsedimentsimportedprimarilyby
DenmarkStraitOverflowWateranddepositedherealongthemost
offshoreportionoftheDeepWesternBoundaryCurrent(DWBC)
(Wold,1994;Hunteretal.,2007),leadingtoexpandedsedimentary
interglacialintervals(Hillaire-Marceletal.,1994).Thesurface
oceanhydrographyattheEirikDriftischaracterisedbythecyclonic
circulationoftheSPG,whichisfedbytheNorthAtlanticCurrent
(NAC)fromthesouth,andtheEastGreenlandCurrent(EGC)from
thenorth(Fig.1).TheNACtransportswarmandsaltyAtlantic
watersnorthwardasanextensionoftheGulfStream,branching
intotheNorwegianAtlanticCurrent(NwAC)flowingnorthward,
andtheICflowingwestandformingtheeastpartoftheSPGcir-
culationpattern.TheEGCflowssouthwardfromtheArcticOcean,
viatheDenmarkStrait,intotheNorthAtlanticandisamajor
contributorofcold,freshsurfacewatertothevicinityofthestudy
area(Baconetal.,2002).

3.Materialandmethods

In2016,calypsoCoreGS16-204-22CC-B(hereafter22CC-B;
58�02.830N,47�02.360W;3160mwaterdepth)wascollectedfrom
theEirikDriftwiththeresearchvesselG.O.Sars.Basedonlitho-
logicaldescriptionofthiscore,andapreliminarycorrelation(ox-
ygenisotopes,colourscan)tothewell-datedCoreMD03-2664
(57�26.340N,48�36.350W;3440mwaterdepth;Irvalietal.,2012,
2016),wefirstestimatedMIS5etooccurbetween14.5and18.5m
coredepth.Thesamplesforthisstudywerecollectedatdifferent
timesandfordifferentpurposes.Duringtheinitialsampling,we
collected1.5cmthicksedimentsamplesat4cmresolutionfor
sedimentaryancientDNA(sedaDNA),palynology,foraminifersand
biomarkersfortheentirestudyinterval(1456e1852cm).Inthe
secondsamplingphase,wesampledin-betweenthefirstsample
setathigherresolutionandwiththinnersedimentsamples
(0.7e0.8cm)forpartofthecore(1556e1753.5cm).

Dinocystassemblageswereanalysedevery4cm,exceptinMIS6
(1756e1852cm)whereweanalysedevery12cm.Biomarkersand
foraminiferswereprioritisedforahigherresolutionsamplingat
obvioustransitionsinthecore.Biomarkerswereanalysedatevery
~2cmbetween1555and1648cm,andatevery~1cmbetween
1648and1756cm.Foraminiferswereanalysedatthesamereso-
lutionasthebiomarkers(every~1cm)between1704and1756cm.
Fortherestofthecore,samplingwasdoneevery4cm.Forexact
samplingdepths,andintervals,seeSupplementaryData.

3.1.Stableisotopes

Stableoxygenisotopeanalyses(d18O)wereperformedonthe
plankticforaminiferNeogloboquadrinapachyderma(sinistral)and
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climateshifts.TheSPGhasbeensuggestedtobeintegrallycon-
nectedtothelargerscalecirculationandtheAtlanticMeridional
OverturningCirculation(AMOC;e.g.H�atúnetal.,2005;Thornalley
etal.,2009;Yeager,2015;Klockmannetal.,2020),andthusit
servesasonelinkinthechainofglobalteleconnectionsthatalters
climateonaglobalscale.TheSPGissensitivetobuoyancyandwind
forcing(e.g.BornandStocker,2014;LevermannandBorn,2007;
Montoyaetal.,2011)whereastheextentofseaiceinfluencesboth
theseforcings.Furthermore,buoyancyforcingaffectsdeepwater
formationintheNorthAtlantic,whichinturnaffectsthestrength
oftheAMOC.Thus,intheLabradorSeawheredeepwaterforma-
tionoccurs,theSPGcouldbeespeciallysensitivetotheextentof
seaiceanditsassociatedfreshwater(Bornetal.,2010;LiandBorn,
2019).IthasbeensuggestedthatastrongSPGmayalsotendto
expandzonally(eastward),redirectAtlanticwatersintothewest-
wardflowingIrmingerCurrent(IC)andcorrespondstoaweak
AMOC(Klockmannetal.,2020).Incontrast,aweakSPGcontractsto
thewest,directsAtlanticwatersnortheastintotheNordicSeas,
contributingtopersistentdeepwaterformationthere(Thornalley
etal.,2009)andcorrespondstoastrongAMOC(H�atúnetal.,
2005;H€akkinenandRhines,2004).However,itdoesremainun-
clearexactlyhowtightlycoupledgyresizeandstrengthare(Foukal
andLozier,2017),andhoworiftheycontributedtorecentchanges
inoverturningcirculation(Lozier,2012;Lozieretal.,2019).Thus,
basedonthebriefobservationalperiod,itisdifficulttodrawcon-
clusionsabouthowSPGgeometry,strength,andthebasinscale
overturningcirculationarelinked.Despitethecomplexcirculation
coupling,theSPG'spotentialtoaltermass,heat,andbuoyancy,and
alterclimateacrosstheNorthAtlantic,andbeyond,makesitcrucial
tounderstandthemechanismsby,andtimescaleson,whichthe
SPGcanvary.Inthisstudy,wefocusonthepotentialofseaiceand
itsassociatedfeedbacksonSPGandNorthAtlanticOceanvari-
abilityduringtheLIG.

Fossilassemblagesandbiomarkerspreservedinmarinesedi-
mentsarefrequentlyusedforseaicereconstructions(e.g.deVernal
etal.,2013).Whileseveralproxiesareindirectlyrelatedtoseaice,
thebiomarkerIP25isexclusivelybiosynthesizedbyafewdiatom
specieslivinginArcticseaice(Brownetal.,2014;Limogesetal.,
2018)andprovidesasensitiveandreliableseaiceindicator.LIG
seaicereconstructionsbasedonbiomarkersarerestrictedtothe
ArcticOcean(Steinetal.,2017,2022;Kremeretal.,2018a,2018b).No
biomarkerrecordsexistfromtheLIGsubpolarNorthAtlantic.Spe-
cificallyfortheLabradorSea,biomarker-basedseaicere-
constructionsareonlyavailableforpartofMIS3(Scotoetal.,2022)
andthelastGlacialtoHolocene(Youetal.,2023).FortheLIGtime
intervalfromthisarea,ontheotherhand,seaicereconstructionsare
mainlybasedondinoflagellatecyst(hereafterdinocyst)transfer
functionsandassemblages(e.g.Eynaudetal.,2004;Hillaire-Marcel
etal.,2001;deVernalandHillaire-Marcel,2008;Penaudetal.,2008;
VanNieuwenhoveetal.,2011),andindirectinferencesbasedon
foraminiferassemblages(e.g.Irvalietal.,2012,2016).Acompilation
ofseaicerecordsbyKageyamaetal.(2021)demonstratesthatnorth
of79�NtheLIGseaiceconcentrationsrangefromminimaltosub-
stantial(>75%)allyeararound.Southof79�N,theAtlanticand
NordicSeaswereseaicefreeduringtheLIG.Thispartlycontrasts
previousstudiessuggestingthatseaiceanditsassociatedmeltinthe
LabradorSeacouldmodulateSPGcirculationoncentennialtime-
scaleswithintheLIG(Galaasenetal.,2014),andduringthelast
glacialinception(Bornetal.,2010).Theseauthorsspeculateand/or
inferseaicepresencefromindirectproxiesandmodellingexperi-
mentsbutbiomarkerdatathatcanunequivocallydocumentseaice
presenceislacking.Thishighlightsourlimitedknowledgeaboutsea
iceextentandvariabilityintheNorthAtlanticSPGregion,whichis
crucialinordertoevaluateitsroleinmodulatingoceancirculation
andtheSPGonglacial-interglacialtimescales.

Herewereconstructseaiceoccurrence,marginalicezone(MIZ;
transitionbetweenopenoceanandseaice)extent,andsurface
oceanhydrographyfromthelateglacialstageofMIS6throughout
MIS5e,andintoMIS5dusingdinocystassemblages,biomarkers
(IP25)andstableoxygenisotopesfromanEirikDriftsedimentcore.
Wecombineourdatawithpreviouslypublishedforaminiferre-
cordsfromthesameregion,andwithotherNorthAtlanticrecords
togainabroaderunderstandingoftheLabradorSeasurfacehy-
drography,thesurfacecurrentsoftheSPGandthelargerscale
NorthAtlanticsurfaceoceanvariability.

2.Sitelocationandoceanography

TheEirikDriftisasedimentdriftlocatedoffthesoutherntipof
theGreenlandmarginandiswellsituatedtomonitorchangesin
thenorthwestSPGthatdominatesthehydrographyoftheNorth
Atlantic(H�atúnetal.,2005).Itischaracterisedbyhighsedimen-
tationratessustainedbyerodedsedimentsimportedprimarilyby
DenmarkStraitOverflowWateranddepositedherealongthemost
offshoreportionoftheDeepWesternBoundaryCurrent(DWBC)
(Wold,1994;Hunteretal.,2007),leadingtoexpandedsedimentary
interglacialintervals(Hillaire-Marceletal.,1994).Thesurface
oceanhydrographyattheEirikDriftischaracterisedbythecyclonic
circulationoftheSPG,whichisfedbytheNorthAtlanticCurrent
(NAC)fromthesouth,andtheEastGreenlandCurrent(EGC)from
thenorth(Fig.1).TheNACtransportswarmandsaltyAtlantic
watersnorthwardasanextensionoftheGulfStream,branching
intotheNorwegianAtlanticCurrent(NwAC)flowingnorthward,
andtheICflowingwestandformingtheeastpartoftheSPGcir-
culationpattern.TheEGCflowssouthwardfromtheArcticOcean,
viatheDenmarkStrait,intotheNorthAtlanticandisamajor
contributorofcold,freshsurfacewatertothevicinityofthestudy
area(Baconetal.,2002).

3.Materialandmethods

In2016,calypsoCoreGS16-204-22CC-B(hereafter22CC-B;
58�02.830N,47�02.360W;3160mwaterdepth)wascollectedfrom
theEirikDriftwiththeresearchvesselG.O.Sars.Basedonlitho-
logicaldescriptionofthiscore,andapreliminarycorrelation(ox-
ygenisotopes,colourscan)tothewell-datedCoreMD03-2664
(57�26.340N,48�36.350W;3440mwaterdepth;Irvalietal.,2012,
2016),wefirstestimatedMIS5etooccurbetween14.5and18.5m
coredepth.Thesamplesforthisstudywerecollectedatdifferent
timesandfordifferentpurposes.Duringtheinitialsampling,we
collected1.5cmthicksedimentsamplesat4cmresolutionfor
sedimentaryancientDNA(sedaDNA),palynology,foraminifersand
biomarkersfortheentirestudyinterval(1456e1852cm).Inthe
secondsamplingphase,wesampledin-betweenthefirstsample
setathigherresolutionandwiththinnersedimentsamples
(0.7e0.8cm)forpartofthecore(1556e1753.5cm).

Dinocystassemblageswereanalysedevery4cm,exceptinMIS6
(1756e1852cm)whereweanalysedevery12cm.Biomarkersand
foraminiferswereprioritisedforahigherresolutionsamplingat
obvioustransitionsinthecore.Biomarkerswereanalysedatevery
~2cmbetween1555and1648cm,andatevery~1cmbetween
1648and1756cm.Foraminiferswereanalysedatthesamereso-
lutionasthebiomarkers(every~1cm)between1704and1756cm.
Fortherestofthecore,samplingwasdoneevery4cm.Forexact
samplingdepths,andintervals,seeSupplementaryData.

3.1.Stableisotopes

Stableoxygenisotopeanalyses(d18O)wereperformedonthe
plankticforaminiferNeogloboquadrinapachyderma(sinistral)and
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climateshifts.TheSPGhasbeensuggestedtobeintegrallycon-
nectedtothelargerscalecirculationandtheAtlanticMeridional
OverturningCirculation(AMOC;e.g.H�atúnetal.,2005;Thornalley
etal.,2009;Yeager,2015;Klockmannetal.,2020),andthusit
servesasonelinkinthechainofglobalteleconnectionsthatalters
climateonaglobalscale.TheSPGissensitivetobuoyancyandwind
forcing(e.g.BornandStocker,2014;LevermannandBorn,2007;
Montoyaetal.,2011)whereastheextentofseaiceinfluencesboth
theseforcings.Furthermore,buoyancyforcingaffectsdeepwater
formationintheNorthAtlantic,whichinturnaffectsthestrength
oftheAMOC.Thus,intheLabradorSeawheredeepwaterforma-
tionoccurs,theSPGcouldbeespeciallysensitivetotheextentof
seaiceanditsassociatedfreshwater(Bornetal.,2010;LiandBorn,
2019).IthasbeensuggestedthatastrongSPGmayalsotendto
expandzonally(eastward),redirectAtlanticwatersintothewest-
wardflowingIrmingerCurrent(IC)andcorrespondstoaweak
AMOC(Klockmannetal.,2020).Incontrast,aweakSPGcontractsto
thewest,directsAtlanticwatersnortheastintotheNordicSeas,
contributingtopersistentdeepwaterformationthere(Thornalley
etal.,2009)andcorrespondstoastrongAMOC(H�atúnetal.,
2005;H€akkinenandRhines,2004).However,itdoesremainun-
clearexactlyhowtightlycoupledgyresizeandstrengthare(Foukal
andLozier,2017),andhoworiftheycontributedtorecentchanges
inoverturningcirculation(Lozier,2012;Lozieretal.,2019).Thus,
basedonthebriefobservationalperiod,itisdifficulttodrawcon-
clusionsabouthowSPGgeometry,strength,andthebasinscale
overturningcirculationarelinked.Despitethecomplexcirculation
coupling,theSPG'spotentialtoaltermass,heat,andbuoyancy,and
alterclimateacrosstheNorthAtlantic,andbeyond,makesitcrucial
tounderstandthemechanismsby,andtimescaleson,whichthe
SPGcanvary.Inthisstudy,wefocusonthepotentialofseaiceand
itsassociatedfeedbacksonSPGandNorthAtlanticOceanvari-
abilityduringtheLIG.

Fossilassemblagesandbiomarkerspreservedinmarinesedi-
mentsarefrequentlyusedforseaicereconstructions(e.g.deVernal
etal.,2013).Whileseveralproxiesareindirectlyrelatedtoseaice,
thebiomarkerIP25isexclusivelybiosynthesizedbyafewdiatom
specieslivinginArcticseaice(Brownetal.,2014;Limogesetal.,
2018)andprovidesasensitiveandreliableseaiceindicator.LIG
seaicereconstructionsbasedonbiomarkersarerestrictedtothe
ArcticOcean(Steinetal.,2017,2022;Kremeretal.,2018a,2018b).No
biomarkerrecordsexistfromtheLIGsubpolarNorthAtlantic.Spe-
cificallyfortheLabradorSea,biomarker-basedseaicere-
constructionsareonlyavailableforpartofMIS3(Scotoetal.,2022)
andthelastGlacialtoHolocene(Youetal.,2023).FortheLIGtime
intervalfromthisarea,ontheotherhand,seaicereconstructionsare
mainlybasedondinoflagellatecyst(hereafterdinocyst)transfer
functionsandassemblages(e.g.Eynaudetal.,2004;Hillaire-Marcel
etal.,2001;deVernalandHillaire-Marcel,2008;Penaudetal.,2008;
VanNieuwenhoveetal.,2011),andindirectinferencesbasedon
foraminiferassemblages(e.g.Irvalietal.,2012,2016).Acompilation
ofseaicerecordsbyKageyamaetal.(2021)demonstratesthatnorth
of79�NtheLIGseaiceconcentrationsrangefromminimaltosub-
stantial(>75%)allyeararound.Southof79�N,theAtlanticand
NordicSeaswereseaicefreeduringtheLIG.Thispartlycontrasts
previousstudiessuggestingthatseaiceanditsassociatedmeltinthe
LabradorSeacouldmodulateSPGcirculationoncentennialtime-
scaleswithintheLIG(Galaasenetal.,2014),andduringthelast
glacialinception(Bornetal.,2010).Theseauthorsspeculateand/or
inferseaicepresencefromindirectproxiesandmodellingexperi-
mentsbutbiomarkerdatathatcanunequivocallydocumentseaice
presenceislacking.Thishighlightsourlimitedknowledgeaboutsea
iceextentandvariabilityintheNorthAtlanticSPGregion,whichis
crucialinordertoevaluateitsroleinmodulatingoceancirculation
andtheSPGonglacial-interglacialtimescales.

Herewereconstructseaiceoccurrence,marginalicezone(MIZ;
transitionbetweenopenoceanandseaice)extent,andsurface
oceanhydrographyfromthelateglacialstageofMIS6throughout
MIS5e,andintoMIS5dusingdinocystassemblages,biomarkers
(IP25)andstableoxygenisotopesfromanEirikDriftsedimentcore.
Wecombineourdatawithpreviouslypublishedforaminiferre-
cordsfromthesameregion,andwithotherNorthAtlanticrecords
togainabroaderunderstandingoftheLabradorSeasurfacehy-
drography,thesurfacecurrentsoftheSPGandthelargerscale
NorthAtlanticsurfaceoceanvariability.

2.Sitelocationandoceanography

TheEirikDriftisasedimentdriftlocatedoffthesoutherntipof
theGreenlandmarginandiswellsituatedtomonitorchangesin
thenorthwestSPGthatdominatesthehydrographyoftheNorth
Atlantic(H�atúnetal.,2005).Itischaracterisedbyhighsedimen-
tationratessustainedbyerodedsedimentsimportedprimarilyby
DenmarkStraitOverflowWateranddepositedherealongthemost
offshoreportionoftheDeepWesternBoundaryCurrent(DWBC)
(Wold,1994;Hunteretal.,2007),leadingtoexpandedsedimentary
interglacialintervals(Hillaire-Marceletal.,1994).Thesurface
oceanhydrographyattheEirikDriftischaracterisedbythecyclonic
circulationoftheSPG,whichisfedbytheNorthAtlanticCurrent
(NAC)fromthesouth,andtheEastGreenlandCurrent(EGC)from
thenorth(Fig.1).TheNACtransportswarmandsaltyAtlantic
watersnorthwardasanextensionoftheGulfStream,branching
intotheNorwegianAtlanticCurrent(NwAC)flowingnorthward,
andtheICflowingwestandformingtheeastpartoftheSPGcir-
culationpattern.TheEGCflowssouthwardfromtheArcticOcean,
viatheDenmarkStrait,intotheNorthAtlanticandisamajor
contributorofcold,freshsurfacewatertothevicinityofthestudy
area(Baconetal.,2002).

3.Materialandmethods

In2016,calypsoCoreGS16-204-22CC-B(hereafter22CC-B;
58�02.830N,47�02.360W;3160mwaterdepth)wascollectedfrom
theEirikDriftwiththeresearchvesselG.O.Sars.Basedonlitho-
logicaldescriptionofthiscore,andapreliminarycorrelation(ox-
ygenisotopes,colourscan)tothewell-datedCoreMD03-2664
(57�26.340N,48�36.350W;3440mwaterdepth;Irvalietal.,2012,
2016),wefirstestimatedMIS5etooccurbetween14.5and18.5m
coredepth.Thesamplesforthisstudywerecollectedatdifferent
timesandfordifferentpurposes.Duringtheinitialsampling,we
collected1.5cmthicksedimentsamplesat4cmresolutionfor
sedimentaryancientDNA(sedaDNA),palynology,foraminifersand
biomarkersfortheentirestudyinterval(1456e1852cm).Inthe
secondsamplingphase,wesampledin-betweenthefirstsample
setathigherresolutionandwiththinnersedimentsamples
(0.7e0.8cm)forpartofthecore(1556e1753.5cm).

Dinocystassemblageswereanalysedevery4cm,exceptinMIS6
(1756e1852cm)whereweanalysedevery12cm.Biomarkersand
foraminiferswereprioritisedforahigherresolutionsamplingat
obvioustransitionsinthecore.Biomarkerswereanalysedatevery
~2cmbetween1555and1648cm,andatevery~1cmbetween
1648and1756cm.Foraminiferswereanalysedatthesamereso-
lutionasthebiomarkers(every~1cm)between1704and1756cm.
Fortherestofthecore,samplingwasdoneevery4cm.Forexact
samplingdepths,andintervals,seeSupplementaryData.

3.1.Stableisotopes

Stableoxygenisotopeanalyses(d18O)wereperformedonthe
plankticforaminiferNeogloboquadrinapachyderma(sinistral)and
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timesandfordifferentpurposes.Duringtheinitialsampling,we
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sedimentaryancientDNA(sedaDNA),palynology,foraminifersand
biomarkersfortheentirestudyinterval(1456e1852cm).Inthe
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benthic foraminifer Cibicidoides wuellerstorfi in order to constrain
the chronology of MIS 5e. N. pachyderma (s) was identified in all
samples, while C. wuellerstorfi was absent in ~1/3 of the samples
(see Supplementary Data). A Finnigan MAT253 mass spectrometer
with an online Kiel IV, located at FARLAB, University of Bergen, was
used for the stable isotope analysis. Values are reported relative to
Vienna Pee Dee Belemnite. Two working standards (CM12 and
Riedel) along with 2 international standards (NBS-18 and NBS-19)
were analysed each day interspersed with samples. The external
precision for samples between 10 and 100 mg was better than 0.08
and 0.04‰ for d18O and d13C, respectively, based on the long-term
reproducibility (1s) of the working standard CM12.

3.2. Total organic carbon, biomarkers and their ecological
significance

A total of 187 samples were analysed for biomarkers (HBIs and
sterols) and 254 samples for Total Organic Carbon (TOC)%. Bio-
markers and TOC were measured and analysed at the Alfred
Wegener Institute in Bremerhaven, Germany. To determine the TOC
(%), 100 mg of freeze-dried and homogenised sediments were
measured (per sample) using an ELTRA CS2000 Carbon Sulfur De-
tector. For biomarker analysis preparation, 5 g of freeze-dried
sediments was homogenised using an agate mortar. Prior to
extraction, the internal standards 7-hexylnonadecane (7-HND:
0.0038 mm/ml), androstanol (0.05 mm/ml), 9-octylheptadec (9-
OHD: 0.005 mm/ml), and squalane (0.032 mm/ml) were added to

the sediments to allow for later stage quantification. Biomarkers
were extracted by sonication (3 � 15 min) using dichlor-
omethane:methanol (2:1 v/v; 30 ml) as solvent. The extract was
separated into hydrocarbon and sterol fractions through open-
column chromatography (5 ml n-hexane for hydrocarbons and
9ml ethylacetate:n-hexane (4:1) for sterols) with silica gel (SiO2) as
the stationary phase. The sterol fraction was silyated with 200 ml
BSTFA (bis-trimethylsilyl-trifluoracet-amide; 60 �C for 2 h).
Biomarker analysis was performed by gas chromatography-mass-
spectrometry (GC-MS). Hydrocarbon concentrations were deter-
mined with a gas chromatograph Agilent Technologies 7890 GC
(30 m HP-1MS column, 0.25 mm in diameter and 0.25 mm film
thickness) coupled to an Agilent Technologies 5977 A mass selec-
tive detector. Sterol concentrations were measured with a gas
chromatograph Agilent Technologies 6850 GC (30 m HP-1MS col-
umn, 0.25 mm in diameter and 0.25 mm film thickness) coupled to
an Agilent Technologies 5975 A mass selective detector. HBIs (IP25,
HBI II, HBI III (Z), HBI III (E)) and sterols were identified by
comparing their retention times to those of reference compounds
(IP25: Belt et al., 2007; HBI II: Johns et al., 1999; HBI III: Belt et al.,
2000; sterols: Boon et al., 1979; Volkman, 1986). IP25, HBI II, HBI
III (Z), and HBI III (E) (IP25: m/z 350; HBI II: m/z 348; HBI III (Z) and
(E): m/z 346) were quantified by the abundant fragment ion m/z
266 of the internal standard 7-HND. Sterols were quantified as
trimethylsilyl ethers (brassicasterol: m/z 470, campesterol: m/z
472, sitosterol: m/z 486, dinosterol: m/z 500) in regard to the
molecular ion of androstanol (ion m/z 348). The different responses

Fig. 1. Mean annual sea surface temperatures from WOA 2018 (Locarnini et al., 2019) and major surface ocean currents relative to our studied Core GS16-204-22CC-B (red dot).
Other sediment records (black dots) discussed in the text are from MD03-2664 (Irvali et al., 2012, 2016; Galaasen et al., 2014), IODP Sites U1304 and U1305 (Channell et al., 2006),
ODP Sites 984 (Mokeddem et al., 2014) and 980 (Oppo et al., 2006), HU-90-013-013 (Hillaire-Marcel et al., 1994), MD95-2015 (Eynaud et al., 2004), M23071 (Van Nieuwenhove et al.,
2008), and M23351 (Zhuravleva et al., 2017).
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benthicforaminiferCibicidoideswuellerstorfiinordertoconstrain
thechronologyofMIS5e.N.pachyderma(s)wasidentifiedinall
samples,whileC.wuellerstorfiwasabsentin~1/3ofthesamples
(seeSupplementaryData).AFinniganMAT253massspectrometer
withanonlineKielIV,locatedatFARLAB,UniversityofBergen,was
usedforthestableisotopeanalysis.Valuesarereportedrelativeto
ViennaPeeDeeBelemnite.Twoworkingstandards(CM12and
Riedel)alongwith2internationalstandards(NBS-18andNBS-19)
wereanalysedeachdayinterspersedwithsamples.Theexternal
precisionforsamplesbetween10and100mgwasbetterthan0.08
and0.04‰ford18Oandd13C,respectively,basedonthelong-term
reproducibility(1s)oftheworkingstandardCM12.

3.2.Totalorganiccarbon,biomarkersandtheirecological
significance

Atotalof187sampleswereanalysedforbiomarkers(HBIsand
sterols)and254samplesforTotalOrganicCarbon(TOC)%.Bio-
markersandTOCweremeasuredandanalysedattheAlfred
WegenerInstituteinBremerhaven,Germany.TodeterminetheTOC
(%),100mgoffreeze-driedandhomogenisedsedimentswere
measured(persample)usinganELTRACS2000CarbonSulfurDe-
tector.Forbiomarkeranalysispreparation,5goffreeze-dried
sedimentswashomogenisedusinganagatemortar.Priorto
extraction,theinternalstandards7-hexylnonadecane(7-HND:
0.0038mm/ml),androstanol(0.05mm/ml),9-octylheptadec(9-
OHD:0.005mm/ml),andsqualane(0.032mm/ml)wereaddedto

thesedimentstoallowforlaterstagequantification.Biomarkers
wereextractedbysonication(3�15min)usingdichlor-
omethane:methanol(2:1v/v;30ml)assolvent.Theextractwas
separatedintohydrocarbonandsterolfractionsthroughopen-
columnchromatography(5mln-hexaneforhydrocarbonsand
9mlethylacetate:n-hexane(4:1)forsterols)withsilicagel(SiO2)as
thestationaryphase.Thesterolfractionwassilyatedwith200ml
BSTFA(bis-trimethylsilyl-trifluoracet-amide;60�Cfor2h).
Biomarkeranalysiswasperformedbygaschromatography-mass-
spectrometry(GC-MS).Hydrocarbonconcentrationsweredeter-
minedwithagaschromatographAgilentTechnologies7890GC
(30mHP-1MScolumn,0.25mmindiameterand0.25mmfilm
thickness)coupledtoanAgilentTechnologies5977Amassselec-
tivedetector.Sterolconcentrationsweremeasuredwithagas
chromatographAgilentTechnologies6850GC(30mHP-1MScol-
umn,0.25mmindiameterand0.25mmfilmthickness)coupledto
anAgilentTechnologies5975Amassselectivedetector.HBIs(IP25,
HBIII,HBIIII(Z),HBIIII(E))andsterolswereidentifiedby
comparingtheirretentiontimestothoseofreferencecompounds
(IP25:Beltetal.,2007;HBIII:Johnsetal.,1999;HBIIII:Beltetal.,
2000;sterols:Boonetal.,1979;Volkman,1986).IP25,HBIII,HBI
III(Z),andHBIIII(E)(IP25:m/z350;HBIII:m/z348;HBIIII(Z)and
(E):m/z346)werequantifiedbytheabundantfragmentionm/z
266oftheinternalstandard7-HND.Sterolswerequantifiedas
trimethylsilylethers(brassicasterol:m/z470,campesterol:m/z
472,sitosterol:m/z486,dinosterol:m/z500)inregardtothe
molecularionofandrostanol(ionm/z348).Thedifferentresponses

Fig.1.MeanannualseasurfacetemperaturesfromWOA2018(Locarninietal.,2019)andmajorsurfaceoceancurrentsrelativetoourstudiedCoreGS16-204-22CC-B(reddot).
Othersedimentrecords(blackdots)discussedinthetextarefromMD03-2664(Irvalietal.,2012,2016;Galaasenetal.,2014),IODPSitesU1304andU1305(Channelletal.,2006),
ODPSites984(Mokeddemetal.,2014)and980(Oppoetal.,2006),HU-90-013-013(Hillaire-Marceletal.,1994),MD95-2015(Eynaudetal.,2004),M23071(VanNieuwenhoveetal.,
2008),andM23351(Zhuravlevaetal.,2017).
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separated into hydrocarbon and sterol fractions through open-
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(E): m/z 346) were quantified by the abundant fragment ion m/z
266 of the internal standard 7-HND. Sterols were quantified as
trimethylsilyl ethers (brassicasterol: m/z 470, campesterol: m/z
472, sitosterol: m/z 486, dinosterol: m/z 500) in regard to the
molecular ion of androstanol (ion m/z 348). The different responses

Fig. 1. Mean annual sea surface temperatures from WOA 2018 (Locarnini et al., 2019) and major surface ocean currents relative to our studied Core GS16-204-22CC-B (red dot).
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sedimentswashomogenisedusinganagatemortar.Priorto
extraction,theinternalstandards7-hexylnonadecane(7-HND:
0.0038mm/ml),androstanol(0.05mm/ml),9-octylheptadec(9-
OHD:0.005mm/ml),andsqualane(0.032mm/ml)wereaddedto

thesedimentstoallowforlaterstagequantification.Biomarkers
wereextractedbysonication(3�15min)usingdichlor-
omethane:methanol(2:1v/v;30ml)assolvent.Theextractwas
separatedintohydrocarbonandsterolfractionsthroughopen-
columnchromatography(5mln-hexaneforhydrocarbonsand
9mlethylacetate:n-hexane(4:1)forsterols)withsilicagel(SiO2)as
thestationaryphase.Thesterolfractionwassilyatedwith200ml
BSTFA(bis-trimethylsilyl-trifluoracet-amide;60�Cfor2h).
Biomarkeranalysiswasperformedbygaschromatography-mass-
spectrometry(GC-MS).Hydrocarbonconcentrationsweredeter-
minedwithagaschromatographAgilentTechnologies7890GC
(30mHP-1MScolumn,0.25mmindiameterand0.25mmfilm
thickness)coupledtoanAgilentTechnologies5977Amassselec-
tivedetector.Sterolconcentrationsweremeasuredwithagas
chromatographAgilentTechnologies6850GC(30mHP-1MScol-
umn,0.25mmindiameterand0.25mmfilmthickness)coupledto
anAgilentTechnologies5975Amassselectivedetector.HBIs(IP25,
HBIII,HBIIII(Z),HBIIII(E))andsterolswereidentifiedby
comparingtheirretentiontimestothoseofreferencecompounds
(IP25:Beltetal.,2007;HBIII:Johnsetal.,1999;HBIIII:Beltetal.,
2000;sterols:Boonetal.,1979;Volkman,1986).IP25,HBIII,HBI
III(Z),andHBIIII(E)(IP25:m/z350;HBIII:m/z348;HBIIII(Z)and
(E):m/z346)werequantifiedbytheabundantfragmentionm/z
266oftheinternalstandard7-HND.Sterolswerequantifiedas
trimethylsilylethers(brassicasterol:m/z470,campesterol:m/z
472,sitosterol:m/z486,dinosterol:m/z500)inregardtothe
molecularionofandrostanol(ionm/z348).Thedifferentresponses

Fig.1.MeanannualseasurfacetemperaturesfromWOA2018(Locarninietal.,2019)andmajorsurfaceoceancurrentsrelativetoourstudiedCoreGS16-204-22CC-B(reddot).
Othersedimentrecords(blackdots)discussedinthetextarefromMD03-2664(Irvalietal.,2012,2016;Galaasenetal.,2014),IODPSitesU1304andU1305(Channelletal.,2006),
ODPSites984(Mokeddemetal.,2014)and980(Oppoetal.,2006),HU-90-013-013(Hillaire-Marceletal.,1994),MD95-2015(Eynaudetal.,2004),M23071(VanNieuwenhoveetal.,
2008),andM23351(Zhuravlevaetal.,2017).
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of all these ions were balanced by external calibration. Instrument
stability was controlled by reruns of external standards and repli-
cate analyses for random samples. All biomarker concentrations
have been normalised to the TOC.

The sea ice proxy IP25 (Ice Proxy with 25 carbon atoms) is a
molecule produced by a relatively small number of diatoms that
inhabit the base of Arctic sea ice (Brown et al., 2014; Limoges et al.,
2018) and is predominantly found in areas covered by seasonal sea
ice (Belt et al., 2007; Xiao et al., 2015; Kolling et al., 2020; for review
see Belt, 2018). In this study, we consider the occurrence of IP25 as a
sea ice indicator. A difficulty with IP25 is that both permanent sea
ice environments and open water conditions are characterised by
IP25 concentrations of zero. Under permanent sea ice conditions,
IP25 is absent due to limited light and nutrient availability which are
required for the growth of sea ice phytoplankton. Likewise, in open
waters, the habitat for the ice algae is missing, and IP25 concen-
trations are zero. The ambiguity of the signal from permanent sea
ice vs open ocean requires that IP25 is analysed in combinationwith
open-water phytoplankton biomarkers like brassicasterol and
dinosterol (cf. Müller et al., 2009, 2011). These are produced by a
variety of phytoplankton genera like dinoflagellates, diatoms and
haptophytes (Boon et al., 1979; Robinson et al., 1984; Volkman et al.,
1998). Alongside IP25, several other biomarkers are related to sea
ice. HBI III (Z) is a common constituent of marine settings (Belt
et al., 2000) but shows a more direct association with MIZ pro-
ductivity (Collins et al., 2013; Belt et al., 2015). HBI II is produced by
sea ice/land-fast ice-dwelling diatoms in the Southern Ocean (Belt
et al., 2016). Although its origin and potential as an environmental
proxy in the Northern Hemisphere is unclear, it is often observed
together with IP25. Thus, Belt et al. (2018) postulate that HBI II
might represent an “even better” sea ice proxy than IP25 or at least
be a useful substitute in cases where IP25 is absent. Terrigenous
influence can be inferred by sitosterol and campesterol (Pryce,
1971; Huang and Meinschein, 1979). Although these biomarkers
are found in a few microalgae species, the main contributors are
higher land plants (Volkman, 1986; Jaff�e et al., 1995; Rontani et al.,
2014).

3.3. Dinoflagellate cyst assemblages and ecological significance

A total of 85 samples were selected for dinocyst assemblage
analysis and prepared using a standard palynological preparation
procedure (e.g. De Schepper et al., 2017). To remove the mineral
fraction, cold hydrochloric and hydrofluoric acid was used. The
palynological residue was sieved over a 10 mm polymer mesh
before mounting on slides with glycerine jelly. One tablet of Lyco-
podium clavatum spores (batch #140119321, n ¼ 19,855 ± 521
spores per tablet) was added to each sample before chemical
treatment to allow calculation of dinocyst concentrations and er-
rors following Stockmarr (1971). The palynological slides were
counted at 400� magnification for dinocyst assemblage analyses
until a minimum of 300 in situ dinocysts were identified. If the
dinocyst concentration was too low to reach the minimum
threshold, the entire slide (ca. 20 non-overlapping traverses) was
counted. We identified 38 dinocyst taxa in total. The major dinocyst
taxa consist of Bitectatodinium tepikiense, Operculodinium cen-
trocarpum sensu Wall and Dale (1966) (hereafter O. centrocarpum),
Nematosphaeropsis labyrinthus and the group of Round Brown cysts
(RBC). Brigantedinium specimens were grouped together as RBC
because folding or orientation of specimens often limited identifi-
cation to species level. Spiniferites spp. includes all Spiniferites cysts
except S. elongatus and S. mirabilis. All Impagidinium species iden-
tified were grouped together with the exception of I. pallidum.
These grouped species include I. aculeatum, I. sphaericum, I. para-
doxum, I. patulum and I. plicatum.

The distribution of dinoflagellates depends on physical and
chemical sea surface parameters such as currents, temperature,
salinity, irradiance, nutrients and sea ice (e.g. de Vernal et al., 2020).
Their different environmental preferences make them suited for
surface ocean reconstructions.

B. tepikiense is linked to the subpolar-temperate transition in the
North-Atlatic (Dale, 1996) and also enhanced water stratification
(Rochon et al., 1999; de Vernal et al., 2005; de Vernal and Marret,
2007; Hennissen et al., 2014). The species has a high tolerance to
a wide range of salinities and temperatures and it can be observed
in regions that are seasonally covered by sea ice for less than 4
months a year (de Vernal et al., 1997). In modern sediments from
the Labrador Sea and North Atlantic, B. tepikiense rarely exceeds
>10% of the assemblage (e.g. de Vernal et al., 2005, 2020). During
the Last Glacial Maximum, B. tepikiensemakes up more than 50% of
the assemblage in the northern North Atlantic (de Vernal et al.,
2005). Thus, the species is characteristic for conditions different
than present and is not common in warm interglacial periods.
N. labyrinthus is another subpolar-temperate species (Rochon et al.,
1999; Marret and Zonneveld, 2003) that has been linked to climate
transitions (i.e. glacialeinterglacial) when profound changes in
water mass composition occurred (Hennissen et al., 2017, and ref-
erences therein).

The distribution of O. centrocarpum in modern surface sedi-
ments of the North Atlantic reveals that high relative abundances
are linked to warm Atlantic Water (e.g. NAC/NwAC), although it is
generally a cosmopolitan taxon (e.g. Marret and Zonneveld, 2003).
In fossil records from the Arctic and sub-Arctic, O. centrocarpum is
often regarded as an indicator for interglacial intervals with
Atlantic water advection (e.g. Rochon et al., 1999; Matthiessen et al.,
2001; Matthiessen and Knies, 2001; Grøsfjeld et al., 2006). Also
S. mirabilis is an indicator of warm temperate to temperate envi-
ronments. Previous studies have linked this species to interglacial
optima in the northern North Atlantic during MIS 5 (S�anchez Go~ni
et al., 1999; Eynaud et al., 2004; Penaud et al., 2008; Van
Nieuwenhove et al., 2008, 2011).

Other environmentally significant species in our record include
the RBC and the cysts of Pentapharsodinium dalei indicating sea ice
and surface ocean stratification respectively. The RBC are a group of
heterotrophic taxa that strongly relate to the trophic state of the
surface waters in addition to temperature and salinity (e.g. de
Vernal et al., 2000). In environments with increased nutrient
availability like frontal zones and sea ice margins, RBC and het-
erotrophic dinocyst taxa commonly outnumber other dinocysts
(e.g. de Vernal et al., 2020). In our record, the cysts of P. dalei are
found in combination with the RBC. In the Arctic and sub-Arctic
oceans high proportions of cysts of P. dalei are found in stratified
and productivewaters at a distance from themultiyear sea-ice zone
(Radi et al., 2001; Marret et al., 2004; Solignac et al., 2009) and in
fjords receiving a spring freshet of glacier meltwater (Dale, 2001;
Grøsfjeld et al., 2009).

4. Results

4.1. Chronology

The age model for Site 22CC-B (Fig. 2) is based on aligning our
benthic (C. wuellerstorfi) d18O record with the benthic d18O isotopic
record from the nearby Core MD03-2664 (Irvali et al., 2012, 2016),
using AnalySeries (Paillard et al., 1996). Previous studies (Irvali
et al., 2012, 2016; Galaasen et al., 2014) tuned Core MD03-2664
to MD95-2042 on the Iberian Margin (Shackleton et al., 2002,
2003) where the MIS 5e boundaries are set by the benthic isotopic
low plateau to 116.1 ± 0.9 ka and 128 ± 1 ka based on fossil coral
reef U-series dates of the LIG sea level high stand (Stirling et al.,
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ofalltheseionswerebalancedbyexternalcalibration.Instrument
stabilitywascontrolledbyrerunsofexternalstandardsandrepli-
cateanalysesforrandomsamples.Allbiomarkerconcentrations
havebeennormalisedtotheTOC.

TheseaiceproxyIP25(IceProxywith25carbonatoms)isa
moleculeproducedbyarelativelysmallnumberofdiatomsthat
inhabitthebaseofArcticseaice(Brownetal.,2014;Limogesetal.,
2018)andispredominantlyfoundinareascoveredbyseasonalsea
ice(Beltetal.,2007;Xiaoetal.,2015;Kollingetal.,2020;forreview
seeBelt,2018).Inthisstudy,weconsidertheoccurrenceofIP25asa
seaiceindicator.AdifficultywithIP25isthatbothpermanentsea
iceenvironmentsandopenwaterconditionsarecharacterisedby
IP25concentrationsofzero.Underpermanentseaiceconditions,
IP25isabsentduetolimitedlightandnutrientavailabilitywhichare
requiredforthegrowthofseaicephytoplankton.Likewise,inopen
waters,thehabitatfortheicealgaeismissing,andIP25concen-
trationsarezero.Theambiguityofthesignalfrompermanentsea
icevsopenoceanrequiresthatIP25isanalysedincombinationwith
open-waterphytoplanktonbiomarkerslikebrassicasteroland
dinosterol(cf.Mülleretal.,2009,2011).Theseareproducedbya
varietyofphytoplanktongeneralikedinoflagellates,diatomsand
haptophytes(Boonetal.,1979;Robinsonetal.,1984;Volkmanetal.,
1998).AlongsideIP25,severalotherbiomarkersarerelatedtosea
ice.HBIIII(Z)isacommonconstituentofmarinesettings(Belt
etal.,2000)butshowsamoredirectassociationwithMIZpro-
ductivity(Collinsetal.,2013;Beltetal.,2015).HBIIIisproducedby
seaice/land-fastice-dwellingdiatomsintheSouthernOcean(Belt
etal.,2016).Althoughitsoriginandpotentialasanenvironmental
proxyintheNorthernHemisphereisunclear,itisoftenobserved
togetherwithIP25.Thus,Beltetal.(2018)postulatethatHBIII
mightrepresentan“evenbetter”seaiceproxythanIP25oratleast
beausefulsubstituteincaseswhereIP25isabsent.Terrigenous
influencecanbeinferredbysitosterolandcampesterol(Pryce,
1971;HuangandMeinschein,1979).Althoughthesebiomarkers
arefoundinafewmicroalgaespecies,themaincontributorsare
higherlandplants(Volkman,1986;Jaff�eetal.,1995;Rontanietal.,
2014).

3.3.Dinoflagellatecystassemblagesandecologicalsignificance

Atotalof85sampleswereselectedfordinocystassemblage
analysisandpreparedusingastandardpalynologicalpreparation
procedure(e.g.DeSchepperetal.,2017).Toremovethemineral
fraction,coldhydrochloricandhydrofluoricacidwasused.The
palynologicalresiduewassievedovera10mmpolymermesh
beforemountingonslideswithglycerinejelly.OnetabletofLyco-
podiumclavatumspores(batch#140119321,n¼19,855±521
sporespertablet)wasaddedtoeachsamplebeforechemical
treatmenttoallowcalculationofdinocystconcentrationsander-
rorsfollowingStockmarr(1971).Thepalynologicalslideswere
countedat400�magnificationfordinocystassemblageanalyses
untilaminimumof300insitudinocystswereidentified.Ifthe
dinocystconcentrationwastoolowtoreachtheminimum
threshold,theentireslide(ca.20non-overlappingtraverses)was
counted.Weidentified38dinocysttaxaintotal.Themajordinocyst
taxaconsistofBitectatodiniumtepikiense,Operculodiniumcen-
trocarpumsensuWallandDale(1966)(hereafterO.centrocarpum),
NematosphaeropsislabyrinthusandthegroupofRoundBrowncysts
(RBC).BrigantediniumspecimensweregroupedtogetherasRBC
becausefoldingororientationofspecimensoftenlimitedidentifi-
cationtospecieslevel.Spiniferitesspp.includesallSpiniferitescysts
exceptS.elongatusandS.mirabilis.AllImpagidiniumspeciesiden-
tifiedweregroupedtogetherwiththeexceptionofI.pallidum.
ThesegroupedspeciesincludeI.aculeatum,I.sphaericum,I.para-
doxum,I.patulumandI.plicatum.

Thedistributionofdinoflagellatesdependsonphysicaland
chemicalseasurfaceparameterssuchascurrents,temperature,
salinity,irradiance,nutrientsandseaice(e.g.deVernaletal.,2020).
Theirdifferentenvironmentalpreferencesmakethemsuitedfor
surfaceoceanreconstructions.

B.tepikienseislinkedtothesubpolar-temperatetransitioninthe
North-Atlatic(Dale,1996)andalsoenhancedwaterstratification
(Rochonetal.,1999;deVernaletal.,2005;deVernalandMarret,
2007;Hennissenetal.,2014).Thespecieshasahightoleranceto
awiderangeofsalinitiesandtemperaturesanditcanbeobserved
inregionsthatareseasonallycoveredbyseaiceforlessthan4
monthsayear(deVernaletal.,1997).Inmodernsedimentsfrom
theLabradorSeaandNorthAtlantic,B.tepikienserarelyexceeds
>10%oftheassemblage(e.g.deVernaletal.,2005,2020).During
theLastGlacialMaximum,B.tepikiensemakesupmorethan50%of
theassemblageinthenorthernNorthAtlantic(deVernaletal.,
2005).Thus,thespeciesischaracteristicforconditionsdifferent
thanpresentandisnotcommoninwarminterglacialperiods.
N.labyrinthusisanothersubpolar-temperatespecies(Rochonetal.,
1999;MarretandZonneveld,2003)thathasbeenlinkedtoclimate
transitions(i.e.glacialeinterglacial)whenprofoundchangesin
watermasscompositionoccurred(Hennissenetal.,2017,andref-
erencestherein).

ThedistributionofO.centrocarpuminmodernsurfacesedi-
mentsoftheNorthAtlanticrevealsthathighrelativeabundances
arelinkedtowarmAtlanticWater(e.g.NAC/NwAC),althoughitis
generallyacosmopolitantaxon(e.g.MarretandZonneveld,2003).
InfossilrecordsfromtheArcticandsub-Arctic,O.centrocarpumis
oftenregardedasanindicatorforinterglacialintervalswith
Atlanticwateradvection(e.g.Rochonetal.,1999;Matthiessenetal.,
2001;MatthiessenandKnies,2001;Grøsfjeldetal.,2006).Also
S.mirabilisisanindicatorofwarmtemperatetotemperateenvi-
ronments.Previousstudieshavelinkedthisspeciestointerglacial
optimainthenorthernNorthAtlanticduringMIS5(S�anchezGo~ni
etal.,1999;Eynaudetal.,2004;Penaudetal.,2008;Van
Nieuwenhoveetal.,2008,2011).

Otherenvironmentallysignificantspeciesinourrecordinclude
theRBCandthecystsofPentapharsodiniumdaleiindicatingseaice
andsurfaceoceanstratificationrespectively.TheRBCareagroupof
heterotrophictaxathatstronglyrelatetothetrophicstateofthe
surfacewatersinadditiontotemperatureandsalinity(e.g.de
Vernaletal.,2000).Inenvironmentswithincreasednutrient
availabilitylikefrontalzonesandseaicemargins,RBCandhet-
erotrophicdinocysttaxacommonlyoutnumberotherdinocysts
(e.g.deVernaletal.,2020).Inourrecord,thecystsofP.daleiare
foundincombinationwiththeRBC.IntheArcticandsub-Arctic
oceanshighproportionsofcystsofP.daleiarefoundinstratified
andproductivewatersatadistancefromthemultiyearsea-icezone
(Radietal.,2001;Marretetal.,2004;Solignacetal.,2009)andin
fjordsreceivingaspringfreshetofglaciermeltwater(Dale,2001;
Grøsfjeldetal.,2009).

4.Results

4.1.Chronology

TheagemodelforSite22CC-B(Fig.2)isbasedonaligningour
benthic(C.wuellerstorfi)d18Orecordwiththebenthicd18Oisotopic
recordfromthenearbyCoreMD03-2664(Irvalietal.,2012,2016),
usingAnalySeries(Paillardetal.,1996).Previousstudies(Irvali
etal.,2012,2016;Galaasenetal.,2014)tunedCoreMD03-2664
toMD95-2042ontheIberianMargin(Shackletonetal.,2002,
2003)wheretheMIS5eboundariesaresetbythebenthicisotopic
lowplateauto116.1±0.9kaand128±1kabasedonfossilcoral
reefU-seriesdatesoftheLIGsealevelhighstand(Stirlingetal.,
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ofalltheseionswerebalancedbyexternalcalibration.Instrument
stabilitywascontrolledbyrerunsofexternalstandardsandrepli-
cateanalysesforrandomsamples.Allbiomarkerconcentrations
havebeennormalisedtotheTOC.

TheseaiceproxyIP25(IceProxywith25carbonatoms)isa
moleculeproducedbyarelativelysmallnumberofdiatomsthat
inhabitthebaseofArcticseaice(Brownetal.,2014;Limogesetal.,
2018)andispredominantlyfoundinareascoveredbyseasonalsea
ice(Beltetal.,2007;Xiaoetal.,2015;Kollingetal.,2020;forreview
seeBelt,2018).Inthisstudy,weconsidertheoccurrenceofIP25asa
seaiceindicator.AdifficultywithIP25isthatbothpermanentsea
iceenvironmentsandopenwaterconditionsarecharacterisedby
IP25concentrationsofzero.Underpermanentseaiceconditions,
IP25isabsentduetolimitedlightandnutrientavailabilitywhichare
requiredforthegrowthofseaicephytoplankton.Likewise,inopen
waters,thehabitatfortheicealgaeismissing,andIP25concen-
trationsarezero.Theambiguityofthesignalfrompermanentsea
icevsopenoceanrequiresthatIP25isanalysedincombinationwith
open-waterphytoplanktonbiomarkerslikebrassicasteroland
dinosterol(cf.Mülleretal.,2009,2011).Theseareproducedbya
varietyofphytoplanktongeneralikedinoflagellates,diatomsand
haptophytes(Boonetal.,1979;Robinsonetal.,1984;Volkmanetal.,
1998).AlongsideIP25,severalotherbiomarkersarerelatedtosea
ice.HBIIII(Z)isacommonconstituentofmarinesettings(Belt
etal.,2000)butshowsamoredirectassociationwithMIZpro-
ductivity(Collinsetal.,2013;Beltetal.,2015).HBIIIisproducedby
seaice/land-fastice-dwellingdiatomsintheSouthernOcean(Belt
etal.,2016).Althoughitsoriginandpotentialasanenvironmental
proxyintheNorthernHemisphereisunclear,itisoftenobserved
togetherwithIP25.Thus,Beltetal.(2018)postulatethatHBIII
mightrepresentan“evenbetter”seaiceproxythanIP25oratleast
beausefulsubstituteincaseswhereIP25isabsent.Terrigenous
influencecanbeinferredbysitosterolandcampesterol(Pryce,
1971;HuangandMeinschein,1979).Althoughthesebiomarkers
arefoundinafewmicroalgaespecies,themaincontributorsare
higherlandplants(Volkman,1986;Jaff�eetal.,1995;Rontanietal.,
2014).

3.3.Dinoflagellatecystassemblagesandecologicalsignificance

Atotalof85sampleswereselectedfordinocystassemblage
analysisandpreparedusingastandardpalynologicalpreparation
procedure(e.g.DeSchepperetal.,2017).Toremovethemineral
fraction,coldhydrochloricandhydrofluoricacidwasused.The
palynologicalresiduewassievedovera10mmpolymermesh
beforemountingonslideswithglycerinejelly.OnetabletofLyco-
podiumclavatumspores(batch#140119321,n¼19,855±521
sporespertablet)wasaddedtoeachsamplebeforechemical
treatmenttoallowcalculationofdinocystconcentrationsander-
rorsfollowingStockmarr(1971).Thepalynologicalslideswere
countedat400�magnificationfordinocystassemblageanalyses
untilaminimumof300insitudinocystswereidentified.Ifthe
dinocystconcentrationwastoolowtoreachtheminimum
threshold,theentireslide(ca.20non-overlappingtraverses)was
counted.Weidentified38dinocysttaxaintotal.Themajordinocyst
taxaconsistofBitectatodiniumtepikiense,Operculodiniumcen-
trocarpumsensuWallandDale(1966)(hereafterO.centrocarpum),
NematosphaeropsislabyrinthusandthegroupofRoundBrowncysts
(RBC).BrigantediniumspecimensweregroupedtogetherasRBC
becausefoldingororientationofspecimensoftenlimitedidentifi-
cationtospecieslevel.Spiniferitesspp.includesallSpiniferitescysts
exceptS.elongatusandS.mirabilis.AllImpagidiniumspeciesiden-
tifiedweregroupedtogetherwiththeexceptionofI.pallidum.
ThesegroupedspeciesincludeI.aculeatum,I.sphaericum,I.para-
doxum,I.patulumandI.plicatum.

Thedistributionofdinoflagellatesdependsonphysicaland
chemicalseasurfaceparameterssuchascurrents,temperature,
salinity,irradiance,nutrientsandseaice(e.g.deVernaletal.,2020).
Theirdifferentenvironmentalpreferencesmakethemsuitedfor
surfaceoceanreconstructions.

B.tepikienseislinkedtothesubpolar-temperatetransitioninthe
North-Atlatic(Dale,1996)andalsoenhancedwaterstratification
(Rochonetal.,1999;deVernaletal.,2005;deVernalandMarret,
2007;Hennissenetal.,2014).Thespecieshasahightoleranceto
awiderangeofsalinitiesandtemperaturesanditcanbeobserved
inregionsthatareseasonallycoveredbyseaiceforlessthan4
monthsayear(deVernaletal.,1997).Inmodernsedimentsfrom
theLabradorSeaandNorthAtlantic,B.tepikienserarelyexceeds
>10%oftheassemblage(e.g.deVernaletal.,2005,2020).During
theLastGlacialMaximum,B.tepikiensemakesupmorethan50%of
theassemblageinthenorthernNorthAtlantic(deVernaletal.,
2005).Thus,thespeciesischaracteristicforconditionsdifferent
thanpresentandisnotcommoninwarminterglacialperiods.
N.labyrinthusisanothersubpolar-temperatespecies(Rochonetal.,
1999;MarretandZonneveld,2003)thathasbeenlinkedtoclimate
transitions(i.e.glacialeinterglacial)whenprofoundchangesin
watermasscompositionoccurred(Hennissenetal.,2017,andref-
erencestherein).

ThedistributionofO.centrocarpuminmodernsurfacesedi-
mentsoftheNorthAtlanticrevealsthathighrelativeabundances
arelinkedtowarmAtlanticWater(e.g.NAC/NwAC),althoughitis
generallyacosmopolitantaxon(e.g.MarretandZonneveld,2003).
InfossilrecordsfromtheArcticandsub-Arctic,O.centrocarpumis
oftenregardedasanindicatorforinterglacialintervalswith
Atlanticwateradvection(e.g.Rochonetal.,1999;Matthiessenetal.,
2001;MatthiessenandKnies,2001;Grøsfjeldetal.,2006).Also
S.mirabilisisanindicatorofwarmtemperatetotemperateenvi-
ronments.Previousstudieshavelinkedthisspeciestointerglacial
optimainthenorthernNorthAtlanticduringMIS5(S�anchezGo~ni
etal.,1999;Eynaudetal.,2004;Penaudetal.,2008;Van
Nieuwenhoveetal.,2008,2011).

Otherenvironmentallysignificantspeciesinourrecordinclude
theRBCandthecystsofPentapharsodiniumdaleiindicatingseaice
andsurfaceoceanstratificationrespectively.TheRBCareagroupof
heterotrophictaxathatstronglyrelatetothetrophicstateofthe
surfacewatersinadditiontotemperatureandsalinity(e.g.de
Vernaletal.,2000).Inenvironmentswithincreasednutrient
availabilitylikefrontalzonesandseaicemargins,RBCandhet-
erotrophicdinocysttaxacommonlyoutnumberotherdinocysts
(e.g.deVernaletal.,2020).Inourrecord,thecystsofP.daleiare
foundincombinationwiththeRBC.IntheArcticandsub-Arctic
oceanshighproportionsofcystsofP.daleiarefoundinstratified
andproductivewatersatadistancefromthemultiyearsea-icezone
(Radietal.,2001;Marretetal.,2004;Solignacetal.,2009)andin
fjordsreceivingaspringfreshetofglaciermeltwater(Dale,2001;
Grøsfjeldetal.,2009).

4.Results

4.1.Chronology

TheagemodelforSite22CC-B(Fig.2)isbasedonaligningour
benthic(C.wuellerstorfi)d18Orecordwiththebenthicd18Oisotopic
recordfromthenearbyCoreMD03-2664(Irvalietal.,2012,2016),
usingAnalySeries(Paillardetal.,1996).Previousstudies(Irvali
etal.,2012,2016;Galaasenetal.,2014)tunedCoreMD03-2664
toMD95-2042ontheIberianMargin(Shackletonetal.,2002,
2003)wheretheMIS5eboundariesaresetbythebenthicisotopic
lowplateauto116.1±0.9kaand128±1kabasedonfossilcoral
reefU-seriesdatesoftheLIGsealevelhighstand(Stirlingetal.,
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of all these ions were balanced by external calibration. Instrument
stability was controlled by reruns of external standards and repli-
cate analyses for random samples. All biomarker concentrations
have been normalised to the TOC.

The sea ice proxy IP25 (Ice Proxy with 25 carbon atoms) is a
molecule produced by a relatively small number of diatoms that
inhabit the base of Arctic sea ice (Brown et al., 2014; Limoges et al.,
2018) and is predominantly found in areas covered by seasonal sea
ice (Belt et al., 2007; Xiao et al., 2015; Kolling et al., 2020; for review
see Belt, 2018). In this study, we consider the occurrence of IP25 as a
sea ice indicator. A difficulty with IP25 is that both permanent sea
ice environments and open water conditions are characterised by
IP25 concentrations of zero. Under permanent sea ice conditions,
IP25 is absent due to limited light and nutrient availability which are
required for the growth of sea ice phytoplankton. Likewise, in open
waters, the habitat for the ice algae is missing, and IP25 concen-
trations are zero. The ambiguity of the signal from permanent sea
ice vs open ocean requires that IP25 is analysed in combinationwith
open-water phytoplankton biomarkers like brassicasterol and
dinosterol (cf. Müller et al., 2009, 2011). These are produced by a
variety of phytoplankton genera like dinoflagellates, diatoms and
haptophytes (Boon et al., 1979; Robinson et al., 1984; Volkman et al.,
1998). Alongside IP25, several other biomarkers are related to sea
ice. HBI III (Z) is a common constituent of marine settings (Belt
et al., 2000) but shows a more direct association with MIZ pro-
ductivity (Collins et al., 2013; Belt et al., 2015). HBI II is produced by
sea ice/land-fast ice-dwelling diatoms in the Southern Ocean (Belt
et al., 2016). Although its origin and potential as an environmental
proxy in the Northern Hemisphere is unclear, it is often observed
together with IP25. Thus, Belt et al. (2018) postulate that HBI II
might represent an “even better” sea ice proxy than IP25 or at least
be a useful substitute in cases where IP25 is absent. Terrigenous
influence can be inferred by sitosterol and campesterol (Pryce,
1971; Huang and Meinschein, 1979). Although these biomarkers
are found in a few microalgae species, the main contributors are
higher land plants (Volkman, 1986; Jaff�e et al., 1995; Rontani et al.,
2014).

3.3. Dinoflagellate cyst assemblages and ecological significance

A total of 85 samples were selected for dinocyst assemblage
analysis and prepared using a standard palynological preparation
procedure (e.g. De Schepper et al., 2017). To remove the mineral
fraction, cold hydrochloric and hydrofluoric acid was used. The
palynological residue was sieved over a 10 mm polymer mesh
before mounting on slides with glycerine jelly. One tablet of Lyco-
podium clavatum spores (batch #140119321, n ¼ 19,855 ± 521
spores per tablet) was added to each sample before chemical
treatment to allow calculation of dinocyst concentrations and er-
rors following Stockmarr (1971). The palynological slides were
counted at 400� magnification for dinocyst assemblage analyses
until a minimum of 300 in situ dinocysts were identified. If the
dinocyst concentration was too low to reach the minimum
threshold, the entire slide (ca. 20 non-overlapping traverses) was
counted. We identified 38 dinocyst taxa in total. The major dinocyst
taxa consist of Bitectatodinium tepikiense, Operculodinium cen-
trocarpum sensu Wall and Dale (1966) (hereafter O. centrocarpum),
Nematosphaeropsis labyrinthus and the group of Round Brown cysts
(RBC). Brigantedinium specimens were grouped together as RBC
because folding or orientation of specimens often limited identifi-
cation to species level. Spiniferites spp. includes all Spiniferites cysts
except S. elongatus and S. mirabilis. All Impagidinium species iden-
tified were grouped together with the exception of I. pallidum.
These grouped species include I. aculeatum, I. sphaericum, I. para-
doxum, I. patulum and I. plicatum.

The distribution of dinoflagellates depends on physical and
chemical sea surface parameters such as currents, temperature,
salinity, irradiance, nutrients and sea ice (e.g. de Vernal et al., 2020).
Their different environmental preferences make them suited for
surface ocean reconstructions.

B. tepikiense is linked to the subpolar-temperate transition in the
North-Atlatic (Dale, 1996) and also enhanced water stratification
(Rochon et al., 1999; de Vernal et al., 2005; de Vernal and Marret,
2007; Hennissen et al., 2014). The species has a high tolerance to
a wide range of salinities and temperatures and it can be observed
in regions that are seasonally covered by sea ice for less than 4
months a year (de Vernal et al., 1997). In modern sediments from
the Labrador Sea and North Atlantic, B. tepikiense rarely exceeds
>10% of the assemblage (e.g. de Vernal et al., 2005, 2020). During
the Last Glacial Maximum, B. tepikiensemakes up more than 50% of
the assemblage in the northern North Atlantic (de Vernal et al.,
2005). Thus, the species is characteristic for conditions different
than present and is not common in warm interglacial periods.
N. labyrinthus is another subpolar-temperate species (Rochon et al.,
1999; Marret and Zonneveld, 2003) that has been linked to climate
transitions (i.e. glacialeinterglacial) when profound changes in
water mass composition occurred (Hennissen et al., 2017, and ref-
erences therein).

The distribution of O. centrocarpum in modern surface sedi-
ments of the North Atlantic reveals that high relative abundances
are linked to warm Atlantic Water (e.g. NAC/NwAC), although it is
generally a cosmopolitan taxon (e.g. Marret and Zonneveld, 2003).
In fossil records from the Arctic and sub-Arctic, O. centrocarpum is
often regarded as an indicator for interglacial intervals with
Atlantic water advection (e.g. Rochon et al., 1999; Matthiessen et al.,
2001; Matthiessen and Knies, 2001; Grøsfjeld et al., 2006). Also
S. mirabilis is an indicator of warm temperate to temperate envi-
ronments. Previous studies have linked this species to interglacial
optima in the northern North Atlantic during MIS 5 (S�anchez Go~ni
et al., 1999; Eynaud et al., 2004; Penaud et al., 2008; Van
Nieuwenhove et al., 2008, 2011).

Other environmentally significant species in our record include
the RBC and the cysts of Pentapharsodinium dalei indicating sea ice
and surface ocean stratification respectively. The RBC are a group of
heterotrophic taxa that strongly relate to the trophic state of the
surface waters in addition to temperature and salinity (e.g. de
Vernal et al., 2000). In environments with increased nutrient
availability like frontal zones and sea ice margins, RBC and het-
erotrophic dinocyst taxa commonly outnumber other dinocysts
(e.g. de Vernal et al., 2020). In our record, the cysts of P. dalei are
found in combination with the RBC. In the Arctic and sub-Arctic
oceans high proportions of cysts of P. dalei are found in stratified
and productivewaters at a distance from themultiyear sea-ice zone
(Radi et al., 2001; Marret et al., 2004; Solignac et al., 2009) and in
fjords receiving a spring freshet of glacier meltwater (Dale, 2001;
Grøsfjeld et al., 2009).

4. Results

4.1. Chronology

The age model for Site 22CC-B (Fig. 2) is based on aligning our
benthic (C. wuellerstorfi) d18O record with the benthic d18O isotopic
record from the nearby Core MD03-2664 (Irvali et al., 2012, 2016),
using AnalySeries (Paillard et al., 1996). Previous studies (Irvali
et al., 2012, 2016; Galaasen et al., 2014) tuned Core MD03-2664
to MD95-2042 on the Iberian Margin (Shackleton et al., 2002,
2003) where the MIS 5e boundaries are set by the benthic isotopic
low plateau to 116.1 ± 0.9 ka and 128 ± 1 ka based on fossil coral
reef U-series dates of the LIG sea level high stand (Stirling et al.,
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of all these ions were balanced by external calibration. Instrument
stability was controlled by reruns of external standards and repli-
cate analyses for random samples. All biomarker concentrations
have been normalised to the TOC.

The sea ice proxy IP25 (Ice Proxy with 25 carbon atoms) is a
molecule produced by a relatively small number of diatoms that
inhabit the base of Arctic sea ice (Brown et al., 2014; Limoges et al.,
2018) and is predominantly found in areas covered by seasonal sea
ice (Belt et al., 2007; Xiao et al., 2015; Kolling et al., 2020; for review
see Belt, 2018). In this study, we consider the occurrence of IP25 as a
sea ice indicator. A difficulty with IP25 is that both permanent sea
ice environments and open water conditions are characterised by
IP25 concentrations of zero. Under permanent sea ice conditions,
IP25 is absent due to limited light and nutrient availability which are
required for the growth of sea ice phytoplankton. Likewise, in open
waters, the habitat for the ice algae is missing, and IP25 concen-
trations are zero. The ambiguity of the signal from permanent sea
ice vs open ocean requires that IP25 is analysed in combinationwith
open-water phytoplankton biomarkers like brassicasterol and
dinosterol (cf. Müller et al., 2009, 2011). These are produced by a
variety of phytoplankton genera like dinoflagellates, diatoms and
haptophytes (Boon et al., 1979; Robinson et al., 1984; Volkman et al.,
1998). Alongside IP25, several other biomarkers are related to sea
ice. HBI III (Z) is a common constituent of marine settings (Belt
et al., 2000) but shows a more direct association with MIZ pro-
ductivity (Collins et al., 2013; Belt et al., 2015). HBI II is produced by
sea ice/land-fast ice-dwelling diatoms in the Southern Ocean (Belt
et al., 2016). Although its origin and potential as an environmental
proxy in the Northern Hemisphere is unclear, it is often observed
together with IP25. Thus, Belt et al. (2018) postulate that HBI II
might represent an “even better” sea ice proxy than IP25 or at least
be a useful substitute in cases where IP25 is absent. Terrigenous
influence can be inferred by sitosterol and campesterol (Pryce,
1971; Huang and Meinschein, 1979). Although these biomarkers
are found in a few microalgae species, the main contributors are
higher land plants (Volkman, 1986; Jaff�e et al., 1995; Rontani et al.,
2014).

3.3. Dinoflagellate cyst assemblages and ecological significance

A total of 85 samples were selected for dinocyst assemblage
analysis and prepared using a standard palynological preparation
procedure (e.g. De Schepper et al., 2017). To remove the mineral
fraction, cold hydrochloric and hydrofluoric acid was used. The
palynological residue was sieved over a 10 mm polymer mesh
before mounting on slides with glycerine jelly. One tablet of Lyco-
podium clavatum spores (batch #140119321, n ¼ 19,855 ± 521
spores per tablet) was added to each sample before chemical
treatment to allow calculation of dinocyst concentrations and er-
rors following Stockmarr (1971). The palynological slides were
counted at 400� magnification for dinocyst assemblage analyses
until a minimum of 300 in situ dinocysts were identified. If the
dinocyst concentration was too low to reach the minimum
threshold, the entire slide (ca. 20 non-overlapping traverses) was
counted. We identified 38 dinocyst taxa in total. The major dinocyst
taxa consist of Bitectatodinium tepikiense, Operculodinium cen-
trocarpum sensu Wall and Dale (1966) (hereafter O. centrocarpum),
Nematosphaeropsis labyrinthus and the group of Round Brown cysts
(RBC). Brigantedinium specimens were grouped together as RBC
because folding or orientation of specimens often limited identifi-
cation to species level. Spiniferites spp. includes all Spiniferites cysts
except S. elongatus and S. mirabilis. All Impagidinium species iden-
tified were grouped together with the exception of I. pallidum.
These grouped species include I. aculeatum, I. sphaericum, I. para-
doxum, I. patulum and I. plicatum.

The distribution of dinoflagellates depends on physical and
chemical sea surface parameters such as currents, temperature,
salinity, irradiance, nutrients and sea ice (e.g. de Vernal et al., 2020).
Their different environmental preferences make them suited for
surface ocean reconstructions.

B. tepikiense is linked to the subpolar-temperate transition in the
North-Atlatic (Dale, 1996) and also enhanced water stratification
(Rochon et al., 1999; de Vernal et al., 2005; de Vernal and Marret,
2007; Hennissen et al., 2014). The species has a high tolerance to
a wide range of salinities and temperatures and it can be observed
in regions that are seasonally covered by sea ice for less than 4
months a year (de Vernal et al., 1997). In modern sediments from
the Labrador Sea and North Atlantic, B. tepikiense rarely exceeds
>10% of the assemblage (e.g. de Vernal et al., 2005, 2020). During
the Last Glacial Maximum, B. tepikiensemakes up more than 50% of
the assemblage in the northern North Atlantic (de Vernal et al.,
2005). Thus, the species is characteristic for conditions different
than present and is not common in warm interglacial periods.
N. labyrinthus is another subpolar-temperate species (Rochon et al.,
1999; Marret and Zonneveld, 2003) that has been linked to climate
transitions (i.e. glacialeinterglacial) when profound changes in
water mass composition occurred (Hennissen et al., 2017, and ref-
erences therein).

The distribution of O. centrocarpum in modern surface sedi-
ments of the North Atlantic reveals that high relative abundances
are linked to warm Atlantic Water (e.g. NAC/NwAC), although it is
generally a cosmopolitan taxon (e.g. Marret and Zonneveld, 2003).
In fossil records from the Arctic and sub-Arctic, O. centrocarpum is
often regarded as an indicator for interglacial intervals with
Atlantic water advection (e.g. Rochon et al., 1999; Matthiessen et al.,
2001; Matthiessen and Knies, 2001; Grøsfjeld et al., 2006). Also
S. mirabilis is an indicator of warm temperate to temperate envi-
ronments. Previous studies have linked this species to interglacial
optima in the northern North Atlantic during MIS 5 (S�anchez Go~ni
et al., 1999; Eynaud et al., 2004; Penaud et al., 2008; Van
Nieuwenhove et al., 2008, 2011).

Other environmentally significant species in our record include
the RBC and the cysts of Pentapharsodinium dalei indicating sea ice
and surface ocean stratification respectively. The RBC are a group of
heterotrophic taxa that strongly relate to the trophic state of the
surface waters in addition to temperature and salinity (e.g. de
Vernal et al., 2000). In environments with increased nutrient
availability like frontal zones and sea ice margins, RBC and het-
erotrophic dinocyst taxa commonly outnumber other dinocysts
(e.g. de Vernal et al., 2020). In our record, the cysts of P. dalei are
found in combination with the RBC. In the Arctic and sub-Arctic
oceans high proportions of cysts of P. dalei are found in stratified
and productivewaters at a distance from themultiyear sea-ice zone
(Radi et al., 2001; Marret et al., 2004; Solignac et al., 2009) and in
fjords receiving a spring freshet of glacier meltwater (Dale, 2001;
Grøsfjeld et al., 2009).

4. Results

4.1. Chronology

The age model for Site 22CC-B (Fig. 2) is based on aligning our
benthic (C. wuellerstorfi) d18O record with the benthic d18O isotopic
record from the nearby Core MD03-2664 (Irvali et al., 2012, 2016),
using AnalySeries (Paillard et al., 1996). Previous studies (Irvali
et al., 2012, 2016; Galaasen et al., 2014) tuned Core MD03-2664
to MD95-2042 on the Iberian Margin (Shackleton et al., 2002,
2003) where the MIS 5e boundaries are set by the benthic isotopic
low plateau to 116.1 ± 0.9 ka and 128 ± 1 ka based on fossil coral
reef U-series dates of the LIG sea level high stand (Stirling et al.,
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ofalltheseionswerebalancedbyexternalcalibration.Instrument
stabilitywascontrolledbyrerunsofexternalstandardsandrepli-
cateanalysesforrandomsamples.Allbiomarkerconcentrations
havebeennormalisedtotheTOC.

TheseaiceproxyIP25(IceProxywith25carbonatoms)isa
moleculeproducedbyarelativelysmallnumberofdiatomsthat
inhabitthebaseofArcticseaice(Brownetal.,2014;Limogesetal.,
2018)andispredominantlyfoundinareascoveredbyseasonalsea
ice(Beltetal.,2007;Xiaoetal.,2015;Kollingetal.,2020;forreview
seeBelt,2018).Inthisstudy,weconsidertheoccurrenceofIP25asa
seaiceindicator.AdifficultywithIP25isthatbothpermanentsea
iceenvironmentsandopenwaterconditionsarecharacterisedby
IP25concentrationsofzero.Underpermanentseaiceconditions,
IP25isabsentduetolimitedlightandnutrientavailabilitywhichare
requiredforthegrowthofseaicephytoplankton.Likewise,inopen
waters,thehabitatfortheicealgaeismissing,andIP25concen-
trationsarezero.Theambiguityofthesignalfrompermanentsea
icevsopenoceanrequiresthatIP25isanalysedincombinationwith
open-waterphytoplanktonbiomarkerslikebrassicasteroland
dinosterol(cf.Mülleretal.,2009,2011).Theseareproducedbya
varietyofphytoplanktongeneralikedinoflagellates,diatomsand
haptophytes(Boonetal.,1979;Robinsonetal.,1984;Volkmanetal.,
1998).AlongsideIP25,severalotherbiomarkersarerelatedtosea
ice.HBIIII(Z)isacommonconstituentofmarinesettings(Belt
etal.,2000)butshowsamoredirectassociationwithMIZpro-
ductivity(Collinsetal.,2013;Beltetal.,2015).HBIIIisproducedby
seaice/land-fastice-dwellingdiatomsintheSouthernOcean(Belt
etal.,2016).Althoughitsoriginandpotentialasanenvironmental
proxyintheNorthernHemisphereisunclear,itisoftenobserved
togetherwithIP25.Thus,Beltetal.(2018)postulatethatHBIII
mightrepresentan“evenbetter”seaiceproxythanIP25oratleast
beausefulsubstituteincaseswhereIP25isabsent.Terrigenous
influencecanbeinferredbysitosterolandcampesterol(Pryce,
1971;HuangandMeinschein,1979).Althoughthesebiomarkers
arefoundinafewmicroalgaespecies,themaincontributorsare
higherlandplants(Volkman,1986;Jaff�eetal.,1995;Rontanietal.,
2014).

3.3.Dinoflagellatecystassemblagesandecologicalsignificance

Atotalof85sampleswereselectedfordinocystassemblage
analysisandpreparedusingastandardpalynologicalpreparation
procedure(e.g.DeSchepperetal.,2017).Toremovethemineral
fraction,coldhydrochloricandhydrofluoricacidwasused.The
palynologicalresiduewassievedovera10mmpolymermesh
beforemountingonslideswithglycerinejelly.OnetabletofLyco-
podiumclavatumspores(batch#140119321,n¼19,855±521
sporespertablet)wasaddedtoeachsamplebeforechemical
treatmenttoallowcalculationofdinocystconcentrationsander-
rorsfollowingStockmarr(1971).Thepalynologicalslideswere
countedat400�magnificationfordinocystassemblageanalyses
untilaminimumof300insitudinocystswereidentified.Ifthe
dinocystconcentrationwastoolowtoreachtheminimum
threshold,theentireslide(ca.20non-overlappingtraverses)was
counted.Weidentified38dinocysttaxaintotal.Themajordinocyst
taxaconsistofBitectatodiniumtepikiense,Operculodiniumcen-
trocarpumsensuWallandDale(1966)(hereafterO.centrocarpum),
NematosphaeropsislabyrinthusandthegroupofRoundBrowncysts
(RBC).BrigantediniumspecimensweregroupedtogetherasRBC
becausefoldingororientationofspecimensoftenlimitedidentifi-
cationtospecieslevel.Spiniferitesspp.includesallSpiniferitescysts
exceptS.elongatusandS.mirabilis.AllImpagidiniumspeciesiden-
tifiedweregroupedtogetherwiththeexceptionofI.pallidum.
ThesegroupedspeciesincludeI.aculeatum,I.sphaericum,I.para-
doxum,I.patulumandI.plicatum.

Thedistributionofdinoflagellatesdependsonphysicaland
chemicalseasurfaceparameterssuchascurrents,temperature,
salinity,irradiance,nutrientsandseaice(e.g.deVernaletal.,2020).
Theirdifferentenvironmentalpreferencesmakethemsuitedfor
surfaceoceanreconstructions.

B.tepikienseislinkedtothesubpolar-temperatetransitioninthe
North-Atlatic(Dale,1996)andalsoenhancedwaterstratification
(Rochonetal.,1999;deVernaletal.,2005;deVernalandMarret,
2007;Hennissenetal.,2014).Thespecieshasahightoleranceto
awiderangeofsalinitiesandtemperaturesanditcanbeobserved
inregionsthatareseasonallycoveredbyseaiceforlessthan4
monthsayear(deVernaletal.,1997).Inmodernsedimentsfrom
theLabradorSeaandNorthAtlantic,B.tepikienserarelyexceeds
>10%oftheassemblage(e.g.deVernaletal.,2005,2020).During
theLastGlacialMaximum,B.tepikiensemakesupmorethan50%of
theassemblageinthenorthernNorthAtlantic(deVernaletal.,
2005).Thus,thespeciesischaracteristicforconditionsdifferent
thanpresentandisnotcommoninwarminterglacialperiods.
N.labyrinthusisanothersubpolar-temperatespecies(Rochonetal.,
1999;MarretandZonneveld,2003)thathasbeenlinkedtoclimate
transitions(i.e.glacialeinterglacial)whenprofoundchangesin
watermasscompositionoccurred(Hennissenetal.,2017,andref-
erencestherein).

ThedistributionofO.centrocarpuminmodernsurfacesedi-
mentsoftheNorthAtlanticrevealsthathighrelativeabundances
arelinkedtowarmAtlanticWater(e.g.NAC/NwAC),althoughitis
generallyacosmopolitantaxon(e.g.MarretandZonneveld,2003).
InfossilrecordsfromtheArcticandsub-Arctic,O.centrocarpumis
oftenregardedasanindicatorforinterglacialintervalswith
Atlanticwateradvection(e.g.Rochonetal.,1999;Matthiessenetal.,
2001;MatthiessenandKnies,2001;Grøsfjeldetal.,2006).Also
S.mirabilisisanindicatorofwarmtemperatetotemperateenvi-
ronments.Previousstudieshavelinkedthisspeciestointerglacial
optimainthenorthernNorthAtlanticduringMIS5(S�anchezGo~ni
etal.,1999;Eynaudetal.,2004;Penaudetal.,2008;Van
Nieuwenhoveetal.,2008,2011).

Otherenvironmentallysignificantspeciesinourrecordinclude
theRBCandthecystsofPentapharsodiniumdaleiindicatingseaice
andsurfaceoceanstratificationrespectively.TheRBCareagroupof
heterotrophictaxathatstronglyrelatetothetrophicstateofthe
surfacewatersinadditiontotemperatureandsalinity(e.g.de
Vernaletal.,2000).Inenvironmentswithincreasednutrient
availabilitylikefrontalzonesandseaicemargins,RBCandhet-
erotrophicdinocysttaxacommonlyoutnumberotherdinocysts
(e.g.deVernaletal.,2020).Inourrecord,thecystsofP.daleiare
foundincombinationwiththeRBC.IntheArcticandsub-Arctic
oceanshighproportionsofcystsofP.daleiarefoundinstratified
andproductivewatersatadistancefromthemultiyearsea-icezone
(Radietal.,2001;Marretetal.,2004;Solignacetal.,2009)andin
fjordsreceivingaspringfreshetofglaciermeltwater(Dale,2001;
Grøsfjeldetal.,2009).

4.Results

4.1.Chronology

TheagemodelforSite22CC-B(Fig.2)isbasedonaligningour
benthic(C.wuellerstorfi)d18Orecordwiththebenthicd18Oisotopic
recordfromthenearbyCoreMD03-2664(Irvalietal.,2012,2016),
usingAnalySeries(Paillardetal.,1996).Previousstudies(Irvali
etal.,2012,2016;Galaasenetal.,2014)tunedCoreMD03-2664
toMD95-2042ontheIberianMargin(Shackletonetal.,2002,
2003)wheretheMIS5eboundariesaresetbythebenthicisotopic
lowplateauto116.1±0.9kaand128±1kabasedonfossilcoral
reefU-seriesdatesoftheLIGsealevelhighstand(Stirlingetal.,
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ofalltheseionswerebalancedbyexternalcalibration.Instrument
stabilitywascontrolledbyrerunsofexternalstandardsandrepli-
cateanalysesforrandomsamples.Allbiomarkerconcentrations
havebeennormalisedtotheTOC.

TheseaiceproxyIP25(IceProxywith25carbonatoms)isa
moleculeproducedbyarelativelysmallnumberofdiatomsthat
inhabitthebaseofArcticseaice(Brownetal.,2014;Limogesetal.,
2018)andispredominantlyfoundinareascoveredbyseasonalsea
ice(Beltetal.,2007;Xiaoetal.,2015;Kollingetal.,2020;forreview
seeBelt,2018).Inthisstudy,weconsidertheoccurrenceofIP25asa
seaiceindicator.AdifficultywithIP25isthatbothpermanentsea
iceenvironmentsandopenwaterconditionsarecharacterisedby
IP25concentrationsofzero.Underpermanentseaiceconditions,
IP25isabsentduetolimitedlightandnutrientavailabilitywhichare
requiredforthegrowthofseaicephytoplankton.Likewise,inopen
waters,thehabitatfortheicealgaeismissing,andIP25concen-
trationsarezero.Theambiguityofthesignalfrompermanentsea
icevsopenoceanrequiresthatIP25isanalysedincombinationwith
open-waterphytoplanktonbiomarkerslikebrassicasteroland
dinosterol(cf.Mülleretal.,2009,2011).Theseareproducedbya
varietyofphytoplanktongeneralikedinoflagellates,diatomsand
haptophytes(Boonetal.,1979;Robinsonetal.,1984;Volkmanetal.,
1998).AlongsideIP25,severalotherbiomarkersarerelatedtosea
ice.HBIIII(Z)isacommonconstituentofmarinesettings(Belt
etal.,2000)butshowsamoredirectassociationwithMIZpro-
ductivity(Collinsetal.,2013;Beltetal.,2015).HBIIIisproducedby
seaice/land-fastice-dwellingdiatomsintheSouthernOcean(Belt
etal.,2016).Althoughitsoriginandpotentialasanenvironmental
proxyintheNorthernHemisphereisunclear,itisoftenobserved
togetherwithIP25.Thus,Beltetal.(2018)postulatethatHBIII
mightrepresentan“evenbetter”seaiceproxythanIP25oratleast
beausefulsubstituteincaseswhereIP25isabsent.Terrigenous
influencecanbeinferredbysitosterolandcampesterol(Pryce,
1971;HuangandMeinschein,1979).Althoughthesebiomarkers
arefoundinafewmicroalgaespecies,themaincontributorsare
higherlandplants(Volkman,1986;Jaff�eetal.,1995;Rontanietal.,
2014).

3.3.Dinoflagellatecystassemblagesandecologicalsignificance

Atotalof85sampleswereselectedfordinocystassemblage
analysisandpreparedusingastandardpalynologicalpreparation
procedure(e.g.DeSchepperetal.,2017).Toremovethemineral
fraction,coldhydrochloricandhydrofluoricacidwasused.The
palynologicalresiduewassievedovera10mmpolymermesh
beforemountingonslideswithglycerinejelly.OnetabletofLyco-
podiumclavatumspores(batch#140119321,n¼19,855±521
sporespertablet)wasaddedtoeachsamplebeforechemical
treatmenttoallowcalculationofdinocystconcentrationsander-
rorsfollowingStockmarr(1971).Thepalynologicalslideswere
countedat400�magnificationfordinocystassemblageanalyses
untilaminimumof300insitudinocystswereidentified.Ifthe
dinocystconcentrationwastoolowtoreachtheminimum
threshold,theentireslide(ca.20non-overlappingtraverses)was
counted.Weidentified38dinocysttaxaintotal.Themajordinocyst
taxaconsistofBitectatodiniumtepikiense,Operculodiniumcen-
trocarpumsensuWallandDale(1966)(hereafterO.centrocarpum),
NematosphaeropsislabyrinthusandthegroupofRoundBrowncysts
(RBC).BrigantediniumspecimensweregroupedtogetherasRBC
becausefoldingororientationofspecimensoftenlimitedidentifi-
cationtospecieslevel.Spiniferitesspp.includesallSpiniferitescysts
exceptS.elongatusandS.mirabilis.AllImpagidiniumspeciesiden-
tifiedweregroupedtogetherwiththeexceptionofI.pallidum.
ThesegroupedspeciesincludeI.aculeatum,I.sphaericum,I.para-
doxum,I.patulumandI.plicatum.

Thedistributionofdinoflagellatesdependsonphysicaland
chemicalseasurfaceparameterssuchascurrents,temperature,
salinity,irradiance,nutrientsandseaice(e.g.deVernaletal.,2020).
Theirdifferentenvironmentalpreferencesmakethemsuitedfor
surfaceoceanreconstructions.

B.tepikienseislinkedtothesubpolar-temperatetransitioninthe
North-Atlatic(Dale,1996)andalsoenhancedwaterstratification
(Rochonetal.,1999;deVernaletal.,2005;deVernalandMarret,
2007;Hennissenetal.,2014).Thespecieshasahightoleranceto
awiderangeofsalinitiesandtemperaturesanditcanbeobserved
inregionsthatareseasonallycoveredbyseaiceforlessthan4
monthsayear(deVernaletal.,1997).Inmodernsedimentsfrom
theLabradorSeaandNorthAtlantic,B.tepikienserarelyexceeds
>10%oftheassemblage(e.g.deVernaletal.,2005,2020).During
theLastGlacialMaximum,B.tepikiensemakesupmorethan50%of
theassemblageinthenorthernNorthAtlantic(deVernaletal.,
2005).Thus,thespeciesischaracteristicforconditionsdifferent
thanpresentandisnotcommoninwarminterglacialperiods.
N.labyrinthusisanothersubpolar-temperatespecies(Rochonetal.,
1999;MarretandZonneveld,2003)thathasbeenlinkedtoclimate
transitions(i.e.glacialeinterglacial)whenprofoundchangesin
watermasscompositionoccurred(Hennissenetal.,2017,andref-
erencestherein).

ThedistributionofO.centrocarpuminmodernsurfacesedi-
mentsoftheNorthAtlanticrevealsthathighrelativeabundances
arelinkedtowarmAtlanticWater(e.g.NAC/NwAC),althoughitis
generallyacosmopolitantaxon(e.g.MarretandZonneveld,2003).
InfossilrecordsfromtheArcticandsub-Arctic,O.centrocarpumis
oftenregardedasanindicatorforinterglacialintervalswith
Atlanticwateradvection(e.g.Rochonetal.,1999;Matthiessenetal.,
2001;MatthiessenandKnies,2001;Grøsfjeldetal.,2006).Also
S.mirabilisisanindicatorofwarmtemperatetotemperateenvi-
ronments.Previousstudieshavelinkedthisspeciestointerglacial
optimainthenorthernNorthAtlanticduringMIS5(S�anchezGo~ni
etal.,1999;Eynaudetal.,2004;Penaudetal.,2008;Van
Nieuwenhoveetal.,2008,2011).

Otherenvironmentallysignificantspeciesinourrecordinclude
theRBCandthecystsofPentapharsodiniumdaleiindicatingseaice
andsurfaceoceanstratificationrespectively.TheRBCareagroupof
heterotrophictaxathatstronglyrelatetothetrophicstateofthe
surfacewatersinadditiontotemperatureandsalinity(e.g.de
Vernaletal.,2000).Inenvironmentswithincreasednutrient
availabilitylikefrontalzonesandseaicemargins,RBCandhet-
erotrophicdinocysttaxacommonlyoutnumberotherdinocysts
(e.g.deVernaletal.,2020).Inourrecord,thecystsofP.daleiare
foundincombinationwiththeRBC.IntheArcticandsub-Arctic
oceanshighproportionsofcystsofP.daleiarefoundinstratified
andproductivewatersatadistancefromthemultiyearsea-icezone
(Radietal.,2001;Marretetal.,2004;Solignacetal.,2009)andin
fjordsreceivingaspringfreshetofglaciermeltwater(Dale,2001;
Grøsfjeldetal.,2009).

4.Results

4.1.Chronology

TheagemodelforSite22CC-B(Fig.2)isbasedonaligningour
benthic(C.wuellerstorfi)d18Orecordwiththebenthicd18Oisotopic
recordfromthenearbyCoreMD03-2664(Irvalietal.,2012,2016),
usingAnalySeries(Paillardetal.,1996).Previousstudies(Irvali
etal.,2012,2016;Galaasenetal.,2014)tunedCoreMD03-2664
toMD95-2042ontheIberianMargin(Shackletonetal.,2002,
2003)wheretheMIS5eboundariesaresetbythebenthicisotopic
lowplateauto116.1±0.9kaand128±1kabasedonfossilcoral
reefU-seriesdatesoftheLIGsealevelhighstand(Stirlingetal.,
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ofalltheseionswerebalancedbyexternalcalibration.Instrument
stabilitywascontrolledbyrerunsofexternalstandardsandrepli-
cateanalysesforrandomsamples.Allbiomarkerconcentrations
havebeennormalisedtotheTOC.

TheseaiceproxyIP25(IceProxywith25carbonatoms)isa
moleculeproducedbyarelativelysmallnumberofdiatomsthat
inhabitthebaseofArcticseaice(Brownetal.,2014;Limogesetal.,
2018)andispredominantlyfoundinareascoveredbyseasonalsea
ice(Beltetal.,2007;Xiaoetal.,2015;Kollingetal.,2020;forreview
seeBelt,2018).Inthisstudy,weconsidertheoccurrenceofIP25asa
seaiceindicator.AdifficultywithIP25isthatbothpermanentsea
iceenvironmentsandopenwaterconditionsarecharacterisedby
IP25concentrationsofzero.Underpermanentseaiceconditions,
IP25isabsentduetolimitedlightandnutrientavailabilitywhichare
requiredforthegrowthofseaicephytoplankton.Likewise,inopen
waters,thehabitatfortheicealgaeismissing,andIP25concen-
trationsarezero.Theambiguityofthesignalfrompermanentsea
icevsopenoceanrequiresthatIP25isanalysedincombinationwith
open-waterphytoplanktonbiomarkerslikebrassicasteroland
dinosterol(cf.Mülleretal.,2009,2011).Theseareproducedbya
varietyofphytoplanktongeneralikedinoflagellates,diatomsand
haptophytes(Boonetal.,1979;Robinsonetal.,1984;Volkmanetal.,
1998).AlongsideIP25,severalotherbiomarkersarerelatedtosea
ice.HBIIII(Z)isacommonconstituentofmarinesettings(Belt
etal.,2000)butshowsamoredirectassociationwithMIZpro-
ductivity(Collinsetal.,2013;Beltetal.,2015).HBIIIisproducedby
seaice/land-fastice-dwellingdiatomsintheSouthernOcean(Belt
etal.,2016).Althoughitsoriginandpotentialasanenvironmental
proxyintheNorthernHemisphereisunclear,itisoftenobserved
togetherwithIP25.Thus,Beltetal.(2018)postulatethatHBIII
mightrepresentan“evenbetter”seaiceproxythanIP25oratleast
beausefulsubstituteincaseswhereIP25isabsent.Terrigenous
influencecanbeinferredbysitosterolandcampesterol(Pryce,
1971;HuangandMeinschein,1979).Althoughthesebiomarkers
arefoundinafewmicroalgaespecies,themaincontributorsare
higherlandplants(Volkman,1986;Jaff�eetal.,1995;Rontanietal.,
2014).

3.3.Dinoflagellatecystassemblagesandecologicalsignificance

Atotalof85sampleswereselectedfordinocystassemblage
analysisandpreparedusingastandardpalynologicalpreparation
procedure(e.g.DeSchepperetal.,2017).Toremovethemineral
fraction,coldhydrochloricandhydrofluoricacidwasused.The
palynologicalresiduewassievedovera10mmpolymermesh
beforemountingonslideswithglycerinejelly.OnetabletofLyco-
podiumclavatumspores(batch#140119321,n¼19,855±521
sporespertablet)wasaddedtoeachsamplebeforechemical
treatmenttoallowcalculationofdinocystconcentrationsander-
rorsfollowingStockmarr(1971).Thepalynologicalslideswere
countedat400�magnificationfordinocystassemblageanalyses
untilaminimumof300insitudinocystswereidentified.Ifthe
dinocystconcentrationwastoolowtoreachtheminimum
threshold,theentireslide(ca.20non-overlappingtraverses)was
counted.Weidentified38dinocysttaxaintotal.Themajordinocyst
taxaconsistofBitectatodiniumtepikiense,Operculodiniumcen-
trocarpumsensuWallandDale(1966)(hereafterO.centrocarpum),
NematosphaeropsislabyrinthusandthegroupofRoundBrowncysts
(RBC).BrigantediniumspecimensweregroupedtogetherasRBC
becausefoldingororientationofspecimensoftenlimitedidentifi-
cationtospecieslevel.Spiniferitesspp.includesallSpiniferitescysts
exceptS.elongatusandS.mirabilis.AllImpagidiniumspeciesiden-
tifiedweregroupedtogetherwiththeexceptionofI.pallidum.
ThesegroupedspeciesincludeI.aculeatum,I.sphaericum,I.para-
doxum,I.patulumandI.plicatum.

Thedistributionofdinoflagellatesdependsonphysicaland
chemicalseasurfaceparameterssuchascurrents,temperature,
salinity,irradiance,nutrientsandseaice(e.g.deVernaletal.,2020).
Theirdifferentenvironmentalpreferencesmakethemsuitedfor
surfaceoceanreconstructions.

B.tepikienseislinkedtothesubpolar-temperatetransitioninthe
North-Atlatic(Dale,1996)andalsoenhancedwaterstratification
(Rochonetal.,1999;deVernaletal.,2005;deVernalandMarret,
2007;Hennissenetal.,2014).Thespecieshasahightoleranceto
awiderangeofsalinitiesandtemperaturesanditcanbeobserved
inregionsthatareseasonallycoveredbyseaiceforlessthan4
monthsayear(deVernaletal.,1997).Inmodernsedimentsfrom
theLabradorSeaandNorthAtlantic,B.tepikienserarelyexceeds
>10%oftheassemblage(e.g.deVernaletal.,2005,2020).During
theLastGlacialMaximum,B.tepikiensemakesupmorethan50%of
theassemblageinthenorthernNorthAtlantic(deVernaletal.,
2005).Thus,thespeciesischaracteristicforconditionsdifferent
thanpresentandisnotcommoninwarminterglacialperiods.
N.labyrinthusisanothersubpolar-temperatespecies(Rochonetal.,
1999;MarretandZonneveld,2003)thathasbeenlinkedtoclimate
transitions(i.e.glacialeinterglacial)whenprofoundchangesin
watermasscompositionoccurred(Hennissenetal.,2017,andref-
erencestherein).

ThedistributionofO.centrocarpuminmodernsurfacesedi-
mentsoftheNorthAtlanticrevealsthathighrelativeabundances
arelinkedtowarmAtlanticWater(e.g.NAC/NwAC),althoughitis
generallyacosmopolitantaxon(e.g.MarretandZonneveld,2003).
InfossilrecordsfromtheArcticandsub-Arctic,O.centrocarpumis
oftenregardedasanindicatorforinterglacialintervalswith
Atlanticwateradvection(e.g.Rochonetal.,1999;Matthiessenetal.,
2001;MatthiessenandKnies,2001;Grøsfjeldetal.,2006).Also
S.mirabilisisanindicatorofwarmtemperatetotemperateenvi-
ronments.Previousstudieshavelinkedthisspeciestointerglacial
optimainthenorthernNorthAtlanticduringMIS5(S�anchezGo~ni
etal.,1999;Eynaudetal.,2004;Penaudetal.,2008;Van
Nieuwenhoveetal.,2008,2011).

Otherenvironmentallysignificantspeciesinourrecordinclude
theRBCandthecystsofPentapharsodiniumdaleiindicatingseaice
andsurfaceoceanstratificationrespectively.TheRBCareagroupof
heterotrophictaxathatstronglyrelatetothetrophicstateofthe
surfacewatersinadditiontotemperatureandsalinity(e.g.de
Vernaletal.,2000).Inenvironmentswithincreasednutrient
availabilitylikefrontalzonesandseaicemargins,RBCandhet-
erotrophicdinocysttaxacommonlyoutnumberotherdinocysts
(e.g.deVernaletal.,2020).Inourrecord,thecystsofP.daleiare
foundincombinationwiththeRBC.IntheArcticandsub-Arctic
oceanshighproportionsofcystsofP.daleiarefoundinstratified
andproductivewatersatadistancefromthemultiyearsea-icezone
(Radietal.,2001;Marretetal.,2004;Solignacetal.,2009)andin
fjordsreceivingaspringfreshetofglaciermeltwater(Dale,2001;
Grøsfjeldetal.,2009).

4.Results

4.1.Chronology

TheagemodelforSite22CC-B(Fig.2)isbasedonaligningour
benthic(C.wuellerstorfi)d18Orecordwiththebenthicd18Oisotopic
recordfromthenearbyCoreMD03-2664(Irvalietal.,2012,2016),
usingAnalySeries(Paillardetal.,1996).Previousstudies(Irvali
etal.,2012,2016;Galaasenetal.,2014)tunedCoreMD03-2664
toMD95-2042ontheIberianMargin(Shackletonetal.,2002,
2003)wheretheMIS5eboundariesaresetbythebenthicisotopic
lowplateauto116.1±0.9kaand128±1kabasedonfossilcoral
reefU-seriesdatesoftheLIGsealevelhighstand(Stirlingetal.,
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ofalltheseionswerebalancedbyexternalcalibration.Instrument
stabilitywascontrolledbyrerunsofexternalstandardsandrepli-
cateanalysesforrandomsamples.Allbiomarkerconcentrations
havebeennormalisedtotheTOC.

TheseaiceproxyIP25(IceProxywith25carbonatoms)isa
moleculeproducedbyarelativelysmallnumberofdiatomsthat
inhabitthebaseofArcticseaice(Brownetal.,2014;Limogesetal.,
2018)andispredominantlyfoundinareascoveredbyseasonalsea
ice(Beltetal.,2007;Xiaoetal.,2015;Kollingetal.,2020;forreview
seeBelt,2018).Inthisstudy,weconsidertheoccurrenceofIP25asa
seaiceindicator.AdifficultywithIP25isthatbothpermanentsea
iceenvironmentsandopenwaterconditionsarecharacterisedby
IP25concentrationsofzero.Underpermanentseaiceconditions,
IP25isabsentduetolimitedlightandnutrientavailabilitywhichare
requiredforthegrowthofseaicephytoplankton.Likewise,inopen
waters,thehabitatfortheicealgaeismissing,andIP25concen-
trationsarezero.Theambiguityofthesignalfrompermanentsea
icevsopenoceanrequiresthatIP25isanalysedincombinationwith
open-waterphytoplanktonbiomarkerslikebrassicasteroland
dinosterol(cf.Mülleretal.,2009,2011).Theseareproducedbya
varietyofphytoplanktongeneralikedinoflagellates,diatomsand
haptophytes(Boonetal.,1979;Robinsonetal.,1984;Volkmanetal.,
1998).AlongsideIP25,severalotherbiomarkersarerelatedtosea
ice.HBIIII(Z)isacommonconstituentofmarinesettings(Belt
etal.,2000)butshowsamoredirectassociationwithMIZpro-
ductivity(Collinsetal.,2013;Beltetal.,2015).HBIIIisproducedby
seaice/land-fastice-dwellingdiatomsintheSouthernOcean(Belt
etal.,2016).Althoughitsoriginandpotentialasanenvironmental
proxyintheNorthernHemisphereisunclear,itisoftenobserved
togetherwithIP25.Thus,Beltetal.(2018)postulatethatHBIII
mightrepresentan“evenbetter”seaiceproxythanIP25oratleast
beausefulsubstituteincaseswhereIP25isabsent.Terrigenous
influencecanbeinferredbysitosterolandcampesterol(Pryce,
1971;HuangandMeinschein,1979).Althoughthesebiomarkers
arefoundinafewmicroalgaespecies,themaincontributorsare
higherlandplants(Volkman,1986;Jaff�eetal.,1995;Rontanietal.,
2014).

3.3.Dinoflagellatecystassemblagesandecologicalsignificance

Atotalof85sampleswereselectedfordinocystassemblage
analysisandpreparedusingastandardpalynologicalpreparation
procedure(e.g.DeSchepperetal.,2017).Toremovethemineral
fraction,coldhydrochloricandhydrofluoricacidwasused.The
palynologicalresiduewassievedovera10mmpolymermesh
beforemountingonslideswithglycerinejelly.OnetabletofLyco-
podiumclavatumspores(batch#140119321,n¼19,855±521
sporespertablet)wasaddedtoeachsamplebeforechemical
treatmenttoallowcalculationofdinocystconcentrationsander-
rorsfollowingStockmarr(1971).Thepalynologicalslideswere
countedat400�magnificationfordinocystassemblageanalyses
untilaminimumof300insitudinocystswereidentified.Ifthe
dinocystconcentrationwastoolowtoreachtheminimum
threshold,theentireslide(ca.20non-overlappingtraverses)was
counted.Weidentified38dinocysttaxaintotal.Themajordinocyst
taxaconsistofBitectatodiniumtepikiense,Operculodiniumcen-
trocarpumsensuWallandDale(1966)(hereafterO.centrocarpum),
NematosphaeropsislabyrinthusandthegroupofRoundBrowncysts
(RBC).BrigantediniumspecimensweregroupedtogetherasRBC
becausefoldingororientationofspecimensoftenlimitedidentifi-
cationtospecieslevel.Spiniferitesspp.includesallSpiniferitescysts
exceptS.elongatusandS.mirabilis.AllImpagidiniumspeciesiden-
tifiedweregroupedtogetherwiththeexceptionofI.pallidum.
ThesegroupedspeciesincludeI.aculeatum,I.sphaericum,I.para-
doxum,I.patulumandI.plicatum.

Thedistributionofdinoflagellatesdependsonphysicaland
chemicalseasurfaceparameterssuchascurrents,temperature,
salinity,irradiance,nutrientsandseaice(e.g.deVernaletal.,2020).
Theirdifferentenvironmentalpreferencesmakethemsuitedfor
surfaceoceanreconstructions.

B.tepikienseislinkedtothesubpolar-temperatetransitioninthe
North-Atlatic(Dale,1996)andalsoenhancedwaterstratification
(Rochonetal.,1999;deVernaletal.,2005;deVernalandMarret,
2007;Hennissenetal.,2014).Thespecieshasahightoleranceto
awiderangeofsalinitiesandtemperaturesanditcanbeobserved
inregionsthatareseasonallycoveredbyseaiceforlessthan4
monthsayear(deVernaletal.,1997).Inmodernsedimentsfrom
theLabradorSeaandNorthAtlantic,B.tepikienserarelyexceeds
>10%oftheassemblage(e.g.deVernaletal.,2005,2020).During
theLastGlacialMaximum,B.tepikiensemakesupmorethan50%of
theassemblageinthenorthernNorthAtlantic(deVernaletal.,
2005).Thus,thespeciesischaracteristicforconditionsdifferent
thanpresentandisnotcommoninwarminterglacialperiods.
N.labyrinthusisanothersubpolar-temperatespecies(Rochonetal.,
1999;MarretandZonneveld,2003)thathasbeenlinkedtoclimate
transitions(i.e.glacialeinterglacial)whenprofoundchangesin
watermasscompositionoccurred(Hennissenetal.,2017,andref-
erencestherein).

ThedistributionofO.centrocarpuminmodernsurfacesedi-
mentsoftheNorthAtlanticrevealsthathighrelativeabundances
arelinkedtowarmAtlanticWater(e.g.NAC/NwAC),althoughitis
generallyacosmopolitantaxon(e.g.MarretandZonneveld,2003).
InfossilrecordsfromtheArcticandsub-Arctic,O.centrocarpumis
oftenregardedasanindicatorforinterglacialintervalswith
Atlanticwateradvection(e.g.Rochonetal.,1999;Matthiessenetal.,
2001;MatthiessenandKnies,2001;Grøsfjeldetal.,2006).Also
S.mirabilisisanindicatorofwarmtemperatetotemperateenvi-
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optimainthenorthernNorthAtlanticduringMIS5(S�anchezGo~ni
etal.,1999;Eynaudetal.,2004;Penaudetal.,2008;Van
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andsurfaceoceanstratificationrespectively.TheRBCareagroupof
heterotrophictaxathatstronglyrelatetothetrophicstateofthe
surfacewatersinadditiontotemperatureandsalinity(e.g.de
Vernaletal.,2000).Inenvironmentswithincreasednutrient
availabilitylikefrontalzonesandseaicemargins,RBCandhet-
erotrophicdinocysttaxacommonlyoutnumberotherdinocysts
(e.g.deVernaletal.,2020).Inourrecord,thecystsofP.daleiare
foundincombinationwiththeRBC.IntheArcticandsub-Arctic
oceanshighproportionsofcystsofP.daleiarefoundinstratified
andproductivewatersatadistancefromthemultiyearsea-icezone
(Radietal.,2001;Marretetal.,2004;Solignacetal.,2009)andin
fjordsreceivingaspringfreshetofglaciermeltwater(Dale,2001;
Grøsfjeldetal.,2009).

4.Results

4.1.Chronology

TheagemodelforSite22CC-B(Fig.2)isbasedonaligningour
benthic(C.wuellerstorfi)d18Orecordwiththebenthicd18Oisotopic
recordfromthenearbyCoreMD03-2664(Irvalietal.,2012,2016),
usingAnalySeries(Paillardetal.,1996).Previousstudies(Irvali
etal.,2012,2016;Galaasenetal.,2014)tunedCoreMD03-2664
toMD95-2042ontheIberianMargin(Shackletonetal.,2002,
2003)wheretheMIS5eboundariesaresetbythebenthicisotopic
lowplateauto116.1±0.9kaand128±1kabasedonfossilcoral
reefU-seriesdatesoftheLIGsealevelhighstand(Stirlingetal.,
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1998). We identified these MIS 5e boundaries at 22CC-B in our
benthic d18O record, as well as the onset of Termination II (TII) at
the top of MIS 6 (135 ka) and the base of MIS 5d (113 ka) (Fig. 2A).

Additional tie points in our age model are based on the planktic
d18O record and colour scan. We associate one planktic d18O tie
point with the distinct isotopic minimum during TII at 131 ka
during Henrich event 11 (H11) (Irvali et al., 2016). An abrupt shift in
planktic d18O recognised in Core 22CC-B and also in Cores MD95-
2042 and MD03-2664 (Shackleton et al., 2002, 2003; Irvali et al.,
2012) provides an additional tie point at 126 ka (Fig. 2B), that is
associated with the start of the Eemian interglacial on land
(Shackleton et al., 2003). A distinct “red layer”was observed in both
Core 22CC-B and MD03-2664 based on sediment colour properties
(Supplementary Fig. 1). The top and bottom of this layer were used
as tie points for our age model with the ages of 124.2 and 124.6 ka,
respectively (Galaasen et al., 2014). A similar red layer is also
documented at the Integrated Ocean Drilling Program (IODP) Site
U1305 on the Eirik Drift and was likely deposited by an outburst
flood event associated with the final collapse of the Laurentide Ice
Sheet (LIS) in the early part of the LIG (Nicholl et al., 2012). The final
tie point is placed at the rapid increase of planktic d18O at 111.0 ka in
MIS 5d (Fig. 2B), which corresponds in Core MD03-2664 to a large
IRD peak reflecting the C24 event (e.g. Hodell et al., 2009). In
summary, our agemodel utilizes the same tie points that Irvali et al.
(2012, 2016) and Galaasen et al. (2014) used to correlate their re-
cord to MD95-2042 of Shackleton et al. (2002, 2003). Additionally,

in order to have some control on the ages of the upper MIS 5d, i.e.
younger than 111 ka, we used a 14C AMS age from a twin core on the
Eirik Drift (46 ka at 602.7 cm core depth in hole 22CC-A; Griem
et al., 2019). We transferred the 14C age from Core 22CC-A to
22CC-B by aligning the red-green colour scan and magnetic sus-
ceptibility. The ages <111 ka are thus approximate and should not
be considered as absolute ages. The base of MIS 6 is not constrained,
and the ages >135 ka are based on a linear extrapolation of the
sedimentation rate between 131 and 135 ka. Thus, the ages of an
extended MIS 6 beyond 135 ka are imprecise and should be used
cautiously.

4.2. Isotopes

The late MIS 6 planktic (N. pachyderma sinistral) and benthic
(C. wuellerstorfi) d18O show typical glacial values of, on average,
~4.4‰ and ~4.5‰, respectively (Fig. 2B). From ~135 ka, both benthic
and planktic d18O shift towards lower values, marking the initiation
of TII. Within TII, the planktic d18O decreases from 4.0 to 2.7‰ at
131 ka, associated with H11. The onset of the MIS 5e low benthic
d18O plateau at 128.0 ka is characterised by an increase in sedi-
mentation rate from 1.7 cm/ka to 15.1 cm/ka (Fig. 2C). The lowest
benthic d18O values occur between 128 and 126.5 ka. In this same
period, the planktic d18O shows high variability, ending in a distinct
increase at ~126.5 ka, followed directly by a decrease of 0.7‰. From
the middle to late MIS 5e, the benthic and planktic d18O are

Fig. 2. Age model for Core 22CC-B. A) Core 22CC-B planktic and benthic d18O plotted on depth, and Core MD03-2664 planktic and benthic d18O record plotted on age (ka) (Irvali
et al., 2012, 2016). B) Benthic d18O of Cores 22CC-B and MD03-2664 plotted on the age scale (ka) of MD03-2664 with the tie points (dashed lines), and planktic d18O of Cores 22CC-B
and MD03-2664 plotted on age (ka). The red layer is represented by the red arrow and pink shaded area. The grey shaded area represents H11 within TII. C) Depth (cm) versus age
(ka) plot for Core 22CC-B, showing tie points and approximate sedimentation rates. The red layer is represented in the pink shaded area.
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1998).WeidentifiedtheseMIS5eboundariesat22CC-Binour
benthicd18Orecord,aswellastheonsetofTerminationII(TII)at
thetopofMIS6(135ka)andthebaseofMIS5d(113ka)(Fig.2A).

Additionaltiepointsinouragemodelarebasedontheplanktic
d18Orecordandcolourscan.Weassociateoneplankticd18Otie
pointwiththedistinctisotopicminimumduringTIIat131ka
duringHenrichevent11(H11)(Irvalietal.,2016).Anabruptshiftin
plankticd18OrecognisedinCore22CC-BandalsoinCoresMD95-
2042andMD03-2664(Shackletonetal.,2002,2003;Irvalietal.,
2012)providesanadditionaltiepointat126ka(Fig.2B),thatis
associatedwiththestartoftheEemianinterglacialonland
(Shackletonetal.,2003).Adistinct“redlayer”wasobservedinboth
Core22CC-BandMD03-2664basedonsedimentcolourproperties
(SupplementaryFig.1).Thetopandbottomofthislayerwereused
astiepointsforouragemodelwiththeagesof124.2and124.6ka,
respectively(Galaasenetal.,2014).Asimilarredlayerisalso
documentedattheIntegratedOceanDrillingProgram(IODP)Site
U1305ontheEirikDriftandwaslikelydepositedbyanoutburst
floodeventassociatedwiththefinalcollapseoftheLaurentideIce
Sheet(LIS)intheearlypartoftheLIG(Nicholletal.,2012).Thefinal
tiepointisplacedattherapidincreaseofplankticd18Oat111.0kain
MIS5d(Fig.2B),whichcorrespondsinCoreMD03-2664toalarge
IRDpeakreflectingtheC24event(e.g.Hodelletal.,2009).In
summary,ouragemodelutilizesthesametiepointsthatIrvalietal.
(2012,2016)andGalaasenetal.(2014)usedtocorrelatetheirre-
cordtoMD95-2042ofShackletonetal.(2002,2003).Additionally,

inordertohavesomecontrolontheagesoftheupperMIS5d,i.e.
youngerthan111ka,weuseda14CAMSagefromatwincoreonthe
EirikDrift(46kaat602.7cmcoredepthinhole22CC-A;Griem
etal.,2019).Wetransferredthe14CagefromCore22CC-Ato
22CC-Bbyaligningthered-greencolourscanandmagneticsus-
ceptibility.Theages<111kaarethusapproximateandshouldnot
beconsideredasabsoluteages.ThebaseofMIS6isnotconstrained,
andtheages>135kaarebasedonalinearextrapolationofthe
sedimentationratebetween131and135ka.Thus,theagesofan
extendedMIS6beyond135kaareimpreciseandshouldbeused
cautiously.

4.2.Isotopes

ThelateMIS6planktic(N.pachydermasinistral)andbenthic
(C.wuellerstorfi)d18Oshowtypicalglacialvaluesof,onaverage,
~4.4‰and~4.5‰,respectively(Fig.2B).From~135ka,bothbenthic
andplankticd18Oshifttowardslowervalues,markingtheinitiation
ofTII.WithinTII,theplankticd18Odecreasesfrom4.0to2.7‰at
131ka,associatedwithH11.TheonsetoftheMIS5elowbenthic
d18Oplateauat128.0kaischaracterisedbyanincreaseinsedi-
mentationratefrom1.7cm/kato15.1cm/ka(Fig.2C).Thelowest
benthicd18Ovaluesoccurbetween128and126.5ka.Inthissame
period,theplankticd18Oshowshighvariability,endinginadistinct
increaseat~126.5ka,followeddirectlybyadecreaseof0.7‰.From
themiddletolateMIS5e,thebenthicandplankticd18Oare

Fig.2.AgemodelforCore22CC-B.A)Core22CC-Bplankticandbenthicd18Oplottedondepth,andCoreMD03-2664plankticandbenthicd18Orecordplottedonage(ka)(Irvali
etal.,2012,2016).B)Benthicd18OofCores22CC-BandMD03-2664plottedontheagescale(ka)ofMD03-2664withthetiepoints(dashedlines),andplankticd18OofCores22CC-B
andMD03-2664plottedonage(ka).Theredlayerisrepresentedbytheredarrowandpinkshadedarea.ThegreyshadedarearepresentsH11withinTII.C)Depth(cm)versusage
(ka)plotforCore22CC-B,showingtiepointsandapproximatesedimentationrates.Theredlayerisrepresentedinthepinkshadedarea.
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1998).WeidentifiedtheseMIS5eboundariesat22CC-Binour
benthicd18Orecord,aswellastheonsetofTerminationII(TII)at
thetopofMIS6(135ka)andthebaseofMIS5d(113ka)(Fig.2A).

Additionaltiepointsinouragemodelarebasedontheplanktic
d18Orecordandcolourscan.Weassociateoneplankticd18Otie
pointwiththedistinctisotopicminimumduringTIIat131ka
duringHenrichevent11(H11)(Irvalietal.,2016).Anabruptshiftin
plankticd18OrecognisedinCore22CC-BandalsoinCoresMD95-
2042andMD03-2664(Shackletonetal.,2002,2003;Irvalietal.,
2012)providesanadditionaltiepointat126ka(Fig.2B),thatis
associatedwiththestartoftheEemianinterglacialonland
(Shackletonetal.,2003).Adistinct“redlayer”wasobservedinboth
Core22CC-BandMD03-2664basedonsedimentcolourproperties
(SupplementaryFig.1).Thetopandbottomofthislayerwereused
astiepointsforouragemodelwiththeagesof124.2and124.6ka,
respectively(Galaasenetal.,2014).Asimilarredlayerisalso
documentedattheIntegratedOceanDrillingProgram(IODP)Site
U1305ontheEirikDriftandwaslikelydepositedbyanoutburst
floodeventassociatedwiththefinalcollapseoftheLaurentideIce
Sheet(LIS)intheearlypartoftheLIG(Nicholletal.,2012).Thefinal
tiepointisplacedattherapidincreaseofplankticd18Oat111.0kain
MIS5d(Fig.2B),whichcorrespondsinCoreMD03-2664toalarge
IRDpeakreflectingtheC24event(e.g.Hodelletal.,2009).In
summary,ouragemodelutilizesthesametiepointsthatIrvalietal.
(2012,2016)andGalaasenetal.(2014)usedtocorrelatetheirre-
cordtoMD95-2042ofShackletonetal.(2002,2003).Additionally,

inordertohavesomecontrolontheagesoftheupperMIS5d,i.e.
youngerthan111ka,weuseda14CAMSagefromatwincoreonthe
EirikDrift(46kaat602.7cmcoredepthinhole22CC-A;Griem
etal.,2019).Wetransferredthe14CagefromCore22CC-Ato
22CC-Bbyaligningthered-greencolourscanandmagneticsus-
ceptibility.Theages<111kaarethusapproximateandshouldnot
beconsideredasabsoluteages.ThebaseofMIS6isnotconstrained,
andtheages>135kaarebasedonalinearextrapolationofthe
sedimentationratebetween131and135ka.Thus,theagesofan
extendedMIS6beyond135kaareimpreciseandshouldbeused
cautiously.

4.2.Isotopes

ThelateMIS6planktic(N.pachydermasinistral)andbenthic
(C.wuellerstorfi)d18Oshowtypicalglacialvaluesof,onaverage,
~4.4‰and~4.5‰,respectively(Fig.2B).From~135ka,bothbenthic
andplankticd18Oshifttowardslowervalues,markingtheinitiation
ofTII.WithinTII,theplankticd18Odecreasesfrom4.0to2.7‰at
131ka,associatedwithH11.TheonsetoftheMIS5elowbenthic
d18Oplateauat128.0kaischaracterisedbyanincreaseinsedi-
mentationratefrom1.7cm/kato15.1cm/ka(Fig.2C).Thelowest
benthicd18Ovaluesoccurbetween128and126.5ka.Inthissame
period,theplankticd18Oshowshighvariability,endinginadistinct
increaseat~126.5ka,followeddirectlybyadecreaseof0.7‰.From
themiddletolateMIS5e,thebenthicandplankticd18Oare

Fig.2.AgemodelforCore22CC-B.A)Core22CC-Bplankticandbenthicd18Oplottedondepth,andCoreMD03-2664plankticandbenthicd18Orecordplottedonage(ka)(Irvali
etal.,2012,2016).B)Benthicd18OofCores22CC-BandMD03-2664plottedontheagescale(ka)ofMD03-2664withthetiepoints(dashedlines),andplankticd18OofCores22CC-B
andMD03-2664plottedonage(ka).Theredlayerisrepresentedbytheredarrowandpinkshadedarea.ThegreyshadedarearepresentsH11withinTII.C)Depth(cm)versusage
(ka)plotforCore22CC-B,showingtiepointsandapproximatesedimentationrates.Theredlayerisrepresentedinthepinkshadedarea.
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1998). We identified these MIS 5e boundaries at 22CC-B in our
benthic d18O record, as well as the onset of Termination II (TII) at
the top of MIS 6 (135 ka) and the base of MIS 5d (113 ka) (Fig. 2A).

Additional tie points in our age model are based on the planktic
d18O record and colour scan. We associate one planktic d18O tie
point with the distinct isotopic minimum during TII at 131 ka
during Henrich event 11 (H11) (Irvali et al., 2016). An abrupt shift in
planktic d18O recognised in Core 22CC-B and also in Cores MD95-
2042 and MD03-2664 (Shackleton et al., 2002, 2003; Irvali et al.,
2012) provides an additional tie point at 126 ka (Fig. 2B), that is
associated with the start of the Eemian interglacial on land
(Shackleton et al., 2003). A distinct “red layer”was observed in both
Core 22CC-B and MD03-2664 based on sediment colour properties
(Supplementary Fig. 1). The top and bottom of this layer were used
as tie points for our age model with the ages of 124.2 and 124.6 ka,
respectively (Galaasen et al., 2014). A similar red layer is also
documented at the Integrated Ocean Drilling Program (IODP) Site
U1305 on the Eirik Drift and was likely deposited by an outburst
flood event associated with the final collapse of the Laurentide Ice
Sheet (LIS) in the early part of the LIG (Nicholl et al., 2012). The final
tie point is placed at the rapid increase of planktic d18O at 111.0 ka in
MIS 5d (Fig. 2B), which corresponds in Core MD03-2664 to a large
IRD peak reflecting the C24 event (e.g. Hodell et al., 2009). In
summary, our agemodel utilizes the same tie points that Irvali et al.
(2012, 2016) and Galaasen et al. (2014) used to correlate their re-
cord to MD95-2042 of Shackleton et al. (2002, 2003). Additionally,

in order to have some control on the ages of the upper MIS 5d, i.e.
younger than 111 ka, we used a 14C AMS age from a twin core on the
Eirik Drift (46 ka at 602.7 cm core depth in hole 22CC-A; Griem
et al., 2019). We transferred the 14C age from Core 22CC-A to
22CC-B by aligning the red-green colour scan and magnetic sus-
ceptibility. The ages <111 ka are thus approximate and should not
be considered as absolute ages. The base of MIS 6 is not constrained,
and the ages >135 ka are based on a linear extrapolation of the
sedimentation rate between 131 and 135 ka. Thus, the ages of an
extended MIS 6 beyond 135 ka are imprecise and should be used
cautiously.

4.2. Isotopes

The late MIS 6 planktic (N. pachyderma sinistral) and benthic
(C. wuellerstorfi) d18O show typical glacial values of, on average,
~4.4‰ and ~4.5‰, respectively (Fig. 2B). From ~135 ka, both benthic
and planktic d18O shift towards lower values, marking the initiation
of TII. Within TII, the planktic d18O decreases from 4.0 to 2.7‰ at
131 ka, associated with H11. The onset of the MIS 5e low benthic
d18O plateau at 128.0 ka is characterised by an increase in sedi-
mentation rate from 1.7 cm/ka to 15.1 cm/ka (Fig. 2C). The lowest
benthic d18O values occur between 128 and 126.5 ka. In this same
period, the planktic d18O shows high variability, ending in a distinct
increase at ~126.5 ka, followed directly by a decrease of 0.7‰. From
the middle to late MIS 5e, the benthic and planktic d18O are

Fig. 2. Age model for Core 22CC-B. A) Core 22CC-B planktic and benthic d
18
O plotted on depth, and Core MD03-2664 planktic and benthic d

18
O record plotted on age (ka) (Irvali

et al., 2012, 2016). B) Benthic d
18
O of Cores 22CC-B and MD03-2664 plotted on the age scale (ka) of MD03-2664 with the tie points (dashed lines), and planktic d

18
O of Cores 22CC-B

and MD03-2664 plotted on age (ka). The red layer is represented by the red arrow and pink shaded area. The grey shaded area represents H11 within TII. C) Depth (cm) versus age
(ka) plot for Core 22CC-B, showing tie points and approximate sedimentation rates. The red layer is represented in the pink shaded area.
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1998). We identified these MIS 5e boundaries at 22CC-B in our
benthic d18O record, as well as the onset of Termination II (TII) at
the top of MIS 6 (135 ka) and the base of MIS 5d (113 ka) (Fig. 2A).

Additional tie points in our age model are based on the planktic
d18O record and colour scan. We associate one planktic d18O tie
point with the distinct isotopic minimum during TII at 131 ka
during Henrich event 11 (H11) (Irvali et al., 2016). An abrupt shift in
planktic d18O recognised in Core 22CC-B and also in Cores MD95-
2042 and MD03-2664 (Shackleton et al., 2002, 2003; Irvali et al.,
2012) provides an additional tie point at 126 ka (Fig. 2B), that is
associated with the start of the Eemian interglacial on land
(Shackleton et al., 2003). A distinct “red layer”was observed in both
Core 22CC-B and MD03-2664 based on sediment colour properties
(Supplementary Fig. 1). The top and bottom of this layer were used
as tie points for our age model with the ages of 124.2 and 124.6 ka,
respectively (Galaasen et al., 2014). A similar red layer is also
documented at the Integrated Ocean Drilling Program (IODP) Site
U1305 on the Eirik Drift and was likely deposited by an outburst
flood event associated with the final collapse of the Laurentide Ice
Sheet (LIS) in the early part of the LIG (Nicholl et al., 2012). The final
tie point is placed at the rapid increase of planktic d18O at 111.0 ka in
MIS 5d (Fig. 2B), which corresponds in Core MD03-2664 to a large
IRD peak reflecting the C24 event (e.g. Hodell et al., 2009). In
summary, our agemodel utilizes the same tie points that Irvali et al.
(2012, 2016) and Galaasen et al. (2014) used to correlate their re-
cord to MD95-2042 of Shackleton et al. (2002, 2003). Additionally,

in order to have some control on the ages of the upper MIS 5d, i.e.
younger than 111 ka, we used a 14C AMS age from a twin core on the
Eirik Drift (46 ka at 602.7 cm core depth in hole 22CC-A; Griem
et al., 2019). We transferred the 14C age from Core 22CC-A to
22CC-B by aligning the red-green colour scan and magnetic sus-
ceptibility. The ages <111 ka are thus approximate and should not
be considered as absolute ages. The base of MIS 6 is not constrained,
and the ages >135 ka are based on a linear extrapolation of the
sedimentation rate between 131 and 135 ka. Thus, the ages of an
extended MIS 6 beyond 135 ka are imprecise and should be used
cautiously.

4.2. Isotopes

The late MIS 6 planktic (N. pachyderma sinistral) and benthic
(C. wuellerstorfi) d18O show typical glacial values of, on average,
~4.4‰ and ~4.5‰, respectively (Fig. 2B). From ~135 ka, both benthic
and planktic d18O shift towards lower values, marking the initiation
of TII. Within TII, the planktic d18O decreases from 4.0 to 2.7‰ at
131 ka, associated with H11. The onset of the MIS 5e low benthic
d18O plateau at 128.0 ka is characterised by an increase in sedi-
mentation rate from 1.7 cm/ka to 15.1 cm/ka (Fig. 2C). The lowest
benthic d18O values occur between 128 and 126.5 ka. In this same
period, the planktic d18O shows high variability, ending in a distinct
increase at ~126.5 ka, followed directly by a decrease of 0.7‰. From
the middle to late MIS 5e, the benthic and planktic d18O are

Fig. 2. Age model for Core 22CC-B. A) Core 22CC-B planktic and benthic d
18
O plotted on depth, and Core MD03-2664 planktic and benthic d

18
O record plotted on age (ka) (Irvali

et al., 2012, 2016). B) Benthic d
18
O of Cores 22CC-B and MD03-2664 plotted on the age scale (ka) of MD03-2664 with the tie points (dashed lines), and planktic d

18
O of Cores 22CC-B

and MD03-2664 plotted on age (ka). The red layer is represented by the red arrow and pink shaded area. The grey shaded area represents H11 within TII. C) Depth (cm) versus age
(ka) plot for Core 22CC-B, showing tie points and approximate sedimentation rates. The red layer is represented in the pink shaded area.
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1998).WeidentifiedtheseMIS5eboundariesat22CC-Binour
benthicd18Orecord,aswellastheonsetofTerminationII(TII)at
thetopofMIS6(135ka)andthebaseofMIS5d(113ka)(Fig.2A).

Additionaltiepointsinouragemodelarebasedontheplanktic
d18Orecordandcolourscan.Weassociateoneplankticd18Otie
pointwiththedistinctisotopicminimumduringTIIat131ka
duringHenrichevent11(H11)(Irvalietal.,2016).Anabruptshiftin
plankticd18OrecognisedinCore22CC-BandalsoinCoresMD95-
2042andMD03-2664(Shackletonetal.,2002,2003;Irvalietal.,
2012)providesanadditionaltiepointat126ka(Fig.2B),thatis
associatedwiththestartoftheEemianinterglacialonland
(Shackletonetal.,2003).Adistinct“redlayer”wasobservedinboth
Core22CC-BandMD03-2664basedonsedimentcolourproperties
(SupplementaryFig.1).Thetopandbottomofthislayerwereused
astiepointsforouragemodelwiththeagesof124.2and124.6ka,
respectively(Galaasenetal.,2014).Asimilarredlayerisalso
documentedattheIntegratedOceanDrillingProgram(IODP)Site
U1305ontheEirikDriftandwaslikelydepositedbyanoutburst
floodeventassociatedwiththefinalcollapseoftheLaurentideIce
Sheet(LIS)intheearlypartoftheLIG(Nicholletal.,2012).Thefinal
tiepointisplacedattherapidincreaseofplankticd18Oat111.0kain
MIS5d(Fig.2B),whichcorrespondsinCoreMD03-2664toalarge
IRDpeakreflectingtheC24event(e.g.Hodelletal.,2009).In
summary,ouragemodelutilizesthesametiepointsthatIrvalietal.
(2012,2016)andGalaasenetal.(2014)usedtocorrelatetheirre-
cordtoMD95-2042ofShackletonetal.(2002,2003).Additionally,

inordertohavesomecontrolontheagesoftheupperMIS5d,i.e.
youngerthan111ka,weuseda14CAMSagefromatwincoreonthe
EirikDrift(46kaat602.7cmcoredepthinhole22CC-A;Griem
etal.,2019).Wetransferredthe14CagefromCore22CC-Ato
22CC-Bbyaligningthered-greencolourscanandmagneticsus-
ceptibility.Theages<111kaarethusapproximateandshouldnot
beconsideredasabsoluteages.ThebaseofMIS6isnotconstrained,
andtheages>135kaarebasedonalinearextrapolationofthe
sedimentationratebetween131and135ka.Thus,theagesofan
extendedMIS6beyond135kaareimpreciseandshouldbeused
cautiously.

4.2.Isotopes

ThelateMIS6planktic(N.pachydermasinistral)andbenthic
(C.wuellerstorfi)d18Oshowtypicalglacialvaluesof,onaverage,
~4.4‰and~4.5‰,respectively(Fig.2B).From~135ka,bothbenthic
andplankticd18Oshifttowardslowervalues,markingtheinitiation
ofTII.WithinTII,theplankticd18Odecreasesfrom4.0to2.7‰at
131ka,associatedwithH11.TheonsetoftheMIS5elowbenthic
d18Oplateauat128.0kaischaracterisedbyanincreaseinsedi-
mentationratefrom1.7cm/kato15.1cm/ka(Fig.2C).Thelowest
benthicd18Ovaluesoccurbetween128and126.5ka.Inthissame
period,theplankticd18Oshowshighvariability,endinginadistinct
increaseat~126.5ka,followeddirectlybyadecreaseof0.7‰.From
themiddletolateMIS5e,thebenthicandplankticd18Oare

Fig.2.AgemodelforCore22CC-B.A)Core22CC-Bplankticandbenthicd
18
Oplottedondepth,andCoreMD03-2664plankticandbenthicd

18
Orecordplottedonage(ka)(Irvali

etal.,2012,2016).B)Benthicd
18
OofCores22CC-BandMD03-2664plottedontheagescale(ka)ofMD03-2664withthetiepoints(dashedlines),andplankticd

18
OofCores22CC-B

andMD03-2664plottedonage(ka).Theredlayerisrepresentedbytheredarrowandpinkshadedarea.ThegreyshadedarearepresentsH11withinTII.C)Depth(cm)versusage
(ka)plotforCore22CC-B,showingtiepointsandapproximatesedimentationrates.Theredlayerisrepresentedinthepinkshadedarea.
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1998).WeidentifiedtheseMIS5eboundariesat22CC-Binour
benthicd18Orecord,aswellastheonsetofTerminationII(TII)at
thetopofMIS6(135ka)andthebaseofMIS5d(113ka)(Fig.2A).

Additionaltiepointsinouragemodelarebasedontheplanktic
d18Orecordandcolourscan.Weassociateoneplankticd18Otie
pointwiththedistinctisotopicminimumduringTIIat131ka
duringHenrichevent11(H11)(Irvalietal.,2016).Anabruptshiftin
plankticd18OrecognisedinCore22CC-BandalsoinCoresMD95-
2042andMD03-2664(Shackletonetal.,2002,2003;Irvalietal.,
2012)providesanadditionaltiepointat126ka(Fig.2B),thatis
associatedwiththestartoftheEemianinterglacialonland
(Shackletonetal.,2003).Adistinct“redlayer”wasobservedinboth
Core22CC-BandMD03-2664basedonsedimentcolourproperties
(SupplementaryFig.1).Thetopandbottomofthislayerwereused
astiepointsforouragemodelwiththeagesof124.2and124.6ka,
respectively(Galaasenetal.,2014).Asimilarredlayerisalso
documentedattheIntegratedOceanDrillingProgram(IODP)Site
U1305ontheEirikDriftandwaslikelydepositedbyanoutburst
floodeventassociatedwiththefinalcollapseoftheLaurentideIce
Sheet(LIS)intheearlypartoftheLIG(Nicholletal.,2012).Thefinal
tiepointisplacedattherapidincreaseofplankticd18Oat111.0kain
MIS5d(Fig.2B),whichcorrespondsinCoreMD03-2664toalarge
IRDpeakreflectingtheC24event(e.g.Hodelletal.,2009).In
summary,ouragemodelutilizesthesametiepointsthatIrvalietal.
(2012,2016)andGalaasenetal.(2014)usedtocorrelatetheirre-
cordtoMD95-2042ofShackletonetal.(2002,2003).Additionally,

inordertohavesomecontrolontheagesoftheupperMIS5d,i.e.
youngerthan111ka,weuseda14CAMSagefromatwincoreonthe
EirikDrift(46kaat602.7cmcoredepthinhole22CC-A;Griem
etal.,2019).Wetransferredthe14CagefromCore22CC-Ato
22CC-Bbyaligningthered-greencolourscanandmagneticsus-
ceptibility.Theages<111kaarethusapproximateandshouldnot
beconsideredasabsoluteages.ThebaseofMIS6isnotconstrained,
andtheages>135kaarebasedonalinearextrapolationofthe
sedimentationratebetween131and135ka.Thus,theagesofan
extendedMIS6beyond135kaareimpreciseandshouldbeused
cautiously.

4.2.Isotopes

ThelateMIS6planktic(N.pachydermasinistral)andbenthic
(C.wuellerstorfi)d18Oshowtypicalglacialvaluesof,onaverage,
~4.4‰and~4.5‰,respectively(Fig.2B).From~135ka,bothbenthic
andplankticd18Oshifttowardslowervalues,markingtheinitiation
ofTII.WithinTII,theplankticd18Odecreasesfrom4.0to2.7‰at
131ka,associatedwithH11.TheonsetoftheMIS5elowbenthic
d18Oplateauat128.0kaischaracterisedbyanincreaseinsedi-
mentationratefrom1.7cm/kato15.1cm/ka(Fig.2C).Thelowest
benthicd18Ovaluesoccurbetween128and126.5ka.Inthissame
period,theplankticd18Oshowshighvariability,endinginadistinct
increaseat~126.5ka,followeddirectlybyadecreaseof0.7‰.From
themiddletolateMIS5e,thebenthicandplankticd18Oare

Fig.2.AgemodelforCore22CC-B.A)Core22CC-Bplankticandbenthicd
18
Oplottedondepth,andCoreMD03-2664plankticandbenthicd

18
Orecordplottedonage(ka)(Irvali

etal.,2012,2016).B)Benthicd
18
OofCores22CC-BandMD03-2664plottedontheagescale(ka)ofMD03-2664withthetiepoints(dashedlines),andplankticd

18
OofCores22CC-B
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1998).WeidentifiedtheseMIS5eboundariesat22CC-Binour
benthicd18Orecord,aswellastheonsetofTerminationII(TII)at
thetopofMIS6(135ka)andthebaseofMIS5d(113ka)(Fig.2A).

Additionaltiepointsinouragemodelarebasedontheplanktic
d18Orecordandcolourscan.Weassociateoneplankticd18Otie
pointwiththedistinctisotopicminimumduringTIIat131ka
duringHenrichevent11(H11)(Irvalietal.,2016).Anabruptshiftin
plankticd18OrecognisedinCore22CC-BandalsoinCoresMD95-
2042andMD03-2664(Shackletonetal.,2002,2003;Irvalietal.,
2012)providesanadditionaltiepointat126ka(Fig.2B),thatis
associatedwiththestartoftheEemianinterglacialonland
(Shackletonetal.,2003).Adistinct“redlayer”wasobservedinboth
Core22CC-BandMD03-2664basedonsedimentcolourproperties
(SupplementaryFig.1).Thetopandbottomofthislayerwereused
astiepointsforouragemodelwiththeagesof124.2and124.6ka,
respectively(Galaasenetal.,2014).Asimilarredlayerisalso
documentedattheIntegratedOceanDrillingProgram(IODP)Site
U1305ontheEirikDriftandwaslikelydepositedbyanoutburst
floodeventassociatedwiththefinalcollapseoftheLaurentideIce
Sheet(LIS)intheearlypartoftheLIG(Nicholletal.,2012).Thefinal
tiepointisplacedattherapidincreaseofplankticd18Oat111.0kain
MIS5d(Fig.2B),whichcorrespondsinCoreMD03-2664toalarge
IRDpeakreflectingtheC24event(e.g.Hodelletal.,2009).In
summary,ouragemodelutilizesthesametiepointsthatIrvalietal.
(2012,2016)andGalaasenetal.(2014)usedtocorrelatetheirre-
cordtoMD95-2042ofShackletonetal.(2002,2003).Additionally,

inordertohavesomecontrolontheagesoftheupperMIS5d,i.e.
youngerthan111ka,weuseda14CAMSagefromatwincoreonthe
EirikDrift(46kaat602.7cmcoredepthinhole22CC-A;Griem
etal.,2019).Wetransferredthe14CagefromCore22CC-Ato
22CC-Bbyaligningthered-greencolourscanandmagneticsus-
ceptibility.Theages<111kaarethusapproximateandshouldnot
beconsideredasabsoluteages.ThebaseofMIS6isnotconstrained,
andtheages>135kaarebasedonalinearextrapolationofthe
sedimentationratebetween131and135ka.Thus,theagesofan
extendedMIS6beyond135kaareimpreciseandshouldbeused
cautiously.

4.2.Isotopes

ThelateMIS6planktic(N.pachydermasinistral)andbenthic
(C.wuellerstorfi)d18Oshowtypicalglacialvaluesof,onaverage,
~4.4‰and~4.5‰,respectively(Fig.2B).From~135ka,bothbenthic
andplankticd18Oshifttowardslowervalues,markingtheinitiation
ofTII.WithinTII,theplankticd18Odecreasesfrom4.0to2.7‰at
131ka,associatedwithH11.TheonsetoftheMIS5elowbenthic
d18Oplateauat128.0kaischaracterisedbyanincreaseinsedi-
mentationratefrom1.7cm/kato15.1cm/ka(Fig.2C).Thelowest
benthicd18Ovaluesoccurbetween128and126.5ka.Inthissame
period,theplankticd18Oshowshighvariability,endinginadistinct
increaseat~126.5ka,followeddirectlybyadecreaseof0.7‰.From
themiddletolateMIS5e,thebenthicandplankticd18Oare
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1998).WeidentifiedtheseMIS5eboundariesat22CC-Binour
benthicd18Orecord,aswellastheonsetofTerminationII(TII)at
thetopofMIS6(135ka)andthebaseofMIS5d(113ka)(Fig.2A).

Additionaltiepointsinouragemodelarebasedontheplanktic
d18Orecordandcolourscan.Weassociateoneplankticd18Otie
pointwiththedistinctisotopicminimumduringTIIat131ka
duringHenrichevent11(H11)(Irvalietal.,2016).Anabruptshiftin
plankticd18OrecognisedinCore22CC-BandalsoinCoresMD95-
2042andMD03-2664(Shackletonetal.,2002,2003;Irvalietal.,
2012)providesanadditionaltiepointat126ka(Fig.2B),thatis
associatedwiththestartoftheEemianinterglacialonland
(Shackletonetal.,2003).Adistinct“redlayer”wasobservedinboth
Core22CC-BandMD03-2664basedonsedimentcolourproperties
(SupplementaryFig.1).Thetopandbottomofthislayerwereused
astiepointsforouragemodelwiththeagesof124.2and124.6ka,
respectively(Galaasenetal.,2014).Asimilarredlayerisalso
documentedattheIntegratedOceanDrillingProgram(IODP)Site
U1305ontheEirikDriftandwaslikelydepositedbyanoutburst
floodeventassociatedwiththefinalcollapseoftheLaurentideIce
Sheet(LIS)intheearlypartoftheLIG(Nicholletal.,2012).Thefinal
tiepointisplacedattherapidincreaseofplankticd18Oat111.0kain
MIS5d(Fig.2B),whichcorrespondsinCoreMD03-2664toalarge
IRDpeakreflectingtheC24event(e.g.Hodelletal.,2009).In
summary,ouragemodelutilizesthesametiepointsthatIrvalietal.
(2012,2016)andGalaasenetal.(2014)usedtocorrelatetheirre-
cordtoMD95-2042ofShackletonetal.(2002,2003).Additionally,

inordertohavesomecontrolontheagesoftheupperMIS5d,i.e.
youngerthan111ka,weuseda14CAMSagefromatwincoreonthe
EirikDrift(46kaat602.7cmcoredepthinhole22CC-A;Griem
etal.,2019).Wetransferredthe14CagefromCore22CC-Ato
22CC-Bbyaligningthered-greencolourscanandmagneticsus-
ceptibility.Theages<111kaarethusapproximateandshouldnot
beconsideredasabsoluteages.ThebaseofMIS6isnotconstrained,
andtheages>135kaarebasedonalinearextrapolationofthe
sedimentationratebetween131and135ka.Thus,theagesofan
extendedMIS6beyond135kaareimpreciseandshouldbeused
cautiously.

4.2.Isotopes

ThelateMIS6planktic(N.pachydermasinistral)andbenthic
(C.wuellerstorfi)d18Oshowtypicalglacialvaluesof,onaverage,
~4.4‰and~4.5‰,respectively(Fig.2B).From~135ka,bothbenthic
andplankticd18Oshifttowardslowervalues,markingtheinitiation
ofTII.WithinTII,theplankticd18Odecreasesfrom4.0to2.7‰at
131ka,associatedwithH11.TheonsetoftheMIS5elowbenthic
d18Oplateauat128.0kaischaracterisedbyanincreaseinsedi-
mentationratefrom1.7cm/kato15.1cm/ka(Fig.2C).Thelowest
benthicd18Ovaluesoccurbetween128and126.5ka.Inthissame
period,theplankticd18Oshowshighvariability,endinginadistinct
increaseat~126.5ka,followeddirectlybyadecreaseof0.7‰.From
themiddletolateMIS5e,thebenthicandplankticd18Oare

Fig.2.AgemodelforCore22CC-B.A)Core22CC-Bplankticandbenthicd
18
Oplottedondepth,andCoreMD03-2664plankticandbenthicd

18
Orecordplottedonage(ka)(Irvali

etal.,2012,2016).B)Benthicd
18
OofCores22CC-BandMD03-2664plottedontheagescale(ka)ofMD03-2664withthetiepoints(dashedlines),andplankticd

18
OofCores22CC-B

andMD03-2664plottedonage(ka).Theredlayerisrepresentedbytheredarrowandpinkshadedarea.ThegreyshadedarearepresentsH11withinTII.C)Depth(cm)versusage
(ka)plotforCore22CC-B,showingtiepointsandapproximatesedimentationrates.Theredlayerisrepresentedinthepinkshadedarea.
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consistent with characteristic low values of interglacial periods.
Both isotopic records show a general increasing trend throughout
MIS 5e. The transition into MIS 5d is characterised by a gradual
increase in planktic d18O, and a more muted increase in benthic
d18O, suggesting a change in local surface water hydrography in
excess of the change registered in the deep ocean.

4.3. Dinoflagellate cysts

In MIS 6 dinocyst counts (Fig. 3) are very low making reliable
interpretations based on relative abundance difficult. Towards TII,
concentrations are also very low (average of ~27 cysts/g sediment),
yet they increase to an average of 110 cyst/g sediment. Here, we
observe the onset and increase in the relative abundance of RBC
which during TII reach up to ~30% of the dinocyst assemblage.

The dinocyst concentration increases at the onset of MIS 5e
(Fig. 3A). Spiniferites spp., RBC, cysts of P. dalei and N. labyrinthus are

among the species that contribute to the concentration increase
(Fig. 3FeI). RBC reach, at maximum, 30% of the total assemblage in
the earliest MIS 5e (128e126.5 ka). At 126.5 ka, the abundance and
concentrations of RBC rapidly decrease and B. tepikiense becomes
the dominant species (60%) (Fig. 3E).

The “red layer” event (124.6e124.2 ka) is reflected by a decrease
of dinocyst concentrations and marks the onset of a different
dinocyst assemblage. B. tepikiense is first replaced at the “red layer”
by the heterotrophic group of RBC (43%) and thereafter cysts of
P. dalei (20%). Other noteworthy dinocyst taxa in the “red layer’
include the cyst of Scrippsiella trifida which appears almost exclu-
sively here. Shortly following the deposition of the red layer and
cysts of P. dalei, overall cyst concentrations rise. In addition, the
relative abundance of O. centrocarpum increases to an average of
~72%, while its concentration increases to maximum values and
fluctuates between ~1000 and 5000 cyst/g sediment for the next
6000 years (Fig. 3K). In this interval, we also encounter the warm
water indicator S. mirabilis between 121.5 and 115 ka (Fig. 3J). In a
single sample (~122 ka), we encountered high relative abundances
of the Arctic, cool water dinocyst Islandinium minutum, a species
often associated with sea ice (Fig. 3D). Other sea ice proxies (see
section 3.3) were not recorded associated with this sample.
O. centrocarpum concentrations and abundances decrease at ~118
ka, when B. tepikiense and cysts of P. dalei increase.

The MIS 5d dinocyst assemblage is initially dominated by
N. labyrinthus and Spiniferites spp., together representing up to 90%
of the assemblage at its maximum. The dominance of these species
corresponds with the highest overall dinocyst concentrations of the
record reaching a maximum of 14,000 cyst/g sediment. When
N. labyrinthus, Spiniferites spp., and dinocyst concentrations
decrease at ~114 ka, RBC start dominating the assemblage for the
remainder of MIS 5d.

4.4. Biomarkers

Through MIS 6, the sea ice (IP25, HBI II) and MIZ (HBI III Z) HBI
biomarkers are low or under the detection limit while the open
ocean (brassicasterol, dinosterol) and terrestrial (sitosterol and
campesterol) sterol biomarkers are low in concentration
(Fig. 4DeG). In late TII all biomarkers, and especially the HBI bio-
markers, increase in concentrations corresponding to the abrupt
transition to the lower planktic d18O values at 131 ka. At the onset of
MIS 5e (128 ka), all biomarker concentrations rapidly increase
further with IP25 and HBI II reaching maximum values between
127.4 and 126.9 ka. Maximum values of HBI III (Z), brassicasterol,
dinosterol, sitosterol, and campesterol remain until ~126.4 ka.
Subsequently, all biomarker concentrations decrease from 126.4 ka,
only to briefly increase in the red layer. Here, the sea ice and other
biomarkers peak except for HBI III (Z), and we record the highest
concentration of the terrestrial biomarker sitosterol at 49 mg/gTOC
in this red layer. For the remainder of MIS 5e, all biomarker con-
centrations decline and sea ice biomarkers are not detected. At the
start of MIS 5d, the biomarker concentrations increase and IP25 is
detected again from ~114 ka and remains present throughout MIS
5d.

5. Discussion

5.1. Late MIS 6 and Termination II: the perennial sea ice cover
breaks up

During our studied interval of MIS 6, the Eirik Drift was likely
covered by an extensive perennial sea ice cover. This interpretation
is based on the very low dinocyst concentrations (Fig. 4A) and low
to absent IP25 concentrations in our samples (Fig. 5E). IP25

Fig. 3. Dinocyst relative abundances (%) represented with coloured curves and con-
centrations (cyst/g sediment) with errors represented with black lines for the most
abundant species of Site 22CC-B plotted on age (ka). A) The total dinocyst concen-
tration with errors, BeK) relative abundance and concentration with errors. The red
shaded area and arrow represent the red layer. The grey shaded area represents H11,
and the pink shaded area marks MIS 5e.
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consistentwithcharacteristiclowvaluesofinterglacialperiods.
Bothisotopicrecordsshowageneralincreasingtrendthroughout
MIS5e.ThetransitionintoMIS5discharacterisedbyagradual
increaseinplankticd18O,andamoremutedincreaseinbenthic
d18O,suggestingachangeinlocalsurfacewaterhydrographyin
excessofthechangeregisteredinthedeepocean.

4.3.Dinoflagellatecysts

InMIS6dinocystcounts(Fig.3)areverylowmakingreliable
interpretationsbasedonrelativeabundancedifficult.TowardsTII,
concentrationsarealsoverylow(averageof~27cysts/gsediment),
yettheyincreasetoanaverageof110cyst/gsediment.Here,we
observetheonsetandincreaseintherelativeabundanceofRBC
whichduringTIIreachupto~30%ofthedinocystassemblage.

ThedinocystconcentrationincreasesattheonsetofMIS5e
(Fig.3A).Spiniferitesspp.,RBC,cystsofP.daleiandN.labyrinthusare

amongthespeciesthatcontributetotheconcentrationincrease
(Fig.3FeI).RBCreach,atmaximum,30%ofthetotalassemblagein
theearliestMIS5e(128e126.5ka).At126.5ka,theabundanceand
concentrationsofRBCrapidlydecreaseandB.tepikiensebecomes
thedominantspecies(60%)(Fig.3E).

The“redlayer”event(124.6e124.2ka)isreflectedbyadecrease
ofdinocystconcentrationsandmarkstheonsetofadifferent
dinocystassemblage.B.tepikienseisfirstreplacedatthe“redlayer”
bytheheterotrophicgroupofRBC(43%)andthereaftercystsof
P.dalei(20%).Othernoteworthydinocysttaxainthe“redlayer’
includethecystofScrippsiellatrifidawhichappearsalmostexclu-
sivelyhere.Shortlyfollowingthedepositionoftheredlayerand
cystsofP.dalei,overallcystconcentrationsrise.Inaddition,the
relativeabundanceofO.centrocarpumincreasestoanaverageof
~72%,whileitsconcentrationincreasestomaximumvaluesand
fluctuatesbetween~1000and5000cyst/gsedimentforthenext
6000years(Fig.3K).Inthisinterval,wealsoencounterthewarm
waterindicatorS.mirabilisbetween121.5and115ka(Fig.3J).Ina
singlesample(~122ka),weencounteredhighrelativeabundances
oftheArctic,coolwaterdinocystIslandiniumminutum,aspecies
oftenassociatedwithseaice(Fig.3D).Otherseaiceproxies(see
section3.3)werenotrecordedassociatedwiththissample.
O.centrocarpumconcentrationsandabundancesdecreaseat~118
ka,whenB.tepikienseandcystsofP.daleiincrease.

TheMIS5ddinocystassemblageisinitiallydominatedby
N.labyrinthusandSpiniferitesspp.,togetherrepresentingupto90%
oftheassemblageatitsmaximum.Thedominanceofthesespecies
correspondswiththehighestoveralldinocystconcentrationsofthe
recordreachingamaximumof14,000cyst/gsediment.When
N.labyrinthus,Spiniferitesspp.,anddinocystconcentrations
decreaseat~114ka,RBCstartdominatingtheassemblageforthe
remainderofMIS5d.

4.4.Biomarkers

ThroughMIS6,theseaice(IP25,HBIII)andMIZ(HBIIIIZ)HBI
biomarkersareloworunderthedetectionlimitwhiletheopen
ocean(brassicasterol,dinosterol)andterrestrial(sitosteroland
campesterol)sterolbiomarkersarelowinconcentration
(Fig.4DeG).InlateTIIallbiomarkers,andespeciallytheHBIbio-
markers,increaseinconcentrationscorrespondingtotheabrupt
transitiontothelowerplankticd18Ovaluesat131ka.Attheonsetof
MIS5e(128ka),allbiomarkerconcentrationsrapidlyincrease
furtherwithIP25andHBIIIreachingmaximumvaluesbetween
127.4and126.9ka.MaximumvaluesofHBIIII(Z),brassicasterol,
dinosterol,sitosterol,andcampesterolremainuntil~126.4ka.
Subsequently,allbiomarkerconcentrationsdecreasefrom126.4ka,
onlytobrieflyincreaseintheredlayer.Here,theseaiceandother
biomarkerspeakexceptforHBIIII(Z),andwerecordthehighest
concentrationoftheterrestrialbiomarkersitosterolat49mg/gTOC
inthisredlayer.FortheremainderofMIS5e,allbiomarkercon-
centrationsdeclineandseaicebiomarkersarenotdetected.Atthe
startofMIS5d,thebiomarkerconcentrationsincreaseandIP25is
detectedagainfrom~114kaandremainspresentthroughoutMIS
5d.

5.Discussion

5.1.LateMIS6andTerminationII:theperennialseaicecover
breaksup

DuringourstudiedintervalofMIS6,theEirikDriftwaslikely
coveredbyanextensiveperennialseaicecover.Thisinterpretation
isbasedontheverylowdinocystconcentrations(Fig.4A)andlow
toabsentIP25concentrationsinoursamples(Fig.5E).IP25

Fig.3.Dinocystrelativeabundances(%)representedwithcolouredcurvesandcon-
centrations(cyst/gsediment)witherrorsrepresentedwithblacklinesforthemost
abundantspeciesofSite22CC-Bplottedonage(ka).A)Thetotaldinocystconcen-
trationwitherrors,BeK)relativeabundanceandconcentrationwitherrors.Thered
shadedareaandarrowrepresenttheredlayer.ThegreyshadedarearepresentsH11,
andthepinkshadedareamarksMIS5e.
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consistentwithcharacteristiclowvaluesofinterglacialperiods.
Bothisotopicrecordsshowageneralincreasingtrendthroughout
MIS5e.ThetransitionintoMIS5discharacterisedbyagradual
increaseinplankticd18O,andamoremutedincreaseinbenthic
d18O,suggestingachangeinlocalsurfacewaterhydrographyin
excessofthechangeregisteredinthedeepocean.

4.3.Dinoflagellatecysts

InMIS6dinocystcounts(Fig.3)areverylowmakingreliable
interpretationsbasedonrelativeabundancedifficult.TowardsTII,
concentrationsarealsoverylow(averageof~27cysts/gsediment),
yettheyincreasetoanaverageof110cyst/gsediment.Here,we
observetheonsetandincreaseintherelativeabundanceofRBC
whichduringTIIreachupto~30%ofthedinocystassemblage.

ThedinocystconcentrationincreasesattheonsetofMIS5e
(Fig.3A).Spiniferitesspp.,RBC,cystsofP.daleiandN.labyrinthusare

amongthespeciesthatcontributetotheconcentrationincrease
(Fig.3FeI).RBCreach,atmaximum,30%ofthetotalassemblagein
theearliestMIS5e(128e126.5ka).At126.5ka,theabundanceand
concentrationsofRBCrapidlydecreaseandB.tepikiensebecomes
thedominantspecies(60%)(Fig.3E).

The“redlayer”event(124.6e124.2ka)isreflectedbyadecrease
ofdinocystconcentrationsandmarkstheonsetofadifferent
dinocystassemblage.B.tepikienseisfirstreplacedatthe“redlayer”
bytheheterotrophicgroupofRBC(43%)andthereaftercystsof
P.dalei(20%).Othernoteworthydinocysttaxainthe“redlayer’
includethecystofScrippsiellatrifidawhichappearsalmostexclu-
sivelyhere.Shortlyfollowingthedepositionoftheredlayerand
cystsofP.dalei,overallcystconcentrationsrise.Inaddition,the
relativeabundanceofO.centrocarpumincreasestoanaverageof
~72%,whileitsconcentrationincreasestomaximumvaluesand
fluctuatesbetween~1000and5000cyst/gsedimentforthenext
6000years(Fig.3K).Inthisinterval,wealsoencounterthewarm
waterindicatorS.mirabilisbetween121.5and115ka(Fig.3J).Ina
singlesample(~122ka),weencounteredhighrelativeabundances
oftheArctic,coolwaterdinocystIslandiniumminutum,aspecies
oftenassociatedwithseaice(Fig.3D).Otherseaiceproxies(see
section3.3)werenotrecordedassociatedwiththissample.
O.centrocarpumconcentrationsandabundancesdecreaseat~118
ka,whenB.tepikienseandcystsofP.daleiincrease.

TheMIS5ddinocystassemblageisinitiallydominatedby
N.labyrinthusandSpiniferitesspp.,togetherrepresentingupto90%
oftheassemblageatitsmaximum.Thedominanceofthesespecies
correspondswiththehighestoveralldinocystconcentrationsofthe
recordreachingamaximumof14,000cyst/gsediment.When
N.labyrinthus,Spiniferitesspp.,anddinocystconcentrations
decreaseat~114ka,RBCstartdominatingtheassemblageforthe
remainderofMIS5d.

4.4.Biomarkers

ThroughMIS6,theseaice(IP25,HBIII)andMIZ(HBIIIIZ)HBI
biomarkersareloworunderthedetectionlimitwhiletheopen
ocean(brassicasterol,dinosterol)andterrestrial(sitosteroland
campesterol)sterolbiomarkersarelowinconcentration
(Fig.4DeG).InlateTIIallbiomarkers,andespeciallytheHBIbio-
markers,increaseinconcentrationscorrespondingtotheabrupt
transitiontothelowerplankticd18Ovaluesat131ka.Attheonsetof
MIS5e(128ka),allbiomarkerconcentrationsrapidlyincrease
furtherwithIP25andHBIIIreachingmaximumvaluesbetween
127.4and126.9ka.MaximumvaluesofHBIIII(Z),brassicasterol,
dinosterol,sitosterol,andcampesterolremainuntil~126.4ka.
Subsequently,allbiomarkerconcentrationsdecreasefrom126.4ka,
onlytobrieflyincreaseintheredlayer.Here,theseaiceandother
biomarkerspeakexceptforHBIIII(Z),andwerecordthehighest
concentrationoftheterrestrialbiomarkersitosterolat49mg/gTOC
inthisredlayer.FortheremainderofMIS5e,allbiomarkercon-
centrationsdeclineandseaicebiomarkersarenotdetected.Atthe
startofMIS5d,thebiomarkerconcentrationsincreaseandIP25is
detectedagainfrom~114kaandremainspresentthroughoutMIS
5d.

5.Discussion

5.1.LateMIS6andTerminationII:theperennialseaicecover
breaksup

DuringourstudiedintervalofMIS6,theEirikDriftwaslikely
coveredbyanextensiveperennialseaicecover.Thisinterpretation
isbasedontheverylowdinocystconcentrations(Fig.4A)andlow
toabsentIP25concentrationsinoursamples(Fig.5E).IP25

Fig.3.Dinocystrelativeabundances(%)representedwithcolouredcurvesandcon-
centrations(cyst/gsediment)witherrorsrepresentedwithblacklinesforthemost
abundantspeciesofSite22CC-Bplottedonage(ka).A)Thetotaldinocystconcen-
trationwitherrors,BeK)relativeabundanceandconcentrationwitherrors.Thered
shadedareaandarrowrepresenttheredlayer.ThegreyshadedarearepresentsH11,
andthepinkshadedareamarksMIS5e.
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consistent with characteristic low values of interglacial periods.
Both isotopic records show a general increasing trend throughout
MIS 5e. The transition into MIS 5d is characterised by a gradual
increase in planktic d18O, and a more muted increase in benthic
d18O, suggesting a change in local surface water hydrography in
excess of the change registered in the deep ocean.

4.3. Dinoflagellate cysts

In MIS 6 dinocyst counts (Fig. 3) are very low making reliable
interpretations based on relative abundance difficult. Towards TII,
concentrations are also very low (average of ~27 cysts/g sediment),
yet they increase to an average of 110 cyst/g sediment. Here, we
observe the onset and increase in the relative abundance of RBC
which during TII reach up to ~30% of the dinocyst assemblage.

The dinocyst concentration increases at the onset of MIS 5e
(Fig. 3A). Spiniferites spp., RBC, cysts of P. dalei and N. labyrinthus are

among the species that contribute to the concentration increase
(Fig. 3FeI). RBC reach, at maximum, 30% of the total assemblage in
the earliest MIS 5e (128e126.5 ka). At 126.5 ka, the abundance and
concentrations of RBC rapidly decrease and B. tepikiense becomes
the dominant species (60%) (Fig. 3E).

The “red layer” event (124.6e124.2 ka) is reflected by a decrease
of dinocyst concentrations and marks the onset of a different
dinocyst assemblage. B. tepikiense is first replaced at the “red layer”
by the heterotrophic group of RBC (43%) and thereafter cysts of
P. dalei (20%). Other noteworthy dinocyst taxa in the “red layer’
include the cyst of Scrippsiella trifida which appears almost exclu-
sively here. Shortly following the deposition of the red layer and
cysts of P. dalei, overall cyst concentrations rise. In addition, the
relative abundance of O. centrocarpum increases to an average of
~72%, while its concentration increases to maximum values and
fluctuates between ~1000 and 5000 cyst/g sediment for the next
6000 years (Fig. 3K). In this interval, we also encounter the warm
water indicator S. mirabilis between 121.5 and 115 ka (Fig. 3J). In a
single sample (~122 ka), we encountered high relative abundances
of the Arctic, cool water dinocyst Islandinium minutum, a species
often associated with sea ice (Fig. 3D). Other sea ice proxies (see
section 3.3) were not recorded associated with this sample.
O. centrocarpum concentrations and abundances decrease at ~118
ka, when B. tepikiense and cysts of P. dalei increase.

The MIS 5d dinocyst assemblage is initially dominated by
N. labyrinthus and Spiniferites spp., together representing up to 90%
of the assemblage at its maximum. The dominance of these species
corresponds with the highest overall dinocyst concentrations of the
record reaching a maximum of 14,000 cyst/g sediment. When
N. labyrinthus, Spiniferites spp., and dinocyst concentrations
decrease at ~114 ka, RBC start dominating the assemblage for the
remainder of MIS 5d.

4.4. Biomarkers

Through MIS 6, the sea ice (IP25, HBI II) and MIZ (HBI III Z) HBI
biomarkers are low or under the detection limit while the open
ocean (brassicasterol, dinosterol) and terrestrial (sitosterol and
campesterol) sterol biomarkers are low in concentration
(Fig. 4DeG). In late TII all biomarkers, and especially the HBI bio-
markers, increase in concentrations corresponding to the abrupt
transition to the lower planktic d18O values at 131 ka. At the onset of
MIS 5e (128 ka), all biomarker concentrations rapidly increase
further with IP25 and HBI II reaching maximum values between
127.4 and 126.9 ka. Maximum values of HBI III (Z), brassicasterol,
dinosterol, sitosterol, and campesterol remain until ~126.4 ka.
Subsequently, all biomarker concentrations decrease from 126.4 ka,
only to briefly increase in the red layer. Here, the sea ice and other
biomarkers peak except for HBI III (Z), and we record the highest
concentration of the terrestrial biomarker sitosterol at 49 mg/gTOC
in this red layer. For the remainder of MIS 5e, all biomarker con-
centrations decline and sea ice biomarkers are not detected. At the
start of MIS 5d, the biomarker concentrations increase and IP25 is
detected again from ~114 ka and remains present throughout MIS
5d.

5. Discussion

5.1. Late MIS 6 and Termination II: the perennial sea ice cover
breaks up

During our studied interval of MIS 6, the Eirik Drift was likely
covered by an extensive perennial sea ice cover. This interpretation
is based on the very low dinocyst concentrations (Fig. 4A) and low
to absent IP25 concentrations in our samples (Fig. 5E). IP25

Fig. 3. Dinocyst relative abundances (%) represented with coloured curves and con-
centrations (cyst/g sediment) with errors represented with black lines for the most
abundant species of Site 22CC-B plotted on age (ka). A) The total dinocyst concen-
tration with errors, BeK) relative abundance and concentration with errors. The red
shaded area and arrow represent the red layer. The grey shaded area represents H11,
and the pink shaded area marks MIS 5e.
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consistent with characteristic low values of interglacial periods.
Both isotopic records show a general increasing trend throughout
MIS 5e. The transition into MIS 5d is characterised by a gradual
increase in planktic d18O, and a more muted increase in benthic
d18O, suggesting a change in local surface water hydrography in
excess of the change registered in the deep ocean.

4.3. Dinoflagellate cysts

In MIS 6 dinocyst counts (Fig. 3) are very low making reliable
interpretations based on relative abundance difficult. Towards TII,
concentrations are also very low (average of ~27 cysts/g sediment),
yet they increase to an average of 110 cyst/g sediment. Here, we
observe the onset and increase in the relative abundance of RBC
which during TII reach up to ~30% of the dinocyst assemblage.

The dinocyst concentration increases at the onset of MIS 5e
(Fig. 3A). Spiniferites spp., RBC, cysts of P. dalei and N. labyrinthus are

among the species that contribute to the concentration increase
(Fig. 3FeI). RBC reach, at maximum, 30% of the total assemblage in
the earliest MIS 5e (128e126.5 ka). At 126.5 ka, the abundance and
concentrations of RBC rapidly decrease and B. tepikiense becomes
the dominant species (60%) (Fig. 3E).

The “red layer” event (124.6e124.2 ka) is reflected by a decrease
of dinocyst concentrations and marks the onset of a different
dinocyst assemblage. B. tepikiense is first replaced at the “red layer”
by the heterotrophic group of RBC (43%) and thereafter cysts of
P. dalei (20%). Other noteworthy dinocyst taxa in the “red layer’
include the cyst of Scrippsiella trifida which appears almost exclu-
sively here. Shortly following the deposition of the red layer and
cysts of P. dalei, overall cyst concentrations rise. In addition, the
relative abundance of O. centrocarpum increases to an average of
~72%, while its concentration increases to maximum values and
fluctuates between ~1000 and 5000 cyst/g sediment for the next
6000 years (Fig. 3K). In this interval, we also encounter the warm
water indicator S. mirabilis between 121.5 and 115 ka (Fig. 3J). In a
single sample (~122 ka), we encountered high relative abundances
of the Arctic, cool water dinocyst Islandinium minutum, a species
often associated with sea ice (Fig. 3D). Other sea ice proxies (see
section 3.3) were not recorded associated with this sample.
O. centrocarpum concentrations and abundances decrease at ~118
ka, when B. tepikiense and cysts of P. dalei increase.

The MIS 5d dinocyst assemblage is initially dominated by
N. labyrinthus and Spiniferites spp., together representing up to 90%
of the assemblage at its maximum. The dominance of these species
corresponds with the highest overall dinocyst concentrations of the
record reaching a maximum of 14,000 cyst/g sediment. When
N. labyrinthus, Spiniferites spp., and dinocyst concentrations
decrease at ~114 ka, RBC start dominating the assemblage for the
remainder of MIS 5d.

4.4. Biomarkers

Through MIS 6, the sea ice (IP25, HBI II) and MIZ (HBI III Z) HBI
biomarkers are low or under the detection limit while the open
ocean (brassicasterol, dinosterol) and terrestrial (sitosterol and
campesterol) sterol biomarkers are low in concentration
(Fig. 4DeG). In late TII all biomarkers, and especially the HBI bio-
markers, increase in concentrations corresponding to the abrupt
transition to the lower planktic d18O values at 131 ka. At the onset of
MIS 5e (128 ka), all biomarker concentrations rapidly increase
further with IP25 and HBI II reaching maximum values between
127.4 and 126.9 ka. Maximum values of HBI III (Z), brassicasterol,
dinosterol, sitosterol, and campesterol remain until ~126.4 ka.
Subsequently, all biomarker concentrations decrease from 126.4 ka,
only to briefly increase in the red layer. Here, the sea ice and other
biomarkers peak except for HBI III (Z), and we record the highest
concentration of the terrestrial biomarker sitosterol at 49 mg/gTOC
in this red layer. For the remainder of MIS 5e, all biomarker con-
centrations decline and sea ice biomarkers are not detected. At the
start of MIS 5d, the biomarker concentrations increase and IP25 is
detected again from ~114 ka and remains present throughout MIS
5d.

5. Discussion

5.1. Late MIS 6 and Termination II: the perennial sea ice cover
breaks up

During our studied interval of MIS 6, the Eirik Drift was likely
covered by an extensive perennial sea ice cover. This interpretation
is based on the very low dinocyst concentrations (Fig. 4A) and low
to absent IP25 concentrations in our samples (Fig. 5E). IP25

Fig. 3. Dinocyst relative abundances (%) represented with coloured curves and con-
centrations (cyst/g sediment) with errors represented with black lines for the most
abundant species of Site 22CC-B plotted on age (ka). A) The total dinocyst concen-
tration with errors, BeK) relative abundance and concentration with errors. The red
shaded area and arrow represent the red layer. The grey shaded area represents H11,
and the pink shaded area marks MIS 5e.
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consistentwithcharacteristiclowvaluesofinterglacialperiods.
Bothisotopicrecordsshowageneralincreasingtrendthroughout
MIS5e.ThetransitionintoMIS5discharacterisedbyagradual
increaseinplankticd18O,andamoremutedincreaseinbenthic
d18O,suggestingachangeinlocalsurfacewaterhydrographyin
excessofthechangeregisteredinthedeepocean.

4.3.Dinoflagellatecysts

InMIS6dinocystcounts(Fig.3)areverylowmakingreliable
interpretationsbasedonrelativeabundancedifficult.TowardsTII,
concentrationsarealsoverylow(averageof~27cysts/gsediment),
yettheyincreasetoanaverageof110cyst/gsediment.Here,we
observetheonsetandincreaseintherelativeabundanceofRBC
whichduringTIIreachupto~30%ofthedinocystassemblage.

ThedinocystconcentrationincreasesattheonsetofMIS5e
(Fig.3A).Spiniferitesspp.,RBC,cystsofP.daleiandN.labyrinthusare

amongthespeciesthatcontributetotheconcentrationincrease
(Fig.3FeI).RBCreach,atmaximum,30%ofthetotalassemblagein
theearliestMIS5e(128e126.5ka).At126.5ka,theabundanceand
concentrationsofRBCrapidlydecreaseandB.tepikiensebecomes
thedominantspecies(60%)(Fig.3E).

The“redlayer”event(124.6e124.2ka)isreflectedbyadecrease
ofdinocystconcentrationsandmarkstheonsetofadifferent
dinocystassemblage.B.tepikienseisfirstreplacedatthe“redlayer”
bytheheterotrophicgroupofRBC(43%)andthereaftercystsof
P.dalei(20%).Othernoteworthydinocysttaxainthe“redlayer’
includethecystofScrippsiellatrifidawhichappearsalmostexclu-
sivelyhere.Shortlyfollowingthedepositionoftheredlayerand
cystsofP.dalei,overallcystconcentrationsrise.Inaddition,the
relativeabundanceofO.centrocarpumincreasestoanaverageof
~72%,whileitsconcentrationincreasestomaximumvaluesand
fluctuatesbetween~1000and5000cyst/gsedimentforthenext
6000years(Fig.3K).Inthisinterval,wealsoencounterthewarm
waterindicatorS.mirabilisbetween121.5and115ka(Fig.3J).Ina
singlesample(~122ka),weencounteredhighrelativeabundances
oftheArctic,coolwaterdinocystIslandiniumminutum,aspecies
oftenassociatedwithseaice(Fig.3D).Otherseaiceproxies(see
section3.3)werenotrecordedassociatedwiththissample.
O.centrocarpumconcentrationsandabundancesdecreaseat~118
ka,whenB.tepikienseandcystsofP.daleiincrease.

TheMIS5ddinocystassemblageisinitiallydominatedby
N.labyrinthusandSpiniferitesspp.,togetherrepresentingupto90%
oftheassemblageatitsmaximum.Thedominanceofthesespecies
correspondswiththehighestoveralldinocystconcentrationsofthe
recordreachingamaximumof14,000cyst/gsediment.When
N.labyrinthus,Spiniferitesspp.,anddinocystconcentrations
decreaseat~114ka,RBCstartdominatingtheassemblageforthe
remainderofMIS5d.

4.4.Biomarkers

ThroughMIS6,theseaice(IP25,HBIII)andMIZ(HBIIIIZ)HBI
biomarkersareloworunderthedetectionlimitwhiletheopen
ocean(brassicasterol,dinosterol)andterrestrial(sitosteroland
campesterol)sterolbiomarkersarelowinconcentration
(Fig.4DeG).InlateTIIallbiomarkers,andespeciallytheHBIbio-
markers,increaseinconcentrationscorrespondingtotheabrupt
transitiontothelowerplankticd18Ovaluesat131ka.Attheonsetof
MIS5e(128ka),allbiomarkerconcentrationsrapidlyincrease
furtherwithIP25andHBIIIreachingmaximumvaluesbetween
127.4and126.9ka.MaximumvaluesofHBIIII(Z),brassicasterol,
dinosterol,sitosterol,andcampesterolremainuntil~126.4ka.
Subsequently,allbiomarkerconcentrationsdecreasefrom126.4ka,
onlytobrieflyincreaseintheredlayer.Here,theseaiceandother
biomarkerspeakexceptforHBIIII(Z),andwerecordthehighest
concentrationoftheterrestrialbiomarkersitosterolat49mg/gTOC
inthisredlayer.FortheremainderofMIS5e,allbiomarkercon-
centrationsdeclineandseaicebiomarkersarenotdetected.Atthe
startofMIS5d,thebiomarkerconcentrationsincreaseandIP25is
detectedagainfrom~114kaandremainspresentthroughoutMIS
5d.

5.Discussion

5.1.LateMIS6andTerminationII:theperennialseaicecover
breaksup

DuringourstudiedintervalofMIS6,theEirikDriftwaslikely
coveredbyanextensiveperennialseaicecover.Thisinterpretation
isbasedontheverylowdinocystconcentrations(Fig.4A)andlow
toabsentIP25concentrationsinoursamples(Fig.5E).IP25

Fig.3.Dinocystrelativeabundances(%)representedwithcolouredcurvesandcon-
centrations(cyst/gsediment)witherrorsrepresentedwithblacklinesforthemost
abundantspeciesofSite22CC-Bplottedonage(ka).A)Thetotaldinocystconcen-
trationwitherrors,BeK)relativeabundanceandconcentrationwitherrors.Thered
shadedareaandarrowrepresenttheredlayer.ThegreyshadedarearepresentsH11,
andthepinkshadedareamarksMIS5e.
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cystsofP.dalei,overallcystconcentrationsrise.Inaddition,the
relativeabundanceofO.centrocarpumincreasestoanaverageof
~72%,whileitsconcentrationincreasestomaximumvaluesand
fluctuatesbetween~1000and5000cyst/gsedimentforthenext
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singlesample(~122ka),weencounteredhighrelativeabundances
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(Fig.4DeG).InlateTIIallbiomarkers,andespeciallytheHBIbio-
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biomarkerspeakexceptforHBIIII(Z),andwerecordthehighest
concentrationoftheterrestrialbiomarkersitosterolat49mg/gTOC
inthisredlayer.FortheremainderofMIS5e,allbiomarkercon-
centrationsdeclineandseaicebiomarkersarenotdetected.Atthe
startofMIS5d,thebiomarkerconcentrationsincreaseandIP25is
detectedagainfrom~114kaandremainspresentthroughoutMIS
5d.

5.Discussion

5.1.LateMIS6andTerminationII:theperennialseaicecover
breaksup

DuringourstudiedintervalofMIS6,theEirikDriftwaslikely
coveredbyanextensiveperennialseaicecover.Thisinterpretation
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toabsentIP25concentrationsinoursamples(Fig.5E).IP25
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sivelyhere.Shortlyfollowingthedepositionoftheredlayerand
cystsofP.dalei,overallcystconcentrationsrise.Inaddition,the
relativeabundanceofO.centrocarpumincreasestoanaverageof
~72%,whileitsconcentrationincreasestomaximumvaluesand
fluctuatesbetween~1000and5000cyst/gsedimentforthenext
6000years(Fig.3K).Inthisinterval,wealsoencounterthewarm
waterindicatorS.mirabilisbetween121.5and115ka(Fig.3J).Ina
singlesample(~122ka),weencounteredhighrelativeabundances
oftheArctic,coolwaterdinocystIslandiniumminutum,aspecies
oftenassociatedwithseaice(Fig.3D).Otherseaiceproxies(see
section3.3)werenotrecordedassociatedwiththissample.
O.centrocarpumconcentrationsandabundancesdecreaseat~118
ka,whenB.tepikienseandcystsofP.daleiincrease.
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correspondswiththehighestoveralldinocystconcentrationsofthe
recordreachingamaximumof14,000cyst/gsediment.When
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decreaseat~114ka,RBCstartdominatingtheassemblageforthe
remainderofMIS5d.

4.4.Biomarkers

ThroughMIS6,theseaice(IP25,HBIII)andMIZ(HBIIIIZ)HBI
biomarkersareloworunderthedetectionlimitwhiletheopen
ocean(brassicasterol,dinosterol)andterrestrial(sitosteroland
campesterol)sterolbiomarkersarelowinconcentration
(Fig.4DeG).InlateTIIallbiomarkers,andespeciallytheHBIbio-
markers,increaseinconcentrationscorrespondingtotheabrupt
transitiontothelowerplankticd18Ovaluesat131ka.Attheonsetof
MIS5e(128ka),allbiomarkerconcentrationsrapidlyincrease
furtherwithIP25andHBIIIreachingmaximumvaluesbetween
127.4and126.9ka.MaximumvaluesofHBIIII(Z),brassicasterol,
dinosterol,sitosterol,andcampesterolremainuntil~126.4ka.
Subsequently,allbiomarkerconcentrationsdecreasefrom126.4ka,
onlytobrieflyincreaseintheredlayer.Here,theseaiceandother
biomarkerspeakexceptforHBIIII(Z),andwerecordthehighest
concentrationoftheterrestrialbiomarkersitosterolat49mg/gTOC
inthisredlayer.FortheremainderofMIS5e,allbiomarkercon-
centrationsdeclineandseaicebiomarkersarenotdetected.Atthe
startofMIS5d,thebiomarkerconcentrationsincreaseandIP25is
detectedagainfrom~114kaandremainspresentthroughoutMIS
5d.

5.Discussion

5.1.LateMIS6andTerminationII:theperennialseaicecover
breaksup

DuringourstudiedintervalofMIS6,theEirikDriftwaslikely
coveredbyanextensiveperennialseaicecover.Thisinterpretation
isbasedontheverylowdinocystconcentrations(Fig.4A)andlow
toabsentIP25concentrationsinoursamples(Fig.5E).IP25
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Fig. 4. Dinocyst, stable oxygen isotope, and biomarker results plotted on age (ka). A) Dinocyst total concentrations with errors, B) dinocyst species relative abundances, C) d18O of
C. wuellerstorfi and N. pachyderma (s), D) concentrations of sea ice and sea ice associated biomarkers IP25 and HBI II, E) concentration of the marginal ice zone biomarker HBI III (Z), F)
concentrations of the open ocean biomarkers brassicasterol and dinosterol, G) concentrations of the terrestrial biomarkers sitosterol and campesterol and H) TOC %. The red shaded
area and arrow represent the red layer. The grey shaded area represents H11, and the pink shaded area marks MIS 5e.
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Fig. 5. A) June insolation at 60�N (Berger and Loutre, 1991) and sea level in meters relative to modern (Spratt and Lisiecki, 2016), B) relative abundance of the cold water
N. pachyderma (s) and the Atlantic water indicator N. incompta from Core MD03-2664 (Irvali et al., 2012, 2016), C) relative abundance of O. centrocarpum and B. tepikiense from Core
22CC-B, D) relative abundance of the round brown cysts (RBC), an indicator for high nutrient availability and sea ice, and cysts of P. dalei which are often linked to stratified waters,
E) concentrations of the sea ice (IP25) and marginal ice zone (HBI III (Z)) biomarker, F) pollen and spore records from Core HU-90-013-013 and estimated ice cover on Greenland (de
Vernal and Hillaire-Marcel, 2008), G) Eirik Drift planktic foraminifer d18O records, and IRD from Core MD03-2664 (black). The Heinrich Event 11 (H11) is marked by the grey shaded
area. Periods within MIS 5e characterised by warm water inflow to the Eirik Drift via the Irminger Current (IC) are marked by the pink shaded area; the cold event C27 and the
cooler conditions with enhanced pulses of EGC at the end of MIS 5e are marked by the blue shaded areas. The red layer is marked by the red arrow and red shaded area.
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concentrations of (almost) zero can reflect open water conditions
but combined with low open water biomarkers (brassicasterol,
dinosterol, and HBI III (Z)), we interpret these records to reflect a
perennial sea ice cover with minimal open-water phytoplankton
production. A thick sea ice cover limits light penetration in the
surface ocean and nutrient availability, both of which are essential
for phytoplankton and sea ice algae productivity (Müller et al.,
2011; Fahl and Stein, 2012; Xiao et al., 2015). The Core MD03-
2664 foraminifer assemblage and stable isotopes have been inter-
preted to reflect an extended sea ice margin occurring south of our
core location and increased polar water influence via the EGC (Irvali
et al., 2012). However, the low but present dinocysts and bio-
markers and the infrequent occurrence of foraminifers at Site 22CC-
B may suggest that the perennial sea ice cover was interrupted by
short intervals with restricted open water conditions during sum-
mer that allowed phytoplankton reproduction. Indeed, Mokeddem
and McManus (2016) demonstrate with foraminifer records from
the Ocean Drilling Program (ODP) Site 984 that a baseline of full
glacial conditions was interrupted by short-lived retreats of the
polar front northward that allowed warm and saline water inflow
to the northwest Atlantic.

At the onset of TII the perennial sea ice likely started to break up
more frequently when summer insolation increased (Fig. 5A). The
dinocyst counts and concentrations are very low (Fig. 3), yet the
relative abundances are statistically significant, as determined us-
ing the method of Heslop et al. (2011) (Supplementary Fig. 2). RBC,
a group of heterotrophic dinocysts often associated with seasonal
sea ice, occur for the first time in our record and increase in relative
abundance. At ~130 ka, as local summer insolation neared its peak,
the perennial sea ice broke up more frequently and we record
increased IP25 and HBI III (Z) concentrations. The sea ice was still
extensive but less so than in MIS 6 and early TII. A drop in IRD %
(Fig. 5G) and in the abundance of polar foraminifers in Core MD03-
2664 at 130 ka (Fig. 5B) suggests a general retreat of polar condi-
tions as TII came to an end.

The dinocyst assemblage at the Eirik Drift shows no indications
of Atlantic water inflow during TII, similar to the assemblage from
the South Icelandic Basin Core MD95-2015 (Eynaud et al., 2004). In
contrast, the Nordic Seas were influenced by warm Atlantic water,
as indicated by the dominance of the Atlantic water tracer
O. centrocarpum at the Vøring Plateau (Core M23071; Van
Nieuwenhove et al., 2008). Together, this could point to a con-
tracted SPG to thewest. A contracted or weakened SPGwould allow
for warm and saline Atlantic waters to flow northward into the
Nordic Seas, while the western North Atlantic is cut off fromwarm
water inflow (H�atún et al., 2005; Thornalley et al., 2009; Bauch
et al., 1999, 2012; Van Nieuwenhove et al., 2011). Such a scenario
of a contracted or weakened SPG is also proposed by Zhuravleva
et al. (2017) who indicate cold surface water conditions, high
meltwater input from the GIS and/or enhanced sea ice in East
Greenland Margin Core M23351. Taken together, the break-up of
perennial sea ice, and a highly fresh and stratified upper ocean in
the North Atlantic is consistent with a contracted/weak SPG during
TII (Fig. 6).

5.2. MIS 5e

5.2.1. Earliest MIS 5e (128e126.5 ka): marginal ice zone and (sub)
surface warming

Coincident with peak summer insolation in the earliest MIS 5e,
we record the first evidence of a MIZ at the Eirik Drift. We interpret
a MIZ due to the simultaneous increase of the sea ice biomarkers
IP25 and HBI III (Z) (Fig. 5E). While IP25 alone could indicate sea ice
transport via the EGC, HBI III (Z) is found to be strongly enhanced in
MIZ environments in the Antarctic (Collins et al., 2013) and the

Arctic (Belt et al., 2015). Further corroborating evidence for MIZ
conditions comes from increased concentrations and abundances
of the heterotrophic RBC, which are often abundant in highly
productive sea ice environments (e.g. de Vernal et al., 1997, 2005,
2020), and cysts of P. dalei, a species associated with stratified
waters (Fig. 5D; see section 3.3). Contemporaneously, sea surface
productivity increased as indicated by the open-water phyto-
plankton biomarkers dinosterol and, especially, brassicasterol
(Fig. 4F). The environment during the first 1500 years of MIS 5e at
the Eirik Drift was thus an environment with sea ice, high pro-
ductivity and stratification.

Interestingly, several data records and modelling experiments
highlight this earliest part of MIS 5e to be the warmest part of the
entire interglacial. Foraminifer-based temperature reconstructions
from Core MD03-2664 demonstrate peak MIS 5e temperatures at
the Eirik Drift (Irvali et al., 2012). Furthermore, in Core MD03-2664,
the shift in the foraminifer assemblage from dominance of
N. pachyderma (s) during MIS 6/TII to an assemblage with the
subpolar-transitional species N. incompta (Fig. 5B), and
T. quinqueloba, G. bulloides and G. glutinata, suggest an increased
Atlantic water influence (Irvali et al., 2012). Similarly, foraminifer
records from Core HU-90-013-013 on the Eirik Drift (Seidenkrantz
et al., 1995, 1996), ODP 984 south of Iceland (Mokeddem et al.,
2014) and isotope records from IODP Site U1304 on the Gardar
Drift (Hodell et al., 2009) point to early MIS 5e warmth and provide
broad evidence for warm Atlantic waters. Peak early MIS 5e
warmth is further corroborated by several model experiments (e.g.
Otto-Bliesner et al., 2006; Bakker et al., 2014). The higher surface
ocean temperatures at the Eirik Drift are likely related to an active
and west-east oriented SPG drawing in water from the IC as it does
today (Fig. 6; e.g. Irvali et al., 2012, 2016; Bauch et al., 2011). This
potentially zonally extended SPG configuration appears to have
coincided with active dense water formation and ventilation in the
Nordic Seas. This is evidenced by high values of benthic carbon
isotopes on the Eirik Drift where the deep waters are influenced by
the dense overflows from the Nordic Seas (Galaasen et al., 2014).
Thus, in this scenario, a seemingly extended SPG is related to a
strong AMOC, or at least well-ventilated dense overflows from the
Nordic Seas, and not aweak AMOC as suggested by Klockmann et al.
(2020). This highlights the complexity of the interaction between
SPG dynamics and North Atlantic circulation, and that SPG geom-
etry and strength are by no means the sole modulator of Nordic
Seas ventilation.

Taken at face value, it seems difficult to reconcile a MIZ with
peak warm MIS 5e near-surface ocean conditions. Discrepancies
between reconstructions with different proxies are not uncommon,
and have been linked to both habitat difference (i.e. water depth)
and/or seasonality (e.g. de Vernal et al., 2020; Van Nieuwenhove
et al., 2016; Andersson et al., 2010; Cortese et al., 2005;
Risebrobakken et al., 2011; Leduc et al., 2010). Here, taking the
habitat into account, biomarkers and dinocysts likely record
changes in the uppermost part of thewater column, where cold, sea
ice laden surface waters occur. The planktic foraminifers would
occupy the slightly deeper, warmer waters sourced by the IC. It is
well known that planktic foraminifers occur in a sub-surface,
slightly deeper habitat (e.g. Simstich et al., 2003; Kozdon et al.,
2009; Jonkers et al., 2010; Pados and Spielhagen, 2014). Alterna-
tively, the proxies reflect different seasons, with biomarkers/dino-
cysts reflecting more spring and autumn conditions and the
planktic foraminifers reflecting the summer. For this reason,
caution must always be taken when looking at a single proxy.
Assuming that the subsurface habitat of N. pachyderma (s) also
reflects surface ocean conditions, can lead to misinterpretation
under some circumstances as pointed out by e.g. Hillaire-Marcel
et al. (1994) and Dokken et al. (2013). Indeed, the subsurface
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concentrationsof(almost)zerocanreflectopenwaterconditions
butcombinedwithlowopenwaterbiomarkers(brassicasterol,
dinosterol,andHBIIII(Z)),weinterprettheserecordstoreflecta
perennialseaicecoverwithminimalopen-waterphytoplankton
production.Athickseaicecoverlimitslightpenetrationinthe
surfaceoceanandnutrientavailability,bothofwhichareessential
forphytoplanktonandseaicealgaeproductivity(Mülleretal.,
2011;FahlandStein,2012;Xiaoetal.,2015).TheCoreMD03-
2664foraminiferassemblageandstableisotopeshavebeeninter-
pretedtoreflectanextendedseaicemarginoccurringsouthofour
corelocationandincreasedpolarwaterinfluenceviatheEGC(Irvali
etal.,2012).However,thelowbutpresentdinocystsandbio-
markersandtheinfrequentoccurrenceofforaminifersatSite22CC-
Bmaysuggestthattheperennialseaicecoverwasinterruptedby
shortintervalswithrestrictedopenwaterconditionsduringsum-
merthatallowedphytoplanktonreproduction.Indeed,Mokeddem
andMcManus(2016)demonstratewithforaminiferrecordsfrom
theOceanDrillingProgram(ODP)Site984thatabaselineoffull
glacialconditionswasinterruptedbyshort-livedretreatsofthe
polarfrontnorthwardthatallowedwarmandsalinewaterinflow
tothenorthwestAtlantic.

AttheonsetofTIItheperennialseaicelikelystartedtobreakup
morefrequentlywhensummerinsolationincreased(Fig.5A).The
dinocystcountsandconcentrationsareverylow(Fig.3),yetthe
relativeabundancesarestatisticallysignificant,asdeterminedus-
ingthemethodofHeslopetal.(2011)(SupplementaryFig.2).RBC,
agroupofheterotrophicdinocystsoftenassociatedwithseasonal
seaice,occurforthefirsttimeinourrecordandincreaseinrelative
abundance.At~130ka,aslocalsummerinsolationneareditspeak,
theperennialseaicebrokeupmorefrequentlyandwerecord
increasedIP25andHBIIII(Z)concentrations.Theseaicewasstill
extensivebutlesssothaninMIS6andearlyTII.AdropinIRD%
(Fig.5G)andintheabundanceofpolarforaminifersinCoreMD03-
2664at130ka(Fig.5B)suggestsageneralretreatofpolarcondi-
tionsasTIIcametoanend.

ThedinocystassemblageattheEirikDriftshowsnoindications
ofAtlanticwaterinflowduringTII,similartotheassemblagefrom
theSouthIcelandicBasinCoreMD95-2015(Eynaudetal.,2004).In
contrast,theNordicSeaswereinfluencedbywarmAtlanticwater,
asindicatedbythedominanceoftheAtlanticwatertracer
O.centrocarpumattheVøringPlateau(CoreM23071;Van
Nieuwenhoveetal.,2008).Together,thiscouldpointtoacon-
tractedSPGtothewest.AcontractedorweakenedSPGwouldallow
forwarmandsalineAtlanticwaterstoflownorthwardintothe
NordicSeas,whilethewesternNorthAtlanticiscutofffromwarm
waterinflow(H�atúnetal.,2005;Thornalleyetal.,2009;Bauch
etal.,1999,2012;VanNieuwenhoveetal.,2011).Suchascenario
ofacontractedorweakenedSPGisalsoproposedbyZhuravleva
etal.(2017)whoindicatecoldsurfacewaterconditions,high
meltwaterinputfromtheGISand/orenhancedseaiceinEast
GreenlandMarginCoreM23351.Takentogether,thebreak-upof
perennialseaice,andahighlyfreshandstratifiedupperoceanin
theNorthAtlanticisconsistentwithacontracted/weakSPGduring
TII(Fig.6).

5.2.MIS5e

5.2.1.EarliestMIS5e(128e126.5ka):marginalicezoneand(sub)
surfacewarming

CoincidentwithpeaksummerinsolationintheearliestMIS5e,
werecordthefirstevidenceofaMIZattheEirikDrift.Weinterpret
aMIZduetothesimultaneousincreaseoftheseaicebiomarkers
IP25andHBIIII(Z)(Fig.5E).WhileIP25alonecouldindicateseaice
transportviatheEGC,HBIIII(Z)isfoundtobestronglyenhancedin
MIZenvironmentsintheAntarctic(Collinsetal.,2013)andthe

Arctic(Beltetal.,2015).FurthercorroboratingevidenceforMIZ
conditionscomesfromincreasedconcentrationsandabundances
oftheheterotrophicRBC,whichareoftenabundantinhighly
productiveseaiceenvironments(e.g.deVernaletal.,1997,2005,
2020),andcystsofP.dalei,aspeciesassociatedwithstratified
waters(Fig.5D;seesection3.3).Contemporaneously,seasurface
productivityincreasedasindicatedbytheopen-waterphyto-
planktonbiomarkersdinosteroland,especially,brassicasterol
(Fig.4F).Theenvironmentduringthefirst1500yearsofMIS5eat
theEirikDriftwasthusanenvironmentwithseaice,highpro-
ductivityandstratification.

Interestingly,severaldatarecordsandmodellingexperiments
highlightthisearliestpartofMIS5etobethewarmestpartofthe
entireinterglacial.Foraminifer-basedtemperaturereconstructions
fromCoreMD03-2664demonstratepeakMIS5etemperaturesat
theEirikDrift(Irvalietal.,2012).Furthermore,inCoreMD03-2664,
theshiftintheforaminiferassemblagefromdominanceof
N.pachyderma(s)duringMIS6/TIItoanassemblagewiththe
subpolar-transitionalspeciesN.incompta(Fig.5B),and
T.quinqueloba,G.bulloidesandG.glutinata,suggestanincreased
Atlanticwaterinfluence(Irvalietal.,2012).Similarly,foraminifer
recordsfromCoreHU-90-013-013ontheEirikDrift(Seidenkrantz
etal.,1995,1996),ODP984southofIceland(Mokeddemetal.,
2014)andisotoperecordsfromIODPSiteU1304ontheGardar
Drift(Hodelletal.,2009)pointtoearlyMIS5ewarmthandprovide
broadevidenceforwarmAtlanticwaters.PeakearlyMIS5e
warmthisfurthercorroboratedbyseveralmodelexperiments(e.g.
Otto-Bliesneretal.,2006;Bakkeretal.,2014).Thehighersurface
oceantemperaturesattheEirikDriftarelikelyrelatedtoanactive
andwest-eastorientedSPGdrawinginwaterfromtheICasitdoes
today(Fig.6;e.g.Irvalietal.,2012,2016;Bauchetal.,2011).This
potentiallyzonallyextendedSPGconfigurationappearstohave
coincidedwithactivedensewaterformationandventilationinthe
NordicSeas.Thisisevidencedbyhighvaluesofbenthiccarbon
isotopesontheEirikDriftwherethedeepwatersareinfluencedby
thedenseoverflowsfromtheNordicSeas(Galaasenetal.,2014).
Thus,inthisscenario,aseeminglyextendedSPGisrelatedtoa
strongAMOC,oratleastwell-ventilateddenseoverflowsfromthe
NordicSeas,andnotaweakAMOCassuggestedbyKlockmannetal.
(2020).Thishighlightsthecomplexityoftheinteractionbetween
SPGdynamicsandNorthAtlanticcirculation,andthatSPGgeom-
etryandstrengtharebynomeansthesolemodulatorofNordic
Seasventilation.

Takenatfacevalue,itseemsdifficulttoreconcileaMIZwith
peakwarmMIS5enear-surfaceoceanconditions.Discrepancies
betweenreconstructionswithdifferentproxiesarenotuncommon,
andhavebeenlinkedtobothhabitatdifference(i.e.waterdepth)
and/orseasonality(e.g.deVernaletal.,2020;VanNieuwenhove
etal.,2016;Anderssonetal.,2010;Corteseetal.,2005;
Risebrobakkenetal.,2011;Leducetal.,2010).Here,takingthe
habitatintoaccount,biomarkersanddinocystslikelyrecord
changesintheuppermostpartofthewatercolumn,wherecold,sea
iceladensurfacewatersoccur.Theplankticforaminiferswould
occupytheslightlydeeper,warmerwaterssourcedbytheIC.Itis
wellknownthatplankticforaminifersoccurinasub-surface,
slightlydeeperhabitat(e.g.Simstichetal.,2003;Kozdonetal.,
2009;Jonkersetal.,2010;PadosandSpielhagen,2014).Alterna-
tively,theproxiesreflectdifferentseasons,withbiomarkers/dino-
cystsreflectingmorespringandautumnconditionsandthe
plankticforaminifersreflectingthesummer.Forthisreason,
cautionmustalwaysbetakenwhenlookingatasingleproxy.
AssumingthatthesubsurfacehabitatofN.pachyderma(s)also
reflectssurfaceoceanconditions,canleadtomisinterpretation
undersomecircumstancesaspointedoutbye.g.Hillaire-Marcel
etal.(1994)andDokkenetal.(2013).Indeed,thesubsurface
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concentrationsof(almost)zerocanreflectopenwaterconditions
butcombinedwithlowopenwaterbiomarkers(brassicasterol,
dinosterol,andHBIIII(Z)),weinterprettheserecordstoreflecta
perennialseaicecoverwithminimalopen-waterphytoplankton
production.Athickseaicecoverlimitslightpenetrationinthe
surfaceoceanandnutrientavailability,bothofwhichareessential
forphytoplanktonandseaicealgaeproductivity(Mülleretal.,
2011;FahlandStein,2012;Xiaoetal.,2015).TheCoreMD03-
2664foraminiferassemblageandstableisotopeshavebeeninter-
pretedtoreflectanextendedseaicemarginoccurringsouthofour
corelocationandincreasedpolarwaterinfluenceviatheEGC(Irvali
etal.,2012).However,thelowbutpresentdinocystsandbio-
markersandtheinfrequentoccurrenceofforaminifersatSite22CC-
Bmaysuggestthattheperennialseaicecoverwasinterruptedby
shortintervalswithrestrictedopenwaterconditionsduringsum-
merthatallowedphytoplanktonreproduction.Indeed,Mokeddem
andMcManus(2016)demonstratewithforaminiferrecordsfrom
theOceanDrillingProgram(ODP)Site984thatabaselineoffull
glacialconditionswasinterruptedbyshort-livedretreatsofthe
polarfrontnorthwardthatallowedwarmandsalinewaterinflow
tothenorthwestAtlantic.

AttheonsetofTIItheperennialseaicelikelystartedtobreakup
morefrequentlywhensummerinsolationincreased(Fig.5A).The
dinocystcountsandconcentrationsareverylow(Fig.3),yetthe
relativeabundancesarestatisticallysignificant,asdeterminedus-
ingthemethodofHeslopetal.(2011)(SupplementaryFig.2).RBC,
agroupofheterotrophicdinocystsoftenassociatedwithseasonal
seaice,occurforthefirsttimeinourrecordandincreaseinrelative
abundance.At~130ka,aslocalsummerinsolationneareditspeak,
theperennialseaicebrokeupmorefrequentlyandwerecord
increasedIP25andHBIIII(Z)concentrations.Theseaicewasstill
extensivebutlesssothaninMIS6andearlyTII.AdropinIRD%
(Fig.5G)andintheabundanceofpolarforaminifersinCoreMD03-
2664at130ka(Fig.5B)suggestsageneralretreatofpolarcondi-
tionsasTIIcametoanend.

ThedinocystassemblageattheEirikDriftshowsnoindications
ofAtlanticwaterinflowduringTII,similartotheassemblagefrom
theSouthIcelandicBasinCoreMD95-2015(Eynaudetal.,2004).In
contrast,theNordicSeaswereinfluencedbywarmAtlanticwater,
asindicatedbythedominanceoftheAtlanticwatertracer
O.centrocarpumattheVøringPlateau(CoreM23071;Van
Nieuwenhoveetal.,2008).Together,thiscouldpointtoacon-
tractedSPGtothewest.AcontractedorweakenedSPGwouldallow
forwarmandsalineAtlanticwaterstoflownorthwardintothe
NordicSeas,whilethewesternNorthAtlanticiscutofffromwarm
waterinflow(H�atúnetal.,2005;Thornalleyetal.,2009;Bauch
etal.,1999,2012;VanNieuwenhoveetal.,2011).Suchascenario
ofacontractedorweakenedSPGisalsoproposedbyZhuravleva
etal.(2017)whoindicatecoldsurfacewaterconditions,high
meltwaterinputfromtheGISand/orenhancedseaiceinEast
GreenlandMarginCoreM23351.Takentogether,thebreak-upof
perennialseaice,andahighlyfreshandstratifiedupperoceanin
theNorthAtlanticisconsistentwithacontracted/weakSPGduring
TII(Fig.6).

5.2.MIS5e

5.2.1.EarliestMIS5e(128e126.5ka):marginalicezoneand(sub)
surfacewarming

CoincidentwithpeaksummerinsolationintheearliestMIS5e,
werecordthefirstevidenceofaMIZattheEirikDrift.Weinterpret
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IP25andHBIIII(Z)(Fig.5E).WhileIP25alonecouldindicateseaice
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Arctic(Beltetal.,2015).FurthercorroboratingevidenceforMIZ
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oftheheterotrophicRBC,whichareoftenabundantinhighly
productiveseaiceenvironments(e.g.deVernaletal.,1997,2005,
2020),andcystsofP.dalei,aspeciesassociatedwithstratified
waters(Fig.5D;seesection3.3).Contemporaneously,seasurface
productivityincreasedasindicatedbytheopen-waterphyto-
planktonbiomarkersdinosteroland,especially,brassicasterol
(Fig.4F).Theenvironmentduringthefirst1500yearsofMIS5eat
theEirikDriftwasthusanenvironmentwithseaice,highpro-
ductivityandstratification.

Interestingly,severaldatarecordsandmodellingexperiments
highlightthisearliestpartofMIS5etobethewarmestpartofthe
entireinterglacial.Foraminifer-basedtemperaturereconstructions
fromCoreMD03-2664demonstratepeakMIS5etemperaturesat
theEirikDrift(Irvalietal.,2012).Furthermore,inCoreMD03-2664,
theshiftintheforaminiferassemblagefromdominanceof
N.pachyderma(s)duringMIS6/TIItoanassemblagewiththe
subpolar-transitionalspeciesN.incompta(Fig.5B),and
T.quinqueloba,G.bulloidesandG.glutinata,suggestanincreased
Atlanticwaterinfluence(Irvalietal.,2012).Similarly,foraminifer
recordsfromCoreHU-90-013-013ontheEirikDrift(Seidenkrantz
etal.,1995,1996),ODP984southofIceland(Mokeddemetal.,
2014)andisotoperecordsfromIODPSiteU1304ontheGardar
Drift(Hodelletal.,2009)pointtoearlyMIS5ewarmthandprovide
broadevidenceforwarmAtlanticwaters.PeakearlyMIS5e
warmthisfurthercorroboratedbyseveralmodelexperiments(e.g.
Otto-Bliesneretal.,2006;Bakkeretal.,2014).Thehighersurface
oceantemperaturesattheEirikDriftarelikelyrelatedtoanactive
andwest-eastorientedSPGdrawinginwaterfromtheICasitdoes
today(Fig.6;e.g.Irvalietal.,2012,2016;Bauchetal.,2011).This
potentiallyzonallyextendedSPGconfigurationappearstohave
coincidedwithactivedensewaterformationandventilationinthe
NordicSeas.Thisisevidencedbyhighvaluesofbenthiccarbon
isotopesontheEirikDriftwherethedeepwatersareinfluencedby
thedenseoverflowsfromtheNordicSeas(Galaasenetal.,2014).
Thus,inthisscenario,aseeminglyextendedSPGisrelatedtoa
strongAMOC,oratleastwell-ventilateddenseoverflowsfromthe
NordicSeas,andnotaweakAMOCassuggestedbyKlockmannetal.
(2020).Thishighlightsthecomplexityoftheinteractionbetween
SPGdynamicsandNorthAtlanticcirculation,andthatSPGgeom-
etryandstrengtharebynomeansthesolemodulatorofNordic
Seasventilation.

Takenatfacevalue,itseemsdifficulttoreconcileaMIZwith
peakwarmMIS5enear-surfaceoceanconditions.Discrepancies
betweenreconstructionswithdifferentproxiesarenotuncommon,
andhavebeenlinkedtobothhabitatdifference(i.e.waterdepth)
and/orseasonality(e.g.deVernaletal.,2020;VanNieuwenhove
etal.,2016;Anderssonetal.,2010;Corteseetal.,2005;
Risebrobakkenetal.,2011;Leducetal.,2010).Here,takingthe
habitatintoaccount,biomarkersanddinocystslikelyrecord
changesintheuppermostpartofthewatercolumn,wherecold,sea
iceladensurfacewatersoccur.Theplankticforaminiferswould
occupytheslightlydeeper,warmerwaterssourcedbytheIC.Itis
wellknownthatplankticforaminifersoccurinasub-surface,
slightlydeeperhabitat(e.g.Simstichetal.,2003;Kozdonetal.,
2009;Jonkersetal.,2010;PadosandSpielhagen,2014).Alterna-
tively,theproxiesreflectdifferentseasons,withbiomarkers/dino-
cystsreflectingmorespringandautumnconditionsandthe
plankticforaminifersreflectingthesummer.Forthisreason,
cautionmustalwaysbetakenwhenlookingatasingleproxy.
AssumingthatthesubsurfacehabitatofN.pachyderma(s)also
reflectssurfaceoceanconditions,canleadtomisinterpretation
undersomecircumstancesaspointedoutbye.g.Hillaire-Marcel
etal.(1994)andDokkenetal.(2013).Indeed,thesubsurface
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concentrations of (almost) zero can reflect open water conditions
but combined with low open water biomarkers (brassicasterol,
dinosterol, and HBI III (Z)), we interpret these records to reflect a
perennial sea ice cover with minimal open-water phytoplankton
production. A thick sea ice cover limits light penetration in the
surface ocean and nutrient availability, both of which are essential
for phytoplankton and sea ice algae productivity (Müller et al.,
2011; Fahl and Stein, 2012; Xiao et al., 2015). The Core MD03-
2664 foraminifer assemblage and stable isotopes have been inter-
preted to reflect an extended sea ice margin occurring south of our
core location and increased polar water influence via the EGC (Irvali
et al., 2012). However, the low but present dinocysts and bio-
markers and the infrequent occurrence of foraminifers at Site 22CC-
B may suggest that the perennial sea ice cover was interrupted by
short intervals with restricted open water conditions during sum-
mer that allowed phytoplankton reproduction. Indeed, Mokeddem
and McManus (2016) demonstrate with foraminifer records from
the Ocean Drilling Program (ODP) Site 984 that a baseline of full
glacial conditions was interrupted by short-lived retreats of the
polar front northward that allowed warm and saline water inflow
to the northwest Atlantic.

At the onset of TII the perennial sea ice likely started to break up
more frequently when summer insolation increased (Fig. 5A). The
dinocyst counts and concentrations are very low (Fig. 3), yet the
relative abundances are statistically significant, as determined us-
ing the method of Heslop et al. (2011) (Supplementary Fig. 2). RBC,
a group of heterotrophic dinocysts often associated with seasonal
sea ice, occur for the first time in our record and increase in relative
abundance. At ~130 ka, as local summer insolation neared its peak,
the perennial sea ice broke up more frequently and we record
increased IP25 and HBI III (Z) concentrations. The sea ice was still
extensive but less so than in MIS 6 and early TII. A drop in IRD %
(Fig. 5G) and in the abundance of polar foraminifers in Core MD03-
2664 at 130 ka (Fig. 5B) suggests a general retreat of polar condi-
tions as TII came to an end.

The dinocyst assemblage at the Eirik Drift shows no indications
of Atlantic water inflow during TII, similar to the assemblage from
the South Icelandic Basin Core MD95-2015 (Eynaud et al., 2004). In
contrast, the Nordic Seas were influenced by warm Atlantic water,
as indicated by the dominance of the Atlantic water tracer
O. centrocarpum at the Vøring Plateau (Core M23071; Van
Nieuwenhove et al., 2008). Together, this could point to a con-
tracted SPG to thewest. A contracted or weakened SPGwould allow
for warm and saline Atlantic waters to flow northward into the
Nordic Seas, while the western North Atlantic is cut off fromwarm
water inflow (H�atún et al., 2005; Thornalley et al., 2009; Bauch
et al., 1999, 2012; Van Nieuwenhove et al., 2011). Such a scenario
of a contracted or weakened SPG is also proposed by Zhuravleva
et al. (2017) who indicate cold surface water conditions, high
meltwater input from the GIS and/or enhanced sea ice in East
Greenland Margin Core M23351. Taken together, the break-up of
perennial sea ice, and a highly fresh and stratified upper ocean in
the North Atlantic is consistent with a contracted/weak SPG during
TII (Fig. 6).

5.2. MIS 5e

5.2.1. Earliest MIS 5e (128e126.5 ka): marginal ice zone and (sub)
surface warming

Coincident with peak summer insolation in the earliest MIS 5e,
we record the first evidence of a MIZ at the Eirik Drift. We interpret
a MIZ due to the simultaneous increase of the sea ice biomarkers
IP25 and HBI III (Z) (Fig. 5E). While IP25 alone could indicate sea ice
transport via the EGC, HBI III (Z) is found to be strongly enhanced in
MIZ environments in the Antarctic (Collins et al., 2013) and the

Arctic (Belt et al., 2015). Further corroborating evidence for MIZ
conditions comes from increased concentrations and abundances
of the heterotrophic RBC, which are often abundant in highly
productive sea ice environments (e.g. de Vernal et al., 1997, 2005,
2020), and cysts of P. dalei, a species associated with stratified
waters (Fig. 5D; see section 3.3). Contemporaneously, sea surface
productivity increased as indicated by the open-water phyto-
plankton biomarkers dinosterol and, especially, brassicasterol
(Fig. 4F). The environment during the first 1500 years of MIS 5e at
the Eirik Drift was thus an environment with sea ice, high pro-
ductivity and stratification.

Interestingly, several data records and modelling experiments
highlight this earliest part of MIS 5e to be the warmest part of the
entire interglacial. Foraminifer-based temperature reconstructions
from Core MD03-2664 demonstrate peak MIS 5e temperatures at
the Eirik Drift (Irvali et al., 2012). Furthermore, in Core MD03-2664,
the shift in the foraminifer assemblage from dominance of
N. pachyderma (s) during MIS 6/TII to an assemblage with the
subpolar-transitional species N. incompta (Fig. 5B), and
T. quinqueloba, G. bulloides and G. glutinata, suggest an increased
Atlantic water influence (Irvali et al., 2012). Similarly, foraminifer
records from Core HU-90-013-013 on the Eirik Drift (Seidenkrantz
et al., 1995, 1996), ODP 984 south of Iceland (Mokeddem et al.,
2014) and isotope records from IODP Site U1304 on the Gardar
Drift (Hodell et al., 2009) point to early MIS 5e warmth and provide
broad evidence for warm Atlantic waters. Peak early MIS 5e
warmth is further corroborated by several model experiments (e.g.
Otto-Bliesner et al., 2006; Bakker et al., 2014). The higher surface
ocean temperatures at the Eirik Drift are likely related to an active
and west-east oriented SPG drawing in water from the IC as it does
today (Fig. 6; e.g. Irvali et al., 2012, 2016; Bauch et al., 2011). This
potentially zonally extended SPG configuration appears to have
coincided with active dense water formation and ventilation in the
Nordic Seas. This is evidenced by high values of benthic carbon
isotopes on the Eirik Drift where the deep waters are influenced by
the dense overflows from the Nordic Seas (Galaasen et al., 2014).
Thus, in this scenario, a seemingly extended SPG is related to a
strong AMOC, or at least well-ventilated dense overflows from the
Nordic Seas, and not aweak AMOC as suggested by Klockmann et al.
(2020). This highlights the complexity of the interaction between
SPG dynamics and North Atlantic circulation, and that SPG geom-
etry and strength are by no means the sole modulator of Nordic
Seas ventilation.

Taken at face value, it seems difficult to reconcile a MIZ with
peak warm MIS 5e near-surface ocean conditions. Discrepancies
between reconstructions with different proxies are not uncommon,
and have been linked to both habitat difference (i.e. water depth)
and/or seasonality (e.g. de Vernal et al., 2020; Van Nieuwenhove
et al., 2016; Andersson et al., 2010; Cortese et al., 2005;
Risebrobakken et al., 2011; Leduc et al., 2010). Here, taking the
habitat into account, biomarkers and dinocysts likely record
changes in the uppermost part of thewater column, where cold, sea
ice laden surface waters occur. The planktic foraminifers would
occupy the slightly deeper, warmer waters sourced by the IC. It is
well known that planktic foraminifers occur in a sub-surface,
slightly deeper habitat (e.g. Simstich et al., 2003; Kozdon et al.,
2009; Jonkers et al., 2010; Pados and Spielhagen, 2014). Alterna-
tively, the proxies reflect different seasons, with biomarkers/dino-
cysts reflecting more spring and autumn conditions and the
planktic foraminifers reflecting the summer. For this reason,
caution must always be taken when looking at a single proxy.
Assuming that the subsurface habitat of N. pachyderma (s) also
reflects surface ocean conditions, can lead to misinterpretation
under some circumstances as pointed out by e.g. Hillaire-Marcel
et al. (1994) and Dokken et al. (2013). Indeed, the subsurface
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concentrations of (almost) zero can reflect open water conditions
but combined with low open water biomarkers (brassicasterol,
dinosterol, and HBI III (Z)), we interpret these records to reflect a
perennial sea ice cover with minimal open-water phytoplankton
production. A thick sea ice cover limits light penetration in the
surface ocean and nutrient availability, both of which are essential
for phytoplankton and sea ice algae productivity (Müller et al.,
2011; Fahl and Stein, 2012; Xiao et al., 2015). The Core MD03-
2664 foraminifer assemblage and stable isotopes have been inter-
preted to reflect an extended sea ice margin occurring south of our
core location and increased polar water influence via the EGC (Irvali
et al., 2012). However, the low but present dinocysts and bio-
markers and the infrequent occurrence of foraminifers at Site 22CC-
B may suggest that the perennial sea ice cover was interrupted by
short intervals with restricted open water conditions during sum-
mer that allowed phytoplankton reproduction. Indeed, Mokeddem
and McManus (2016) demonstrate with foraminifer records from
the Ocean Drilling Program (ODP) Site 984 that a baseline of full
glacial conditions was interrupted by short-lived retreats of the
polar front northward that allowed warm and saline water inflow
to the northwest Atlantic.

At the onset of TII the perennial sea ice likely started to break up
more frequently when summer insolation increased (Fig. 5A). The
dinocyst counts and concentrations are very low (Fig. 3), yet the
relative abundances are statistically significant, as determined us-
ing the method of Heslop et al. (2011) (Supplementary Fig. 2). RBC,
a group of heterotrophic dinocysts often associated with seasonal
sea ice, occur for the first time in our record and increase in relative
abundance. At ~130 ka, as local summer insolation neared its peak,
the perennial sea ice broke up more frequently and we record
increased IP25 and HBI III (Z) concentrations. The sea ice was still
extensive but less so than in MIS 6 and early TII. A drop in IRD %
(Fig. 5G) and in the abundance of polar foraminifers in Core MD03-
2664 at 130 ka (Fig. 5B) suggests a general retreat of polar condi-
tions as TII came to an end.

The dinocyst assemblage at the Eirik Drift shows no indications
of Atlantic water inflow during TII, similar to the assemblage from
the South Icelandic Basin Core MD95-2015 (Eynaud et al., 2004). In
contrast, the Nordic Seas were influenced by warm Atlantic water,
as indicated by the dominance of the Atlantic water tracer
O. centrocarpum at the Vøring Plateau (Core M23071; Van
Nieuwenhove et al., 2008). Together, this could point to a con-
tracted SPG to thewest. A contracted or weakened SPGwould allow
for warm and saline Atlantic waters to flow northward into the
Nordic Seas, while the western North Atlantic is cut off fromwarm
water inflow (H�atún et al., 2005; Thornalley et al., 2009; Bauch
et al., 1999, 2012; Van Nieuwenhove et al., 2011). Such a scenario
of a contracted or weakened SPG is also proposed by Zhuravleva
et al. (2017) who indicate cold surface water conditions, high
meltwater input from the GIS and/or enhanced sea ice in East
Greenland Margin Core M23351. Taken together, the break-up of
perennial sea ice, and a highly fresh and stratified upper ocean in
the North Atlantic is consistent with a contracted/weak SPG during
TII (Fig. 6).

5.2. MIS 5e

5.2.1. Earliest MIS 5e (128e126.5 ka): marginal ice zone and (sub)
surface warming

Coincident with peak summer insolation in the earliest MIS 5e,
we record the first evidence of a MIZ at the Eirik Drift. We interpret
a MIZ due to the simultaneous increase of the sea ice biomarkers
IP25 and HBI III (Z) (Fig. 5E). While IP25 alone could indicate sea ice
transport via the EGC, HBI III (Z) is found to be strongly enhanced in
MIZ environments in the Antarctic (Collins et al., 2013) and the

Arctic (Belt et al., 2015). Further corroborating evidence for MIZ
conditions comes from increased concentrations and abundances
of the heterotrophic RBC, which are often abundant in highly
productive sea ice environments (e.g. de Vernal et al., 1997, 2005,
2020), and cysts of P. dalei, a species associated with stratified
waters (Fig. 5D; see section 3.3). Contemporaneously, sea surface
productivity increased as indicated by the open-water phyto-
plankton biomarkers dinosterol and, especially, brassicasterol
(Fig. 4F). The environment during the first 1500 years of MIS 5e at
the Eirik Drift was thus an environment with sea ice, high pro-
ductivity and stratification.

Interestingly, several data records and modelling experiments
highlight this earliest part of MIS 5e to be the warmest part of the
entire interglacial. Foraminifer-based temperature reconstructions
from Core MD03-2664 demonstrate peak MIS 5e temperatures at
the Eirik Drift (Irvali et al., 2012). Furthermore, in Core MD03-2664,
the shift in the foraminifer assemblage from dominance of
N. pachyderma (s) during MIS 6/TII to an assemblage with the
subpolar-transitional species N. incompta (Fig. 5B), and
T. quinqueloba, G. bulloides and G. glutinata, suggest an increased
Atlantic water influence (Irvali et al., 2012). Similarly, foraminifer
records from Core HU-90-013-013 on the Eirik Drift (Seidenkrantz
et al., 1995, 1996), ODP 984 south of Iceland (Mokeddem et al.,
2014) and isotope records from IODP Site U1304 on the Gardar
Drift (Hodell et al., 2009) point to early MIS 5e warmth and provide
broad evidence for warm Atlantic waters. Peak early MIS 5e
warmth is further corroborated by several model experiments (e.g.
Otto-Bliesner et al., 2006; Bakker et al., 2014). The higher surface
ocean temperatures at the Eirik Drift are likely related to an active
and west-east oriented SPG drawing in water from the IC as it does
today (Fig. 6; e.g. Irvali et al., 2012, 2016; Bauch et al., 2011). This
potentially zonally extended SPG configuration appears to have
coincided with active dense water formation and ventilation in the
Nordic Seas. This is evidenced by high values of benthic carbon
isotopes on the Eirik Drift where the deep waters are influenced by
the dense overflows from the Nordic Seas (Galaasen et al., 2014).
Thus, in this scenario, a seemingly extended SPG is related to a
strong AMOC, or at least well-ventilated dense overflows from the
Nordic Seas, and not aweak AMOC as suggested by Klockmann et al.
(2020). This highlights the complexity of the interaction between
SPG dynamics and North Atlantic circulation, and that SPG geom-
etry and strength are by no means the sole modulator of Nordic
Seas ventilation.

Taken at face value, it seems difficult to reconcile a MIZ with
peak warm MIS 5e near-surface ocean conditions. Discrepancies
between reconstructions with different proxies are not uncommon,
and have been linked to both habitat difference (i.e. water depth)
and/or seasonality (e.g. de Vernal et al., 2020; Van Nieuwenhove
et al., 2016; Andersson et al., 2010; Cortese et al., 2005;
Risebrobakken et al., 2011; Leduc et al., 2010). Here, taking the
habitat into account, biomarkers and dinocysts likely record
changes in the uppermost part of thewater column, where cold, sea
ice laden surface waters occur. The planktic foraminifers would
occupy the slightly deeper, warmer waters sourced by the IC. It is
well known that planktic foraminifers occur in a sub-surface,
slightly deeper habitat (e.g. Simstich et al., 2003; Kozdon et al.,
2009; Jonkers et al., 2010; Pados and Spielhagen, 2014). Alterna-
tively, the proxies reflect different seasons, with biomarkers/dino-
cysts reflecting more spring and autumn conditions and the
planktic foraminifers reflecting the summer. For this reason,
caution must always be taken when looking at a single proxy.
Assuming that the subsurface habitat of N. pachyderma (s) also
reflects surface ocean conditions, can lead to misinterpretation
under some circumstances as pointed out by e.g. Hillaire-Marcel
et al. (1994) and Dokken et al. (2013). Indeed, the subsurface
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concentrationsof(almost)zerocanreflectopenwaterconditions
butcombinedwithlowopenwaterbiomarkers(brassicasterol,
dinosterol,andHBIIII(Z)),weinterprettheserecordstoreflecta
perennialseaicecoverwithminimalopen-waterphytoplankton
production.Athickseaicecoverlimitslightpenetrationinthe
surfaceoceanandnutrientavailability,bothofwhichareessential
forphytoplanktonandseaicealgaeproductivity(Mülleretal.,
2011;FahlandStein,2012;Xiaoetal.,2015).TheCoreMD03-
2664foraminiferassemblageandstableisotopeshavebeeninter-
pretedtoreflectanextendedseaicemarginoccurringsouthofour
corelocationandincreasedpolarwaterinfluenceviatheEGC(Irvali
etal.,2012).However,thelowbutpresentdinocystsandbio-
markersandtheinfrequentoccurrenceofforaminifersatSite22CC-
Bmaysuggestthattheperennialseaicecoverwasinterruptedby
shortintervalswithrestrictedopenwaterconditionsduringsum-
merthatallowedphytoplanktonreproduction.Indeed,Mokeddem
andMcManus(2016)demonstratewithforaminiferrecordsfrom
theOceanDrillingProgram(ODP)Site984thatabaselineoffull
glacialconditionswasinterruptedbyshort-livedretreatsofthe
polarfrontnorthwardthatallowedwarmandsalinewaterinflow
tothenorthwestAtlantic.

AttheonsetofTIItheperennialseaicelikelystartedtobreakup
morefrequentlywhensummerinsolationincreased(Fig.5A).The
dinocystcountsandconcentrationsareverylow(Fig.3),yetthe
relativeabundancesarestatisticallysignificant,asdeterminedus-
ingthemethodofHeslopetal.(2011)(SupplementaryFig.2).RBC,
agroupofheterotrophicdinocystsoftenassociatedwithseasonal
seaice,occurforthefirsttimeinourrecordandincreaseinrelative
abundance.At~130ka,aslocalsummerinsolationneareditspeak,
theperennialseaicebrokeupmorefrequentlyandwerecord
increasedIP25andHBIIII(Z)concentrations.Theseaicewasstill
extensivebutlesssothaninMIS6andearlyTII.AdropinIRD%
(Fig.5G)andintheabundanceofpolarforaminifersinCoreMD03-
2664at130ka(Fig.5B)suggestsageneralretreatofpolarcondi-
tionsasTIIcametoanend.

ThedinocystassemblageattheEirikDriftshowsnoindications
ofAtlanticwaterinflowduringTII,similartotheassemblagefrom
theSouthIcelandicBasinCoreMD95-2015(Eynaudetal.,2004).In
contrast,theNordicSeaswereinfluencedbywarmAtlanticwater,
asindicatedbythedominanceoftheAtlanticwatertracer
O.centrocarpumattheVøringPlateau(CoreM23071;Van
Nieuwenhoveetal.,2008).Together,thiscouldpointtoacon-
tractedSPGtothewest.AcontractedorweakenedSPGwouldallow
forwarmandsalineAtlanticwaterstoflownorthwardintothe
NordicSeas,whilethewesternNorthAtlanticiscutofffromwarm
waterinflow(H�atúnetal.,2005;Thornalleyetal.,2009;Bauch
etal.,1999,2012;VanNieuwenhoveetal.,2011).Suchascenario
ofacontractedorweakenedSPGisalsoproposedbyZhuravleva
etal.(2017)whoindicatecoldsurfacewaterconditions,high
meltwaterinputfromtheGISand/orenhancedseaiceinEast
GreenlandMarginCoreM23351.Takentogether,thebreak-upof
perennialseaice,andahighlyfreshandstratifiedupperoceanin
theNorthAtlanticisconsistentwithacontracted/weakSPGduring
TII(Fig.6).

5.2.MIS5e

5.2.1.EarliestMIS5e(128e126.5ka):marginalicezoneand(sub)
surfacewarming

CoincidentwithpeaksummerinsolationintheearliestMIS5e,
werecordthefirstevidenceofaMIZattheEirikDrift.Weinterpret
aMIZduetothesimultaneousincreaseoftheseaicebiomarkers
IP25andHBIIII(Z)(Fig.5E).WhileIP25alonecouldindicateseaice
transportviatheEGC,HBIIII(Z)isfoundtobestronglyenhancedin
MIZenvironmentsintheAntarctic(Collinsetal.,2013)andthe

Arctic(Beltetal.,2015).FurthercorroboratingevidenceforMIZ
conditionscomesfromincreasedconcentrationsandabundances
oftheheterotrophicRBC,whichareoftenabundantinhighly
productiveseaiceenvironments(e.g.deVernaletal.,1997,2005,
2020),andcystsofP.dalei,aspeciesassociatedwithstratified
waters(Fig.5D;seesection3.3).Contemporaneously,seasurface
productivityincreasedasindicatedbytheopen-waterphyto-
planktonbiomarkersdinosteroland,especially,brassicasterol
(Fig.4F).Theenvironmentduringthefirst1500yearsofMIS5eat
theEirikDriftwasthusanenvironmentwithseaice,highpro-
ductivityandstratification.

Interestingly,severaldatarecordsandmodellingexperiments
highlightthisearliestpartofMIS5etobethewarmestpartofthe
entireinterglacial.Foraminifer-basedtemperaturereconstructions
fromCoreMD03-2664demonstratepeakMIS5etemperaturesat
theEirikDrift(Irvalietal.,2012).Furthermore,inCoreMD03-2664,
theshiftintheforaminiferassemblagefromdominanceof
N.pachyderma(s)duringMIS6/TIItoanassemblagewiththe
subpolar-transitionalspeciesN.incompta(Fig.5B),and
T.quinqueloba,G.bulloidesandG.glutinata,suggestanincreased
Atlanticwaterinfluence(Irvalietal.,2012).Similarly,foraminifer
recordsfromCoreHU-90-013-013ontheEirikDrift(Seidenkrantz
etal.,1995,1996),ODP984southofIceland(Mokeddemetal.,
2014)andisotoperecordsfromIODPSiteU1304ontheGardar
Drift(Hodelletal.,2009)pointtoearlyMIS5ewarmthandprovide
broadevidenceforwarmAtlanticwaters.PeakearlyMIS5e
warmthisfurthercorroboratedbyseveralmodelexperiments(e.g.
Otto-Bliesneretal.,2006;Bakkeretal.,2014).Thehighersurface
oceantemperaturesattheEirikDriftarelikelyrelatedtoanactive
andwest-eastorientedSPGdrawinginwaterfromtheICasitdoes
today(Fig.6;e.g.Irvalietal.,2012,2016;Bauchetal.,2011).This
potentiallyzonallyextendedSPGconfigurationappearstohave
coincidedwithactivedensewaterformationandventilationinthe
NordicSeas.Thisisevidencedbyhighvaluesofbenthiccarbon
isotopesontheEirikDriftwherethedeepwatersareinfluencedby
thedenseoverflowsfromtheNordicSeas(Galaasenetal.,2014).
Thus,inthisscenario,aseeminglyextendedSPGisrelatedtoa
strongAMOC,oratleastwell-ventilateddenseoverflowsfromthe
NordicSeas,andnotaweakAMOCassuggestedbyKlockmannetal.
(2020).Thishighlightsthecomplexityoftheinteractionbetween
SPGdynamicsandNorthAtlanticcirculation,andthatSPGgeom-
etryandstrengtharebynomeansthesolemodulatorofNordic
Seasventilation.

Takenatfacevalue,itseemsdifficulttoreconcileaMIZwith
peakwarmMIS5enear-surfaceoceanconditions.Discrepancies
betweenreconstructionswithdifferentproxiesarenotuncommon,
andhavebeenlinkedtobothhabitatdifference(i.e.waterdepth)
and/orseasonality(e.g.deVernaletal.,2020;VanNieuwenhove
etal.,2016;Anderssonetal.,2010;Corteseetal.,2005;
Risebrobakkenetal.,2011;Leducetal.,2010).Here,takingthe
habitatintoaccount,biomarkersanddinocystslikelyrecord
changesintheuppermostpartofthewatercolumn,wherecold,sea
iceladensurfacewatersoccur.Theplankticforaminiferswould
occupytheslightlydeeper,warmerwaterssourcedbytheIC.Itis
wellknownthatplankticforaminifersoccurinasub-surface,
slightlydeeperhabitat(e.g.Simstichetal.,2003;Kozdonetal.,
2009;Jonkersetal.,2010;PadosandSpielhagen,2014).Alterna-
tively,theproxiesreflectdifferentseasons,withbiomarkers/dino-
cystsreflectingmorespringandautumnconditionsandthe
plankticforaminifersreflectingthesummer.Forthisreason,
cautionmustalwaysbetakenwhenlookingatasingleproxy.
AssumingthatthesubsurfacehabitatofN.pachyderma(s)also
reflectssurfaceoceanconditions,canleadtomisinterpretation
undersomecircumstancesaspointedoutbye.g.Hillaire-Marcel
etal.(1994)andDokkenetal.(2013).Indeed,thesubsurface
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concentrationsof(almost)zerocanreflectopenwaterconditions
butcombinedwithlowopenwaterbiomarkers(brassicasterol,
dinosterol,andHBIIII(Z)),weinterprettheserecordstoreflecta
perennialseaicecoverwithminimalopen-waterphytoplankton
production.Athickseaicecoverlimitslightpenetrationinthe
surfaceoceanandnutrientavailability,bothofwhichareessential
forphytoplanktonandseaicealgaeproductivity(Mülleretal.,
2011;FahlandStein,2012;Xiaoetal.,2015).TheCoreMD03-
2664foraminiferassemblageandstableisotopeshavebeeninter-
pretedtoreflectanextendedseaicemarginoccurringsouthofour
corelocationandincreasedpolarwaterinfluenceviatheEGC(Irvali
etal.,2012).However,thelowbutpresentdinocystsandbio-
markersandtheinfrequentoccurrenceofforaminifersatSite22CC-
Bmaysuggestthattheperennialseaicecoverwasinterruptedby
shortintervalswithrestrictedopenwaterconditionsduringsum-
merthatallowedphytoplanktonreproduction.Indeed,Mokeddem
andMcManus(2016)demonstratewithforaminiferrecordsfrom
theOceanDrillingProgram(ODP)Site984thatabaselineoffull
glacialconditionswasinterruptedbyshort-livedretreatsofthe
polarfrontnorthwardthatallowedwarmandsalinewaterinflow
tothenorthwestAtlantic.

AttheonsetofTIItheperennialseaicelikelystartedtobreakup
morefrequentlywhensummerinsolationincreased(Fig.5A).The
dinocystcountsandconcentrationsareverylow(Fig.3),yetthe
relativeabundancesarestatisticallysignificant,asdeterminedus-
ingthemethodofHeslopetal.(2011)(SupplementaryFig.2).RBC,
agroupofheterotrophicdinocystsoftenassociatedwithseasonal
seaice,occurforthefirsttimeinourrecordandincreaseinrelative
abundance.At~130ka,aslocalsummerinsolationneareditspeak,
theperennialseaicebrokeupmorefrequentlyandwerecord
increasedIP25andHBIIII(Z)concentrations.Theseaicewasstill
extensivebutlesssothaninMIS6andearlyTII.AdropinIRD%
(Fig.5G)andintheabundanceofpolarforaminifersinCoreMD03-
2664at130ka(Fig.5B)suggestsageneralretreatofpolarcondi-
tionsasTIIcametoanend.

ThedinocystassemblageattheEirikDriftshowsnoindications
ofAtlanticwaterinflowduringTII,similartotheassemblagefrom
theSouthIcelandicBasinCoreMD95-2015(Eynaudetal.,2004).In
contrast,theNordicSeaswereinfluencedbywarmAtlanticwater,
asindicatedbythedominanceoftheAtlanticwatertracer
O.centrocarpumattheVøringPlateau(CoreM23071;Van
Nieuwenhoveetal.,2008).Together,thiscouldpointtoacon-
tractedSPGtothewest.AcontractedorweakenedSPGwouldallow
forwarmandsalineAtlanticwaterstoflownorthwardintothe
NordicSeas,whilethewesternNorthAtlanticiscutofffromwarm
waterinflow(H�atúnetal.,2005;Thornalleyetal.,2009;Bauch
etal.,1999,2012;VanNieuwenhoveetal.,2011).Suchascenario
ofacontractedorweakenedSPGisalsoproposedbyZhuravleva
etal.(2017)whoindicatecoldsurfacewaterconditions,high
meltwaterinputfromtheGISand/orenhancedseaiceinEast
GreenlandMarginCoreM23351.Takentogether,thebreak-upof
perennialseaice,andahighlyfreshandstratifiedupperoceanin
theNorthAtlanticisconsistentwithacontracted/weakSPGduring
TII(Fig.6).

5.2.MIS5e

5.2.1.EarliestMIS5e(128e126.5ka):marginalicezoneand(sub)
surfacewarming

CoincidentwithpeaksummerinsolationintheearliestMIS5e,
werecordthefirstevidenceofaMIZattheEirikDrift.Weinterpret
aMIZduetothesimultaneousincreaseoftheseaicebiomarkers
IP25andHBIIII(Z)(Fig.5E).WhileIP25alonecouldindicateseaice
transportviatheEGC,HBIIII(Z)isfoundtobestronglyenhancedin
MIZenvironmentsintheAntarctic(Collinsetal.,2013)andthe

Arctic(Beltetal.,2015).FurthercorroboratingevidenceforMIZ
conditionscomesfromincreasedconcentrationsandabundances
oftheheterotrophicRBC,whichareoftenabundantinhighly
productiveseaiceenvironments(e.g.deVernaletal.,1997,2005,
2020),andcystsofP.dalei,aspeciesassociatedwithstratified
waters(Fig.5D;seesection3.3).Contemporaneously,seasurface
productivityincreasedasindicatedbytheopen-waterphyto-
planktonbiomarkersdinosteroland,especially,brassicasterol
(Fig.4F).Theenvironmentduringthefirst1500yearsofMIS5eat
theEirikDriftwasthusanenvironmentwithseaice,highpro-
ductivityandstratification.

Interestingly,severaldatarecordsandmodellingexperiments
highlightthisearliestpartofMIS5etobethewarmestpartofthe
entireinterglacial.Foraminifer-basedtemperaturereconstructions
fromCoreMD03-2664demonstratepeakMIS5etemperaturesat
theEirikDrift(Irvalietal.,2012).Furthermore,inCoreMD03-2664,
theshiftintheforaminiferassemblagefromdominanceof
N.pachyderma(s)duringMIS6/TIItoanassemblagewiththe
subpolar-transitionalspeciesN.incompta(Fig.5B),and
T.quinqueloba,G.bulloidesandG.glutinata,suggestanincreased
Atlanticwaterinfluence(Irvalietal.,2012).Similarly,foraminifer
recordsfromCoreHU-90-013-013ontheEirikDrift(Seidenkrantz
etal.,1995,1996),ODP984southofIceland(Mokeddemetal.,
2014)andisotoperecordsfromIODPSiteU1304ontheGardar
Drift(Hodelletal.,2009)pointtoearlyMIS5ewarmthandprovide
broadevidenceforwarmAtlanticwaters.PeakearlyMIS5e
warmthisfurthercorroboratedbyseveralmodelexperiments(e.g.
Otto-Bliesneretal.,2006;Bakkeretal.,2014).Thehighersurface
oceantemperaturesattheEirikDriftarelikelyrelatedtoanactive
andwest-eastorientedSPGdrawinginwaterfromtheICasitdoes
today(Fig.6;e.g.Irvalietal.,2012,2016;Bauchetal.,2011).This
potentiallyzonallyextendedSPGconfigurationappearstohave
coincidedwithactivedensewaterformationandventilationinthe
NordicSeas.Thisisevidencedbyhighvaluesofbenthiccarbon
isotopesontheEirikDriftwherethedeepwatersareinfluencedby
thedenseoverflowsfromtheNordicSeas(Galaasenetal.,2014).
Thus,inthisscenario,aseeminglyextendedSPGisrelatedtoa
strongAMOC,oratleastwell-ventilateddenseoverflowsfromthe
NordicSeas,andnotaweakAMOCassuggestedbyKlockmannetal.
(2020).Thishighlightsthecomplexityoftheinteractionbetween
SPGdynamicsandNorthAtlanticcirculation,andthatSPGgeom-
etryandstrengtharebynomeansthesolemodulatorofNordic
Seasventilation.

Takenatfacevalue,itseemsdifficulttoreconcileaMIZwith
peakwarmMIS5enear-surfaceoceanconditions.Discrepancies
betweenreconstructionswithdifferentproxiesarenotuncommon,
andhavebeenlinkedtobothhabitatdifference(i.e.waterdepth)
and/orseasonality(e.g.deVernaletal.,2020;VanNieuwenhove
etal.,2016;Anderssonetal.,2010;Corteseetal.,2005;
Risebrobakkenetal.,2011;Leducetal.,2010).Here,takingthe
habitatintoaccount,biomarkersanddinocystslikelyrecord
changesintheuppermostpartofthewatercolumn,wherecold,sea
iceladensurfacewatersoccur.Theplankticforaminiferswould
occupytheslightlydeeper,warmerwaterssourcedbytheIC.Itis
wellknownthatplankticforaminifersoccurinasub-surface,
slightlydeeperhabitat(e.g.Simstichetal.,2003;Kozdonetal.,
2009;Jonkersetal.,2010;PadosandSpielhagen,2014).Alterna-
tively,theproxiesreflectdifferentseasons,withbiomarkers/dino-
cystsreflectingmorespringandautumnconditionsandthe
plankticforaminifersreflectingthesummer.Forthisreason,
cautionmustalwaysbetakenwhenlookingatasingleproxy.
AssumingthatthesubsurfacehabitatofN.pachyderma(s)also
reflectssurfaceoceanconditions,canleadtomisinterpretation
undersomecircumstancesaspointedoutbye.g.Hillaire-Marcel
etal.(1994)andDokkenetal.(2013).Indeed,thesubsurface
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concentrationsof(almost)zerocanreflectopenwaterconditions
butcombinedwithlowopenwaterbiomarkers(brassicasterol,
dinosterol,andHBIIII(Z)),weinterprettheserecordstoreflecta
perennialseaicecoverwithminimalopen-waterphytoplankton
production.Athickseaicecoverlimitslightpenetrationinthe
surfaceoceanandnutrientavailability,bothofwhichareessential
forphytoplanktonandseaicealgaeproductivity(Mülleretal.,
2011;FahlandStein,2012;Xiaoetal.,2015).TheCoreMD03-
2664foraminiferassemblageandstableisotopeshavebeeninter-
pretedtoreflectanextendedseaicemarginoccurringsouthofour
corelocationandincreasedpolarwaterinfluenceviatheEGC(Irvali
etal.,2012).However,thelowbutpresentdinocystsandbio-
markersandtheinfrequentoccurrenceofforaminifersatSite22CC-
Bmaysuggestthattheperennialseaicecoverwasinterruptedby
shortintervalswithrestrictedopenwaterconditionsduringsum-
merthatallowedphytoplanktonreproduction.Indeed,Mokeddem
andMcManus(2016)demonstratewithforaminiferrecordsfrom
theOceanDrillingProgram(ODP)Site984thatabaselineoffull
glacialconditionswasinterruptedbyshort-livedretreatsofthe
polarfrontnorthwardthatallowedwarmandsalinewaterinflow
tothenorthwestAtlantic.

AttheonsetofTIItheperennialseaicelikelystartedtobreakup
morefrequentlywhensummerinsolationincreased(Fig.5A).The
dinocystcountsandconcentrationsareverylow(Fig.3),yetthe
relativeabundancesarestatisticallysignificant,asdeterminedus-
ingthemethodofHeslopetal.(2011)(SupplementaryFig.2).RBC,
agroupofheterotrophicdinocystsoftenassociatedwithseasonal
seaice,occurforthefirsttimeinourrecordandincreaseinrelative
abundance.At~130ka,aslocalsummerinsolationneareditspeak,
theperennialseaicebrokeupmorefrequentlyandwerecord
increasedIP25andHBIIII(Z)concentrations.Theseaicewasstill
extensivebutlesssothaninMIS6andearlyTII.AdropinIRD%
(Fig.5G)andintheabundanceofpolarforaminifersinCoreMD03-
2664at130ka(Fig.5B)suggestsageneralretreatofpolarcondi-
tionsasTIIcametoanend.

ThedinocystassemblageattheEirikDriftshowsnoindications
ofAtlanticwaterinflowduringTII,similartotheassemblagefrom
theSouthIcelandicBasinCoreMD95-2015(Eynaudetal.,2004).In
contrast,theNordicSeaswereinfluencedbywarmAtlanticwater,
asindicatedbythedominanceoftheAtlanticwatertracer
O.centrocarpumattheVøringPlateau(CoreM23071;Van
Nieuwenhoveetal.,2008).Together,thiscouldpointtoacon-
tractedSPGtothewest.AcontractedorweakenedSPGwouldallow
forwarmandsalineAtlanticwaterstoflownorthwardintothe
NordicSeas,whilethewesternNorthAtlanticiscutofffromwarm
waterinflow(H�atúnetal.,2005;Thornalleyetal.,2009;Bauch
etal.,1999,2012;VanNieuwenhoveetal.,2011).Suchascenario
ofacontractedorweakenedSPGisalsoproposedbyZhuravleva
etal.(2017)whoindicatecoldsurfacewaterconditions,high
meltwaterinputfromtheGISand/orenhancedseaiceinEast
GreenlandMarginCoreM23351.Takentogether,thebreak-upof
perennialseaice,andahighlyfreshandstratifiedupperoceanin
theNorthAtlanticisconsistentwithacontracted/weakSPGduring
TII(Fig.6).

5.2.MIS5e

5.2.1.EarliestMIS5e(128e126.5ka):marginalicezoneand(sub)
surfacewarming

CoincidentwithpeaksummerinsolationintheearliestMIS5e,
werecordthefirstevidenceofaMIZattheEirikDrift.Weinterpret
aMIZduetothesimultaneousincreaseoftheseaicebiomarkers
IP25andHBIIII(Z)(Fig.5E).WhileIP25alonecouldindicateseaice
transportviatheEGC,HBIIII(Z)isfoundtobestronglyenhancedin
MIZenvironmentsintheAntarctic(Collinsetal.,2013)andthe

Arctic(Beltetal.,2015).FurthercorroboratingevidenceforMIZ
conditionscomesfromincreasedconcentrationsandabundances
oftheheterotrophicRBC,whichareoftenabundantinhighly
productiveseaiceenvironments(e.g.deVernaletal.,1997,2005,
2020),andcystsofP.dalei,aspeciesassociatedwithstratified
waters(Fig.5D;seesection3.3).Contemporaneously,seasurface
productivityincreasedasindicatedbytheopen-waterphyto-
planktonbiomarkersdinosteroland,especially,brassicasterol
(Fig.4F).Theenvironmentduringthefirst1500yearsofMIS5eat
theEirikDriftwasthusanenvironmentwithseaice,highpro-
ductivityandstratification.

Interestingly,severaldatarecordsandmodellingexperiments
highlightthisearliestpartofMIS5etobethewarmestpartofthe
entireinterglacial.Foraminifer-basedtemperaturereconstructions
fromCoreMD03-2664demonstratepeakMIS5etemperaturesat
theEirikDrift(Irvalietal.,2012).Furthermore,inCoreMD03-2664,
theshiftintheforaminiferassemblagefromdominanceof
N.pachyderma(s)duringMIS6/TIItoanassemblagewiththe
subpolar-transitionalspeciesN.incompta(Fig.5B),and
T.quinqueloba,G.bulloidesandG.glutinata,suggestanincreased
Atlanticwaterinfluence(Irvalietal.,2012).Similarly,foraminifer
recordsfromCoreHU-90-013-013ontheEirikDrift(Seidenkrantz
etal.,1995,1996),ODP984southofIceland(Mokeddemetal.,
2014)andisotoperecordsfromIODPSiteU1304ontheGardar
Drift(Hodelletal.,2009)pointtoearlyMIS5ewarmthandprovide
broadevidenceforwarmAtlanticwaters.PeakearlyMIS5e
warmthisfurthercorroboratedbyseveralmodelexperiments(e.g.
Otto-Bliesneretal.,2006;Bakkeretal.,2014).Thehighersurface
oceantemperaturesattheEirikDriftarelikelyrelatedtoanactive
andwest-eastorientedSPGdrawinginwaterfromtheICasitdoes
today(Fig.6;e.g.Irvalietal.,2012,2016;Bauchetal.,2011).This
potentiallyzonallyextendedSPGconfigurationappearstohave
coincidedwithactivedensewaterformationandventilationinthe
NordicSeas.Thisisevidencedbyhighvaluesofbenthiccarbon
isotopesontheEirikDriftwherethedeepwatersareinfluencedby
thedenseoverflowsfromtheNordicSeas(Galaasenetal.,2014).
Thus,inthisscenario,aseeminglyextendedSPGisrelatedtoa
strongAMOC,oratleastwell-ventilateddenseoverflowsfromthe
NordicSeas,andnotaweakAMOCassuggestedbyKlockmannetal.
(2020).Thishighlightsthecomplexityoftheinteractionbetween
SPGdynamicsandNorthAtlanticcirculation,andthatSPGgeom-
etryandstrengtharebynomeansthesolemodulatorofNordic
Seasventilation.

Takenatfacevalue,itseemsdifficulttoreconcileaMIZwith
peakwarmMIS5enear-surfaceoceanconditions.Discrepancies
betweenreconstructionswithdifferentproxiesarenotuncommon,
andhavebeenlinkedtobothhabitatdifference(i.e.waterdepth)
and/orseasonality(e.g.deVernaletal.,2020;VanNieuwenhove
etal.,2016;Anderssonetal.,2010;Corteseetal.,2005;
Risebrobakkenetal.,2011;Leducetal.,2010).Here,takingthe
habitatintoaccount,biomarkersanddinocystslikelyrecord
changesintheuppermostpartofthewatercolumn,wherecold,sea
iceladensurfacewatersoccur.Theplankticforaminiferswould
occupytheslightlydeeper,warmerwaterssourcedbytheIC.Itis
wellknownthatplankticforaminifersoccurinasub-surface,
slightlydeeperhabitat(e.g.Simstichetal.,2003;Kozdonetal.,
2009;Jonkersetal.,2010;PadosandSpielhagen,2014).Alterna-
tively,theproxiesreflectdifferentseasons,withbiomarkers/dino-
cystsreflectingmorespringandautumnconditionsandthe
plankticforaminifersreflectingthesummer.Forthisreason,
cautionmustalwaysbetakenwhenlookingatasingleproxy.
AssumingthatthesubsurfacehabitatofN.pachyderma(s)also
reflectssurfaceoceanconditions,canleadtomisinterpretation
undersomecircumstancesaspointedoutbye.g.Hillaire-Marcel
etal.(1994)andDokkenetal.(2013).Indeed,thesubsurface
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concentrationsof(almost)zerocanreflectopenwaterconditions
butcombinedwithlowopenwaterbiomarkers(brassicasterol,
dinosterol,andHBIIII(Z)),weinterprettheserecordstoreflecta
perennialseaicecoverwithminimalopen-waterphytoplankton
production.Athickseaicecoverlimitslightpenetrationinthe
surfaceoceanandnutrientavailability,bothofwhichareessential
forphytoplanktonandseaicealgaeproductivity(Mülleretal.,
2011;FahlandStein,2012;Xiaoetal.,2015).TheCoreMD03-
2664foraminiferassemblageandstableisotopeshavebeeninter-
pretedtoreflectanextendedseaicemarginoccurringsouthofour
corelocationandincreasedpolarwaterinfluenceviatheEGC(Irvali
etal.,2012).However,thelowbutpresentdinocystsandbio-
markersandtheinfrequentoccurrenceofforaminifersatSite22CC-
Bmaysuggestthattheperennialseaicecoverwasinterruptedby
shortintervalswithrestrictedopenwaterconditionsduringsum-
merthatallowedphytoplanktonreproduction.Indeed,Mokeddem
andMcManus(2016)demonstratewithforaminiferrecordsfrom
theOceanDrillingProgram(ODP)Site984thatabaselineoffull
glacialconditionswasinterruptedbyshort-livedretreatsofthe
polarfrontnorthwardthatallowedwarmandsalinewaterinflow
tothenorthwestAtlantic.

AttheonsetofTIItheperennialseaicelikelystartedtobreakup
morefrequentlywhensummerinsolationincreased(Fig.5A).The
dinocystcountsandconcentrationsareverylow(Fig.3),yetthe
relativeabundancesarestatisticallysignificant,asdeterminedus-
ingthemethodofHeslopetal.(2011)(SupplementaryFig.2).RBC,
agroupofheterotrophicdinocystsoftenassociatedwithseasonal
seaice,occurforthefirsttimeinourrecordandincreaseinrelative
abundance.At~130ka,aslocalsummerinsolationneareditspeak,
theperennialseaicebrokeupmorefrequentlyandwerecord
increasedIP25andHBIIII(Z)concentrations.Theseaicewasstill
extensivebutlesssothaninMIS6andearlyTII.AdropinIRD%
(Fig.5G)andintheabundanceofpolarforaminifersinCoreMD03-
2664at130ka(Fig.5B)suggestsageneralretreatofpolarcondi-
tionsasTIIcametoanend.

ThedinocystassemblageattheEirikDriftshowsnoindications
ofAtlanticwaterinflowduringTII,similartotheassemblagefrom
theSouthIcelandicBasinCoreMD95-2015(Eynaudetal.,2004).In
contrast,theNordicSeaswereinfluencedbywarmAtlanticwater,
asindicatedbythedominanceoftheAtlanticwatertracer
O.centrocarpumattheVøringPlateau(CoreM23071;Van
Nieuwenhoveetal.,2008).Together,thiscouldpointtoacon-
tractedSPGtothewest.AcontractedorweakenedSPGwouldallow
forwarmandsalineAtlanticwaterstoflownorthwardintothe
NordicSeas,whilethewesternNorthAtlanticiscutofffromwarm
waterinflow(H�atúnetal.,2005;Thornalleyetal.,2009;Bauch
etal.,1999,2012;VanNieuwenhoveetal.,2011).Suchascenario
ofacontractedorweakenedSPGisalsoproposedbyZhuravleva
etal.(2017)whoindicatecoldsurfacewaterconditions,high
meltwaterinputfromtheGISand/orenhancedseaiceinEast
GreenlandMarginCoreM23351.Takentogether,thebreak-upof
perennialseaice,andahighlyfreshandstratifiedupperoceanin
theNorthAtlanticisconsistentwithacontracted/weakSPGduring
TII(Fig.6).

5.2.MIS5e

5.2.1.EarliestMIS5e(128e126.5ka):marginalicezoneand(sub)
surfacewarming

CoincidentwithpeaksummerinsolationintheearliestMIS5e,
werecordthefirstevidenceofaMIZattheEirikDrift.Weinterpret
aMIZduetothesimultaneousincreaseoftheseaicebiomarkers
IP25andHBIIII(Z)(Fig.5E).WhileIP25alonecouldindicateseaice
transportviatheEGC,HBIIII(Z)isfoundtobestronglyenhancedin
MIZenvironmentsintheAntarctic(Collinsetal.,2013)andthe

Arctic(Beltetal.,2015).FurthercorroboratingevidenceforMIZ
conditionscomesfromincreasedconcentrationsandabundances
oftheheterotrophicRBC,whichareoftenabundantinhighly
productiveseaiceenvironments(e.g.deVernaletal.,1997,2005,
2020),andcystsofP.dalei,aspeciesassociatedwithstratified
waters(Fig.5D;seesection3.3).Contemporaneously,seasurface
productivityincreasedasindicatedbytheopen-waterphyto-
planktonbiomarkersdinosteroland,especially,brassicasterol
(Fig.4F).Theenvironmentduringthefirst1500yearsofMIS5eat
theEirikDriftwasthusanenvironmentwithseaice,highpro-
ductivityandstratification.

Interestingly,severaldatarecordsandmodellingexperiments
highlightthisearliestpartofMIS5etobethewarmestpartofthe
entireinterglacial.Foraminifer-basedtemperaturereconstructions
fromCoreMD03-2664demonstratepeakMIS5etemperaturesat
theEirikDrift(Irvalietal.,2012).Furthermore,inCoreMD03-2664,
theshiftintheforaminiferassemblagefromdominanceof
N.pachyderma(s)duringMIS6/TIItoanassemblagewiththe
subpolar-transitionalspeciesN.incompta(Fig.5B),and
T.quinqueloba,G.bulloidesandG.glutinata,suggestanincreased
Atlanticwaterinfluence(Irvalietal.,2012).Similarly,foraminifer
recordsfromCoreHU-90-013-013ontheEirikDrift(Seidenkrantz
etal.,1995,1996),ODP984southofIceland(Mokeddemetal.,
2014)andisotoperecordsfromIODPSiteU1304ontheGardar
Drift(Hodelletal.,2009)pointtoearlyMIS5ewarmthandprovide
broadevidenceforwarmAtlanticwaters.PeakearlyMIS5e
warmthisfurthercorroboratedbyseveralmodelexperiments(e.g.
Otto-Bliesneretal.,2006;Bakkeretal.,2014).Thehighersurface
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andwest-eastorientedSPGdrawinginwaterfromtheICasitdoes
today(Fig.6;e.g.Irvalietal.,2012,2016;Bauchetal.,2011).This
potentiallyzonallyextendedSPGconfigurationappearstohave
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NordicSeas.Thisisevidencedbyhighvaluesofbenthiccarbon
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thedenseoverflowsfromtheNordicSeas(Galaasenetal.,2014).
Thus,inthisscenario,aseeminglyextendedSPGisrelatedtoa
strongAMOC,oratleastwell-ventilateddenseoverflowsfromthe
NordicSeas,andnotaweakAMOCassuggestedbyKlockmannetal.
(2020).Thishighlightsthecomplexityoftheinteractionbetween
SPGdynamicsandNorthAtlanticcirculation,andthatSPGgeom-
etryandstrengtharebynomeansthesolemodulatorofNordic
Seasventilation.

Takenatfacevalue,itseemsdifficulttoreconcileaMIZwith
peakwarmMIS5enear-surfaceoceanconditions.Discrepancies
betweenreconstructionswithdifferentproxiesarenotuncommon,
andhavebeenlinkedtobothhabitatdifference(i.e.waterdepth)
and/orseasonality(e.g.deVernaletal.,2020;VanNieuwenhove
etal.,2016;Anderssonetal.,2010;Corteseetal.,2005;
Risebrobakkenetal.,2011;Leducetal.,2010).Here,takingthe
habitatintoaccount,biomarkersanddinocystslikelyrecord
changesintheuppermostpartofthewatercolumn,wherecold,sea
iceladensurfacewatersoccur.Theplankticforaminiferswould
occupytheslightlydeeper,warmerwaterssourcedbytheIC.Itis
wellknownthatplankticforaminifersoccurinasub-surface,
slightlydeeperhabitat(e.g.Simstichetal.,2003;Kozdonetal.,
2009;Jonkersetal.,2010;PadosandSpielhagen,2014).Alterna-
tively,theproxiesreflectdifferentseasons,withbiomarkers/dino-
cystsreflectingmorespringandautumnconditionsandthe
plankticforaminifersreflectingthesummer.Forthisreason,
cautionmustalwaysbetakenwhenlookingatasingleproxy.
AssumingthatthesubsurfacehabitatofN.pachyderma(s)also
reflectssurfaceoceanconditions,canleadtomisinterpretation
undersomecircumstancesaspointedoutbye.g.Hillaire-Marcel
etal.(1994)andDokkenetal.(2013).Indeed,thesubsurface
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habitat of N. pachyderma (s) may be particularly well-suited for
recording warming events in the subsurface during episodes of
stratification and surface cooling (e.g. Max et al., 2022). Viewed in
this light, the warm foraminifer-based temperatures of the early
MIS 5e could be caused by warm Atlantic waters circulating
beneath a fresh surface layer and sea ice. This is similar to what
occurs today when warm Atlantic water meets, and subducts
beneath, fresh polar water in regions where a strong halocline is
maintained by sea ice (Rudels et al., 2015). The presence of sea ice
would, in turn, hinder ocean to atmosphere heat flux and cooling
locally, potentially further contributing to a warm subsurface IC.

We speculate whether the MIZ location in the Labrador Sea
could have played a role in maintaining or strengthening the SPG
circulation and influenced the transport of warm and saline waters
to the Eirik Drift. Although sea ice can inhibit local deep water
formation, its proximity to the Labrador Sea convection regions
may have stimulated heat and buoyancy loss, and therefore dense
water formation that would affect the SPG strength. Near the polar
MIZ today, Cold Air Outbreaks (CAOs) occur where strong winds off
the sea ice edge play an important role for water mass trans-
formation (Smedsrud et al., 2022). Thus, a MIZ immediately north

of convection regions in the Labrador Sea might have stimulated
water mass transformation in the subpolar region, altering the
density structure and strength of the SPG (Born and Stocker, 2014).
While more data will be necessary to test this concept, if correct, it
could point to the MIZ being a critical factor to invigorate or
maintain the SPG circulation during the earliest MIS 5e. Indepen-
dent of the actual gyre configuration, our data indicate that when a
MIZ was present at the northern margin of the SPG, a relatively cool
surface and a halocline was maintained over a warmer subsurface
layer of Atlantic Water (IC origin) at peak summer insolation. By
analogy with today's Arctic, where similar configurations exist
where Atlantic Water meets the sea ice edge (e.g. Årthun et al.,
2012; Rudels et al., 2015), the presence of sea ice may have been
a critical factor in maintaining this mode of stratification.

5.2.2. Early MIS 5e (126.5e124 ka): hydrographic shift and
subsurface cooling

The surface ocean hydrography profoundly shifted at ~126.5 ka
and the influence of Atlantic water to the subsurface was replaced
by a stronger EGC influence. At the same time, the MIZ retreated
north, away from the Eirik Drift. The EGC influence is inferred from

Fig. 6. Schematic North Atlantic surface hydrography during the late TII and H11, MIS 5e, and the last glacial inception and early MIS 5d. Surface ocean currents are indicated by dark
blue (polar waters) and orange arrows (Atlantic waters). Thicker blue lines (polar water) mark periods with increased EGC dominance and potential increased freshwater by
rerouting. The most likely position during each of the time intervals of the marginal ice zone (MIZ; white dashed lines), the Arctic Front (AF; light blue lines), and the subpolar gyre
(SPG; grey shaded circles) are shown. The retreat or advance of the AF and MIZ are indicated by arrows.
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habitatofN.pachyderma(s)maybeparticularlywell-suitedfor
recordingwarmingeventsinthesubsurfaceduringepisodesof
stratificationandsurfacecooling(e.g.Maxetal.,2022).Viewedin
thislight,thewarmforaminifer-basedtemperaturesoftheearly
MIS5ecouldbecausedbywarmAtlanticwaterscirculating
beneathafreshsurfacelayerandseaice.Thisissimilartowhat
occurstodaywhenwarmAtlanticwatermeets,andsubducts
beneath,freshpolarwaterinregionswhereastronghaloclineis
maintainedbyseaice(Rudelsetal.,2015).Thepresenceofseaice
would,inturn,hinderoceantoatmosphereheatfluxandcooling
locally,potentiallyfurthercontributingtoawarmsubsurfaceIC.

WespeculatewhethertheMIZlocationintheLabradorSea
couldhaveplayedaroleinmaintainingorstrengtheningtheSPG
circulationandinfluencedthetransportofwarmandsalinewaters
totheEirikDrift.Althoughseaicecaninhibitlocaldeepwater
formation,itsproximitytotheLabradorSeaconvectionregions
mayhavestimulatedheatandbuoyancyloss,andthereforedense
waterformationthatwouldaffecttheSPGstrength.Nearthepolar
MIZtoday,ColdAirOutbreaks(CAOs)occurwherestrongwindsoff
theseaiceedgeplayanimportantroleforwatermasstrans-
formation(Smedsrudetal.,2022).Thus,aMIZimmediatelynorth

ofconvectionregionsintheLabradorSeamighthavestimulated
watermasstransformationinthesubpolarregion,alteringthe
densitystructureandstrengthoftheSPG(BornandStocker,2014).
Whilemoredatawillbenecessarytotestthisconcept,ifcorrect,it
couldpointtotheMIZbeingacriticalfactortoinvigorateor
maintaintheSPGcirculationduringtheearliestMIS5e.Indepen-
dentoftheactualgyreconfiguration,ourdataindicatethatwhena
MIZwaspresentatthenorthernmarginoftheSPG,arelativelycool
surfaceandahaloclinewasmaintainedoverawarmersubsurface
layerofAtlanticWater(ICorigin)atpeaksummerinsolation.By
analogywithtoday'sArctic,wheresimilarconfigurationsexist
whereAtlanticWatermeetstheseaiceedge(e.g.Årthunetal.,
2012;Rudelsetal.,2015),thepresenceofseaicemayhavebeen
acriticalfactorinmaintainingthismodeofstratification.

5.2.2.EarlyMIS5e(126.5e124ka):hydrographicshiftand
subsurfacecooling

Thesurfaceoceanhydrographyprofoundlyshiftedat~126.5ka
andtheinfluenceofAtlanticwatertothesubsurfacewasreplaced
byastrongerEGCinfluence.Atthesametime,theMIZretreated
north,awayfromtheEirikDrift.TheEGCinfluenceisinferredfrom

Fig.6.SchematicNorthAtlanticsurfacehydrographyduringthelateTIIandH11,MIS5e,andthelastglacialinceptionandearlyMIS5d.Surfaceoceancurrentsareindicatedbydark
blue(polarwaters)andorangearrows(Atlanticwaters).Thickerbluelines(polarwater)markperiodswithincreasedEGCdominanceandpotentialincreasedfreshwaterby
rerouting.Themostlikelypositionduringeachofthetimeintervalsofthemarginalicezone(MIZ;whitedashedlines),theArcticFront(AF;lightbluelines),andthesubpolargyre
(SPG;greyshadedcircles)areshown.TheretreatoradvanceoftheAFandMIZareindicatedbyarrows.
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waterformationthatwouldaffecttheSPGstrength.Nearthepolar
MIZtoday,ColdAirOutbreaks(CAOs)occurwherestrongwindsoff
theseaiceedgeplayanimportantroleforwatermasstrans-
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subsurfacecooling

Thesurfaceoceanhydrographyprofoundlyshiftedat~126.5ka
andtheinfluenceofAtlanticwatertothesubsurfacewasreplaced
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Fig.6.SchematicNorthAtlanticsurfacehydrographyduringthelateTIIandH11,MIS5e,andthelastglacialinceptionandearlyMIS5d.Surfaceoceancurrentsareindicatedbydark
blue(polarwaters)andorangearrows(Atlanticwaters).Thickerbluelines(polarwater)markperiodswithincreasedEGCdominanceandpotentialincreasedfreshwaterby
rerouting.Themostlikelypositionduringeachofthetimeintervalsofthemarginalicezone(MIZ;whitedashedlines),theArcticFront(AF;lightbluelines),andthesubpolargyre
(SPG;greyshadedcircles)areshown.TheretreatoradvanceoftheAFandMIZareindicatedbyarrows.

K.Steinsland,D.M.Grant,U.S.Ninnemannetal.QuaternaryScienceReviews313(2023)108198

10

habitat of N. pachyderma (s) may be particularly well-suited for
recording warming events in the subsurface during episodes of
stratification and surface cooling (e.g. Max et al., 2022). Viewed in
this light, the warm foraminifer-based temperatures of the early
MIS 5e could be caused by warm Atlantic waters circulating
beneath a fresh surface layer and sea ice. This is similar to what
occurs today when warm Atlantic water meets, and subducts
beneath, fresh polar water in regions where a strong halocline is
maintained by sea ice (Rudels et al., 2015). The presence of sea ice
would, in turn, hinder ocean to atmosphere heat flux and cooling
locally, potentially further contributing to a warm subsurface IC.

We speculate whether the MIZ location in the Labrador Sea
could have played a role in maintaining or strengthening the SPG
circulation and influenced the transport of warm and saline waters
to the Eirik Drift. Although sea ice can inhibit local deep water
formation, its proximity to the Labrador Sea convection regions
may have stimulated heat and buoyancy loss, and therefore dense
water formation that would affect the SPG strength. Near the polar
MIZ today, Cold Air Outbreaks (CAOs) occur where strong winds off
the sea ice edge play an important role for water mass trans-
formation (Smedsrud et al., 2022). Thus, a MIZ immediately north

of convection regions in the Labrador Sea might have stimulated
water mass transformation in the subpolar region, altering the
density structure and strength of the SPG (Born and Stocker, 2014).
While more data will be necessary to test this concept, if correct, it
could point to the MIZ being a critical factor to invigorate or
maintain the SPG circulation during the earliest MIS 5e. Indepen-
dent of the actual gyre configuration, our data indicate that when a
MIZ was present at the northern margin of the SPG, a relatively cool
surface and a halocline was maintained over a warmer subsurface
layer of Atlantic Water (IC origin) at peak summer insolation. By
analogy with today's Arctic, where similar configurations exist
where Atlantic Water meets the sea ice edge (e.g. Årthun et al.,
2012; Rudels et al., 2015), the presence of sea ice may have been
a critical factor in maintaining this mode of stratification.

5.2.2. Early MIS 5e (126.5e124 ka): hydrographic shift and
subsurface cooling

The surface ocean hydrography profoundly shifted at ~126.5 ka
and the influence of Atlantic water to the subsurface was replaced
by a stronger EGC influence. At the same time, the MIZ retreated
north, away from the Eirik Drift. The EGC influence is inferred from

Fig. 6. Schematic North Atlantic surface hydrography during the late TII and H11, MIS 5e, and the last glacial inception and early MIS 5d. Surface ocean currents are indicated by dark
blue (polar waters) and orange arrows (Atlantic waters). Thicker blue lines (polar water) mark periods with increased EGC dominance and potential increased freshwater by
rerouting. The most likely position during each of the time intervals of the marginal ice zone (MIZ; white dashed lines), the Arctic Front (AF; light blue lines), and the subpolar gyre
(SPG; grey shaded circles) are shown. The retreat or advance of the AF and MIZ are indicated by arrows.
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occurs today when warm Atlantic water meets, and subducts
beneath, fresh polar water in regions where a strong halocline is
maintained by sea ice (Rudels et al., 2015). The presence of sea ice
would, in turn, hinder ocean to atmosphere heat flux and cooling
locally, potentially further contributing to a warm subsurface IC.

We speculate whether the MIZ location in the Labrador Sea
could have played a role in maintaining or strengthening the SPG
circulation and influenced the transport of warm and saline waters
to the Eirik Drift. Although sea ice can inhibit local deep water
formation, its proximity to the Labrador Sea convection regions
may have stimulated heat and buoyancy loss, and therefore dense
water formation that would affect the SPG strength. Near the polar
MIZ today, Cold Air Outbreaks (CAOs) occur where strong winds off
the sea ice edge play an important role for water mass trans-
formation (Smedsrud et al., 2022). Thus, a MIZ immediately north

of convection regions in the Labrador Sea might have stimulated
water mass transformation in the subpolar region, altering the
density structure and strength of the SPG (Born and Stocker, 2014).
While more data will be necessary to test this concept, if correct, it
could point to the MIZ being a critical factor to invigorate or
maintain the SPG circulation during the earliest MIS 5e. Indepen-
dent of the actual gyre configuration, our data indicate that when a
MIZ was present at the northern margin of the SPG, a relatively cool
surface and a halocline was maintained over a warmer subsurface
layer of Atlantic Water (IC origin) at peak summer insolation. By
analogy with today's Arctic, where similar configurations exist
where Atlantic Water meets the sea ice edge (e.g. Årthun et al.,
2012; Rudels et al., 2015), the presence of sea ice may have been
a critical factor in maintaining this mode of stratification.

5.2.2. Early MIS 5e (126.5e124 ka): hydrographic shift and
subsurface cooling

The surface ocean hydrography profoundly shifted at ~126.5 ka
and the influence of Atlantic water to the subsurface was replaced
by a stronger EGC influence. At the same time, the MIZ retreated
north, away from the Eirik Drift. The EGC influence is inferred from

Fig. 6. Schematic North Atlantic surface hydrography during the late TII and H11, MIS 5e, and the last glacial inception and early MIS 5d. Surface ocean currents are indicated by dark
blue (polar waters) and orange arrows (Atlantic waters). Thicker blue lines (polar water) mark periods with increased EGC dominance and potential increased freshwater by
rerouting. The most likely position during each of the time intervals of the marginal ice zone (MIZ; white dashed lines), the Arctic Front (AF; light blue lines), and the subpolar gyre
(SPG; grey shaded circles) are shown. The retreat or advance of the AF and MIZ are indicated by arrows.
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habitatofN.pachyderma(s)maybeparticularlywell-suitedfor
recordingwarmingeventsinthesubsurfaceduringepisodesof
stratificationandsurfacecooling(e.g.Maxetal.,2022).Viewedin
thislight,thewarmforaminifer-basedtemperaturesoftheearly
MIS5ecouldbecausedbywarmAtlanticwaterscirculating
beneathafreshsurfacelayerandseaice.Thisissimilartowhat
occurstodaywhenwarmAtlanticwatermeets,andsubducts
beneath,freshpolarwaterinregionswhereastronghaloclineis
maintainedbyseaice(Rudelsetal.,2015).Thepresenceofseaice
would,inturn,hinderoceantoatmosphereheatfluxandcooling
locally,potentiallyfurthercontributingtoawarmsubsurfaceIC.

WespeculatewhethertheMIZlocationintheLabradorSea
couldhaveplayedaroleinmaintainingorstrengtheningtheSPG
circulationandinfluencedthetransportofwarmandsalinewaters
totheEirikDrift.Althoughseaicecaninhibitlocaldeepwater
formation,itsproximitytotheLabradorSeaconvectionregions
mayhavestimulatedheatandbuoyancyloss,andthereforedense
waterformationthatwouldaffecttheSPGstrength.Nearthepolar
MIZtoday,ColdAirOutbreaks(CAOs)occurwherestrongwindsoff
theseaiceedgeplayanimportantroleforwatermasstrans-
formation(Smedsrudetal.,2022).Thus,aMIZimmediatelynorth

ofconvectionregionsintheLabradorSeamighthavestimulated
watermasstransformationinthesubpolarregion,alteringthe
densitystructureandstrengthoftheSPG(BornandStocker,2014).
Whilemoredatawillbenecessarytotestthisconcept,ifcorrect,it
couldpointtotheMIZbeingacriticalfactortoinvigorateor
maintaintheSPGcirculationduringtheearliestMIS5e.Indepen-
dentoftheactualgyreconfiguration,ourdataindicatethatwhena
MIZwaspresentatthenorthernmarginoftheSPG,arelativelycool
surfaceandahaloclinewasmaintainedoverawarmersubsurface
layerofAtlanticWater(ICorigin)atpeaksummerinsolation.By
analogywithtoday'sArctic,wheresimilarconfigurationsexist
whereAtlanticWatermeetstheseaiceedge(e.g.Årthunetal.,
2012;Rudelsetal.,2015),thepresenceofseaicemayhavebeen
acriticalfactorinmaintainingthismodeofstratification.

5.2.2.EarlyMIS5e(126.5e124ka):hydrographicshiftand
subsurfacecooling

Thesurfaceoceanhydrographyprofoundlyshiftedat~126.5ka
andtheinfluenceofAtlanticwatertothesubsurfacewasreplaced
byastrongerEGCinfluence.Atthesametime,theMIZretreated
north,awayfromtheEirikDrift.TheEGCinfluenceisinferredfrom

Fig.6.SchematicNorthAtlanticsurfacehydrographyduringthelateTIIandH11,MIS5e,andthelastglacialinceptionandearlyMIS5d.Surfaceoceancurrentsareindicatedbydark
blue(polarwaters)andorangearrows(Atlanticwaters).Thickerbluelines(polarwater)markperiodswithincreasedEGCdominanceandpotentialincreasedfreshwaterby
rerouting.Themostlikelypositionduringeachofthetimeintervalsofthemarginalicezone(MIZ;whitedashedlines),theArcticFront(AF;lightbluelines),andthesubpolargyre
(SPG;greyshadedcircles)areshown.TheretreatoradvanceoftheAFandMIZareindicatedbyarrows.
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habitatofN.pachyderma(s)maybeparticularlywell-suitedfor
recordingwarmingeventsinthesubsurfaceduringepisodesof
stratificationandsurfacecooling(e.g.Maxetal.,2022).Viewedin
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MIS5ecouldbecausedbywarmAtlanticwaterscirculating
beneathafreshsurfacelayerandseaice.Thisissimilartowhat
occurstodaywhenwarmAtlanticwatermeets,andsubducts
beneath,freshpolarwaterinregionswhereastronghaloclineis
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circulationandinfluencedthetransportofwarmandsalinewaters
totheEirikDrift.Althoughseaicecaninhibitlocaldeepwater
formation,itsproximitytotheLabradorSeaconvectionregions
mayhavestimulatedheatandbuoyancyloss,andthereforedense
waterformationthatwouldaffecttheSPGstrength.Nearthepolar
MIZtoday,ColdAirOutbreaks(CAOs)occurwherestrongwindsoff
theseaiceedgeplayanimportantroleforwatermasstrans-
formation(Smedsrudetal.,2022).Thus,aMIZimmediatelynorth

ofconvectionregionsintheLabradorSeamighthavestimulated
watermasstransformationinthesubpolarregion,alteringthe
densitystructureandstrengthoftheSPG(BornandStocker,2014).
Whilemoredatawillbenecessarytotestthisconcept,ifcorrect,it
couldpointtotheMIZbeingacriticalfactortoinvigorateor
maintaintheSPGcirculationduringtheearliestMIS5e.Indepen-
dentoftheactualgyreconfiguration,ourdataindicatethatwhena
MIZwaspresentatthenorthernmarginoftheSPG,arelativelycool
surfaceandahaloclinewasmaintainedoverawarmersubsurface
layerofAtlanticWater(ICorigin)atpeaksummerinsolation.By
analogywithtoday'sArctic,wheresimilarconfigurationsexist
whereAtlanticWatermeetstheseaiceedge(e.g.Årthunetal.,
2012;Rudelsetal.,2015),thepresenceofseaicemayhavebeen
acriticalfactorinmaintainingthismodeofstratification.

5.2.2.EarlyMIS5e(126.5e124ka):hydrographicshiftand
subsurfacecooling

Thesurfaceoceanhydrographyprofoundlyshiftedat~126.5ka
andtheinfluenceofAtlanticwatertothesubsurfacewasreplaced
byastrongerEGCinfluence.Atthesametime,theMIZretreated
north,awayfromtheEirikDrift.TheEGCinfluenceisinferredfrom

Fig.6.SchematicNorthAtlanticsurfacehydrographyduringthelateTIIandH11,MIS5e,andthelastglacialinceptionandearlyMIS5d.Surfaceoceancurrentsareindicatedbydark
blue(polarwaters)andorangearrows(Atlanticwaters).Thickerbluelines(polarwater)markperiodswithincreasedEGCdominanceandpotentialincreasedfreshwaterby
rerouting.Themostlikelypositionduringeachofthetimeintervalsofthemarginalicezone(MIZ;whitedashedlines),theArcticFront(AF;lightbluelines),andthesubpolargyre
(SPG;greyshadedcircles)areshown.TheretreatoradvanceoftheAFandMIZareindicatedbyarrows.
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the rapid increase in abundance of the polar front associated
dinocyst, B. tepikiense (Fig. 5C). IP25 concentrations decrease
considerably, reflecting reductions in spring sea ice cover. However,
HBI III (Z), HBI II, and IP25 do remain present in several samples,
indicating the occasional occurrence of sea ice in the area (Fig. 5E).
Cold, stratified surface waters characterised by large seasonal
temperature variations and occasional sea ice cover is consistent
with the high abundance of B. tepikiense (de Vernal et al., 2005,
2020) that is recorded here and similarly in the South Icelandic
Basin (Eynaud et al., 2004). Seasonally open waters with increased
sea surface productivity are recorded on the East Greenland margin
which suggests a MIZ retreat far north of the Eirik Drift (Zhuravleva
et al., 2017). At the Eirik Drift the foraminifer assemblage changes
from a dominance of N. incompta to N. pachyderma (s) (Fig. 5B; Core
MD03-2664; Irvali et al., 2012). This is also observed in Core HU-90-
013-013 (Seidenkrantz et al., 1995) and suggests that Atlantic water
influence decreased and cooler EGC conditions dominated.

This increasing EGC influence occurs during the C27 cooling
event that is recognised in several North Atlantic proxy records (e.g.
Oppo et al., 2006; Mokeddem et al., 2014; Irvali et al., 2016;
Mokeddem and McManus, 2016; Tzedakis et al., 2018). A cooling
event around this time is also observed in numerous locations
across the North Atlantic and has been described as “stepwise
deglaciation” or “reversal in deglacial warming trend” (e.g.
Seidenkrantz et al., 1995, 1996; Risebrobakken et al., 2006; Bauch
and Erlenkeuser, 2008; Van Nieuwenhove et al., 2011; Bauch
et al., 2011, 2012; Zhuravleva et al., 2017).

In the light of this widespread North Atlantic cooling, it may
seem incongruous that we record a northward retreat and decline
in sea ice at the Eirik Drift. Sea ice retreat, despite continued polar
water export, may simply be due to high summer insolation
(Fig. 5A) and atmospheric CO2 (Lüthi et al., 2008) at the time, which
would have made it hard for sea ice to survive at the Eirik Drift,
even in a cool surface ocean. Indeed, despite the evidence of cooler
conditions and enhanced EGC in the earlyMIS 5e, the conditions on
Greenland itself were mild. On the Eirik Drift (Core HU-90-013-
013), de Vernal and Hillaire-Marcel (2008) show increased pollen
and spore concentrations indicating a rapid expansion of vegeta-
tion in southern Greenland (Fig. 5F) and implying a retreat of the
GIS. Simultaneously, intensified melting from the northeastern GIS
is demonstrated by the isotopic record of Core M23351 (Zhuravleva
et al., 2017) and sediment chemistry (Carlson et al., 2008; Colville
et al., 2011), consistent with a widespread cryospheric decline at
this time.

It has been proposed that increased freshwater input from a
melting GIS and/or sea ice is a driving mechanism behind surface
ocean cooling and changes in SPG circulation during the early LIG
(e.g. Irvali et al., 2012, 2016; Mokeddem et al., 2014; Galaasen et al.,
2014; Tzedakis et al., 2018). According to model simulations (Born
et al., 2010), increased freshwater input to the Labrador Sea could
weaken the SPG by altering the surface water salinity and density,
and the rate of dense water formation in the Labrador Sea. It has
been suggested that a weakened and contracted SPG (Fig. 6) allows
for warmer subtropical waters to penetrate farther to the northeast
and into the Nordic Seas (H�atún et al., 2005; Thornalley et al., 2009;
Bauch et al., 1999, 2012; Van Nieuwenhove et al., 2011) invigorating
deep water formation in the Nordic Seas, while Atlantic water
transport westward to the Labrador Sea decreases. While such a
shift in gyre dynamics could help explain the reduced input of IC
water to the Eirik Drift at this time and the prevalence of cold, fresh,
polar-like conditions, it does not readily explain the coeval decrease
in deep water ventilation at the site. Deep water formation in the
Nordic Seas seems to have been weakened during this time, as
evidenced in depleted benthic d13C values on the Eirik Drift
(Galaasen et al., 2014), since this site is influenced today by dense

(Denmark Strait) overflowwaters. Supporting a reduced ventilation
of Nordic Seas deep water at this time, low d13C values have been
recorded around 126.5 ka on the East Greenland margin
(Zhuravleva et al., 2017) and in the Nordic Seas (Bauch et al., 2012).
Although the Nordic Seas depletions appear smaller and shorter
(~1000 years) compared to the Labrador Sea (~2500 years), they
first occur together with the C27 cooling phase.

Another factor contributing to increasing EGC and polar-like
conditions could be the potential rerouting of freshwater caused
by the presence of an ice sheet over the Canadian Arctic Archipel-
ago (CAA; Condron and Winsor, 2012; Lofverstrom et al., 2022). As
sea level rose coming out of the glacial period and the Bering Strait
opened, freshwater could once again flow from the Pacific to the
Atlantic via the Arctic Ocean. If a remnant LIS remained in the CAA,
all freshwater that today can flow freely through the Davis Strait
west of Greenland would be rerouted through the Fram Strait, into
the EGC and onwards into the North Atlantic deep convection re-
gions. Previous studies have also shown that AMOC strength and
North Atlantic climate is sensitive to the status of gateways in the
Arctic (Otto-Bliesner et al., 2006; Hu et al., 2010; Karami et al.,
2021). We hypothesise that Arctic rerouting of Pacific freshwater
remains a potential contributor to the enhanced influence of the
relatively cool and fresh EGC in the early MIS 5e. Condron and
Winsor (2012) and Lofverstrom et al. (2022) suggest such rerout-
ing as a potential feedback mechanism behind the Younger Dryas
cooling late in the last deglaciation. Interestingly, the C27 event
associated with the EGC expansion south of Greenland and the
surface ocean cooling in the North Atlantic, have often been
compared to the Younger Dryas (e.g. Sarnthein and Tiedemann,
1990; Seidenkrantz et al., 1996; S�anchez Go~ni et al., 2005). Two
prerequisites are necessary for this EGC focused freshwater routing
to be plausible. One, sea level must have been high enough for the
Bering Strait to be open, and two, enough glacial ice must have
persisted to block freshwater export routes west of Greenland
(Lofverstrom et al., 2022). The first condition seems to have been
met: sea level was high enough during this period (Fig. 5A; Spratt
and Lisiecki, 2016) to allow freshwater transport across Bering
Strait. For the second condition to be met, the LIS must have
remained sufficiently large early in MIS 5e to have blocked fresh-
water export through the CAA, despite the orbitally modulated high
summer insolation.

An interesting sedimentological feature in our core is the red
layer at the end of the C27 cooling. It is associated with a sudden
rapid re-occurrence of sea ice at the Eirik Drift which is distinctly
marked by the occurrence of IP25, and RBC, followed by cysts of
P. dalei. Taken together they indicate a short event of rapid sea ice
discharge, meltwater and stratification. This signal was likely
transported and does not represent a reappearance of the MIZ at
our site, which is further supported by the low MIZ marker HBI III
(Z). Furthermore, cysts of S. trifida have been linked to LIS-sourced
meltwater input around southern Greenland and south-eastern
Canada for early Holocene sediments (Head et al., 2006; Van
Nieuwenhove et al., 2018), and its occurrence here in the LIG may
equally suggest an origin fromCanadianwaters. The red layer found
in our core, and in Cores MD03e2664 and U1304, has been linked
to an outburst flood event through the Hudson Strait (Nicholl et al.,
2012; Shaw and Lesemann, 2003) akin to the 8.2 ka event early in
the Holocene when the southern margin of the LIS retreated
enough that proglacial lake Agassiz broke through the ice dam
blocking its drainage through Hudson Straight (Hillaire-Marcel
et al., 2007) and deposited a similar red layer (Kerwin, 1996; St-
Onge and Lajeunesse, 2007; Lajeunesse and St-Onge, 2008). The
similarity between the sediment deposits and their relative tim-
ings, early in both interglacials, suggests similar mechanisms
behind the events. This implies that like during the Holocene, there
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therapidincreaseinabundanceofthepolarfrontassociated
dinocyst,B.tepikiense(Fig.5C).IP25concentrationsdecrease
considerably,reflectingreductionsinspringseaicecover.However,
HBIIII(Z),HBIII,andIP25doremainpresentinseveralsamples,
indicatingtheoccasionaloccurrenceofseaiceinthearea(Fig.5E).
Cold,stratifiedsurfacewaterscharacterisedbylargeseasonal
temperaturevariationsandoccasionalseaicecoverisconsistent
withthehighabundanceofB.tepikiense(deVernaletal.,2005,
2020)thatisrecordedhereandsimilarlyintheSouthIcelandic
Basin(Eynaudetal.,2004).Seasonallyopenwaterswithincreased
seasurfaceproductivityarerecordedontheEastGreenlandmargin
whichsuggestsaMIZretreatfarnorthoftheEirikDrift(Zhuravleva
etal.,2017).AttheEirikDrifttheforaminiferassemblagechanges
fromadominanceofN.incomptatoN.pachyderma(s)(Fig.5B;Core
MD03-2664;Irvalietal.,2012).ThisisalsoobservedinCoreHU-90-
013-013(Seidenkrantzetal.,1995)andsuggeststhatAtlanticwater
influencedecreasedandcoolerEGCconditionsdominated.

ThisincreasingEGCinfluenceoccursduringtheC27cooling
eventthatisrecognisedinseveralNorthAtlanticproxyrecords(e.g.
Oppoetal.,2006;Mokeddemetal.,2014;Irvalietal.,2016;
MokeddemandMcManus,2016;Tzedakisetal.,2018).Acooling
eventaroundthistimeisalsoobservedinnumerouslocations
acrosstheNorthAtlanticandhasbeendescribedas“stepwise
deglaciation”or“reversalindeglacialwarmingtrend”(e.g.
Seidenkrantzetal.,1995,1996;Risebrobakkenetal.,2006;Bauch
andErlenkeuser,2008;VanNieuwenhoveetal.,2011;Bauch
etal.,2011,2012;Zhuravlevaetal.,2017).

InthelightofthiswidespreadNorthAtlanticcooling,itmay
seemincongruousthatwerecordanorthwardretreatanddecline
inseaiceattheEirikDrift.Seaiceretreat,despitecontinuedpolar
waterexport,maysimplybeduetohighsummerinsolation
(Fig.5A)andatmosphericCO2(Lüthietal.,2008)atthetime,which
wouldhavemadeithardforseaicetosurviveattheEirikDrift,
eveninacoolsurfaceocean.Indeed,despitetheevidenceofcooler
conditionsandenhancedEGCintheearlyMIS5e,theconditionson
Greenlanditselfweremild.OntheEirikDrift(CoreHU-90-013-
013),deVernalandHillaire-Marcel(2008)showincreasedpollen
andsporeconcentrationsindicatingarapidexpansionofvegeta-
tioninsouthernGreenland(Fig.5F)andimplyingaretreatofthe
GIS.Simultaneously,intensifiedmeltingfromthenortheasternGIS
isdemonstratedbytheisotopicrecordofCoreM23351(Zhuravleva
etal.,2017)andsedimentchemistry(Carlsonetal.,2008;Colville
etal.,2011),consistentwithawidespreadcryosphericdeclineat
thistime.

Ithasbeenproposedthatincreasedfreshwaterinputfroma
meltingGISand/orseaiceisadrivingmechanismbehindsurface
oceancoolingandchangesinSPGcirculationduringtheearlyLIG
(e.g.Irvalietal.,2012,2016;Mokeddemetal.,2014;Galaasenetal.,
2014;Tzedakisetal.,2018).Accordingtomodelsimulations(Born
etal.,2010),increasedfreshwaterinputtotheLabradorSeacould
weakentheSPGbyalteringthesurfacewatersalinityanddensity,
andtherateofdensewaterformationintheLabradorSea.Ithas
beensuggestedthataweakenedandcontractedSPG(Fig.6)allows
forwarmersubtropicalwaterstopenetratefarthertothenortheast
andintotheNordicSeas(H�atúnetal.,2005;Thornalleyetal.,2009;
Bauchetal.,1999,2012;VanNieuwenhoveetal.,2011)invigorating
deepwaterformationintheNordicSeas,whileAtlanticwater
transportwestwardtotheLabradorSeadecreases.Whilesucha
shiftingyredynamicscouldhelpexplainthereducedinputofIC
watertotheEirikDriftatthistimeandtheprevalenceofcold,fresh,
polar-likeconditions,itdoesnotreadilyexplainthecoevaldecrease
indeepwaterventilationatthesite.Deepwaterformationinthe
NordicSeasseemstohavebeenweakenedduringthistime,as
evidencedindepletedbenthicd13CvaluesontheEirikDrift
(Galaasenetal.,2014),sincethissiteisinfluencedtodaybydense

(DenmarkStrait)overflowwaters.Supportingareducedventilation
ofNordicSeasdeepwateratthistime,lowd13Cvalueshavebeen
recordedaround126.5kaontheEastGreenlandmargin
(Zhuravlevaetal.,2017)andintheNordicSeas(Bauchetal.,2012).
AlthoughtheNordicSeasdepletionsappearsmallerandshorter
(~1000years)comparedtotheLabradorSea(~2500years),they
firstoccurtogetherwiththeC27coolingphase.

AnotherfactorcontributingtoincreasingEGCandpolar-like
conditionscouldbethepotentialreroutingoffreshwatercaused
bythepresenceofanicesheetovertheCanadianArcticArchipel-
ago(CAA;CondronandWinsor,2012;Lofverstrometal.,2022).As
sealevelrosecomingoutoftheglacialperiodandtheBeringStrait
opened,freshwatercouldonceagainflowfromthePacifictothe
AtlanticviatheArcticOcean.IfaremnantLISremainedintheCAA,
allfreshwaterthattodaycanflowfreelythroughtheDavisStrait
westofGreenlandwouldbereroutedthroughtheFramStrait,into
theEGCandonwardsintotheNorthAtlanticdeepconvectionre-
gions.PreviousstudieshavealsoshownthatAMOCstrengthand
NorthAtlanticclimateissensitivetothestatusofgatewaysinthe
Arctic(Otto-Bliesneretal.,2006;Huetal.,2010;Karamietal.,
2021).WehypothesisethatArcticreroutingofPacificfreshwater
remainsapotentialcontributortotheenhancedinfluenceofthe
relativelycoolandfreshEGCintheearlyMIS5e.Condronand
Winsor(2012)andLofverstrometal.(2022)suggestsuchrerout-
ingasapotentialfeedbackmechanismbehindtheYoungerDryas
coolinglateinthelastdeglaciation.Interestingly,theC27event
associatedwiththeEGCexpansionsouthofGreenlandandthe
surfaceoceancoolingintheNorthAtlantic,haveoftenbeen
comparedtotheYoungerDryas(e.g.SarntheinandTiedemann,
1990;Seidenkrantzetal.,1996;S�anchezGo~nietal.,2005).Two
prerequisitesarenecessaryforthisEGCfocusedfreshwaterrouting
tobeplausible.One,sealevelmusthavebeenhighenoughforthe
BeringStraittobeopen,andtwo,enoughglacialicemusthave
persistedtoblockfreshwaterexportrouteswestofGreenland
(Lofverstrometal.,2022).Thefirstconditionseemstohavebeen
met:sealevelwashighenoughduringthisperiod(Fig.5A;Spratt
andLisiecki,2016)toallowfreshwatertransportacrossBering
Strait.Forthesecondconditiontobemet,theLISmusthave
remainedsufficientlylargeearlyinMIS5etohaveblockedfresh-
waterexportthroughtheCAA,despitetheorbitallymodulatedhigh
summerinsolation.

Aninterestingsedimentologicalfeatureinourcoreisthered
layerattheendoftheC27cooling.Itisassociatedwithasudden
rapidre-occurrenceofseaiceattheEirikDriftwhichisdistinctly
markedbytheoccurrenceofIP25,andRBC,followedbycystsof
P.dalei.Takentogethertheyindicateashorteventofrapidseaice
discharge,meltwaterandstratification.Thissignalwaslikely
transportedanddoesnotrepresentareappearanceoftheMIZat
oursite,whichisfurthersupportedbythelowMIZmarkerHBIIII
(Z).Furthermore,cystsofS.trifidahavebeenlinkedtoLIS-sourced
meltwaterinputaroundsouthernGreenlandandsouth-eastern
CanadaforearlyHolocenesediments(Headetal.,2006;Van
Nieuwenhoveetal.,2018),anditsoccurrencehereintheLIGmay
equallysuggestanoriginfromCanadianwaters.Theredlayerfound
inourcore,andinCoresMD03e2664andU1304,hasbeenlinked
toanoutburstfloodeventthroughtheHudsonStrait(Nicholletal.,
2012;ShawandLesemann,2003)akintothe8.2kaeventearlyin
theHolocenewhenthesouthernmarginoftheLISretreated
enoughthatproglaciallakeAgassizbrokethroughtheicedam
blockingitsdrainagethroughHudsonStraight(Hillaire-Marcel
etal.,2007)anddepositedasimilarredlayer(Kerwin,1996;St-
OngeandLajeunesse,2007;LajeunesseandSt-Onge,2008).The
similaritybetweenthesedimentdepositsandtheirrelativetim-
ings,earlyinbothinterglacials,suggestssimilarmechanisms
behindtheevents.ThisimpliesthatlikeduringtheHolocene,there
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013-013(Seidenkrantzetal.,1995)andsuggeststhatAtlanticwater
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(Fig.5A)andatmosphericCO2(Lüthietal.,2008)atthetime,which
wouldhavemadeithardforseaicetosurviveattheEirikDrift,
eveninacoolsurfaceocean.Indeed,despitetheevidenceofcooler
conditionsandenhancedEGCintheearlyMIS5e,theconditionson
Greenlanditselfweremild.OntheEirikDrift(CoreHU-90-013-
013),deVernalandHillaire-Marcel(2008)showincreasedpollen
andsporeconcentrationsindicatingarapidexpansionofvegeta-
tioninsouthernGreenland(Fig.5F)andimplyingaretreatofthe
GIS.Simultaneously,intensifiedmeltingfromthenortheasternGIS
isdemonstratedbytheisotopicrecordofCoreM23351(Zhuravleva
etal.,2017)andsedimentchemistry(Carlsonetal.,2008;Colville
etal.,2011),consistentwithawidespreadcryosphericdeclineat
thistime.

Ithasbeenproposedthatincreasedfreshwaterinputfroma
meltingGISand/orseaiceisadrivingmechanismbehindsurface
oceancoolingandchangesinSPGcirculationduringtheearlyLIG
(e.g.Irvalietal.,2012,2016;Mokeddemetal.,2014;Galaasenetal.,
2014;Tzedakisetal.,2018).Accordingtomodelsimulations(Born
etal.,2010),increasedfreshwaterinputtotheLabradorSeacould
weakentheSPGbyalteringthesurfacewatersalinityanddensity,
andtherateofdensewaterformationintheLabradorSea.Ithas
beensuggestedthataweakenedandcontractedSPG(Fig.6)allows
forwarmersubtropicalwaterstopenetratefarthertothenortheast
andintotheNordicSeas(H�atúnetal.,2005;Thornalleyetal.,2009;
Bauchetal.,1999,2012;VanNieuwenhoveetal.,2011)invigorating
deepwaterformationintheNordicSeas,whileAtlanticwater
transportwestwardtotheLabradorSeadecreases.Whilesucha
shiftingyredynamicscouldhelpexplainthereducedinputofIC
watertotheEirikDriftatthistimeandtheprevalenceofcold,fresh,
polar-likeconditions,itdoesnotreadilyexplainthecoevaldecrease
indeepwaterventilationatthesite.Deepwaterformationinthe
NordicSeasseemstohavebeenweakenedduringthistime,as
evidencedindepletedbenthicd13CvaluesontheEirikDrift
(Galaasenetal.,2014),sincethissiteisinfluencedtodaybydense

(DenmarkStrait)overflowwaters.Supportingareducedventilation
ofNordicSeasdeepwateratthistime,lowd13Cvalueshavebeen
recordedaround126.5kaontheEastGreenlandmargin
(Zhuravlevaetal.,2017)andintheNordicSeas(Bauchetal.,2012).
AlthoughtheNordicSeasdepletionsappearsmallerandshorter
(~1000years)comparedtotheLabradorSea(~2500years),they
firstoccurtogetherwiththeC27coolingphase.

AnotherfactorcontributingtoincreasingEGCandpolar-like
conditionscouldbethepotentialreroutingoffreshwatercaused
bythepresenceofanicesheetovertheCanadianArcticArchipel-
ago(CAA;CondronandWinsor,2012;Lofverstrometal.,2022).As
sealevelrosecomingoutoftheglacialperiodandtheBeringStrait
opened,freshwatercouldonceagainflowfromthePacifictothe
AtlanticviatheArcticOcean.IfaremnantLISremainedintheCAA,
allfreshwaterthattodaycanflowfreelythroughtheDavisStrait
westofGreenlandwouldbereroutedthroughtheFramStrait,into
theEGCandonwardsintotheNorthAtlanticdeepconvectionre-
gions.PreviousstudieshavealsoshownthatAMOCstrengthand
NorthAtlanticclimateissensitivetothestatusofgatewaysinthe
Arctic(Otto-Bliesneretal.,2006;Huetal.,2010;Karamietal.,
2021).WehypothesisethatArcticreroutingofPacificfreshwater
remainsapotentialcontributortotheenhancedinfluenceofthe
relativelycoolandfreshEGCintheearlyMIS5e.Condronand
Winsor(2012)andLofverstrometal.(2022)suggestsuchrerout-
ingasapotentialfeedbackmechanismbehindtheYoungerDryas
coolinglateinthelastdeglaciation.Interestingly,theC27event
associatedwiththeEGCexpansionsouthofGreenlandandthe
surfaceoceancoolingintheNorthAtlantic,haveoftenbeen
comparedtotheYoungerDryas(e.g.SarntheinandTiedemann,
1990;Seidenkrantzetal.,1996;S�anchezGo~nietal.,2005).Two
prerequisitesarenecessaryforthisEGCfocusedfreshwaterrouting
tobeplausible.One,sealevelmusthavebeenhighenoughforthe
BeringStraittobeopen,andtwo,enoughglacialicemusthave
persistedtoblockfreshwaterexportrouteswestofGreenland
(Lofverstrometal.,2022).Thefirstconditionseemstohavebeen
met:sealevelwashighenoughduringthisperiod(Fig.5A;Spratt
andLisiecki,2016)toallowfreshwatertransportacrossBering
Strait.Forthesecondconditiontobemet,theLISmusthave
remainedsufficientlylargeearlyinMIS5etohaveblockedfresh-
waterexportthroughtheCAA,despitetheorbitallymodulatedhigh
summerinsolation.

Aninterestingsedimentologicalfeatureinourcoreisthered
layerattheendoftheC27cooling.Itisassociatedwithasudden
rapidre-occurrenceofseaiceattheEirikDriftwhichisdistinctly
markedbytheoccurrenceofIP25,andRBC,followedbycystsof
P.dalei.Takentogethertheyindicateashorteventofrapidseaice
discharge,meltwaterandstratification.Thissignalwaslikely
transportedanddoesnotrepresentareappearanceoftheMIZat
oursite,whichisfurthersupportedbythelowMIZmarkerHBIIII
(Z).Furthermore,cystsofS.trifidahavebeenlinkedtoLIS-sourced
meltwaterinputaroundsouthernGreenlandandsouth-eastern
CanadaforearlyHolocenesediments(Headetal.,2006;Van
Nieuwenhoveetal.,2018),anditsoccurrencehereintheLIGmay
equallysuggestanoriginfromCanadianwaters.Theredlayerfound
inourcore,andinCoresMD03e2664andU1304,hasbeenlinked
toanoutburstfloodeventthroughtheHudsonStrait(Nicholletal.,
2012;ShawandLesemann,2003)akintothe8.2kaeventearlyin
theHolocenewhenthesouthernmarginoftheLISretreated
enoughthatproglaciallakeAgassizbrokethroughtheicedam
blockingitsdrainagethroughHudsonStraight(Hillaire-Marcel
etal.,2007)anddepositedasimilarredlayer(Kerwin,1996;St-
OngeandLajeunesse,2007;LajeunesseandSt-Onge,2008).The
similaritybetweenthesedimentdepositsandtheirrelativetim-
ings,earlyinbothinterglacials,suggestssimilarmechanisms
behindtheevents.ThisimpliesthatlikeduringtheHolocene,there
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the rapid increase in abundance of the polar front associated
dinocyst, B. tepikiense (Fig. 5C). IP25 concentrations decrease
considerably, reflecting reductions in spring sea ice cover. However,
HBI III (Z), HBI II, and IP25 do remain present in several samples,
indicating the occasional occurrence of sea ice in the area (Fig. 5E).
Cold, stratified surface waters characterised by large seasonal
temperature variations and occasional sea ice cover is consistent
with the high abundance of B. tepikiense (de Vernal et al., 2005,
2020) that is recorded here and similarly in the South Icelandic
Basin (Eynaud et al., 2004). Seasonally open waters with increased
sea surface productivity are recorded on the East Greenland margin
which suggests a MIZ retreat far north of the Eirik Drift (Zhuravleva
et al., 2017). At the Eirik Drift the foraminifer assemblage changes
from a dominance of N. incompta to N. pachyderma (s) (Fig. 5B; Core
MD03-2664; Irvali et al., 2012). This is also observed in Core HU-90-
013-013 (Seidenkrantz et al., 1995) and suggests that Atlantic water
influence decreased and cooler EGC conditions dominated.

This increasing EGC influence occurs during the C27 cooling
event that is recognised in several North Atlantic proxy records (e.g.
Oppo et al., 2006; Mokeddem et al., 2014; Irvali et al., 2016;
Mokeddem and McManus, 2016; Tzedakis et al., 2018). A cooling
event around this time is also observed in numerous locations
across the North Atlantic and has been described as “stepwise
deglaciation” or “reversal in deglacial warming trend” (e.g.
Seidenkrantz et al., 1995, 1996; Risebrobakken et al., 2006; Bauch
and Erlenkeuser, 2008; Van Nieuwenhove et al., 2011; Bauch
et al., 2011, 2012; Zhuravleva et al., 2017).

In the light of this widespread North Atlantic cooling, it may
seem incongruous that we record a northward retreat and decline
in sea ice at the Eirik Drift. Sea ice retreat, despite continued polar
water export, may simply be due to high summer insolation
(Fig. 5A) and atmospheric CO2 (Lüthi et al., 2008) at the time, which
would have made it hard for sea ice to survive at the Eirik Drift,
even in a cool surface ocean. Indeed, despite the evidence of cooler
conditions and enhanced EGC in the earlyMIS 5e, the conditions on
Greenland itself were mild. On the Eirik Drift (Core HU-90-013-
013), de Vernal and Hillaire-Marcel (2008) show increased pollen
and spore concentrations indicating a rapid expansion of vegeta-
tion in southern Greenland (Fig. 5F) and implying a retreat of the
GIS. Simultaneously, intensified melting from the northeastern GIS
is demonstrated by the isotopic record of Core M23351 (Zhuravleva
et al., 2017) and sediment chemistry (Carlson et al., 2008; Colville
et al., 2011), consistent with a widespread cryospheric decline at
this time.

It has been proposed that increased freshwater input from a
melting GIS and/or sea ice is a driving mechanism behind surface
ocean cooling and changes in SPG circulation during the early LIG
(e.g. Irvali et al., 2012, 2016; Mokeddem et al., 2014; Galaasen et al.,
2014; Tzedakis et al., 2018). According to model simulations (Born
et al., 2010), increased freshwater input to the Labrador Sea could
weaken the SPG by altering the surface water salinity and density,
and the rate of dense water formation in the Labrador Sea. It has
been suggested that a weakened and contracted SPG (Fig. 6) allows
for warmer subtropical waters to penetrate farther to the northeast
and into the Nordic Seas (H�atún et al., 2005; Thornalley et al., 2009;
Bauch et al., 1999, 2012; Van Nieuwenhove et al., 2011) invigorating
deep water formation in the Nordic Seas, while Atlantic water
transport westward to the Labrador Sea decreases. While such a
shift in gyre dynamics could help explain the reduced input of IC
water to the Eirik Drift at this time and the prevalence of cold, fresh,
polar-like conditions, it does not readily explain the coeval decrease
in deep water ventilation at the site. Deep water formation in the
Nordic Seas seems to have been weakened during this time, as
evidenced in depleted benthic d13C values on the Eirik Drift
(Galaasen et al., 2014), since this site is influenced today by dense

(Denmark Strait) overflowwaters. Supporting a reduced ventilation
of Nordic Seas deep water at this time, low d13C values have been
recorded around 126.5 ka on the East Greenland margin
(Zhuravleva et al., 2017) and in the Nordic Seas (Bauch et al., 2012).
Although the Nordic Seas depletions appear smaller and shorter
(~1000 years) compared to the Labrador Sea (~2500 years), they
first occur together with the C27 cooling phase.

Another factor contributing to increasing EGC and polar-like
conditions could be the potential rerouting of freshwater caused
by the presence of an ice sheet over the Canadian Arctic Archipel-
ago (CAA; Condron and Winsor, 2012; Lofverstrom et al., 2022). As
sea level rose coming out of the glacial period and the Bering Strait
opened, freshwater could once again flow from the Pacific to the
Atlantic via the Arctic Ocean. If a remnant LIS remained in the CAA,
all freshwater that today can flow freely through the Davis Strait
west of Greenland would be rerouted through the Fram Strait, into
the EGC and onwards into the North Atlantic deep convection re-
gions. Previous studies have also shown that AMOC strength and
North Atlantic climate is sensitive to the status of gateways in the
Arctic (Otto-Bliesner et al., 2006; Hu et al., 2010; Karami et al.,
2021). We hypothesise that Arctic rerouting of Pacific freshwater
remains a potential contributor to the enhanced influence of the
relatively cool and fresh EGC in the early MIS 5e. Condron and
Winsor (2012) and Lofverstrom et al. (2022) suggest such rerout-
ing as a potential feedback mechanism behind the Younger Dryas
cooling late in the last deglaciation. Interestingly, the C27 event
associated with the EGC expansion south of Greenland and the
surface ocean cooling in the North Atlantic, have often been
compared to the Younger Dryas (e.g. Sarnthein and Tiedemann,
1990; Seidenkrantz et al., 1996; S�anchez Go~ni et al., 2005). Two
prerequisites are necessary for this EGC focused freshwater routing
to be plausible. One, sea level must have been high enough for the
Bering Strait to be open, and two, enough glacial ice must have
persisted to block freshwater export routes west of Greenland
(Lofverstrom et al., 2022). The first condition seems to have been
met: sea level was high enough during this period (Fig. 5A; Spratt
and Lisiecki, 2016) to allow freshwater transport across Bering
Strait. For the second condition to be met, the LIS must have
remained sufficiently large early in MIS 5e to have blocked fresh-
water export through the CAA, despite the orbitally modulated high
summer insolation.

An interesting sedimentological feature in our core is the red
layer at the end of the C27 cooling. It is associated with a sudden
rapid re-occurrence of sea ice at the Eirik Drift which is distinctly
marked by the occurrence of IP25, and RBC, followed by cysts of
P. dalei. Taken together they indicate a short event of rapid sea ice
discharge, meltwater and stratification. This signal was likely
transported and does not represent a reappearance of the MIZ at
our site, which is further supported by the low MIZ marker HBI III
(Z). Furthermore, cysts of S. trifida have been linked to LIS-sourced
meltwater input around southern Greenland and south-eastern
Canada for early Holocene sediments (Head et al., 2006; Van
Nieuwenhove et al., 2018), and its occurrence here in the LIG may
equally suggest an origin fromCanadianwaters. The red layer found
in our core, and in Cores MD03e2664 and U1304, has been linked
to an outburst flood event through the Hudson Strait (Nicholl et al.,
2012; Shaw and Lesemann, 2003) akin to the 8.2 ka event early in
the Holocene when the southern margin of the LIS retreated
enough that proglacial lake Agassiz broke through the ice dam
blocking its drainage through Hudson Straight (Hillaire-Marcel
et al., 2007) and deposited a similar red layer (Kerwin, 1996; St-
Onge and Lajeunesse, 2007; Lajeunesse and St-Onge, 2008). The
similarity between the sediment deposits and their relative tim-
ings, early in both interglacials, suggests similar mechanisms
behind the events. This implies that like during the Holocene, there
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the rapid increase in abundance of the polar front associated
dinocyst, B. tepikiense (Fig. 5C). IP25 concentrations decrease
considerably, reflecting reductions in spring sea ice cover. However,
HBI III (Z), HBI II, and IP25 do remain present in several samples,
indicating the occasional occurrence of sea ice in the area (Fig. 5E).
Cold, stratified surface waters characterised by large seasonal
temperature variations and occasional sea ice cover is consistent
with the high abundance of B. tepikiense (de Vernal et al., 2005,
2020) that is recorded here and similarly in the South Icelandic
Basin (Eynaud et al., 2004). Seasonally open waters with increased
sea surface productivity are recorded on the East Greenland margin
which suggests a MIZ retreat far north of the Eirik Drift (Zhuravleva
et al., 2017). At the Eirik Drift the foraminifer assemblage changes
from a dominance of N. incompta to N. pachyderma (s) (Fig. 5B; Core
MD03-2664; Irvali et al., 2012). This is also observed in Core HU-90-
013-013 (Seidenkrantz et al., 1995) and suggests that Atlantic water
influence decreased and cooler EGC conditions dominated.

This increasing EGC influence occurs during the C27 cooling
event that is recognised in several North Atlantic proxy records (e.g.
Oppo et al., 2006; Mokeddem et al., 2014; Irvali et al., 2016;
Mokeddem and McManus, 2016; Tzedakis et al., 2018). A cooling
event around this time is also observed in numerous locations
across the North Atlantic and has been described as “stepwise
deglaciation” or “reversal in deglacial warming trend” (e.g.
Seidenkrantz et al., 1995, 1996; Risebrobakken et al., 2006; Bauch
and Erlenkeuser, 2008; Van Nieuwenhove et al., 2011; Bauch
et al., 2011, 2012; Zhuravleva et al., 2017).

In the light of this widespread North Atlantic cooling, it may
seem incongruous that we record a northward retreat and decline
in sea ice at the Eirik Drift. Sea ice retreat, despite continued polar
water export, may simply be due to high summer insolation
(Fig. 5A) and atmospheric CO2 (Lüthi et al., 2008) at the time, which
would have made it hard for sea ice to survive at the Eirik Drift,
even in a cool surface ocean. Indeed, despite the evidence of cooler
conditions and enhanced EGC in the earlyMIS 5e, the conditions on
Greenland itself were mild. On the Eirik Drift (Core HU-90-013-
013), de Vernal and Hillaire-Marcel (2008) show increased pollen
and spore concentrations indicating a rapid expansion of vegeta-
tion in southern Greenland (Fig. 5F) and implying a retreat of the
GIS. Simultaneously, intensified melting from the northeastern GIS
is demonstrated by the isotopic record of Core M23351 (Zhuravleva
et al., 2017) and sediment chemistry (Carlson et al., 2008; Colville
et al., 2011), consistent with a widespread cryospheric decline at
this time.

It has been proposed that increased freshwater input from a
melting GIS and/or sea ice is a driving mechanism behind surface
ocean cooling and changes in SPG circulation during the early LIG
(e.g. Irvali et al., 2012, 2016; Mokeddem et al., 2014; Galaasen et al.,
2014; Tzedakis et al., 2018). According to model simulations (Born
et al., 2010), increased freshwater input to the Labrador Sea could
weaken the SPG by altering the surface water salinity and density,
and the rate of dense water formation in the Labrador Sea. It has
been suggested that a weakened and contracted SPG (Fig. 6) allows
for warmer subtropical waters to penetrate farther to the northeast
and into the Nordic Seas (H�atún et al., 2005; Thornalley et al., 2009;
Bauch et al., 1999, 2012; Van Nieuwenhove et al., 2011) invigorating
deep water formation in the Nordic Seas, while Atlantic water
transport westward to the Labrador Sea decreases. While such a
shift in gyre dynamics could help explain the reduced input of IC
water to the Eirik Drift at this time and the prevalence of cold, fresh,
polar-like conditions, it does not readily explain the coeval decrease
in deep water ventilation at the site. Deep water formation in the
Nordic Seas seems to have been weakened during this time, as
evidenced in depleted benthic d13C values on the Eirik Drift
(Galaasen et al., 2014), since this site is influenced today by dense

(Denmark Strait) overflowwaters. Supporting a reduced ventilation
of Nordic Seas deep water at this time, low d13C values have been
recorded around 126.5 ka on the East Greenland margin
(Zhuravleva et al., 2017) and in the Nordic Seas (Bauch et al., 2012).
Although the Nordic Seas depletions appear smaller and shorter
(~1000 years) compared to the Labrador Sea (~2500 years), they
first occur together with the C27 cooling phase.

Another factor contributing to increasing EGC and polar-like
conditions could be the potential rerouting of freshwater caused
by the presence of an ice sheet over the Canadian Arctic Archipel-
ago (CAA; Condron and Winsor, 2012; Lofverstrom et al., 2022). As
sea level rose coming out of the glacial period and the Bering Strait
opened, freshwater could once again flow from the Pacific to the
Atlantic via the Arctic Ocean. If a remnant LIS remained in the CAA,
all freshwater that today can flow freely through the Davis Strait
west of Greenland would be rerouted through the Fram Strait, into
the EGC and onwards into the North Atlantic deep convection re-
gions. Previous studies have also shown that AMOC strength and
North Atlantic climate is sensitive to the status of gateways in the
Arctic (Otto-Bliesner et al., 2006; Hu et al., 2010; Karami et al.,
2021). We hypothesise that Arctic rerouting of Pacific freshwater
remains a potential contributor to the enhanced influence of the
relatively cool and fresh EGC in the early MIS 5e. Condron and
Winsor (2012) and Lofverstrom et al. (2022) suggest such rerout-
ing as a potential feedback mechanism behind the Younger Dryas
cooling late in the last deglaciation. Interestingly, the C27 event
associated with the EGC expansion south of Greenland and the
surface ocean cooling in the North Atlantic, have often been
compared to the Younger Dryas (e.g. Sarnthein and Tiedemann,
1990; Seidenkrantz et al., 1996; S�anchez Go~ni et al., 2005). Two
prerequisites are necessary for this EGC focused freshwater routing
to be plausible. One, sea level must have been high enough for the
Bering Strait to be open, and two, enough glacial ice must have
persisted to block freshwater export routes west of Greenland
(Lofverstrom et al., 2022). The first condition seems to have been
met: sea level was high enough during this period (Fig. 5A; Spratt
and Lisiecki, 2016) to allow freshwater transport across Bering
Strait. For the second condition to be met, the LIS must have
remained sufficiently large early in MIS 5e to have blocked fresh-
water export through the CAA, despite the orbitally modulated high
summer insolation.

An interesting sedimentological feature in our core is the red
layer at the end of the C27 cooling. It is associated with a sudden
rapid re-occurrence of sea ice at the Eirik Drift which is distinctly
marked by the occurrence of IP25, and RBC, followed by cysts of
P. dalei. Taken together they indicate a short event of rapid sea ice
discharge, meltwater and stratification. This signal was likely
transported and does not represent a reappearance of the MIZ at
our site, which is further supported by the low MIZ marker HBI III
(Z). Furthermore, cysts of S. trifida have been linked to LIS-sourced
meltwater input around southern Greenland and south-eastern
Canada for early Holocene sediments (Head et al., 2006; Van
Nieuwenhove et al., 2018), and its occurrence here in the LIG may
equally suggest an origin fromCanadianwaters. The red layer found
in our core, and in Cores MD03e2664 and U1304, has been linked
to an outburst flood event through the Hudson Strait (Nicholl et al.,
2012; Shaw and Lesemann, 2003) akin to the 8.2 ka event early in
the Holocene when the southern margin of the LIS retreated
enough that proglacial lake Agassiz broke through the ice dam
blocking its drainage through Hudson Straight (Hillaire-Marcel
et al., 2007) and deposited a similar red layer (Kerwin, 1996; St-
Onge and Lajeunesse, 2007; Lajeunesse and St-Onge, 2008). The
similarity between the sediment deposits and their relative tim-
ings, early in both interglacials, suggests similar mechanisms
behind the events. This implies that like during the Holocene, there
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therapidincreaseinabundanceofthepolarfrontassociated
dinocyst,B.tepikiense(Fig.5C).IP25concentrationsdecrease
considerably,reflectingreductionsinspringseaicecover.However,
HBIIII(Z),HBIII,andIP25doremainpresentinseveralsamples,
indicatingtheoccasionaloccurrenceofseaiceinthearea(Fig.5E).
Cold,stratifiedsurfacewaterscharacterisedbylargeseasonal
temperaturevariationsandoccasionalseaicecoverisconsistent
withthehighabundanceofB.tepikiense(deVernaletal.,2005,
2020)thatisrecordedhereandsimilarlyintheSouthIcelandic
Basin(Eynaudetal.,2004).Seasonallyopenwaterswithincreased
seasurfaceproductivityarerecordedontheEastGreenlandmargin
whichsuggestsaMIZretreatfarnorthoftheEirikDrift(Zhuravleva
etal.,2017).AttheEirikDrifttheforaminiferassemblagechanges
fromadominanceofN.incomptatoN.pachyderma(s)(Fig.5B;Core
MD03-2664;Irvalietal.,2012).ThisisalsoobservedinCoreHU-90-
013-013(Seidenkrantzetal.,1995)andsuggeststhatAtlanticwater
influencedecreasedandcoolerEGCconditionsdominated.

ThisincreasingEGCinfluenceoccursduringtheC27cooling
eventthatisrecognisedinseveralNorthAtlanticproxyrecords(e.g.
Oppoetal.,2006;Mokeddemetal.,2014;Irvalietal.,2016;
MokeddemandMcManus,2016;Tzedakisetal.,2018).Acooling
eventaroundthistimeisalsoobservedinnumerouslocations
acrosstheNorthAtlanticandhasbeendescribedas“stepwise
deglaciation”or“reversalindeglacialwarmingtrend”(e.g.
Seidenkrantzetal.,1995,1996;Risebrobakkenetal.,2006;Bauch
andErlenkeuser,2008;VanNieuwenhoveetal.,2011;Bauch
etal.,2011,2012;Zhuravlevaetal.,2017).

InthelightofthiswidespreadNorthAtlanticcooling,itmay
seemincongruousthatwerecordanorthwardretreatanddecline
inseaiceattheEirikDrift.Seaiceretreat,despitecontinuedpolar
waterexport,maysimplybeduetohighsummerinsolation
(Fig.5A)andatmosphericCO2(Lüthietal.,2008)atthetime,which
wouldhavemadeithardforseaicetosurviveattheEirikDrift,
eveninacoolsurfaceocean.Indeed,despitetheevidenceofcooler
conditionsandenhancedEGCintheearlyMIS5e,theconditionson
Greenlanditselfweremild.OntheEirikDrift(CoreHU-90-013-
013),deVernalandHillaire-Marcel(2008)showincreasedpollen
andsporeconcentrationsindicatingarapidexpansionofvegeta-
tioninsouthernGreenland(Fig.5F)andimplyingaretreatofthe
GIS.Simultaneously,intensifiedmeltingfromthenortheasternGIS
isdemonstratedbytheisotopicrecordofCoreM23351(Zhuravleva
etal.,2017)andsedimentchemistry(Carlsonetal.,2008;Colville
etal.,2011),consistentwithawidespreadcryosphericdeclineat
thistime.

Ithasbeenproposedthatincreasedfreshwaterinputfroma
meltingGISand/orseaiceisadrivingmechanismbehindsurface
oceancoolingandchangesinSPGcirculationduringtheearlyLIG
(e.g.Irvalietal.,2012,2016;Mokeddemetal.,2014;Galaasenetal.,
2014;Tzedakisetal.,2018).Accordingtomodelsimulations(Born
etal.,2010),increasedfreshwaterinputtotheLabradorSeacould
weakentheSPGbyalteringthesurfacewatersalinityanddensity,
andtherateofdensewaterformationintheLabradorSea.Ithas
beensuggestedthataweakenedandcontractedSPG(Fig.6)allows
forwarmersubtropicalwaterstopenetratefarthertothenortheast
andintotheNordicSeas(H�atúnetal.,2005;Thornalleyetal.,2009;
Bauchetal.,1999,2012;VanNieuwenhoveetal.,2011)invigorating
deepwaterformationintheNordicSeas,whileAtlanticwater
transportwestwardtotheLabradorSeadecreases.Whilesucha
shiftingyredynamicscouldhelpexplainthereducedinputofIC
watertotheEirikDriftatthistimeandtheprevalenceofcold,fresh,
polar-likeconditions,itdoesnotreadilyexplainthecoevaldecrease
indeepwaterventilationatthesite.Deepwaterformationinthe
NordicSeasseemstohavebeenweakenedduringthistime,as
evidencedindepletedbenthicd13CvaluesontheEirikDrift
(Galaasenetal.,2014),sincethissiteisinfluencedtodaybydense

(DenmarkStrait)overflowwaters.Supportingareducedventilation
ofNordicSeasdeepwateratthistime,lowd13Cvalueshavebeen
recordedaround126.5kaontheEastGreenlandmargin
(Zhuravlevaetal.,2017)andintheNordicSeas(Bauchetal.,2012).
AlthoughtheNordicSeasdepletionsappearsmallerandshorter
(~1000years)comparedtotheLabradorSea(~2500years),they
firstoccurtogetherwiththeC27coolingphase.

AnotherfactorcontributingtoincreasingEGCandpolar-like
conditionscouldbethepotentialreroutingoffreshwatercaused
bythepresenceofanicesheetovertheCanadianArcticArchipel-
ago(CAA;CondronandWinsor,2012;Lofverstrometal.,2022).As
sealevelrosecomingoutoftheglacialperiodandtheBeringStrait
opened,freshwatercouldonceagainflowfromthePacifictothe
AtlanticviatheArcticOcean.IfaremnantLISremainedintheCAA,
allfreshwaterthattodaycanflowfreelythroughtheDavisStrait
westofGreenlandwouldbereroutedthroughtheFramStrait,into
theEGCandonwardsintotheNorthAtlanticdeepconvectionre-
gions.PreviousstudieshavealsoshownthatAMOCstrengthand
NorthAtlanticclimateissensitivetothestatusofgatewaysinthe
Arctic(Otto-Bliesneretal.,2006;Huetal.,2010;Karamietal.,
2021).WehypothesisethatArcticreroutingofPacificfreshwater
remainsapotentialcontributortotheenhancedinfluenceofthe
relativelycoolandfreshEGCintheearlyMIS5e.Condronand
Winsor(2012)andLofverstrometal.(2022)suggestsuchrerout-
ingasapotentialfeedbackmechanismbehindtheYoungerDryas
coolinglateinthelastdeglaciation.Interestingly,theC27event
associatedwiththeEGCexpansionsouthofGreenlandandthe
surfaceoceancoolingintheNorthAtlantic,haveoftenbeen
comparedtotheYoungerDryas(e.g.SarntheinandTiedemann,
1990;Seidenkrantzetal.,1996;S�anchezGo~nietal.,2005).Two
prerequisitesarenecessaryforthisEGCfocusedfreshwaterrouting
tobeplausible.One,sealevelmusthavebeenhighenoughforthe
BeringStraittobeopen,andtwo,enoughglacialicemusthave
persistedtoblockfreshwaterexportrouteswestofGreenland
(Lofverstrometal.,2022).Thefirstconditionseemstohavebeen
met:sealevelwashighenoughduringthisperiod(Fig.5A;Spratt
andLisiecki,2016)toallowfreshwatertransportacrossBering
Strait.Forthesecondconditiontobemet,theLISmusthave
remainedsufficientlylargeearlyinMIS5etohaveblockedfresh-
waterexportthroughtheCAA,despitetheorbitallymodulatedhigh
summerinsolation.

Aninterestingsedimentologicalfeatureinourcoreisthered
layerattheendoftheC27cooling.Itisassociatedwithasudden
rapidre-occurrenceofseaiceattheEirikDriftwhichisdistinctly
markedbytheoccurrenceofIP25,andRBC,followedbycystsof
P.dalei.Takentogethertheyindicateashorteventofrapidseaice
discharge,meltwaterandstratification.Thissignalwaslikely
transportedanddoesnotrepresentareappearanceoftheMIZat
oursite,whichisfurthersupportedbythelowMIZmarkerHBIIII
(Z).Furthermore,cystsofS.trifidahavebeenlinkedtoLIS-sourced
meltwaterinputaroundsouthernGreenlandandsouth-eastern
CanadaforearlyHolocenesediments(Headetal.,2006;Van
Nieuwenhoveetal.,2018),anditsoccurrencehereintheLIGmay
equallysuggestanoriginfromCanadianwaters.Theredlayerfound
inourcore,andinCoresMD03e2664andU1304,hasbeenlinked
toanoutburstfloodeventthroughtheHudsonStrait(Nicholletal.,
2012;ShawandLesemann,2003)akintothe8.2kaeventearlyin
theHolocenewhenthesouthernmarginoftheLISretreated
enoughthatproglaciallakeAgassizbrokethroughtheicedam
blockingitsdrainagethroughHudsonStraight(Hillaire-Marcel
etal.,2007)anddepositedasimilarredlayer(Kerwin,1996;St-
OngeandLajeunesse,2007;LajeunesseandSt-Onge,2008).The
similaritybetweenthesedimentdepositsandtheirrelativetim-
ings,earlyinbothinterglacials,suggestssimilarmechanisms
behindtheevents.ThisimpliesthatlikeduringtheHolocene,there
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therapidincreaseinabundanceofthepolarfrontassociated
dinocyst,B.tepikiense(Fig.5C).IP25concentrationsdecrease
considerably,reflectingreductionsinspringseaicecover.However,
HBIIII(Z),HBIII,andIP25doremainpresentinseveralsamples,
indicatingtheoccasionaloccurrenceofseaiceinthearea(Fig.5E).
Cold,stratifiedsurfacewaterscharacterisedbylargeseasonal
temperaturevariationsandoccasionalseaicecoverisconsistent
withthehighabundanceofB.tepikiense(deVernaletal.,2005,
2020)thatisrecordedhereandsimilarlyintheSouthIcelandic
Basin(Eynaudetal.,2004).Seasonallyopenwaterswithincreased
seasurfaceproductivityarerecordedontheEastGreenlandmargin
whichsuggestsaMIZretreatfarnorthoftheEirikDrift(Zhuravleva
etal.,2017).AttheEirikDrifttheforaminiferassemblagechanges
fromadominanceofN.incomptatoN.pachyderma(s)(Fig.5B;Core
MD03-2664;Irvalietal.,2012).ThisisalsoobservedinCoreHU-90-
013-013(Seidenkrantzetal.,1995)andsuggeststhatAtlanticwater
influencedecreasedandcoolerEGCconditionsdominated.

ThisincreasingEGCinfluenceoccursduringtheC27cooling
eventthatisrecognisedinseveralNorthAtlanticproxyrecords(e.g.
Oppoetal.,2006;Mokeddemetal.,2014;Irvalietal.,2016;
MokeddemandMcManus,2016;Tzedakisetal.,2018).Acooling
eventaroundthistimeisalsoobservedinnumerouslocations
acrosstheNorthAtlanticandhasbeendescribedas“stepwise
deglaciation”or“reversalindeglacialwarmingtrend”(e.g.
Seidenkrantzetal.,1995,1996;Risebrobakkenetal.,2006;Bauch
andErlenkeuser,2008;VanNieuwenhoveetal.,2011;Bauch
etal.,2011,2012;Zhuravlevaetal.,2017).

InthelightofthiswidespreadNorthAtlanticcooling,itmay
seemincongruousthatwerecordanorthwardretreatanddecline
inseaiceattheEirikDrift.Seaiceretreat,despitecontinuedpolar
waterexport,maysimplybeduetohighsummerinsolation
(Fig.5A)andatmosphericCO2(Lüthietal.,2008)atthetime,which
wouldhavemadeithardforseaicetosurviveattheEirikDrift,
eveninacoolsurfaceocean.Indeed,despitetheevidenceofcooler
conditionsandenhancedEGCintheearlyMIS5e,theconditionson
Greenlanditselfweremild.OntheEirikDrift(CoreHU-90-013-
013),deVernalandHillaire-Marcel(2008)showincreasedpollen
andsporeconcentrationsindicatingarapidexpansionofvegeta-
tioninsouthernGreenland(Fig.5F)andimplyingaretreatofthe
GIS.Simultaneously,intensifiedmeltingfromthenortheasternGIS
isdemonstratedbytheisotopicrecordofCoreM23351(Zhuravleva
etal.,2017)andsedimentchemistry(Carlsonetal.,2008;Colville
etal.,2011),consistentwithawidespreadcryosphericdeclineat
thistime.

Ithasbeenproposedthatincreasedfreshwaterinputfroma
meltingGISand/orseaiceisadrivingmechanismbehindsurface
oceancoolingandchangesinSPGcirculationduringtheearlyLIG
(e.g.Irvalietal.,2012,2016;Mokeddemetal.,2014;Galaasenetal.,
2014;Tzedakisetal.,2018).Accordingtomodelsimulations(Born
etal.,2010),increasedfreshwaterinputtotheLabradorSeacould
weakentheSPGbyalteringthesurfacewatersalinityanddensity,
andtherateofdensewaterformationintheLabradorSea.Ithas
beensuggestedthataweakenedandcontractedSPG(Fig.6)allows
forwarmersubtropicalwaterstopenetratefarthertothenortheast
andintotheNordicSeas(H�atúnetal.,2005;Thornalleyetal.,2009;
Bauchetal.,1999,2012;VanNieuwenhoveetal.,2011)invigorating
deepwaterformationintheNordicSeas,whileAtlanticwater
transportwestwardtotheLabradorSeadecreases.Whilesucha
shiftingyredynamicscouldhelpexplainthereducedinputofIC
watertotheEirikDriftatthistimeandtheprevalenceofcold,fresh,
polar-likeconditions,itdoesnotreadilyexplainthecoevaldecrease
indeepwaterventilationatthesite.Deepwaterformationinthe
NordicSeasseemstohavebeenweakenedduringthistime,as
evidencedindepletedbenthicd13CvaluesontheEirikDrift
(Galaasenetal.,2014),sincethissiteisinfluencedtodaybydense

(DenmarkStrait)overflowwaters.Supportingareducedventilation
ofNordicSeasdeepwateratthistime,lowd13Cvalueshavebeen
recordedaround126.5kaontheEastGreenlandmargin
(Zhuravlevaetal.,2017)andintheNordicSeas(Bauchetal.,2012).
AlthoughtheNordicSeasdepletionsappearsmallerandshorter
(~1000years)comparedtotheLabradorSea(~2500years),they
firstoccurtogetherwiththeC27coolingphase.

AnotherfactorcontributingtoincreasingEGCandpolar-like
conditionscouldbethepotentialreroutingoffreshwatercaused
bythepresenceofanicesheetovertheCanadianArcticArchipel-
ago(CAA;CondronandWinsor,2012;Lofverstrometal.,2022).As
sealevelrosecomingoutoftheglacialperiodandtheBeringStrait
opened,freshwatercouldonceagainflowfromthePacifictothe
AtlanticviatheArcticOcean.IfaremnantLISremainedintheCAA,
allfreshwaterthattodaycanflowfreelythroughtheDavisStrait
westofGreenlandwouldbereroutedthroughtheFramStrait,into
theEGCandonwardsintotheNorthAtlanticdeepconvectionre-
gions.PreviousstudieshavealsoshownthatAMOCstrengthand
NorthAtlanticclimateissensitivetothestatusofgatewaysinthe
Arctic(Otto-Bliesneretal.,2006;Huetal.,2010;Karamietal.,
2021).WehypothesisethatArcticreroutingofPacificfreshwater
remainsapotentialcontributortotheenhancedinfluenceofthe
relativelycoolandfreshEGCintheearlyMIS5e.Condronand
Winsor(2012)andLofverstrometal.(2022)suggestsuchrerout-
ingasapotentialfeedbackmechanismbehindtheYoungerDryas
coolinglateinthelastdeglaciation.Interestingly,theC27event
associatedwiththeEGCexpansionsouthofGreenlandandthe
surfaceoceancoolingintheNorthAtlantic,haveoftenbeen
comparedtotheYoungerDryas(e.g.SarntheinandTiedemann,
1990;Seidenkrantzetal.,1996;S�anchezGo~nietal.,2005).Two
prerequisitesarenecessaryforthisEGCfocusedfreshwaterrouting
tobeplausible.One,sealevelmusthavebeenhighenoughforthe
BeringStraittobeopen,andtwo,enoughglacialicemusthave
persistedtoblockfreshwaterexportrouteswestofGreenland
(Lofverstrometal.,2022).Thefirstconditionseemstohavebeen
met:sealevelwashighenoughduringthisperiod(Fig.5A;Spratt
andLisiecki,2016)toallowfreshwatertransportacrossBering
Strait.Forthesecondconditiontobemet,theLISmusthave
remainedsufficientlylargeearlyinMIS5etohaveblockedfresh-
waterexportthroughtheCAA,despitetheorbitallymodulatedhigh
summerinsolation.

Aninterestingsedimentologicalfeatureinourcoreisthered
layerattheendoftheC27cooling.Itisassociatedwithasudden
rapidre-occurrenceofseaiceattheEirikDriftwhichisdistinctly
markedbytheoccurrenceofIP25,andRBC,followedbycystsof
P.dalei.Takentogethertheyindicateashorteventofrapidseaice
discharge,meltwaterandstratification.Thissignalwaslikely
transportedanddoesnotrepresentareappearanceoftheMIZat
oursite,whichisfurthersupportedbythelowMIZmarkerHBIIII
(Z).Furthermore,cystsofS.trifidahavebeenlinkedtoLIS-sourced
meltwaterinputaroundsouthernGreenlandandsouth-eastern
CanadaforearlyHolocenesediments(Headetal.,2006;Van
Nieuwenhoveetal.,2018),anditsoccurrencehereintheLIGmay
equallysuggestanoriginfromCanadianwaters.Theredlayerfound
inourcore,andinCoresMD03e2664andU1304,hasbeenlinked
toanoutburstfloodeventthroughtheHudsonStrait(Nicholletal.,
2012;ShawandLesemann,2003)akintothe8.2kaeventearlyin
theHolocenewhenthesouthernmarginoftheLISretreated
enoughthatproglaciallakeAgassizbrokethroughtheicedam
blockingitsdrainagethroughHudsonStraight(Hillaire-Marcel
etal.,2007)anddepositedasimilarredlayer(Kerwin,1996;St-
OngeandLajeunesse,2007;LajeunesseandSt-Onge,2008).The
similaritybetweenthesedimentdepositsandtheirrelativetim-
ings,earlyinbothinterglacials,suggestssimilarmechanisms
behindtheevents.ThisimpliesthatlikeduringtheHolocene,there
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therapidincreaseinabundanceofthepolarfrontassociated
dinocyst,B.tepikiense(Fig.5C).IP25concentrationsdecrease
considerably,reflectingreductionsinspringseaicecover.However,
HBIIII(Z),HBIII,andIP25doremainpresentinseveralsamples,
indicatingtheoccasionaloccurrenceofseaiceinthearea(Fig.5E).
Cold,stratifiedsurfacewaterscharacterisedbylargeseasonal
temperaturevariationsandoccasionalseaicecoverisconsistent
withthehighabundanceofB.tepikiense(deVernaletal.,2005,
2020)thatisrecordedhereandsimilarlyintheSouthIcelandic
Basin(Eynaudetal.,2004).Seasonallyopenwaterswithincreased
seasurfaceproductivityarerecordedontheEastGreenlandmargin
whichsuggestsaMIZretreatfarnorthoftheEirikDrift(Zhuravleva
etal.,2017).AttheEirikDrifttheforaminiferassemblagechanges
fromadominanceofN.incomptatoN.pachyderma(s)(Fig.5B;Core
MD03-2664;Irvalietal.,2012).ThisisalsoobservedinCoreHU-90-
013-013(Seidenkrantzetal.,1995)andsuggeststhatAtlanticwater
influencedecreasedandcoolerEGCconditionsdominated.

ThisincreasingEGCinfluenceoccursduringtheC27cooling
eventthatisrecognisedinseveralNorthAtlanticproxyrecords(e.g.
Oppoetal.,2006;Mokeddemetal.,2014;Irvalietal.,2016;
MokeddemandMcManus,2016;Tzedakisetal.,2018).Acooling
eventaroundthistimeisalsoobservedinnumerouslocations
acrosstheNorthAtlanticandhasbeendescribedas“stepwise
deglaciation”or“reversalindeglacialwarmingtrend”(e.g.
Seidenkrantzetal.,1995,1996;Risebrobakkenetal.,2006;Bauch
andErlenkeuser,2008;VanNieuwenhoveetal.,2011;Bauch
etal.,2011,2012;Zhuravlevaetal.,2017).

InthelightofthiswidespreadNorthAtlanticcooling,itmay
seemincongruousthatwerecordanorthwardretreatanddecline
inseaiceattheEirikDrift.Seaiceretreat,despitecontinuedpolar
waterexport,maysimplybeduetohighsummerinsolation
(Fig.5A)andatmosphericCO2(Lüthietal.,2008)atthetime,which
wouldhavemadeithardforseaicetosurviveattheEirikDrift,
eveninacoolsurfaceocean.Indeed,despitetheevidenceofcooler
conditionsandenhancedEGCintheearlyMIS5e,theconditionson
Greenlanditselfweremild.OntheEirikDrift(CoreHU-90-013-
013),deVernalandHillaire-Marcel(2008)showincreasedpollen
andsporeconcentrationsindicatingarapidexpansionofvegeta-
tioninsouthernGreenland(Fig.5F)andimplyingaretreatofthe
GIS.Simultaneously,intensifiedmeltingfromthenortheasternGIS
isdemonstratedbytheisotopicrecordofCoreM23351(Zhuravleva
etal.,2017)andsedimentchemistry(Carlsonetal.,2008;Colville
etal.,2011),consistentwithawidespreadcryosphericdeclineat
thistime.

Ithasbeenproposedthatincreasedfreshwaterinputfroma
meltingGISand/orseaiceisadrivingmechanismbehindsurface
oceancoolingandchangesinSPGcirculationduringtheearlyLIG
(e.g.Irvalietal.,2012,2016;Mokeddemetal.,2014;Galaasenetal.,
2014;Tzedakisetal.,2018).Accordingtomodelsimulations(Born
etal.,2010),increasedfreshwaterinputtotheLabradorSeacould
weakentheSPGbyalteringthesurfacewatersalinityanddensity,
andtherateofdensewaterformationintheLabradorSea.Ithas
beensuggestedthataweakenedandcontractedSPG(Fig.6)allows
forwarmersubtropicalwaterstopenetratefarthertothenortheast
andintotheNordicSeas(H�atúnetal.,2005;Thornalleyetal.,2009;
Bauchetal.,1999,2012;VanNieuwenhoveetal.,2011)invigorating
deepwaterformationintheNordicSeas,whileAtlanticwater
transportwestwardtotheLabradorSeadecreases.Whilesucha
shiftingyredynamicscouldhelpexplainthereducedinputofIC
watertotheEirikDriftatthistimeandtheprevalenceofcold,fresh,
polar-likeconditions,itdoesnotreadilyexplainthecoevaldecrease
indeepwaterventilationatthesite.Deepwaterformationinthe
NordicSeasseemstohavebeenweakenedduringthistime,as
evidencedindepletedbenthicd13CvaluesontheEirikDrift
(Galaasenetal.,2014),sincethissiteisinfluencedtodaybydense

(DenmarkStrait)overflowwaters.Supportingareducedventilation
ofNordicSeasdeepwateratthistime,lowd13Cvalueshavebeen
recordedaround126.5kaontheEastGreenlandmargin
(Zhuravlevaetal.,2017)andintheNordicSeas(Bauchetal.,2012).
AlthoughtheNordicSeasdepletionsappearsmallerandshorter
(~1000years)comparedtotheLabradorSea(~2500years),they
firstoccurtogetherwiththeC27coolingphase.

AnotherfactorcontributingtoincreasingEGCandpolar-like
conditionscouldbethepotentialreroutingoffreshwatercaused
bythepresenceofanicesheetovertheCanadianArcticArchipel-
ago(CAA;CondronandWinsor,2012;Lofverstrometal.,2022).As
sealevelrosecomingoutoftheglacialperiodandtheBeringStrait
opened,freshwatercouldonceagainflowfromthePacifictothe
AtlanticviatheArcticOcean.IfaremnantLISremainedintheCAA,
allfreshwaterthattodaycanflowfreelythroughtheDavisStrait
westofGreenlandwouldbereroutedthroughtheFramStrait,into
theEGCandonwardsintotheNorthAtlanticdeepconvectionre-
gions.PreviousstudieshavealsoshownthatAMOCstrengthand
NorthAtlanticclimateissensitivetothestatusofgatewaysinthe
Arctic(Otto-Bliesneretal.,2006;Huetal.,2010;Karamietal.,
2021).WehypothesisethatArcticreroutingofPacificfreshwater
remainsapotentialcontributortotheenhancedinfluenceofthe
relativelycoolandfreshEGCintheearlyMIS5e.Condronand
Winsor(2012)andLofverstrometal.(2022)suggestsuchrerout-
ingasapotentialfeedbackmechanismbehindtheYoungerDryas
coolinglateinthelastdeglaciation.Interestingly,theC27event
associatedwiththeEGCexpansionsouthofGreenlandandthe
surfaceoceancoolingintheNorthAtlantic,haveoftenbeen
comparedtotheYoungerDryas(e.g.SarntheinandTiedemann,
1990;Seidenkrantzetal.,1996;S�anchezGo~nietal.,2005).Two
prerequisitesarenecessaryforthisEGCfocusedfreshwaterrouting
tobeplausible.One,sealevelmusthavebeenhighenoughforthe
BeringStraittobeopen,andtwo,enoughglacialicemusthave
persistedtoblockfreshwaterexportrouteswestofGreenland
(Lofverstrometal.,2022).Thefirstconditionseemstohavebeen
met:sealevelwashighenoughduringthisperiod(Fig.5A;Spratt
andLisiecki,2016)toallowfreshwatertransportacrossBering
Strait.Forthesecondconditiontobemet,theLISmusthave
remainedsufficientlylargeearlyinMIS5etohaveblockedfresh-
waterexportthroughtheCAA,despitetheorbitallymodulatedhigh
summerinsolation.

Aninterestingsedimentologicalfeatureinourcoreisthered
layerattheendoftheC27cooling.Itisassociatedwithasudden
rapidre-occurrenceofseaiceattheEirikDriftwhichisdistinctly
markedbytheoccurrenceofIP25,andRBC,followedbycystsof
P.dalei.Takentogethertheyindicateashorteventofrapidseaice
discharge,meltwaterandstratification.Thissignalwaslikely
transportedanddoesnotrepresentareappearanceoftheMIZat
oursite,whichisfurthersupportedbythelowMIZmarkerHBIIII
(Z).Furthermore,cystsofS.trifidahavebeenlinkedtoLIS-sourced
meltwaterinputaroundsouthernGreenlandandsouth-eastern
CanadaforearlyHolocenesediments(Headetal.,2006;Van
Nieuwenhoveetal.,2018),anditsoccurrencehereintheLIGmay
equallysuggestanoriginfromCanadianwaters.Theredlayerfound
inourcore,andinCoresMD03e2664andU1304,hasbeenlinked
toanoutburstfloodeventthroughtheHudsonStrait(Nicholletal.,
2012;ShawandLesemann,2003)akintothe8.2kaeventearlyin
theHolocenewhenthesouthernmarginoftheLISretreated
enoughthatproglaciallakeAgassizbrokethroughtheicedam
blockingitsdrainagethroughHudsonStraight(Hillaire-Marcel
etal.,2007)anddepositedasimilarredlayer(Kerwin,1996;St-
OngeandLajeunesse,2007;LajeunesseandSt-Onge,2008).The
similaritybetweenthesedimentdepositsandtheirrelativetim-
ings,earlyinbothinterglacials,suggestssimilarmechanisms
behindtheevents.ThisimpliesthatlikeduringtheHolocene,there
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therapidincreaseinabundanceofthepolarfrontassociated
dinocyst,B.tepikiense(Fig.5C).IP25concentrationsdecrease
considerably,reflectingreductionsinspringseaicecover.However,
HBIIII(Z),HBIII,andIP25doremainpresentinseveralsamples,
indicatingtheoccasionaloccurrenceofseaiceinthearea(Fig.5E).
Cold,stratifiedsurfacewaterscharacterisedbylargeseasonal
temperaturevariationsandoccasionalseaicecoverisconsistent
withthehighabundanceofB.tepikiense(deVernaletal.,2005,
2020)thatisrecordedhereandsimilarlyintheSouthIcelandic
Basin(Eynaudetal.,2004).Seasonallyopenwaterswithincreased
seasurfaceproductivityarerecordedontheEastGreenlandmargin
whichsuggestsaMIZretreatfarnorthoftheEirikDrift(Zhuravleva
etal.,2017).AttheEirikDrifttheforaminiferassemblagechanges
fromadominanceofN.incomptatoN.pachyderma(s)(Fig.5B;Core
MD03-2664;Irvalietal.,2012).ThisisalsoobservedinCoreHU-90-
013-013(Seidenkrantzetal.,1995)andsuggeststhatAtlanticwater
influencedecreasedandcoolerEGCconditionsdominated.

ThisincreasingEGCinfluenceoccursduringtheC27cooling
eventthatisrecognisedinseveralNorthAtlanticproxyrecords(e.g.
Oppoetal.,2006;Mokeddemetal.,2014;Irvalietal.,2016;
MokeddemandMcManus,2016;Tzedakisetal.,2018).Acooling
eventaroundthistimeisalsoobservedinnumerouslocations
acrosstheNorthAtlanticandhasbeendescribedas“stepwise
deglaciation”or“reversalindeglacialwarmingtrend”(e.g.
Seidenkrantzetal.,1995,1996;Risebrobakkenetal.,2006;Bauch
andErlenkeuser,2008;VanNieuwenhoveetal.,2011;Bauch
etal.,2011,2012;Zhuravlevaetal.,2017).

InthelightofthiswidespreadNorthAtlanticcooling,itmay
seemincongruousthatwerecordanorthwardretreatanddecline
inseaiceattheEirikDrift.Seaiceretreat,despitecontinuedpolar
waterexport,maysimplybeduetohighsummerinsolation
(Fig.5A)andatmosphericCO2(Lüthietal.,2008)atthetime,which
wouldhavemadeithardforseaicetosurviveattheEirikDrift,
eveninacoolsurfaceocean.Indeed,despitetheevidenceofcooler
conditionsandenhancedEGCintheearlyMIS5e,theconditionson
Greenlanditselfweremild.OntheEirikDrift(CoreHU-90-013-
013),deVernalandHillaire-Marcel(2008)showincreasedpollen
andsporeconcentrationsindicatingarapidexpansionofvegeta-
tioninsouthernGreenland(Fig.5F)andimplyingaretreatofthe
GIS.Simultaneously,intensifiedmeltingfromthenortheasternGIS
isdemonstratedbytheisotopicrecordofCoreM23351(Zhuravleva
etal.,2017)andsedimentchemistry(Carlsonetal.,2008;Colville
etal.,2011),consistentwithawidespreadcryosphericdeclineat
thistime.

Ithasbeenproposedthatincreasedfreshwaterinputfroma
meltingGISand/orseaiceisadrivingmechanismbehindsurface
oceancoolingandchangesinSPGcirculationduringtheearlyLIG
(e.g.Irvalietal.,2012,2016;Mokeddemetal.,2014;Galaasenetal.,
2014;Tzedakisetal.,2018).Accordingtomodelsimulations(Born
etal.,2010),increasedfreshwaterinputtotheLabradorSeacould
weakentheSPGbyalteringthesurfacewatersalinityanddensity,
andtherateofdensewaterformationintheLabradorSea.Ithas
beensuggestedthataweakenedandcontractedSPG(Fig.6)allows
forwarmersubtropicalwaterstopenetratefarthertothenortheast
andintotheNordicSeas(H�atúnetal.,2005;Thornalleyetal.,2009;
Bauchetal.,1999,2012;VanNieuwenhoveetal.,2011)invigorating
deepwaterformationintheNordicSeas,whileAtlanticwater
transportwestwardtotheLabradorSeadecreases.Whilesucha
shiftingyredynamicscouldhelpexplainthereducedinputofIC
watertotheEirikDriftatthistimeandtheprevalenceofcold,fresh,
polar-likeconditions,itdoesnotreadilyexplainthecoevaldecrease
indeepwaterventilationatthesite.Deepwaterformationinthe
NordicSeasseemstohavebeenweakenedduringthistime,as
evidencedindepletedbenthicd13CvaluesontheEirikDrift
(Galaasenetal.,2014),sincethissiteisinfluencedtodaybydense

(DenmarkStrait)overflowwaters.Supportingareducedventilation
ofNordicSeasdeepwateratthistime,lowd13Cvalueshavebeen
recordedaround126.5kaontheEastGreenlandmargin
(Zhuravlevaetal.,2017)andintheNordicSeas(Bauchetal.,2012).
AlthoughtheNordicSeasdepletionsappearsmallerandshorter
(~1000years)comparedtotheLabradorSea(~2500years),they
firstoccurtogetherwiththeC27coolingphase.

AnotherfactorcontributingtoincreasingEGCandpolar-like
conditionscouldbethepotentialreroutingoffreshwatercaused
bythepresenceofanicesheetovertheCanadianArcticArchipel-
ago(CAA;CondronandWinsor,2012;Lofverstrometal.,2022).As
sealevelrosecomingoutoftheglacialperiodandtheBeringStrait
opened,freshwatercouldonceagainflowfromthePacifictothe
AtlanticviatheArcticOcean.IfaremnantLISremainedintheCAA,
allfreshwaterthattodaycanflowfreelythroughtheDavisStrait
westofGreenlandwouldbereroutedthroughtheFramStrait,into
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gions.PreviousstudieshavealsoshownthatAMOCstrengthand
NorthAtlanticclimateissensitivetothestatusofgatewaysinthe
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remainsapotentialcontributortotheenhancedinfluenceofthe
relativelycoolandfreshEGCintheearlyMIS5e.Condronand
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ingasapotentialfeedbackmechanismbehindtheYoungerDryas
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persistedtoblockfreshwaterexportrouteswestofGreenland
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andLisiecki,2016)toallowfreshwatertransportacrossBering
Strait.Forthesecondconditiontobemet,theLISmusthave
remainedsufficientlylargeearlyinMIS5etohaveblockedfresh-
waterexportthroughtheCAA,despitetheorbitallymodulatedhigh
summerinsolation.
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layerattheendoftheC27cooling.Itisassociatedwithasudden
rapidre-occurrenceofseaiceattheEirikDriftwhichisdistinctly
markedbytheoccurrenceofIP25,andRBC,followedbycystsof
P.dalei.Takentogethertheyindicateashorteventofrapidseaice
discharge,meltwaterandstratification.Thissignalwaslikely
transportedanddoesnotrepresentareappearanceoftheMIZat
oursite,whichisfurthersupportedbythelowMIZmarkerHBIIII
(Z).Furthermore,cystsofS.trifidahavebeenlinkedtoLIS-sourced
meltwaterinputaroundsouthernGreenlandandsouth-eastern
CanadaforearlyHolocenesediments(Headetal.,2006;Van
Nieuwenhoveetal.,2018),anditsoccurrencehereintheLIGmay
equallysuggestanoriginfromCanadianwaters.Theredlayerfound
inourcore,andinCoresMD03e2664andU1304,hasbeenlinked
toanoutburstfloodeventthroughtheHudsonStrait(Nicholletal.,
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could have been a residual LIS presence even after peak summer
insolation during early MIS 5e. Such a remnant large ice mass
would be consistent with the recent suggestion of an early MIS 5e
sea level high stand related to Antarctic melting, whereas the GIS
contribution rather played a larger role later in MIS 5e (Rohling
et al., 2019). Regarding the freshwater rerouting theory, a
remnant LIS could hint that ice cap remnants occurred also further
north in the CAA; however this remains indirect, inconclusive ev-
idence that ice restricted or blocked the CAA freshwater route.

5.2.3. Middle to late MIS 5e (124e116 ka): Atlantic water advection
and occasional cold-water events

For the remainder of MIS 5e, the surface waters at the Eirik Drift
are characterised mainly by Atlantic water inflow via the IC and an
extended and/or strong SPG. This is evident from the dominance of
the Atlantic water indicator O. centrocarpum and the absence of sea
ice biomarkers, demonstrating open waters. From ca. 122 ka, a low
but notable and sustained occurrence of S. mirabilis (Fig. 3J) in-
dicates warm-temperate waters (see section 3.3). This species
characterises interglacial optima in the northern North Atlantic and
is known in late MIS 5e from the Gardar Drift (Core MD95-2015;
Eynaud et al., 2004), Nordic Seas (Core M23071; Van
Nieuwenhove et al., 2008), and even Fram Strait (Van
Nieuwenhove et al., 2011). While its occurrence is used to inter-
pret a late glacial optimum for these areas (e.g. Van Nieuwenhove
et al., 2011), we find that at the Eirik Drift the influence of warm
Atlantic water via the IC was interrupted by episodes of cold Arctic
water outflow through the EGC. These intermittent incursions of
EGC influence occur against a background of declining sea surface
temperature (Irvali et al., 2016) and summer insolation (Fig. 5A).
Similar late MIS 5e cooling events have been documented in the
central (ODP 984; Mokeddem et al., 2014) and eastern subpolar
North Atlantic (ODP 980; Oppo et al., 2006). In our study, peaks of
the cysts of P. dalei and B. tepikiense indicate these incursions of cold
water masses and southward pulses of the Arctic Front, especially
since B. tepikiense is a frontal zone indicator reflecting cold, strati-
fied surface waters characterised by large seasonal temperature
variability (de Vernal et al., 2005, 2020). The largest cold water
excursions at the Eirik Drift are around 118e117 ka where the cysts
of P. dalei and B. tepikiense increase in abundance, and the Atlantic
water indicator O. centrocarpum decreases (Fig. 5C and D). In Core
MD03-2664, the 117 ka cooling is marked by a peak in IRD, a large
anomaly in the planktic oxygen isotopes (Fig. 5G), and an increase
in N. pachyderma (s) (Fig. 5B; Irvali et al., 2016). These data together
reflect enhanced GIS activity and growth, and colder surface ocean
conditions towards the end of MIS 5e. Additionally, expanded GIS
extent is inferred from a decrease in the pollen and spore con-
centrations (Fig. 5F; de Vernal and Hillaire-Marcel, 2008) from the
Eirik Drift indicating a deterioration of the vegetation in the south
of Greenland. On the East Greenland margin short-term, pro-
nounced depletions in both planktic and benthic d18O (Core
M23351; Zhuravleva et al., 2017) are associated with enhanced
freshwater pulses that could be related to the cooling events and
increased GIS activity. These cold anomalies indicate that even
during the warm LIG, incursions of cold and fresh Arctic water
masses influenced the Labrador Sea.

5.3. MIS 5d (116e108 ka): glacial inception and the return of
seasonal sea ice

As summer insolation reached a minimum at the transition into
MIS 5d, the return of cool conditions led to the return of sea ice at
the Eirik Drift. Prior to the return of sea ice, a transitional phase
from MIS 5e to 5d is characterised by N. labyrinthus and high
dinocyst concentrations, indicating increased surface ocean

productivity, typically seen at frontal zones. Following the transi-
tional phase, the Arctic front migrated southwards again and EGC-
like conditions returned. The EGC likely transported sea ice to the
Labrador Sea, as one can interpret from the increased IP25 con-
centrations. The low HBI III (Z) concentrations could suggest that
the Eirik Drift is not in the marginal ice zone, however, a readvance
of the MIZ towards the Eirik Drift is likely, given the dominance of
RBC (Fig. 5D and E).

When examining the North Atlantic on a broader scale, there are
differences in the dinocyst assemblages between the western and
eastern regions during MIS 5d. While cold conditions are evident at
the Eirik Drift, dinocyst assemblages from the southern Icelandic
Basin suggest sea ice free conditions and rather warm Atlantic (IC)
waters persisted (Core MD95-2015; Eynaud et al., 2004). Further-
more, Eirik Drift sea surface temperature records (Core MD03-
2664; Irvali et al., 2016) indicate a larger cooling compared to the
central Atlantic ODP 980 (Oppo et al., 2006). The temperature dif-
ference and/or delayed cooling response in the east vswest is likely
explained by the ocean frontal zones, and sea ice expanding south
of the Eirik Drift prior to reaching the more eastern site. The frontal
zone and/or MIZ was likely located north of the Iceland Basin in a
SW-NE orientation, consistent with a weak SPG contracted to the
northwest (Fig. 6; e.g. Mokeddem et al., 2014). A contracted SPG
allows warmer and more saline water to enter the eastern subpolar
North Atlantic and Nordic Seas, while Atlantic water transport via
the IC towards the west would decrease (see section 5.2.2). The
cooling-fostered return of sea ice could have amplified or even
triggered reductions in SPG strength by freshening the surface
ocean during the last glacial inception, consistent with model
findings (Born et al., 2010). However, it is important to note that the
SPG is sensitive not only to buoyancy forcing (e.g. Levermann and
Born, 2007; Mengel et al., 2012; Born and Stocker, 2014) but also
to atmospheric circulation patterns (e.g. Lohmann et al., 2009).

It is also possible that the glacial inception itself may have
played a key role in cooling by influencing pathways of Arctic
freshwater and sea ice export to the North Atlantic. Initial ice sheet
growth at the last glacial inception was so rapid and substantial
that global sea level decreased by as much as 30e50 m between
~120 and 110 ka (Kopp et al., 2009; Spratt and Lisiecki, 2016;
Waelbroeck et al., 2002; Lambeck and Chappell, 2001), which is
demonstrated by increased IRD at the Eirik Drift (Fig. 5G) and across
the North Atlantic (e.g. Risebrobakken et al., 2007; Zhuravleva et al.,
2017; Oppo et al., 2006). Lofverstrom et al. (2022) suggested that
the low summer insolation at 116 ka was sufficient to grow an ice
sheet to once again block the CAA ocean gateways, similar to other
modelling studies (Vettoretti and Peltier, 2003; Birch et al., 2017;
Born et al., 2010). In addition, the global sea level remained high
enough (Fig. 5A) to allow Pacific water inflow through the Bering
Strait within the first phase of glacial inception. Similar to what we
speculate might have happened in the early MIS 5e (see section
5.2.2), an ice sheet-blocked CAA would have rerouted Arctic
freshwater into the EGC, and, via the EGC, south to the Labrador Sea
where the increased freshwater could weaken convection and the
gyre circulation. Uncertainty remains about whether the potential
ice sheet could completely or partly block the CAA due to the depth
of the two main export routes, Nares Strait and Lancaster Sound.
However, Lofverstrom et al. (2022) argue that due to highly strat-
ified waters in the Nares Strait and Lancaster Sound (Münchow
et al., 2015; Prinsenberg and Hamilton, 2005), the formation of a
thick floating ice shelf could be sufficient to inhibit freshwater flux
through the archipelago. Another challenge is that direct proxy
evidence of the ice sheet configuration in the CAA is not available,
since ice sheets in later glacial stages have removed evidence of
earlier glaciations (Svendsen et al., 2004; Stokes et al., 2012;
Batchelor et al., 2019; Kleman et al., 2010; Dalton et al., 2022).
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couldhavebeenaresidualLISpresenceevenafterpeaksummer
insolationduringearlyMIS5e.Sucharemnantlargeicemass
wouldbeconsistentwiththerecentsuggestionofanearlyMIS5e
sealevelhighstandrelatedtoAntarcticmelting,whereastheGIS
contributionratherplayedalargerrolelaterinMIS5e(Rohling
etal.,2019).Regardingthefreshwaterreroutingtheory,a
remnantLIScouldhintthaticecapremnantsoccurredalsofurther
northintheCAA;howeverthisremainsindirect,inconclusiveev-
idencethaticerestrictedorblockedtheCAAfreshwaterroute.

5.2.3.MiddletolateMIS5e(124e116ka):Atlanticwateradvection
andoccasionalcold-waterevents

FortheremainderofMIS5e,thesurfacewatersattheEirikDrift
arecharacterisedmainlybyAtlanticwaterinflowviatheICandan
extendedand/orstrongSPG.Thisisevidentfromthedominanceof
theAtlanticwaterindicatorO.centrocarpumandtheabsenceofsea
icebiomarkers,demonstratingopenwaters.Fromca.122ka,alow
butnotableandsustainedoccurrenceofS.mirabilis(Fig.3J)in-
dicateswarm-temperatewaters(seesection3.3).Thisspecies
characterisesinterglacialoptimainthenorthernNorthAtlanticand
isknowninlateMIS5efromtheGardarDrift(CoreMD95-2015;
Eynaudetal.,2004),NordicSeas(CoreM23071;Van
Nieuwenhoveetal.,2008),andevenFramStrait(Van
Nieuwenhoveetal.,2011).Whileitsoccurrenceisusedtointer-
pretalateglacialoptimumfortheseareas(e.g.VanNieuwenhove
etal.,2011),wefindthatattheEirikDrifttheinfluenceofwarm
AtlanticwaterviatheICwasinterruptedbyepisodesofcoldArctic
wateroutflowthroughtheEGC.Theseintermittentincursionsof
EGCinfluenceoccuragainstabackgroundofdecliningseasurface
temperature(Irvalietal.,2016)andsummerinsolation(Fig.5A).
SimilarlateMIS5ecoolingeventshavebeendocumentedinthe
central(ODP984;Mokeddemetal.,2014)andeasternsubpolar
NorthAtlantic(ODP980;Oppoetal.,2006).Inourstudy,peaksof
thecystsofP.daleiandB.tepikienseindicatetheseincursionsofcold
watermassesandsouthwardpulsesoftheArcticFront,especially
sinceB.tepikienseisafrontalzoneindicatorreflectingcold,strati-
fiedsurfacewaterscharacterisedbylargeseasonaltemperature
variability(deVernaletal.,2005,2020).Thelargestcoldwater
excursionsattheEirikDriftarearound118e117kawherethecysts
ofP.daleiandB.tepikienseincreaseinabundance,andtheAtlantic
waterindicatorO.centrocarpumdecreases(Fig.5CandD).InCore
MD03-2664,the117kacoolingismarkedbyapeakinIRD,alarge
anomalyintheplankticoxygenisotopes(Fig.5G),andanincrease
inN.pachyderma(s)(Fig.5B;Irvalietal.,2016).Thesedatatogether
reflectenhancedGISactivityandgrowth,andcoldersurfaceocean
conditionstowardstheendofMIS5e.Additionally,expandedGIS
extentisinferredfromadecreaseinthepollenandsporecon-
centrations(Fig.5F;deVernalandHillaire-Marcel,2008)fromthe
EirikDriftindicatingadeteriorationofthevegetationinthesouth
ofGreenland.OntheEastGreenlandmarginshort-term,pro-
nounceddepletionsinbothplankticandbenthicd18O(Core
M23351;Zhuravlevaetal.,2017)areassociatedwithenhanced
freshwaterpulsesthatcouldberelatedtothecoolingeventsand
increasedGISactivity.Thesecoldanomaliesindicatethateven
duringthewarmLIG,incursionsofcoldandfreshArcticwater
massesinfluencedtheLabradorSea.

5.3.MIS5d(116e108ka):glacialinceptionandthereturnof
seasonalseaice

Assummerinsolationreachedaminimumatthetransitioninto
MIS5d,thereturnofcoolconditionsledtothereturnofseaiceat
theEirikDrift.Priortothereturnofseaice,atransitionalphase
fromMIS5eto5discharacterisedbyN.labyrinthusandhigh
dinocystconcentrations,indicatingincreasedsurfaceocean

productivity,typicallyseenatfrontalzones.Followingthetransi-
tionalphase,theArcticfrontmigratedsouthwardsagainandEGC-
likeconditionsreturned.TheEGClikelytransportedseaicetothe
LabradorSea,asonecaninterpretfromtheincreasedIP25con-
centrations.ThelowHBIIII(Z)concentrationscouldsuggestthat
theEirikDriftisnotinthemarginalicezone,however,areadvance
oftheMIZtowardstheEirikDriftislikely,giventhedominanceof
RBC(Fig.5DandE).

WhenexaminingtheNorthAtlanticonabroaderscale,thereare
differencesinthedinocystassemblagesbetweenthewesternand
easternregionsduringMIS5d.Whilecoldconditionsareevidentat
theEirikDrift,dinocystassemblagesfromthesouthernIcelandic
BasinsuggestseaicefreeconditionsandratherwarmAtlantic(IC)
waterspersisted(CoreMD95-2015;Eynaudetal.,2004).Further-
more,EirikDriftseasurfacetemperaturerecords(CoreMD03-
2664;Irvalietal.,2016)indicatealargercoolingcomparedtothe
centralAtlanticODP980(Oppoetal.,2006).Thetemperaturedif-
ferenceand/ordelayedcoolingresponseintheeastvswestislikely
explainedbytheoceanfrontalzones,andseaiceexpandingsouth
oftheEirikDriftpriortoreachingthemoreeasternsite.Thefrontal
zoneand/orMIZwaslikelylocatednorthoftheIcelandBasinina
SW-NEorientation,consistentwithaweakSPGcontractedtothe
northwest(Fig.6;e.g.Mokeddemetal.,2014).AcontractedSPG
allowswarmerandmoresalinewatertoentertheeasternsubpolar
NorthAtlanticandNordicSeas,whileAtlanticwatertransportvia
theICtowardsthewestwoulddecrease(seesection5.2.2).The
cooling-fosteredreturnofseaicecouldhaveamplifiedoreven
triggeredreductionsinSPGstrengthbyfresheningthesurface
oceanduringthelastglacialinception,consistentwithmodel
findings(Bornetal.,2010).However,itisimportanttonotethatthe
SPGissensitivenotonlytobuoyancyforcing(e.g.Levermannand
Born,2007;Mengeletal.,2012;BornandStocker,2014)butalso
toatmosphericcirculationpatterns(e.g.Lohmannetal.,2009).

Itisalsopossiblethattheglacialinceptionitselfmayhave
playedakeyroleincoolingbyinfluencingpathwaysofArctic
freshwaterandseaiceexporttotheNorthAtlantic.Initialicesheet
growthatthelastglacialinceptionwassorapidandsubstantial
thatglobalsealeveldecreasedbyasmuchas30e50mbetween
~120and110ka(Koppetal.,2009;SprattandLisiecki,2016;
Waelbroecketal.,2002;LambeckandChappell,2001),whichis
demonstratedbyincreasedIRDattheEirikDrift(Fig.5G)andacross
theNorthAtlantic(e.g.Risebrobakkenetal.,2007;Zhuravlevaetal.,
2017;Oppoetal.,2006).Lofverstrometal.(2022)suggestedthat
thelowsummerinsolationat116kawassufficienttogrowanice
sheettoonceagainblocktheCAAoceangateways,similartoother
modellingstudies(VettorettiandPeltier,2003;Birchetal.,2017;
Bornetal.,2010).Inaddition,theglobalsealevelremainedhigh
enough(Fig.5A)toallowPacificwaterinflowthroughtheBering
Straitwithinthefirstphaseofglacialinception.Similartowhatwe
speculatemighthavehappenedintheearlyMIS5e(seesection
5.2.2),anicesheet-blockedCAAwouldhavereroutedArctic
freshwaterintotheEGC,and,viatheEGC,southtotheLabradorSea
wheretheincreasedfreshwatercouldweakenconvectionandthe
gyrecirculation.Uncertaintyremainsaboutwhetherthepotential
icesheetcouldcompletelyorpartlyblocktheCAAduetothedepth
ofthetwomainexportroutes,NaresStraitandLancasterSound.
However,Lofverstrometal.(2022)arguethatduetohighlystrat-
ifiedwatersintheNaresStraitandLancasterSound(Münchow
etal.,2015;PrinsenbergandHamilton,2005),theformationofa
thickfloatingiceshelfcouldbesufficienttoinhibitfreshwaterflux
throughthearchipelago.Anotherchallengeisthatdirectproxy
evidenceoftheicesheetconfigurationintheCAAisnotavailable,
sinceicesheetsinlaterglacialstageshaveremovedevidenceof
earlierglaciations(Svendsenetal.,2004;Stokesetal.,2012;
Batcheloretal.,2019;Klemanetal.,2010;Daltonetal.,2022).
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fromMIS5eto5discharacterisedbyN.labyrinthusandhigh
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could have been a residual LIS presence even after peak summer
insolation during early MIS 5e. Such a remnant large ice mass
would be consistent with the recent suggestion of an early MIS 5e
sea level high stand related to Antarctic melting, whereas the GIS
contribution rather played a larger role later in MIS 5e (Rohling
et al., 2019). Regarding the freshwater rerouting theory, a
remnant LIS could hint that ice cap remnants occurred also further
north in the CAA; however this remains indirect, inconclusive ev-
idence that ice restricted or blocked the CAA freshwater route.

5.2.3. Middle to late MIS 5e (124e116 ka): Atlantic water advection
and occasional cold-water events

For the remainder of MIS 5e, the surface waters at the Eirik Drift
are characterised mainly by Atlantic water inflow via the IC and an
extended and/or strong SPG. This is evident from the dominance of
the Atlantic water indicator O. centrocarpum and the absence of sea
ice biomarkers, demonstrating open waters. From ca. 122 ka, a low
but notable and sustained occurrence of S. mirabilis (Fig. 3J) in-
dicates warm-temperate waters (see section 3.3). This species
characterises interglacial optima in the northern North Atlantic and
is known in late MIS 5e from the Gardar Drift (Core MD95-2015;
Eynaud et al., 2004), Nordic Seas (Core M23071; Van
Nieuwenhove et al., 2008), and even Fram Strait (Van
Nieuwenhove et al., 2011). While its occurrence is used to inter-
pret a late glacial optimum for these areas (e.g. Van Nieuwenhove
et al., 2011), we find that at the Eirik Drift the influence of warm
Atlantic water via the IC was interrupted by episodes of cold Arctic
water outflow through the EGC. These intermittent incursions of
EGC influence occur against a background of declining sea surface
temperature (Irvali et al., 2016) and summer insolation (Fig. 5A).
Similar late MIS 5e cooling events have been documented in the
central (ODP 984; Mokeddem et al., 2014) and eastern subpolar
North Atlantic (ODP 980; Oppo et al., 2006). In our study, peaks of
the cysts of P. dalei and B. tepikiense indicate these incursions of cold
water masses and southward pulses of the Arctic Front, especially
since B. tepikiense is a frontal zone indicator reflecting cold, strati-
fied surface waters characterised by large seasonal temperature
variability (de Vernal et al., 2005, 2020). The largest cold water
excursions at the Eirik Drift are around 118e117 ka where the cysts
of P. dalei and B. tepikiense increase in abundance, and the Atlantic
water indicator O. centrocarpum decreases (Fig. 5C and D). In Core
MD03-2664, the 117 ka cooling is marked by a peak in IRD, a large
anomaly in the planktic oxygen isotopes (Fig. 5G), and an increase
in N. pachyderma (s) (Fig. 5B; Irvali et al., 2016). These data together
reflect enhanced GIS activity and growth, and colder surface ocean
conditions towards the end of MIS 5e. Additionally, expanded GIS
extent is inferred from a decrease in the pollen and spore con-
centrations (Fig. 5F; de Vernal and Hillaire-Marcel, 2008) from the
Eirik Drift indicating a deterioration of the vegetation in the south
of Greenland. On the East Greenland margin short-term, pro-
nounced depletions in both planktic and benthic d18O (Core
M23351; Zhuravleva et al., 2017) are associated with enhanced
freshwater pulses that could be related to the cooling events and
increased GIS activity. These cold anomalies indicate that even
during the warm LIG, incursions of cold and fresh Arctic water
masses influenced the Labrador Sea.

5.3. MIS 5d (116e108 ka): glacial inception and the return of
seasonal sea ice

As summer insolation reached a minimum at the transition into
MIS 5d, the return of cool conditions led to the return of sea ice at
the Eirik Drift. Prior to the return of sea ice, a transitional phase
from MIS 5e to 5d is characterised by N. labyrinthus and high
dinocyst concentrations, indicating increased surface ocean

productivity, typically seen at frontal zones. Following the transi-
tional phase, the Arctic front migrated southwards again and EGC-
like conditions returned. The EGC likely transported sea ice to the
Labrador Sea, as one can interpret from the increased IP25 con-
centrations. The low HBI III (Z) concentrations could suggest that
the Eirik Drift is not in the marginal ice zone, however, a readvance
of the MIZ towards the Eirik Drift is likely, given the dominance of
RBC (Fig. 5D and E).

When examining the North Atlantic on a broader scale, there are
differences in the dinocyst assemblages between the western and
eastern regions during MIS 5d. While cold conditions are evident at
the Eirik Drift, dinocyst assemblages from the southern Icelandic
Basin suggest sea ice free conditions and rather warm Atlantic (IC)
waters persisted (Core MD95-2015; Eynaud et al., 2004). Further-
more, Eirik Drift sea surface temperature records (Core MD03-
2664; Irvali et al., 2016) indicate a larger cooling compared to the
central Atlantic ODP 980 (Oppo et al., 2006). The temperature dif-
ference and/or delayed cooling response in the east vswest is likely
explained by the ocean frontal zones, and sea ice expanding south
of the Eirik Drift prior to reaching the more eastern site. The frontal
zone and/or MIZ was likely located north of the Iceland Basin in a
SW-NE orientation, consistent with a weak SPG contracted to the
northwest (Fig. 6; e.g. Mokeddem et al., 2014). A contracted SPG
allows warmer and more saline water to enter the eastern subpolar
North Atlantic and Nordic Seas, while Atlantic water transport via
the IC towards the west would decrease (see section 5.2.2). The
cooling-fostered return of sea ice could have amplified or even
triggered reductions in SPG strength by freshening the surface
ocean during the last glacial inception, consistent with model
findings (Born et al., 2010). However, it is important to note that the
SPG is sensitive not only to buoyancy forcing (e.g. Levermann and
Born, 2007; Mengel et al., 2012; Born and Stocker, 2014) but also
to atmospheric circulation patterns (e.g. Lohmann et al., 2009).

It is also possible that the glacial inception itself may have
played a key role in cooling by influencing pathways of Arctic
freshwater and sea ice export to the North Atlantic. Initial ice sheet
growth at the last glacial inception was so rapid and substantial
that global sea level decreased by as much as 30e50 m between
~120 and 110 ka (Kopp et al., 2009; Spratt and Lisiecki, 2016;
Waelbroeck et al., 2002; Lambeck and Chappell, 2001), which is
demonstrated by increased IRD at the Eirik Drift (Fig. 5G) and across
the North Atlantic (e.g. Risebrobakken et al., 2007; Zhuravleva et al.,
2017; Oppo et al., 2006). Lofverstrom et al. (2022) suggested that
the low summer insolation at 116 ka was sufficient to grow an ice
sheet to once again block the CAA ocean gateways, similar to other
modelling studies (Vettoretti and Peltier, 2003; Birch et al., 2017;
Born et al., 2010). In addition, the global sea level remained high
enough (Fig. 5A) to allow Pacific water inflow through the Bering
Strait within the first phase of glacial inception. Similar to what we
speculate might have happened in the early MIS 5e (see section
5.2.2), an ice sheet-blocked CAA would have rerouted Arctic
freshwater into the EGC, and, via the EGC, south to the Labrador Sea
where the increased freshwater could weaken convection and the
gyre circulation. Uncertainty remains about whether the potential
ice sheet could completely or partly block the CAA due to the depth
of the two main export routes, Nares Strait and Lancaster Sound.
However, Lofverstrom et al. (2022) argue that due to highly strat-
ified waters in the Nares Strait and Lancaster Sound (Münchow
et al., 2015; Prinsenberg and Hamilton, 2005), the formation of a
thick floating ice shelf could be sufficient to inhibit freshwater flux
through the archipelago. Another challenge is that direct proxy
evidence of the ice sheet configuration in the CAA is not available,
since ice sheets in later glacial stages have removed evidence of
earlier glaciations (Svendsen et al., 2004; Stokes et al., 2012;
Batchelor et al., 2019; Kleman et al., 2010; Dalton et al., 2022).
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could have been a residual LIS presence even after peak summer
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enough (Fig. 5A) to allow Pacific water inflow through the Bering
Strait within the first phase of glacial inception. Similar to what we
speculate might have happened in the early MIS 5e (see section
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freshwater into the EGC, and, via the EGC, south to the Labrador Sea
where the increased freshwater could weaken convection and the
gyre circulation. Uncertainty remains about whether the potential
ice sheet could completely or partly block the CAA due to the depth
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However, Lofverstrom et al. (2022) argue that due to highly strat-
ified waters in the Nares Strait and Lancaster Sound (Münchow
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couldhavebeenaresidualLISpresenceevenafterpeaksummer
insolationduringearlyMIS5e.Sucharemnantlargeicemass
wouldbeconsistentwiththerecentsuggestionofanearlyMIS5e
sealevelhighstandrelatedtoAntarcticmelting,whereastheGIS
contributionratherplayedalargerrolelaterinMIS5e(Rohling
etal.,2019).Regardingthefreshwaterreroutingtheory,a
remnantLIScouldhintthaticecapremnantsoccurredalsofurther
northintheCAA;howeverthisremainsindirect,inconclusiveev-
idencethaticerestrictedorblockedtheCAAfreshwaterroute.

5.2.3.MiddletolateMIS5e(124e116ka):Atlanticwateradvection
andoccasionalcold-waterevents

FortheremainderofMIS5e,thesurfacewatersattheEirikDrift
arecharacterisedmainlybyAtlanticwaterinflowviatheICandan
extendedand/orstrongSPG.Thisisevidentfromthedominanceof
theAtlanticwaterindicatorO.centrocarpumandtheabsenceofsea
icebiomarkers,demonstratingopenwaters.Fromca.122ka,alow
butnotableandsustainedoccurrenceofS.mirabilis(Fig.3J)in-
dicateswarm-temperatewaters(seesection3.3).Thisspecies
characterisesinterglacialoptimainthenorthernNorthAtlanticand
isknowninlateMIS5efromtheGardarDrift(CoreMD95-2015;
Eynaudetal.,2004),NordicSeas(CoreM23071;Van
Nieuwenhoveetal.,2008),andevenFramStrait(Van
Nieuwenhoveetal.,2011).Whileitsoccurrenceisusedtointer-
pretalateglacialoptimumfortheseareas(e.g.VanNieuwenhove
etal.,2011),wefindthatattheEirikDrifttheinfluenceofwarm
AtlanticwaterviatheICwasinterruptedbyepisodesofcoldArctic
wateroutflowthroughtheEGC.Theseintermittentincursionsof
EGCinfluenceoccuragainstabackgroundofdecliningseasurface
temperature(Irvalietal.,2016)andsummerinsolation(Fig.5A).
SimilarlateMIS5ecoolingeventshavebeendocumentedinthe
central(ODP984;Mokeddemetal.,2014)andeasternsubpolar
NorthAtlantic(ODP980;Oppoetal.,2006).Inourstudy,peaksof
thecystsofP.daleiandB.tepikienseindicatetheseincursionsofcold
watermassesandsouthwardpulsesoftheArcticFront,especially
sinceB.tepikienseisafrontalzoneindicatorreflectingcold,strati-
fiedsurfacewaterscharacterisedbylargeseasonaltemperature
variability(deVernaletal.,2005,2020).Thelargestcoldwater
excursionsattheEirikDriftarearound118e117kawherethecysts
ofP.daleiandB.tepikienseincreaseinabundance,andtheAtlantic
waterindicatorO.centrocarpumdecreases(Fig.5CandD).InCore
MD03-2664,the117kacoolingismarkedbyapeakinIRD,alarge
anomalyintheplankticoxygenisotopes(Fig.5G),andanincrease
inN.pachyderma(s)(Fig.5B;Irvalietal.,2016).Thesedatatogether
reflectenhancedGISactivityandgrowth,andcoldersurfaceocean
conditionstowardstheendofMIS5e.Additionally,expandedGIS
extentisinferredfromadecreaseinthepollenandsporecon-
centrations(Fig.5F;deVernalandHillaire-Marcel,2008)fromthe
EirikDriftindicatingadeteriorationofthevegetationinthesouth
ofGreenland.OntheEastGreenlandmarginshort-term,pro-
nounceddepletionsinbothplankticandbenthicd18O(Core
M23351;Zhuravlevaetal.,2017)areassociatedwithenhanced
freshwaterpulsesthatcouldberelatedtothecoolingeventsand
increasedGISactivity.Thesecoldanomaliesindicatethateven
duringthewarmLIG,incursionsofcoldandfreshArcticwater
massesinfluencedtheLabradorSea.

5.3.MIS5d(116e108ka):glacialinceptionandthereturnof
seasonalseaice

Assummerinsolationreachedaminimumatthetransitioninto
MIS5d,thereturnofcoolconditionsledtothereturnofseaiceat
theEirikDrift.Priortothereturnofseaice,atransitionalphase
fromMIS5eto5discharacterisedbyN.labyrinthusandhigh
dinocystconcentrations,indicatingincreasedsurfaceocean

productivity,typicallyseenatfrontalzones.Followingthetransi-
tionalphase,theArcticfrontmigratedsouthwardsagainandEGC-
likeconditionsreturned.TheEGClikelytransportedseaicetothe
LabradorSea,asonecaninterpretfromtheincreasedIP25con-
centrations.ThelowHBIIII(Z)concentrationscouldsuggestthat
theEirikDriftisnotinthemarginalicezone,however,areadvance
oftheMIZtowardstheEirikDriftislikely,giventhedominanceof
RBC(Fig.5DandE).

WhenexaminingtheNorthAtlanticonabroaderscale,thereare
differencesinthedinocystassemblagesbetweenthewesternand
easternregionsduringMIS5d.Whilecoldconditionsareevidentat
theEirikDrift,dinocystassemblagesfromthesouthernIcelandic
BasinsuggestseaicefreeconditionsandratherwarmAtlantic(IC)
waterspersisted(CoreMD95-2015;Eynaudetal.,2004).Further-
more,EirikDriftseasurfacetemperaturerecords(CoreMD03-
2664;Irvalietal.,2016)indicatealargercoolingcomparedtothe
centralAtlanticODP980(Oppoetal.,2006).Thetemperaturedif-
ferenceand/ordelayedcoolingresponseintheeastvswestislikely
explainedbytheoceanfrontalzones,andseaiceexpandingsouth
oftheEirikDriftpriortoreachingthemoreeasternsite.Thefrontal
zoneand/orMIZwaslikelylocatednorthoftheIcelandBasinina
SW-NEorientation,consistentwithaweakSPGcontractedtothe
northwest(Fig.6;e.g.Mokeddemetal.,2014).AcontractedSPG
allowswarmerandmoresalinewatertoentertheeasternsubpolar
NorthAtlanticandNordicSeas,whileAtlanticwatertransportvia
theICtowardsthewestwoulddecrease(seesection5.2.2).The
cooling-fosteredreturnofseaicecouldhaveamplifiedoreven
triggeredreductionsinSPGstrengthbyfresheningthesurface
oceanduringthelastglacialinception,consistentwithmodel
findings(Bornetal.,2010).However,itisimportanttonotethatthe
SPGissensitivenotonlytobuoyancyforcing(e.g.Levermannand
Born,2007;Mengeletal.,2012;BornandStocker,2014)butalso
toatmosphericcirculationpatterns(e.g.Lohmannetal.,2009).

Itisalsopossiblethattheglacialinceptionitselfmayhave
playedakeyroleincoolingbyinfluencingpathwaysofArctic
freshwaterandseaiceexporttotheNorthAtlantic.Initialicesheet
growthatthelastglacialinceptionwassorapidandsubstantial
thatglobalsealeveldecreasedbyasmuchas30e50mbetween
~120and110ka(Koppetal.,2009;SprattandLisiecki,2016;
Waelbroecketal.,2002;LambeckandChappell,2001),whichis
demonstratedbyincreasedIRDattheEirikDrift(Fig.5G)andacross
theNorthAtlantic(e.g.Risebrobakkenetal.,2007;Zhuravlevaetal.,
2017;Oppoetal.,2006).Lofverstrometal.(2022)suggestedthat
thelowsummerinsolationat116kawassufficienttogrowanice
sheettoonceagainblocktheCAAoceangateways,similartoother
modellingstudies(VettorettiandPeltier,2003;Birchetal.,2017;
Bornetal.,2010).Inaddition,theglobalsealevelremainedhigh
enough(Fig.5A)toallowPacificwaterinflowthroughtheBering
Straitwithinthefirstphaseofglacialinception.Similartowhatwe
speculatemighthavehappenedintheearlyMIS5e(seesection
5.2.2),anicesheet-blockedCAAwouldhavereroutedArctic
freshwaterintotheEGC,and,viatheEGC,southtotheLabradorSea
wheretheincreasedfreshwatercouldweakenconvectionandthe
gyrecirculation.Uncertaintyremainsaboutwhetherthepotential
icesheetcouldcompletelyorpartlyblocktheCAAduetothedepth
ofthetwomainexportroutes,NaresStraitandLancasterSound.
However,Lofverstrometal.(2022)arguethatduetohighlystrat-
ifiedwatersintheNaresStraitandLancasterSound(Münchow
etal.,2015;PrinsenbergandHamilton,2005),theformationofa
thickfloatingiceshelfcouldbesufficienttoinhibitfreshwaterflux
throughthearchipelago.Anotherchallengeisthatdirectproxy
evidenceoftheicesheetconfigurationintheCAAisnotavailable,
sinceicesheetsinlaterglacialstageshaveremovedevidenceof
earlierglaciations(Svendsenetal.,2004;Stokesetal.,2012;
Batcheloretal.,2019;Klemanetal.,2010;Daltonetal.,2022).
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insolationduringearlyMIS5e.Sucharemnantlargeicemass
wouldbeconsistentwiththerecentsuggestionofanearlyMIS5e
sealevelhighstandrelatedtoAntarcticmelting,whereastheGIS
contributionratherplayedalargerrolelaterinMIS5e(Rohling
etal.,2019).Regardingthefreshwaterreroutingtheory,a
remnantLIScouldhintthaticecapremnantsoccurredalsofurther
northintheCAA;howeverthisremainsindirect,inconclusiveev-
idencethaticerestrictedorblockedtheCAAfreshwaterroute.

5.2.3.MiddletolateMIS5e(124e116ka):Atlanticwateradvection
andoccasionalcold-waterevents

FortheremainderofMIS5e,thesurfacewatersattheEirikDrift
arecharacterisedmainlybyAtlanticwaterinflowviatheICandan
extendedand/orstrongSPG.Thisisevidentfromthedominanceof
theAtlanticwaterindicatorO.centrocarpumandtheabsenceofsea
icebiomarkers,demonstratingopenwaters.Fromca.122ka,alow
butnotableandsustainedoccurrenceofS.mirabilis(Fig.3J)in-
dicateswarm-temperatewaters(seesection3.3).Thisspecies
characterisesinterglacialoptimainthenorthernNorthAtlanticand
isknowninlateMIS5efromtheGardarDrift(CoreMD95-2015;
Eynaudetal.,2004),NordicSeas(CoreM23071;Van
Nieuwenhoveetal.,2008),andevenFramStrait(Van
Nieuwenhoveetal.,2011).Whileitsoccurrenceisusedtointer-
pretalateglacialoptimumfortheseareas(e.g.VanNieuwenhove
etal.,2011),wefindthatattheEirikDrifttheinfluenceofwarm
AtlanticwaterviatheICwasinterruptedbyepisodesofcoldArctic
wateroutflowthroughtheEGC.Theseintermittentincursionsof
EGCinfluenceoccuragainstabackgroundofdecliningseasurface
temperature(Irvalietal.,2016)andsummerinsolation(Fig.5A).
SimilarlateMIS5ecoolingeventshavebeendocumentedinthe
central(ODP984;Mokeddemetal.,2014)andeasternsubpolar
NorthAtlantic(ODP980;Oppoetal.,2006).Inourstudy,peaksof
thecystsofP.daleiandB.tepikienseindicatetheseincursionsofcold
watermassesandsouthwardpulsesoftheArcticFront,especially
sinceB.tepikienseisafrontalzoneindicatorreflectingcold,strati-
fiedsurfacewaterscharacterisedbylargeseasonaltemperature
variability(deVernaletal.,2005,2020).Thelargestcoldwater
excursionsattheEirikDriftarearound118e117kawherethecysts
ofP.daleiandB.tepikienseincreaseinabundance,andtheAtlantic
waterindicatorO.centrocarpumdecreases(Fig.5CandD).InCore
MD03-2664,the117kacoolingismarkedbyapeakinIRD,alarge
anomalyintheplankticoxygenisotopes(Fig.5G),andanincrease
inN.pachyderma(s)(Fig.5B;Irvalietal.,2016).Thesedatatogether
reflectenhancedGISactivityandgrowth,andcoldersurfaceocean
conditionstowardstheendofMIS5e.Additionally,expandedGIS
extentisinferredfromadecreaseinthepollenandsporecon-
centrations(Fig.5F;deVernalandHillaire-Marcel,2008)fromthe
EirikDriftindicatingadeteriorationofthevegetationinthesouth
ofGreenland.OntheEastGreenlandmarginshort-term,pro-
nounceddepletionsinbothplankticandbenthicd18O(Core
M23351;Zhuravlevaetal.,2017)areassociatedwithenhanced
freshwaterpulsesthatcouldberelatedtothecoolingeventsand
increasedGISactivity.Thesecoldanomaliesindicatethateven
duringthewarmLIG,incursionsofcoldandfreshArcticwater
massesinfluencedtheLabradorSea.

5.3.MIS5d(116e108ka):glacialinceptionandthereturnof
seasonalseaice

Assummerinsolationreachedaminimumatthetransitioninto
MIS5d,thereturnofcoolconditionsledtothereturnofseaiceat
theEirikDrift.Priortothereturnofseaice,atransitionalphase
fromMIS5eto5discharacterisedbyN.labyrinthusandhigh
dinocystconcentrations,indicatingincreasedsurfaceocean

productivity,typicallyseenatfrontalzones.Followingthetransi-
tionalphase,theArcticfrontmigratedsouthwardsagainandEGC-
likeconditionsreturned.TheEGClikelytransportedseaicetothe
LabradorSea,asonecaninterpretfromtheincreasedIP25con-
centrations.ThelowHBIIII(Z)concentrationscouldsuggestthat
theEirikDriftisnotinthemarginalicezone,however,areadvance
oftheMIZtowardstheEirikDriftislikely,giventhedominanceof
RBC(Fig.5DandE).

WhenexaminingtheNorthAtlanticonabroaderscale,thereare
differencesinthedinocystassemblagesbetweenthewesternand
easternregionsduringMIS5d.Whilecoldconditionsareevidentat
theEirikDrift,dinocystassemblagesfromthesouthernIcelandic
BasinsuggestseaicefreeconditionsandratherwarmAtlantic(IC)
waterspersisted(CoreMD95-2015;Eynaudetal.,2004).Further-
more,EirikDriftseasurfacetemperaturerecords(CoreMD03-
2664;Irvalietal.,2016)indicatealargercoolingcomparedtothe
centralAtlanticODP980(Oppoetal.,2006).Thetemperaturedif-
ferenceand/ordelayedcoolingresponseintheeastvswestislikely
explainedbytheoceanfrontalzones,andseaiceexpandingsouth
oftheEirikDriftpriortoreachingthemoreeasternsite.Thefrontal
zoneand/orMIZwaslikelylocatednorthoftheIcelandBasinina
SW-NEorientation,consistentwithaweakSPGcontractedtothe
northwest(Fig.6;e.g.Mokeddemetal.,2014).AcontractedSPG
allowswarmerandmoresalinewatertoentertheeasternsubpolar
NorthAtlanticandNordicSeas,whileAtlanticwatertransportvia
theICtowardsthewestwoulddecrease(seesection5.2.2).The
cooling-fosteredreturnofseaicecouldhaveamplifiedoreven
triggeredreductionsinSPGstrengthbyfresheningthesurface
oceanduringthelastglacialinception,consistentwithmodel
findings(Bornetal.,2010).However,itisimportanttonotethatthe
SPGissensitivenotonlytobuoyancyforcing(e.g.Levermannand
Born,2007;Mengeletal.,2012;BornandStocker,2014)butalso
toatmosphericcirculationpatterns(e.g.Lohmannetal.,2009).

Itisalsopossiblethattheglacialinceptionitselfmayhave
playedakeyroleincoolingbyinfluencingpathwaysofArctic
freshwaterandseaiceexporttotheNorthAtlantic.Initialicesheet
growthatthelastglacialinceptionwassorapidandsubstantial
thatglobalsealeveldecreasedbyasmuchas30e50mbetween
~120and110ka(Koppetal.,2009;SprattandLisiecki,2016;
Waelbroecketal.,2002;LambeckandChappell,2001),whichis
demonstratedbyincreasedIRDattheEirikDrift(Fig.5G)andacross
theNorthAtlantic(e.g.Risebrobakkenetal.,2007;Zhuravlevaetal.,
2017;Oppoetal.,2006).Lofverstrometal.(2022)suggestedthat
thelowsummerinsolationat116kawassufficienttogrowanice
sheettoonceagainblocktheCAAoceangateways,similartoother
modellingstudies(VettorettiandPeltier,2003;Birchetal.,2017;
Bornetal.,2010).Inaddition,theglobalsealevelremainedhigh
enough(Fig.5A)toallowPacificwaterinflowthroughtheBering
Straitwithinthefirstphaseofglacialinception.Similartowhatwe
speculatemighthavehappenedintheearlyMIS5e(seesection
5.2.2),anicesheet-blockedCAAwouldhavereroutedArctic
freshwaterintotheEGC,and,viatheEGC,southtotheLabradorSea
wheretheincreasedfreshwatercouldweakenconvectionandthe
gyrecirculation.Uncertaintyremainsaboutwhetherthepotential
icesheetcouldcompletelyorpartlyblocktheCAAduetothedepth
ofthetwomainexportroutes,NaresStraitandLancasterSound.
However,Lofverstrometal.(2022)arguethatduetohighlystrat-
ifiedwatersintheNaresStraitandLancasterSound(Münchow
etal.,2015;PrinsenbergandHamilton,2005),theformationofa
thickfloatingiceshelfcouldbesufficienttoinhibitfreshwaterflux
throughthearchipelago.Anotherchallengeisthatdirectproxy
evidenceoftheicesheetconfigurationintheCAAisnotavailable,
sinceicesheetsinlaterglacialstageshaveremovedevidenceof
earlierglaciations(Svendsenetal.,2004;Stokesetal.,2012;
Batcheloretal.,2019;Klemanetal.,2010;Daltonetal.,2022).
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MIS5d,thereturnofcoolconditionsledtothereturnofseaiceat
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fromMIS5eto5discharacterisedbyN.labyrinthusandhigh
dinocystconcentrations,indicatingincreasedsurfaceocean

productivity,typicallyseenatfrontalzones.Followingthetransi-
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likeconditionsreturned.TheEGClikelytransportedseaicetothe
LabradorSea,asonecaninterpretfromtheincreasedIP25con-
centrations.ThelowHBIIII(Z)concentrationscouldsuggestthat
theEirikDriftisnotinthemarginalicezone,however,areadvance
oftheMIZtowardstheEirikDriftislikely,giventhedominanceof
RBC(Fig.5DandE).
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differencesinthedinocystassemblagesbetweenthewesternand
easternregionsduringMIS5d.Whilecoldconditionsareevidentat
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freshwaterandseaiceexporttotheNorthAtlantic.Initialicesheet
growthatthelastglacialinceptionwassorapidandsubstantial
thatglobalsealeveldecreasedbyasmuchas30e50mbetween
~120and110ka(Koppetal.,2009;SprattandLisiecki,2016;
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demonstratedbyincreasedIRDattheEirikDrift(Fig.5G)andacross
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2017;Oppoetal.,2006).Lofverstrometal.(2022)suggestedthat
thelowsummerinsolationat116kawassufficienttogrowanice
sheettoonceagainblocktheCAAoceangateways,similartoother
modellingstudies(VettorettiandPeltier,2003;Birchetal.,2017;
Bornetal.,2010).Inaddition,theglobalsealevelremainedhigh
enough(Fig.5A)toallowPacificwaterinflowthroughtheBering
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speculatemighthavehappenedintheearlyMIS5e(seesection
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Reliable ice sheet reconstructions in the CAA region and additional
evidence of changes in freshwater transport routes are crucial to
better evaluate this scenario, and to what extent it ultimately could
have impacted the SPG, AMOC and North Atlantic circulation.

6. Summary and conclusions

Based on new sea ice and surface ocean hydrographical data
from the Eirik Drift in the Labrador Sea we interpret the paleo-
ceanographic evolution from the penultimate glacial throughout
MIS 5e and into MIS 5d as follows.

- MIS 6 (>~135 ka) was characterised by a thick and extensive
perennial sea ice cover at the Eirik Drift. The sea ice cover started
to break up episodically during TII (135e128 ka), as northern
hemisphere summer insolation increased toward its maximum.

- From the onset of MIS 5e (128e126.5 ka), the Eirik Drift surface
waters were characterised by a MIZ and the EGC, while the
subsurface was influenced by warm Atlantic waters via the IC
and an active/extended SPG circulation. It can be hypothesized
that the proximity of the MIZ to the Labrador Sea convection
regions could have maintained or invigorated SPG circulation
during the earliest MIS 5e.

- The MIZ retreated northwards (126.5e124 ka) and both the
surface and subsurface were dominated by strong EGC and polar
water conditions. High insolation and atmospheric CO2 probably
did not allow for sea ice to survive as far south as the Eirik Drift.
This setting is consistent with aweak/contracted SPG circulation
coincident with the C27 (cooling) event and/or “deglacial pause”
that is observed across the North Atlantic. The interval ended
with an outburst flood event, likely from the Hudson Strait re-
gion, which is documented by a distinct red layer, and a short-
lived surge of sea ice and stratification of the upper water
column.

- The second half of MIS 5e (124e116 ka) was characterised by a
strong influence (inflow) of Atlantic water via the IC, potentially
indicating an extended/strong SPG at this time. This state was
interrupted by episodes of cold Arctic water through the EGC, as
summer insolation decreased towards the end of MIS 5e.

- At the transition into MIS 5d (116 ka) the Eirik Drift was again
dominated by the EGC and a readvance of the Arctic front to the
south of the Eirik Drift before sea ice reappeared. The sea ice
presence could have played an important role in amplifying the
cooling of last glacial inception by diminishing the strength and
lateral extension of the SPG.

- We note that intervals of marked increase in EGC influence at
both the start (126.5e124 ka) and termination (116 ka) of MIS 5e
occur at times when sea level was high enough for the Bering
Strait to be open. At the same time, the residual or proto LIS may
have been sufficiently expanded to restrict export pathways west
of Greenland resulting in a focusing, and intensification of the
EGC route for freshwater transport to the SPG. If such a scenario
were to be corroborated by future findings, it underlines the
possibly important role of cryosphere reconfigurations, and their
influence on freshwater export and rerouting to the North
Atlantic, for understanding the climate and hydrographic tran-
sitions associated with glacial termination and inception.

Finally, our combined dinocyst and biomarker data are the first
to unequivocally demonstrate the presence of sea ice during TII, the
earliest MIS 5e and MIS 5d as well as indirectly in MIS 6. During the
late MIS 5e, cold events were recorded but sea ice was not present
as far south as the Eirik Drift. Nevertheless, it appears clear that sea
ice played a role in the SPG circulation during glacial termination
and inception.
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ReliableicesheetreconstructionsintheCAAregionandadditional
evidenceofchangesinfreshwatertransportroutesarecrucialto
betterevaluatethisscenario,andtowhatextentitultimatelycould
haveimpactedtheSPG,AMOCandNorthAtlanticcirculation.

6.Summaryandconclusions

Basedonnewseaiceandsurfaceoceanhydrographicaldata
fromtheEirikDriftintheLabradorSeaweinterpretthepaleo-
ceanographicevolutionfromthepenultimateglacialthroughout
MIS5eandintoMIS5dasfollows.

-MIS6(>~135ka)wascharacterisedbyathickandextensive
perennialseaicecoverattheEirikDrift.Theseaicecoverstarted
tobreakupepisodicallyduringTII(135e128ka),asnorthern
hemispheresummerinsolationincreasedtowarditsmaximum.
-FromtheonsetofMIS5e(128e126.5ka),theEirikDriftsurface

waterswerecharacterisedbyaMIZandtheEGC,whilethe
subsurfacewasinfluencedbywarmAtlanticwatersviatheIC
andanactive/extendedSPGcirculation.Itcanbehypothesized
thattheproximityoftheMIZtotheLabradorSeaconvection
regionscouldhavemaintainedorinvigoratedSPGcirculation
duringtheearliestMIS5e.
-TheMIZretreatednorthwards(126.5e124ka)andboththe

surfaceandsubsurfaceweredominatedbystrongEGCandpolar
waterconditions.HighinsolationandatmosphericCO2probably
didnotallowforseaicetosurviveasfarsouthastheEirikDrift.
Thissettingisconsistentwithaweak/contractedSPGcirculation
coincidentwiththeC27(cooling)eventand/or“deglacialpause”
thatisobservedacrosstheNorthAtlantic.Theintervalended
withanoutburstfloodevent,likelyfromtheHudsonStraitre-
gion,whichisdocumentedbyadistinctredlayer,andashort-
livedsurgeofseaiceandstratificationoftheupperwater
column.
-ThesecondhalfofMIS5e(124e116ka)wascharacterisedbya

stronginfluence(inflow)ofAtlanticwaterviatheIC,potentially
indicatinganextended/strongSPGatthistime.Thisstatewas
interruptedbyepisodesofcoldArcticwaterthroughtheEGC,as
summerinsolationdecreasedtowardstheendofMIS5e.
-AtthetransitionintoMIS5d(116ka)theEirikDriftwasagain

dominatedbytheEGCandareadvanceoftheArcticfronttothe
southoftheEirikDriftbeforeseaicereappeared.Theseaice
presencecouldhaveplayedanimportantroleinamplifyingthe
coolingoflastglacialinceptionbydiminishingthestrengthand
lateralextensionoftheSPG.
-WenotethatintervalsofmarkedincreaseinEGCinfluenceat

boththestart(126.5e124ka)andtermination(116ka)ofMIS5e
occurattimeswhensealevelwashighenoughfortheBering
Straittobeopen.Atthesametime,theresidualorprotoLISmay
havebeensufficientlyexpandedtorestrictexportpathwayswest
ofGreenlandresultinginafocusing,andintensificationofthe
EGCrouteforfreshwatertransporttotheSPG.Ifsuchascenario
weretobecorroboratedbyfuturefindings,itunderlinesthe
possiblyimportantroleofcryospherereconfigurations,andtheir
influenceonfreshwaterexportandreroutingtotheNorth
Atlantic,forunderstandingtheclimateandhydrographictran-
sitionsassociatedwithglacialterminationandinception.
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tounequivocallydemonstratethepresenceofseaiceduringTII,the
earliestMIS5eandMIS5daswellasindirectlyinMIS6.Duringthe
lateMIS5e,coldeventswererecordedbutseaicewasnotpresent
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ReliableicesheetreconstructionsintheCAAregionandadditional
evidenceofchangesinfreshwatertransportroutesarecrucialto
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6.Summaryandconclusions
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subsurfacewasinfluencedbywarmAtlanticwatersviatheIC
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-TheMIZretreatednorthwards(126.5e124ka)andboththe
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didnotallowforseaicetosurviveasfarsouthastheEirikDrift.
Thissettingisconsistentwithaweak/contractedSPGcirculation
coincidentwiththeC27(cooling)eventand/or“deglacialpause”
thatisobservedacrosstheNorthAtlantic.Theintervalended
withanoutburstfloodevent,likelyfromtheHudsonStraitre-
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southoftheEirikDriftbeforeseaicereappeared.Theseaice
presencecouldhaveplayedanimportantroleinamplifyingthe
coolingoflastglacialinceptionbydiminishingthestrengthand
lateralextensionoftheSPG.
-WenotethatintervalsofmarkedincreaseinEGCinfluenceat

boththestart(126.5e124ka)andtermination(116ka)ofMIS5e
occurattimeswhensealevelwashighenoughfortheBering
Straittobeopen.Atthesametime,theresidualorprotoLISmay
havebeensufficientlyexpandedtorestrictexportpathwayswest
ofGreenlandresultinginafocusing,andintensificationofthe
EGCrouteforfreshwatertransporttotheSPG.Ifsuchascenario
weretobecorroboratedbyfuturefindings,itunderlinesthe
possiblyimportantroleofcryospherereconfigurations,andtheir
influenceonfreshwaterexportandreroutingtotheNorth
Atlantic,forunderstandingtheclimateandhydrographictran-
sitionsassociatedwithglacialterminationandinception.

Finally,ourcombineddinocystandbiomarkerdataarethefirst
tounequivocallydemonstratethepresenceofseaiceduringTII,the
earliestMIS5eandMIS5daswellasindirectlyinMIS6.Duringthe
lateMIS5e,coldeventswererecordedbutseaicewasnotpresent
asfarsouthastheEirikDrift.Nevertheless,itappearsclearthatsea
iceplayedaroleintheSPGcirculationduringglacialtermination
andinception.
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Reliable ice sheet reconstructions in the CAA region and additional
evidence of changes in freshwater transport routes are crucial to
better evaluate this scenario, and to what extent it ultimately could
have impacted the SPG, AMOC and North Atlantic circulation.

6. Summary and conclusions

Based on new sea ice and surface ocean hydrographical data
from the Eirik Drift in the Labrador Sea we interpret the paleo-
ceanographic evolution from the penultimate glacial throughout
MIS 5e and into MIS 5d as follows.

- MIS 6 (>~135 ka) was characterised by a thick and extensive
perennial sea ice cover at the Eirik Drift. The sea ice cover started
to break up episodically during TII (135e128 ka), as northern
hemisphere summer insolation increased toward its maximum.

- From the onset of MIS 5e (128e126.5 ka), the Eirik Drift surface
waters were characterised by a MIZ and the EGC, while the
subsurface was influenced by warm Atlantic waters via the IC
and an active/extended SPG circulation. It can be hypothesized
that the proximity of the MIZ to the Labrador Sea convection
regions could have maintained or invigorated SPG circulation
during the earliest MIS 5e.

- The MIZ retreated northwards (126.5e124 ka) and both the
surface and subsurface were dominated by strong EGC and polar
water conditions. High insolation and atmospheric CO2 probably
did not allow for sea ice to survive as far south as the Eirik Drift.
This setting is consistent with aweak/contracted SPG circulation
coincident with the C27 (cooling) event and/or “deglacial pause”
that is observed across the North Atlantic. The interval ended
with an outburst flood event, likely from the Hudson Strait re-
gion, which is documented by a distinct red layer, and a short-
lived surge of sea ice and stratification of the upper water
column.

- The second half of MIS 5e (124e116 ka) was characterised by a
strong influence (inflow) of Atlantic water via the IC, potentially
indicating an extended/strong SPG at this time. This state was
interrupted by episodes of cold Arctic water through the EGC, as
summer insolation decreased towards the end of MIS 5e.

- At the transition into MIS 5d (116 ka) the Eirik Drift was again
dominated by the EGC and a readvance of the Arctic front to the
south of the Eirik Drift before sea ice reappeared. The sea ice
presence could have played an important role in amplifying the
cooling of last glacial inception by diminishing the strength and
lateral extension of the SPG.

- We note that intervals of marked increase in EGC influence at
both the start (126.5e124 ka) and termination (116 ka) of MIS 5e
occur at times when sea level was high enough for the Bering
Strait to be open. At the same time, the residual or proto LIS may
have been sufficiently expanded to restrict export pathways west
of Greenland resulting in a focusing, and intensification of the
EGC route for freshwater transport to the SPG. If such a scenario
were to be corroborated by future findings, it underlines the
possibly important role of cryosphere reconfigurations, and their
influence on freshwater export and rerouting to the North
Atlantic, for understanding the climate and hydrographic tran-
sitions associated with glacial termination and inception.

Finally, our combined dinocyst and biomarker data are the first
to unequivocally demonstrate the presence of sea ice during TII, the
earliest MIS 5e and MIS 5d as well as indirectly in MIS 6. During the
late MIS 5e, cold events were recorded but sea ice was not present
as far south as the Eirik Drift. Nevertheless, it appears clear that sea
ice played a role in the SPG circulation during glacial termination
and inception.
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Reliable ice sheet reconstructions in the CAA region and additional
evidence of changes in freshwater transport routes are crucial to
better evaluate this scenario, and to what extent it ultimately could
have impacted the SPG, AMOC and North Atlantic circulation.

6. Summary and conclusions

Based on new sea ice and surface ocean hydrographical data
from the Eirik Drift in the Labrador Sea we interpret the paleo-
ceanographic evolution from the penultimate glacial throughout
MIS 5e and into MIS 5d as follows.

- MIS 6 (>~135 ka) was characterised by a thick and extensive
perennial sea ice cover at the Eirik Drift. The sea ice cover started
to break up episodically during TII (135e128 ka), as northern
hemisphere summer insolation increased toward its maximum.

- From the onset of MIS 5e (128e126.5 ka), the Eirik Drift surface
waters were characterised by a MIZ and the EGC, while the
subsurface was influenced by warm Atlantic waters via the IC
and an active/extended SPG circulation. It can be hypothesized
that the proximity of the MIZ to the Labrador Sea convection
regions could have maintained or invigorated SPG circulation
during the earliest MIS 5e.

- The MIZ retreated northwards (126.5e124 ka) and both the
surface and subsurface were dominated by strong EGC and polar
water conditions. High insolation and atmospheric CO2 probably
did not allow for sea ice to survive as far south as the Eirik Drift.
This setting is consistent with aweak/contracted SPG circulation
coincident with the C27 (cooling) event and/or “deglacial pause”
that is observed across the North Atlantic. The interval ended
with an outburst flood event, likely from the Hudson Strait re-
gion, which is documented by a distinct red layer, and a short-
lived surge of sea ice and stratification of the upper water
column.

- The second half of MIS 5e (124e116 ka) was characterised by a
strong influence (inflow) of Atlantic water via the IC, potentially
indicating an extended/strong SPG at this time. This state was
interrupted by episodes of cold Arctic water through the EGC, as
summer insolation decreased towards the end of MIS 5e.

- At the transition into MIS 5d (116 ka) the Eirik Drift was again
dominated by the EGC and a readvance of the Arctic front to the
south of the Eirik Drift before sea ice reappeared. The sea ice
presence could have played an important role in amplifying the
cooling of last glacial inception by diminishing the strength and
lateral extension of the SPG.

- We note that intervals of marked increase in EGC influence at
both the start (126.5e124 ka) and termination (116 ka) of MIS 5e
occur at times when sea level was high enough for the Bering
Strait to be open. At the same time, the residual or proto LIS may
have been sufficiently expanded to restrict export pathways west
of Greenland resulting in a focusing, and intensification of the
EGC route for freshwater transport to the SPG. If such a scenario
were to be corroborated by future findings, it underlines the
possibly important role of cryosphere reconfigurations, and their
influence on freshwater export and rerouting to the North
Atlantic, for understanding the climate and hydrographic tran-
sitions associated with glacial termination and inception.

Finally, our combined dinocyst and biomarker data are the first
to unequivocally demonstrate the presence of sea ice during TII, the
earliest MIS 5e and MIS 5d as well as indirectly in MIS 6. During the
late MIS 5e, cold events were recorded but sea ice was not present
as far south as the Eirik Drift. Nevertheless, it appears clear that sea
ice played a role in the SPG circulation during glacial termination
and inception.
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ReliableicesheetreconstructionsintheCAAregionandadditional
evidenceofchangesinfreshwatertransportroutesarecrucialto
betterevaluatethisscenario,andtowhatextentitultimatelycould
haveimpactedtheSPG,AMOCandNorthAtlanticcirculation.

6.Summaryandconclusions

Basedonnewseaiceandsurfaceoceanhydrographicaldata
fromtheEirikDriftintheLabradorSeaweinterpretthepaleo-
ceanographicevolutionfromthepenultimateglacialthroughout
MIS5eandintoMIS5dasfollows.

-MIS6(>~135ka)wascharacterisedbyathickandextensive
perennialseaicecoverattheEirikDrift.Theseaicecoverstarted
tobreakupepisodicallyduringTII(135e128ka),asnorthern
hemispheresummerinsolationincreasedtowarditsmaximum.

-FromtheonsetofMIS5e(128e126.5ka),theEirikDriftsurface
waterswerecharacterisedbyaMIZandtheEGC,whilethe
subsurfacewasinfluencedbywarmAtlanticwatersviatheIC
andanactive/extendedSPGcirculation.Itcanbehypothesized
thattheproximityoftheMIZtotheLabradorSeaconvection
regionscouldhavemaintainedorinvigoratedSPGcirculation
duringtheearliestMIS5e.

-TheMIZretreatednorthwards(126.5e124ka)andboththe
surfaceandsubsurfaceweredominatedbystrongEGCandpolar
waterconditions.HighinsolationandatmosphericCO2probably
didnotallowforseaicetosurviveasfarsouthastheEirikDrift.
Thissettingisconsistentwithaweak/contractedSPGcirculation
coincidentwiththeC27(cooling)eventand/or“deglacialpause”
thatisobservedacrosstheNorthAtlantic.Theintervalended
withanoutburstfloodevent,likelyfromtheHudsonStraitre-
gion,whichisdocumentedbyadistinctredlayer,andashort-
livedsurgeofseaiceandstratificationoftheupperwater
column.

-ThesecondhalfofMIS5e(124e116ka)wascharacterisedbya
stronginfluence(inflow)ofAtlanticwaterviatheIC,potentially
indicatinganextended/strongSPGatthistime.Thisstatewas
interruptedbyepisodesofcoldArcticwaterthroughtheEGC,as
summerinsolationdecreasedtowardstheendofMIS5e.

-AtthetransitionintoMIS5d(116ka)theEirikDriftwasagain
dominatedbytheEGCandareadvanceoftheArcticfronttothe
southoftheEirikDriftbeforeseaicereappeared.Theseaice
presencecouldhaveplayedanimportantroleinamplifyingthe
coolingoflastglacialinceptionbydiminishingthestrengthand
lateralextensionoftheSPG.

-WenotethatintervalsofmarkedincreaseinEGCinfluenceat
boththestart(126.5e124ka)andtermination(116ka)ofMIS5e
occurattimeswhensealevelwashighenoughfortheBering
Straittobeopen.Atthesametime,theresidualorprotoLISmay
havebeensufficientlyexpandedtorestrictexportpathwayswest
ofGreenlandresultinginafocusing,andintensificationofthe
EGCrouteforfreshwatertransporttotheSPG.Ifsuchascenario
weretobecorroboratedbyfuturefindings,itunderlinesthe
possiblyimportantroleofcryospherereconfigurations,andtheir
influenceonfreshwaterexportandreroutingtotheNorth
Atlantic,forunderstandingtheclimateandhydrographictran-
sitionsassociatedwithglacialterminationandinception.

Finally,ourcombineddinocystandbiomarkerdataarethefirst
tounequivocallydemonstratethepresenceofseaiceduringTII,the
earliestMIS5eandMIS5daswellasindirectlyinMIS6.Duringthe
lateMIS5e,coldeventswererecordedbutseaicewasnotpresent
asfarsouthastheEirikDrift.Nevertheless,itappearsclearthatsea
iceplayedaroleintheSPGcirculationduringglacialtermination
andinception.
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Supplementary information to “Sea ice variability in the North Atlantic subpolar 1 

gyre throughout the Last Interglacial” 2 
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 4 
Supplementary Figure 1: a* colour parameter from cores 22CC-B (this study; blue curve) and MD03-5 
2664 (Galaasen et al., 2014; red curve) plotted on their respective depth scales (cm below sea floor). 6 
Higher a* values reflect more red colour of the sediment. The “red layer” is identified between ca. 7 
1678.5–1673.0 cm in 22CC-B. 8 

Supplementary information to “Sea ice variability in the North Atlantic subpolar 1 

gyre throughout the Last Interglacial” 2 

 3 

 4 
Supplementary Figure 1: a* colour parameter from cores 22CC-B (this study; blue curve) and MD03- 5 
2664 (Galaasen et al., 2014; red curve) plotted on their respective depth scales (cm below sea floor). 6 
Higher a* values reflect more red colour of the sediment. The “red layer” is identified between ca. 7 
1678.5–1673.0 cm in 22CC-B. 8 

Supplementary information to “Sea ice variability in the North Atlantic subpolar 1 

gyre throughout the Last Interglacial” 2 

 3 

 4 
Supplementary Figure 1: a* colour parameter from cores 22CC-B (this study; blue curve) and MD03- 5 
2664 (Galaasen et al., 2014; red curve) plotted on their respective depth scales (cm below sea floor). 6 
Higher a* values reflect more red colour of the sediment. The “red layer” is identified between ca. 7 
1678.5–1673.0 cm in 22CC-B. 8 

Supplementary information to “Sea ice variability in the North Atlantic subpolar 1 

gyre throughout the Last Interglacial” 2 

 3 

 4 
Supplementary Figure 1: a* colour parameter from cores 22CC-B (this study; blue curve) and MD03-5 
2664 (Galaasen et al., 2014; red curve) plotted on their respective depth scales (cm below sea floor). 6 
Higher a* values reflect more red colour of the sediment. The “red layer” is identified between ca. 7 
1678.5–1673.0 cm in 22CC-B. 8 

Supplementary information to “Sea ice variability in the North Atlantic subpolar 1 

gyre throughout the Last Interglacial” 2 

 3 

 4 
Supplementary Figure 1: a* colour parameter from cores 22CC-B (this study; blue curve) and MD03-5 
2664 (Galaasen et al., 2014; red curve) plotted on their respective depth scales (cm below sea floor). 6 
Higher a* values reflect more red colour of the sediment. The “red layer” is identified between ca. 7 
1678.5–1673.0 cm in 22CC-B. 8 

Supplementary information to “Sea ice variability in the North Atlantic subpolar 1 

gyre throughout the Last Interglacial” 2 

 3 

 4 
Supplementary Figure 1: a* colour parameter from cores 22CC-B (this study; blue curve) and MD03- 5 
2664 (Galaasen et al., 2014; red curve) plotted on their respective depth scales (cm below sea floor). 6 
Higher a* values reflect more red colour of the sediment. The “red layer” is identified between ca. 7 
1678.5–1673.0 cm in 22CC-B. 8 

Supplementary information to “Sea ice variability in the North Atlantic subpolar 1 

gyre throughout the Last Interglacial” 2 

 3 

 4 
Supplementary Figure 1: a* colour parameter from cores 22CC-B (this study; blue curve) and MD03- 5 
2664 (Galaasen et al., 2014; red curve) plotted on their respective depth scales (cm below sea floor). 6 
Higher a* values reflect more red colour of the sediment. The “red layer” is identified between ca. 7 
1678.5–1673.0 cm in 22CC-B. 8 

Supplementary information to “Sea ice variability in the North Atlantic subpolar 1 

gyre throughout the Last Interglacial” 2 

 3 

 4 
Supplementary Figure 1: a* colour parameter from cores 22CC-B (this study; blue curve) and MD03- 5 
2664 (Galaasen et al., 2014; red curve) plotted on their respective depth scales (cm below sea floor). 6 
Higher a* values reflect more red colour of the sediment. The “red layer” is identified between ca. 7 
1678.5–1673.0 cm in 22CC-B. 8 

Supplementary information to “Sea ice variability in the North Atlantic subpolar 1 

gyre throughout the Last Interglacial” 2 

 3 

 4 
Supplementary Figure 1: a* colour parameter from cores 22CC-B (this study; blue curve) and MD03- 5 
2664 (Galaasen et al., 2014; red curve) plotted on their respective depth scales (cm below sea floor). 6 
Higher a* values reflect more red colour of the sediment. The “red layer” is identified between ca. 7 
1678.5–1673.0 cm in 22CC-B. 8 



 9 

Supplementary Figure 2: Uncertainty of the relative abundance (%) calculated using the method of 10 
Heslop et al. (2011) for three dinoflagellate cyst taxa discussed in text (cysts of P. dalei, Round Brown 11 
Cysts and Spiniferites spp.). The black lines represent the relative abundance (%) and the shaded areas 12 
represent the minimum and maximum percentage values at 0.05 significance level. The uncertainty 13 
intervals are largest in the older part of the record (> ca. 127 ka) because the number of counted 14 
dinoflagellate cyst specimens was considerably lower than in the rest of the record. 15 
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Chapter 6

Synthesis and Outlook

This thesis presents new insights into past sea ice conditions and the significance of sea

ice in the context of ocean and climate variability. I generated centennial-scale sea ice

biomarker and dinoflagellate cyst assemblage records from the subpolar Labrador Sea

and the Fram Strait, covering the time interval between 140 and 90 thousand years

ago. During this time interval, Earth’s climate underwent profound glacial-interglacial

changes from the late MIS 6 glacial throughout T II, the warmer-than-present LIG (MIS

5e; 128–116 ka), the last glacial inception into MIS 5d. The three integrated papers of

this PhD thesis contribute new insights into the paleoceanographic history of the Arctic

to Subarctic regions, providing comprehensive and empirical evidence on 1) the nature,

timing and extent of (sub)Arctic sea ice throughout MIS 5e its glacial transitions, 2)

the broader interactions between sea ice, ocean currents and ice sheet evolution, and 3)

insights into the application of foraminiferal oxygen isotopes to indicate sea ice coupled

with vertical stratification, and deep convection in the subpolar Labrador Sea.

6.1 Synthesis of papers

In Paper I, we documented the sea ice variability in the subpolar Labrador Sea (Objective

I), and found that extensive/perennial sea ice cover existed starting with the late MIS

6 (145–135). The sea ice cover started to break up occasionally during T II (135–128

ka) and the marginal ice zone gradually retreated northward. In the earliest MIS 5e

(128–126.5 ka), the marginal ice zone was likely located directly over the core location

on the Eirik Drift. Subsequently, sea ice-free conditions occurred in the latter MIS 5e

(126.5–116 ka), and it re-advanced again to the Eirik Drift during MIS 5d (< 114 ka).

With this, our data are the first to directly demonstrate the presence of sea ice in the
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subpolar Labrador Sea during T II, the earliest MIS 5e and MIS 5d, and indirectly in late

MIS 6. This contribution significantly advances our understanding of the LIG sea ice

extent, addressing previously unresolved questions regarding the timing of sea ice retreat

following the glacial MIS 6, its existence within the LIG, and its re-advance following the

LIG in the context of insolation, Greenland Ice sheet extent, and the surface currents of

the SPG (Objective II).

Our first hypothesis was that sea ice may have modulated the SPG circulation during

the LIG and its glacial transitions. Indeed, our findings from the Labrador Sea revealed

a strong connection between sea ice and SPG variability, especially in the earliest MIS

5e and MIS 5d, i.e., at the end of the glacial termination, and at the start of glacial

inception. Thus, we conclude that sea ice played a role in modulating the SPG during

these periods. Firstly, during the earliest MIS 5e, the marginal sea ice zone was likely

positioned in the subpolar Labrador Sea. Given its proximity to the convection region

in the Labrador Sea, the marginal ice zone, and its associated cooling feedbacks, may

have sustained or enhanced convection in the subpolar Labrador Sea during a time when

melting of deglacial ice remnants may otherwise have weakened the convection. Thus,

the marginal ice zone may have played a role in maintaining or enhancing the SPG.

Secondly, the return of sea ice during MIS 5d may have played a role in amplifying the

cooling of the last glacial inception by diminishing the strength or lateral extension of the

SPG. Thus, the presence of sea ice, both into and out of MIS 5e, may have played roles

in amplifying climate signals of warming/cooling by influencing the flow of the SPG.

We also found that sea ice was not a prerequisite for SPG variability. Particularly in

the early MIS 5e (126.5–124 ka), our study shows the sea ice had mostly retreated. But

despite the retreat, the ocean experienced profound cooling. This likely corresponded

with a reduction in SPG strength and/or lateral orientation. Based on previous stud-

ies by Condron and Winsor (2012) and Lofverstrom et al. (2022), we discussed whether

Laurentide Ice Sheet remnants in the Canadian Arctic Archipelago (CAA) may have in-

fluenced the buoyancy forcing of the SPG. Specifically, the residual Laurentide Ice Sheet

may have been sufficiently expanded to restrict export pathways for freshwater west of

Greenland resulting in a focusing, and intensification of the EGC route for freshwater

transport to the SPG. We also hypothesized a similar scenario for MIS 5d. Although our

data remain inconclusive of such a scenario, if it were to be corroborated by future find-

ings, it underlines the possibly important role of cryospheric reconfigurations, and their

influence on freshwater export and rerouting to the North Atlantic, for understanding

the climate and hydrography in the North Atlantic.

In Paper II, we documented the sea ice conditions in the eastern Fram Strait from the

late glacial MIS 6, throughout the LIG (Objective I). Our data revealed a similar sea
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subpolarLabradorSeaduringTII,theearliestMIS5eandMIS5d,andindirectlyinlate

MIS6.ThiscontributionsignificantlyadvancesourunderstandingoftheLIGseaice

extent,addressingpreviouslyunresolvedquestionsregardingthetimingofseaiceretreat

followingtheglacialMIS6,itsexistencewithintheLIG,anditsre-advancefollowingthe

LIGinthecontextofinsolation,GreenlandIcesheetextent,andthesurfacecurrentsof

theSPG(ObjectiveII).

OurfirsthypothesiswasthatseaicemayhavemodulatedtheSPGcirculationduring

theLIGanditsglacialtransitions.Indeed,ourfindingsfromtheLabradorSearevealed

astrongconnectionbetweenseaiceandSPGvariability,especiallyintheearliestMIS

5eandMIS5d,i.e.,attheendoftheglacialtermination,andatthestartofglacial

inception.Thus,weconcludethatseaiceplayedaroleinmodulatingtheSPGduring

theseperiods.Firstly,duringtheearliestMIS5e,themarginalseaicezonewaslikely

positionedinthesubpolarLabradorSea.Givenitsproximitytotheconvectionregion

intheLabradorSea,themarginalicezone,anditsassociatedcoolingfeedbacks,may

havesustainedorenhancedconvectioninthesubpolarLabradorSeaduringatimewhen

meltingofdeglacialiceremnantsmayotherwisehaveweakenedtheconvection.Thus,

themarginalicezonemayhaveplayedaroleinmaintainingorenhancingtheSPG.

Secondly,thereturnofseaiceduringMIS5dmayhaveplayedaroleinamplifyingthe

coolingofthelastglacialinceptionbydiminishingthestrengthorlateralextensionofthe

SPG.Thus,thepresenceofseaice,bothintoandoutofMIS5e,mayhaveplayedroles

inamplifyingclimatesignalsofwarming/coolingbyinfluencingtheflowoftheSPG.

WealsofoundthatseaicewasnotaprerequisiteforSPGvariability.Particularlyin

theearlyMIS5e(126.5–124ka),ourstudyshowstheseaicehadmostlyretreated.But

despitetheretreat,theoceanexperiencedprofoundcooling.Thislikelycorresponded

withareductioninSPGstrengthand/orlateralorientation.Basedonpreviousstud-

iesbyCondronandWinsor(2012)andLofverstrometal.(2022),wediscussedwhether
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theearlyMIS5e(126.5–124ka),ourstudyshowstheseaicehadmostlyretreated.But

despitetheretreat,theoceanexperiencedprofoundcooling.Thislikelycorresponded

withareductioninSPGstrengthand/orlateralorientation.Basedonpreviousstud-

iesbyCondronandWinsor(2012)andLofverstrometal.(2022),wediscussedwhether

LaurentideIceSheetremnantsintheCanadianArcticArchipelago(CAA)mayhavein-

fluencedthebuoyancyforcingoftheSPG.Specifically,theresidualLaurentideIceSheet

mayhavebeensufficientlyexpandedtorestrictexportpathwaysforfreshwaterwestof

Greenlandresultinginafocusing,andintensificationoftheEGCrouteforfreshwater

transporttotheSPG.WealsohypothesizedasimilarscenarioforMIS5d.Althoughour

dataremaininconclusiveofsuchascenario,ifitweretobecorroboratedbyfuturefind-

ings,itunderlinesthepossiblyimportantroleofcryosphericreconfigurations,andtheir

influenceonfreshwaterexportandreroutingtotheNorthAtlantic,forunderstanding

theclimateandhydrographyintheNorthAtlantic.

InPaperII,wedocumentedtheseaiceconditionsintheeasternFramStraitfromthe

lateglacialMIS6,throughouttheLIG(ObjectiveI).Ourdatarevealedasimilarsea
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subpolar Labrador Sea during T II, the earliest MIS 5e and MIS 5d, and indirectly in late

MIS 6. This contribution significantly advances our understanding of the LIG sea ice

extent, addressing previously unresolved questions regarding the timing of sea ice retreat

following the glacial MIS 6, its existence within the LIG, and its re-advance following the

LIG in the context of insolation, Greenland Ice sheet extent, and the surface currents of

the SPG (Objective II).

Our first hypothesis was that sea ice may have modulated the SPG circulation during

the LIG and its glacial transitions. Indeed, our findings from the Labrador Sea revealed

a strong connection between sea ice and SPG variability, especially in the earliest MIS

5e and MIS 5d, i.e., at the end of the glacial termination, and at the start of glacial

inception. Thus, we conclude that sea ice played a role in modulating the SPG during

these periods. Firstly, during the earliest MIS 5e, the marginal sea ice zone was likely

positioned in the subpolar Labrador Sea. Given its proximity to the convection region

in the Labrador Sea, the marginal ice zone, and its associated cooling feedbacks, may

have sustained or enhanced convection in the subpolar Labrador Sea during a time when

melting of deglacial ice remnants may otherwise have weakened the convection. Thus,

the marginal ice zone may have played a role in maintaining or enhancing the SPG.

Secondly, the return of sea ice during MIS 5d may have played a role in amplifying the

cooling of the last glacial inception by diminishing the strength or lateral extension of the

SPG. Thus, the presence of sea ice, both into and out of MIS 5e, may have played roles

in amplifying climate signals of warming/cooling by influencing the flow of the SPG.

We also found that sea ice was not a prerequisite for SPG variability. Particularly in

the early MIS 5e (126.5–124 ka), our study shows the sea ice had mostly retreated. But

despite the retreat, the ocean experienced profound cooling. This likely corresponded

with a reduction in SPG strength and/or lateral orientation. Based on previous stud-

ies by Condron and Winsor (2012) and Lofverstrom et al. (2022), we discussed whether

Laurentide Ice Sheet remnants in the Canadian Arctic Archipelago (CAA) may have in-

fluenced the buoyancy forcing of the SPG. Specifically, the residual Laurentide Ice Sheet

may have been sufficiently expanded to restrict export pathways for freshwater west of

Greenland resulting in a focusing, and intensification of the EGC route for freshwater

transport to the SPG. We also hypothesized a similar scenario for MIS 5d. Although our

data remain inconclusive of such a scenario, if it were to be corroborated by future find-

ings, it underlines the possibly important role of cryospheric reconfigurations, and their

influence on freshwater export and rerouting to the North Atlantic, for understanding

the climate and hydrography in the North Atlantic.

In Paper II, we documented the sea ice conditions in the eastern Fram Strait from the

late glacial MIS 6, throughout the LIG (Objective I). Our data revealed a similar sea
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subpolarLabradorSeaduringTII,theearliestMIS5eandMIS5d,andindirectlyinlate

MIS6.ThiscontributionsignificantlyadvancesourunderstandingoftheLIGseaice

extent,addressingpreviouslyunresolvedquestionsregardingthetimingofseaiceretreat

followingtheglacialMIS6,itsexistencewithintheLIG,anditsre-advancefollowingthe

LIGinthecontextofinsolation,GreenlandIcesheetextent,andthesurfacecurrentsof

theSPG(ObjectiveII).

OurfirsthypothesiswasthatseaicemayhavemodulatedtheSPGcirculationduring

theLIGanditsglacialtransitions.Indeed,ourfindingsfromtheLabradorSearevealed

astrongconnectionbetweenseaiceandSPGvariability,especiallyintheearliestMIS

5eandMIS5d,i.e.,attheendoftheglacialtermination,andatthestartofglacial

inception.Thus,weconcludethatseaiceplayedaroleinmodulatingtheSPGduring

theseperiods.Firstly,duringtheearliestMIS5e,themarginalseaicezonewaslikely

positionedinthesubpolarLabradorSea.Givenitsproximitytotheconvectionregion

intheLabradorSea,themarginalicezone,anditsassociatedcoolingfeedbacks,may

havesustainedorenhancedconvectioninthesubpolarLabradorSeaduringatimewhen

meltingofdeglacialiceremnantsmayotherwisehaveweakenedtheconvection.Thus,

themarginalicezonemayhaveplayedaroleinmaintainingorenhancingtheSPG.

Secondly,thereturnofseaiceduringMIS5dmayhaveplayedaroleinamplifyingthe

coolingofthelastglacialinceptionbydiminishingthestrengthorlateralextensionofthe

SPG.Thus,thepresenceofseaice,bothintoandoutofMIS5e,mayhaveplayedroles

inamplifyingclimatesignalsofwarming/coolingbyinfluencingtheflowoftheSPG.

WealsofoundthatseaicewasnotaprerequisiteforSPGvariability.Particularlyin

theearlyMIS5e(126.5–124ka),ourstudyshowstheseaicehadmostlyretreated.But

despitetheretreat,theoceanexperiencedprofoundcooling.Thislikelycorresponded

withareductioninSPGstrengthand/orlateralorientation.Basedonpreviousstud-

iesbyCondronandWinsor(2012)andLofverstrometal.(2022),wediscussedwhether

LaurentideIceSheetremnantsintheCanadianArcticArchipelago(CAA)mayhavein-

fluencedthebuoyancyforcingoftheSPG.Specifically,theresidualLaurentideIceSheet

mayhavebeensufficientlyexpandedtorestrictexportpathwaysforfreshwaterwestof

Greenlandresultinginafocusing,andintensificationoftheEGCrouteforfreshwater

transporttotheSPG.WealsohypothesizedasimilarscenarioforMIS5d.Althoughour

dataremaininconclusiveofsuchascenario,ifitweretobecorroboratedbyfuturefind-

ings,itunderlinesthepossiblyimportantroleofcryosphericreconfigurations,andtheir

influenceonfreshwaterexportandreroutingtotheNorthAtlantic,forunderstanding

theclimateandhydrographyintheNorthAtlantic.

InPaperII,wedocumentedtheseaiceconditionsintheeasternFramStraitfromthe

lateglacialMIS6,throughouttheLIG(ObjectiveI).Ourdatarevealedasimilarsea
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ice trend as the subpolar Labrador Sea. Our study found that the sea ice cover evolved

from a late MIS 6 extensive sea ice to a prominent marginal ice zone that persisted for

nearly the entire 7000-year duration of T II, before completely retreating at the end of

the deglaciation. We tested the second hypothesis that sea ice, Atlantic waters, and the

surrounding ice sheets were important for shaping the ocean-climate variability in the

eastern Fram Strait. Throughout MIS 6, the extensive sea ice cover likely experienced

occasional melting and reductions. These reductions may have been due to the opening

of local polynyas triggered by katabatic winds associated with the large extent of the

Svalbard Barents Sea Ice Sheet (SBIS) and the inflow of sub-surfaced Atlantic water

that may have occasionally outcropped at the surface ocean, similar to previous findings

by Matthiessen and Knies (2001) and Stein et al. (2017).

During T II, we observed a unique sedimentary environment that may have increased

the efficiency of the ocean biological pump. Processes associated with the marginal sea

ice zone presence, and high sedimentary input from the disintegrating SBIS, likely led to

increased primary productivity and efficient vertical transport of phytoplankton organic

matter and storage in the sediments. The phytoplankton organic matter remineralizes

and sequesters CO2 into the deep ocean together with the sinking of CO2-enriched brines,

and thereby the environment during T II may have influenced the ocean biologic pump.

Such an environment may suggest a potential importance of glacial termination phases

and the interactions of sea ice and ice sheets for enhanced CO2 capture in the oceans.

Following T II, the eastern Fram Strait became sea ice-free, and a two-step warming of

the surface ocean occurred throughout the LIG with a late interglacial optimum around

ca. 120,000 years ago. During MIS 5d, summer insolation decreased (Laskar et al.,

2004) and the surrounding ice sheets expanded again (Svendsen et al., 2004). Despite

the apparent cooler conditions, we did not detect a reappearance of sea ice in the eastern

Fram Strait. However, it remains unclear whether this is a true climate signal, or rather

caused by poor biomarker preservation (see paper II and chapter 6.2.2).

When we compared our reconstruction alongside other published LIG records in the

Fram Strait (Stein et al., 2017; Kremer et al., 2018a,b), it became clear that large spatial

variability of the sea ice cover over relatively short distances occurred. The variability

underscores the high sensitivity of sea ice in the Fram Strait to Atlantic water influence

and ice sheet dynamics. While our findings contribute new knowledge to the complex

sea ice interactions in the Fram Strait region, they also highlight that more records for

this area are needed to precisely capture the magnitude of, and the causes for, the large

variability. Especially during the glacial transitions where generally low resolution and

uncertain chronologies make any precise comparisons of sea ice cover challenging.

In Paper III, we returned to the subpolar Labrador Sea, expanding the analysis from Pa-
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icetrendasthesubpolarLabradorSea.Ourstudyfoundthattheseaicecoverevolved

fromalateMIS6extensiveseaicetoaprominentmarginalicezonethatpersistedfor

nearlytheentire7000-yeardurationofTII,beforecompletelyretreatingattheendof

thedeglaciation.Wetestedthesecondhypothesisthatseaice,Atlanticwaters,andthe

surroundingicesheetswereimportantforshapingtheocean-climatevariabilityinthe

easternFramStrait.ThroughoutMIS6,theextensiveseaicecoverlikelyexperienced

occasionalmeltingandreductions.Thesereductionsmayhavebeenduetotheopening

oflocalpolynyastriggeredbykatabaticwindsassociatedwiththelargeextentofthe

SvalbardBarentsSeaIceSheet(SBIS)andtheinflowofsub-surfacedAtlanticwater

thatmayhaveoccasionallyoutcroppedatthesurfaceocean,similartopreviousfindings

byMatthiessenandKnies(2001)andSteinetal.(2017).

DuringTII,weobservedauniquesedimentaryenvironmentthatmayhaveincreased

theefficiencyoftheoceanbiologicalpump.Processesassociatedwiththemarginalsea

icezonepresence,andhighsedimentaryinputfromthedisintegratingSBIS,likelyledto

increasedprimaryproductivityandefficientverticaltransportofphytoplanktonorganic

matterandstorageinthesediments.Thephytoplanktonorganicmatterremineralizes

andsequestersCO2intothedeepoceantogetherwiththesinkingofCO2-enrichedbrines,

andtherebytheenvironmentduringTIImayhaveinfluencedtheoceanbiologicpump.

Suchanenvironmentmaysuggestapotentialimportanceofglacialterminationphases

andtheinteractionsofseaiceandicesheetsforenhancedCO2captureintheoceans.

FollowingTII,theeasternFramStraitbecameseaice-free,andatwo-stepwarmingof

thesurfaceoceanoccurredthroughouttheLIGwithalateinterglacialoptimumaround

ca.120,000yearsago.DuringMIS5d,summerinsolationdecreased(Laskaretal.,

2004)andthesurroundingicesheetsexpandedagain(Svendsenetal.,2004).Despite

theapparentcoolerconditions,wedidnotdetectareappearanceofseaiceintheeastern

FramStrait.However,itremainsunclearwhetherthisisatrueclimatesignal,orrather

causedbypoorbiomarkerpreservation(seepaperIIandchapter6.2.2).

WhenwecomparedourreconstructionalongsideotherpublishedLIGrecordsinthe

FramStrait(Steinetal.,2017;Kremeretal.,2018a,b),itbecameclearthatlargespatial

variabilityoftheseaicecoveroverrelativelyshortdistancesoccurred.Thevariability

underscoresthehighsensitivityofseaiceintheFramStraittoAtlanticwaterinfluence

andicesheetdynamics.Whileourfindingscontributenewknowledgetothecomplex

seaiceinteractionsintheFramStraitregion,theyalsohighlightthatmorerecordsfor

thisareaareneededtopreciselycapturethemagnitudeof,andthecausesfor,thelarge

variability.Especiallyduringtheglacialtransitionswheregenerallylowresolutionand

uncertainchronologiesmakeanyprecisecomparisonsofseaicecoverchallenging.

InPaperIII,wereturnedtothesubpolarLabradorSea,expandingtheanalysisfromPa-
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ice trend as the subpolar Labrador Sea. Our study found that the sea ice cover evolved

from a late MIS 6 extensive sea ice to a prominent marginal ice zone that persisted for

nearly the entire 7000-year duration of T II, before completely retreating at the end of

the deglaciation. We tested the second hypothesis that sea ice, Atlantic waters, and the

surrounding ice sheets were important for shaping the ocean-climate variability in the

eastern Fram Strait. Throughout MIS 6, the extensive sea ice cover likely experienced

occasional melting and reductions. These reductions may have been due to the opening

of local polynyas triggered by katabatic winds associated with the large extent of the

Svalbard Barents Sea Ice Sheet (SBIS) and the inflow of sub-surfaced Atlantic water

that may have occasionally outcropped at the surface ocean, similar to previous findings

by Matthiessen and Knies (2001) and Stein et al. (2017).

During T II, we observed a unique sedimentary environment that may have increased

the efficiency of the ocean biological pump. Processes associated with the marginal sea

ice zone presence, and high sedimentary input from the disintegrating SBIS, likely led to

increased primary productivity and efficient vertical transport of phytoplankton organic

matter and storage in the sediments. The phytoplankton organic matter remineralizes

and sequesters CO2 into the deep ocean together with the sinking of CO2-enriched brines,

and thereby the environment during T II may have influenced the ocean biologic pump.

Such an environment may suggest a potential importance of glacial termination phases

and the interactions of sea ice and ice sheets for enhanced CO2 capture in the oceans.

Following T II, the eastern Fram Strait became sea ice-free, and a two-step warming of

the surface ocean occurred throughout the LIG with a late interglacial optimum around

ca. 120,000 years ago. During MIS 5d, summer insolation decreased (Laskar et al.,

2004) and the surrounding ice sheets expanded again (Svendsen et al., 2004). Despite

the apparent cooler conditions, we did not detect a reappearance of sea ice in the eastern

Fram Strait. However, it remains unclear whether this is a true climate signal, or rather

caused by poor biomarker preservation (see paper II and chapter 6.2.2).

When we compared our reconstruction alongside other published LIG records in the

Fram Strait (Stein et al., 2017; Kremer et al., 2018a,b), it became clear that large spatial

variability of the sea ice cover over relatively short distances occurred. The variability

underscores the high sensitivity of sea ice in the Fram Strait to Atlantic water influence

and ice sheet dynamics. While our findings contribute new knowledge to the complex

sea ice interactions in the Fram Strait region, they also highlight that more records for

this area are needed to precisely capture the magnitude of, and the causes for, the large

variability. Especially during the glacial transitions where generally low resolution and

uncertain chronologies make any precise comparisons of sea ice cover challenging.
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icetrendasthesubpolarLabradorSea.Ourstudyfoundthattheseaicecoverevolved

fromalateMIS6extensiveseaicetoaprominentmarginalicezonethatpersistedfor

nearlytheentire7000-yeardurationofTII,beforecompletelyretreatingattheendof

thedeglaciation.Wetestedthesecondhypothesisthatseaice,Atlanticwaters,andthe

surroundingicesheetswereimportantforshapingtheocean-climatevariabilityinthe

easternFramStrait.ThroughoutMIS6,theextensiveseaicecoverlikelyexperienced

occasionalmeltingandreductions.Thesereductionsmayhavebeenduetotheopening

oflocalpolynyastriggeredbykatabaticwindsassociatedwiththelargeextentofthe

SvalbardBarentsSeaIceSheet(SBIS)andtheinflowofsub-surfacedAtlanticwater

thatmayhaveoccasionallyoutcroppedatthesurfaceocean,similartopreviousfindings

byMatthiessenandKnies(2001)andSteinetal.(2017).

DuringTII,weobservedauniquesedimentaryenvironmentthatmayhaveincreased

theefficiencyoftheoceanbiologicalpump.Processesassociatedwiththemarginalsea

icezonepresence,andhighsedimentaryinputfromthedisintegratingSBIS,likelyledto

increasedprimaryproductivityandefficientverticaltransportofphytoplanktonorganic

matterandstorageinthesediments.Thephytoplanktonorganicmatterremineralizes

andsequestersCO2intothedeepoceantogetherwiththesinkingofCO2-enrichedbrines,

andtherebytheenvironmentduringTIImayhaveinfluencedtheoceanbiologicpump.

Suchanenvironmentmaysuggestapotentialimportanceofglacialterminationphases

andtheinteractionsofseaiceandicesheetsforenhancedCO2captureintheoceans.

FollowingTII,theeasternFramStraitbecameseaice-free,andatwo-stepwarmingof

thesurfaceoceanoccurredthroughouttheLIGwithalateinterglacialoptimumaround

ca.120,000yearsago.DuringMIS5d,summerinsolationdecreased(Laskaretal.,

2004)andthesurroundingicesheetsexpandedagain(Svendsenetal.,2004).Despite

theapparentcoolerconditions,wedidnotdetectareappearanceofseaiceintheeastern

FramStrait.However,itremainsunclearwhetherthisisatrueclimatesignal,orrather

causedbypoorbiomarkerpreservation(seepaperIIandchapter6.2.2).

WhenwecomparedourreconstructionalongsideotherpublishedLIGrecordsinthe

FramStrait(Steinetal.,2017;Kremeretal.,2018a,b),itbecameclearthatlargespatial

variabilityoftheseaicecoveroverrelativelyshortdistancesoccurred.Thevariability

underscoresthehighsensitivityofseaiceintheFramStraittoAtlanticwaterinfluence

andicesheetdynamics.Whileourfindingscontributenewknowledgetothecomplex

seaiceinteractionsintheFramStraitregion,theyalsohighlightthatmorerecordsfor

thisareaareneededtopreciselycapturethemagnitudeof,andthecausesfor,thelarge
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per I, and reevaluated previous interpretations of ocean stratification, deep convection,

and deep ocean currents in connection to the different sea ice conditions. The objec-

tive was to evaluate the potential of oxygen isotopes from paired planktic and benthic

foraminifers to indicate sea ice cover (objective III). Our study suggests that combined

isotopic measurements of benthic and planktic foraminifers, (△δ18O), i.e., isotopic off-

set, may offer valuable insights into the presence of sea ice at the surface ocean in the

subpolar Labrador Sea. This is evident throughout the cold periods of MIS 6, T II, and

MIS 5d. During these periods, similar planktic and benthic isotopic values (i.e. isotopic

offsets around zero) occurred, suggesting that similar temperatures persisted throughout

the water column when there was sea ice. Based on these observations we hypothesized

that conditions cold enough to support sea ice may lead to subsurface waters with tem-

peratures dropping to levels close to those in the deep ocean, comparable to observations

made from the modern Southern Ocean (Lund et al., 2021).

However, we also demonstrate that unequivocal interpretations of isotopic offsets between

planktic and benthic species are challenging, particularly evident during T II and the

earliest MIS 5e. During T II anomalous decreases in benthic δ18O indicate fluctuations

in the deep ocean environment, which is a well-known feature in the high northern

latitude oceans (e.g. Rasmussen et al., 2003; Risebrobakken et al., 2006). Brine formation,

temperature anomalies, δ18O-depleted meltwater bursts and/or deepening of the surface

water layer have been suggested as possible mechanisms for the anomalies but ultimately

the reason behind their depletions remains unresolved. Importantly, these anomalies are

widespread, and they demonstrate that competing influences on the isotope signal can,

and have, overridden the signal related to sea ice and vertical stratification associated

with interpreting isotopes. Thus, the anomalies complicate a univocal interpretation

of the isotopes in the context of sea ice or other hydrographic conditions. Additionally,

during the earliest MIS 5e the “isotopic offset” does correspond to the sea ice documented

at the surface ocean. Nevertheless, the offset here cannot be explained by the sea ice

associated subsurface cooling like during the cold periods. During this time, proxy

evidence suggests a warming of the subsurface ocean (Irvali et al., 2012, 2016), which is

clearly inconsistent with the hypothesis of subsurface cooling. Therefore the “isotopic

offset” should always be used in association with other proxies, as alone, they may

lead to wrong conclusions. A need for further multiproxy studies remains, involving a

comparison of established sea ice proxies with planktic and benthic δ18O to thoroughly

assess the relationships between foraminiferal planktic and benthic isotopes, sea ice, and

ocean hydrographic conditions in the wider subpolar North Atlantic.
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earliestMIS5e.DuringTIIanomalousdecreasesinbenthicδ18Oindicatefluctuations

inthedeepoceanenvironment,whichisawell-knownfeatureinthehighnorthern

latitudeoceans(e.g.Rasmussenetal.,2003;Risebrobakkenetal.,2006).Brineformation,

temperatureanomalies,δ18O-depletedmeltwaterburstsand/ordeepeningofthesurface

waterlayerhavebeensuggestedaspossiblemechanismsfortheanomaliesbutultimately

thereasonbehindtheirdepletionsremainsunresolved.Importantly,theseanomaliesare

widespread,andtheydemonstratethatcompetinginfluencesontheisotopesignalcan,

andhave,overriddenthesignalrelatedtoseaiceandverticalstratificationassociated

withinterpretingisotopes.Thus,theanomaliescomplicateaunivocalinterpretation

oftheisotopesinthecontextofseaiceorotherhydrographicconditions.Additionally,

duringtheearliestMIS5ethe“isotopicoffset”doescorrespondtotheseaicedocumented

atthesurfaceocean.Nevertheless,theoffsetherecannotbeexplainedbytheseaice

associatedsubsurfacecoolinglikeduringthecoldperiods.Duringthistime,proxy

evidencesuggestsawarmingofthesubsurfaceocean(Irvalietal.,2012,2016),whichis

clearlyinconsistentwiththehypothesisofsubsurfacecooling.Thereforethe“isotopic

offset”shouldalwaysbeusedinassociationwithotherproxies,asalone,theymay

leadtowrongconclusions.Aneedforfurthermultiproxystudiesremains,involvinga

comparisonofestablishedseaiceproxieswithplankticandbenthicδ18Otothoroughly

assesstherelationshipsbetweenforaminiferalplankticandbenthicisotopes,seaice,and

oceanhydrographicconditionsinthewidersubpolarNorthAtlantic.
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of the isotopes in the context of sea ice or other hydrographic conditions. Additionally,

during the earliest MIS 5e the “isotopic offset” does correspond to the sea ice documented

at the surface ocean. Nevertheless, the offset here cannot be explained by the sea ice

associated subsurface cooling like during the cold periods. During this time, proxy

evidence suggests a warming of the subsurface ocean (Irvali et al., 2012, 2016), which is

clearly inconsistent with the hypothesis of subsurface cooling. Therefore the “isotopic

offset” should always be used in association with other proxies, as alone, they may

lead to wrong conclusions. A need for further multiproxy studies remains, involving a

comparison of established sea ice proxies with planktic and benthic δ
18
O to thoroughly

assess the relationships between foraminiferal planktic and benthic isotopes, sea ice, and

ocean hydrographic conditions in the wider subpolar North Atlantic.
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perI,andreevaluatedpreviousinterpretationsofoceanstratification,deepconvection,

anddeepoceancurrentsinconnectiontothedifferentseaiceconditions.Theobjec-

tivewastoevaluatethepotentialofoxygenisotopesfrompairedplankticandbenthic

foraminiferstoindicateseaicecover(objectiveIII).Ourstudysuggeststhatcombined

isotopicmeasurementsofbenthicandplankticforaminifers,(△δ
18
O),i.e.,isotopicoff-

set,mayoffervaluableinsightsintothepresenceofseaiceatthesurfaceoceaninthe

subpolarLabradorSea.ThisisevidentthroughoutthecoldperiodsofMIS6,TII,and

MIS5d.Duringtheseperiods,similarplankticandbenthicisotopicvalues(i.e.isotopic

offsetsaroundzero)occurred,suggestingthatsimilartemperaturespersistedthroughout

thewatercolumnwhentherewasseaice.Basedontheseobservationswehypothesized

thatconditionscoldenoughtosupportseaicemayleadtosubsurfacewaterswithtem-

peraturesdroppingtolevelsclosetothoseinthedeepocean,comparabletoobservations

madefromthemodernSouthernOcean(Lundetal.,2021).

However,wealsodemonstratethatunequivocalinterpretationsofisotopicoffsetsbetween

plankticandbenthicspeciesarechallenging,particularlyevidentduringTIIandthe

earliestMIS5e.DuringTIIanomalousdecreasesinbenthicδ
18
Oindicatefluctuations

inthedeepoceanenvironment,whichisawell-knownfeatureinthehighnorthern

latitudeoceans(e.g.Rasmussenetal.,2003;Risebrobakkenetal.,2006).Brineformation,

temperatureanomalies,δ
18
O-depletedmeltwaterburstsand/ordeepeningofthesurface

waterlayerhavebeensuggestedaspossiblemechanismsfortheanomaliesbutultimately

thereasonbehindtheirdepletionsremainsunresolved.Importantly,theseanomaliesare

widespread,andtheydemonstratethatcompetinginfluencesontheisotopesignalcan,

andhave,overriddenthesignalrelatedtoseaiceandverticalstratificationassociated

withinterpretingisotopes.Thus,theanomaliescomplicateaunivocalinterpretation

oftheisotopesinthecontextofseaiceorotherhydrographicconditions.Additionally,

duringtheearliestMIS5ethe“isotopicoffset”doescorrespondtotheseaicedocumented

atthesurfaceocean.Nevertheless,theoffsetherecannotbeexplainedbytheseaice

associatedsubsurfacecoolinglikeduringthecoldperiods.Duringthistime,proxy

evidencesuggestsawarmingofthesubsurfaceocean(Irvalietal.,2012,2016),whichis

clearlyinconsistentwiththehypothesisofsubsurfacecooling.Thereforethe“isotopic

offset”shouldalwaysbeusedinassociationwithotherproxies,asalone,theymay

leadtowrongconclusions.Aneedforfurthermultiproxystudiesremains,involvinga

comparisonofestablishedseaiceproxieswithplankticandbenthicδ
18
Otothoroughly

assesstherelationshipsbetweenforaminiferalplankticandbenthicisotopes,seaice,and

oceanhydrographicconditionsinthewidersubpolarNorthAtlantic.
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6.2 Challenges and outlook

This thesis has provided new insights into the sea ice and paleoceanographic history

of the (sub)Arctic Oceans. However, the reconstructions presented here are pieces of a

bigger puzzle. Throughout the LIG and its glacial transitions, sea ice reconstructions

are scarce but urgently needed. Additional records, with high resolution and robust

chronologies, are essential to document, and elucidate the complex interactions of sea

ice with ocean currents and ice sheets. Our investigations have identified both chal-

lenges and opportunities for future research, particularly in understanding the interplay

between sea ice and the SPG, comprehending the complex sea ice conditions in the

Fram Strait, understanding the potential of new proxies for sea ice reconstructions, and

establishing robust chronologies. Addressing these aspects is essential for a more com-

prehensive understanding of climate variability throughout the LIG and, ultimately, for

comprehending the implications of a future Arctic characterized by reduced sea ice cover.

6.2.1 Sea ice and the subpolar gyre

This thesis documents a strong connection between sea ice presence and the dynamics

of the SPG. However, a limitation of our reconstruction is its predominant focus on

the surface ocean, despite the complex nature of the SPG circulation and its intricate

link with the AMOC. The generally limited availability of deep ocean data on high

enough resolution to capture short-term variability and abrupt climate events presents an

impediment to achieving a comprehensive understanding of the interconnections between

sea ice and the SPG, and their potential larger-scale influences for the global ocean

circulation via the AMOC.

Assessing phasing relationships between sea ice and the deep components of the SPG

and the AMOC may be a crucial investigation to further understand their connections,

and to understand the influence of sea ice on short-term variability and abrupt climate

events. This requires higher-resolution studies that integrate proxy observations from

both the surface and deep ocean. For establishing such a phasing relationship, a sea ice

reconstruction on a very high sedimentation rate site such as Core MD99-2664 on the

Eirik Drift (Irvali et al., 2012, 2016; Galaasen et al., 2014) which has the high-temporal

resolution of 35 cm/thousand years (30 years per 1-cm sample) and well-preserved bio-

genic remains making it an optimal core for such multiproxy studies.

A sea ice reconstruction from core MD99-2664 may provide further insights into whether

sea ice in the SPG region could have contributed to the abrupt instability in NADW
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that was documented in rapid depletions in benthic δ13C by Galaasen et al. (2014) in

the latter MIS 5e. These short reductions of NADW occurred when climatic conditions

favored ice mass expansion rather than rapid retreat, suggesting that decaying ice sheets

was likely not the trigger of the transient NADW reductions and thus, the causes for

the instability remains uncertain. Our data from Paper 1 suggests that sea ice could

not have been a cause for these instabilities, because in our core we did not find evi-

dence for sea ice, although cold events were recorded. Given the lower sedimentation rate

at our site 22CC-B, we cannot exclude that our record lacked the high time-resolution

required to capture potential short-lived sea ice expansions or transportation events,

which may have contributed to the instabilities in the deep ocean circulation. Thus, a

comprehensive suite of investigations, incorporating high temporal resolution and mul-

tiproxy approaches, including proxies for water mass distributions and AMOC structure

(δ13C, ϵNd), and intensity of AMOC circulation, as indicated by reconstructing deep

water export fluxes (231Pa/230Th), and bottom flow speeds (sediment grain sizes) from

high-sedimentation locations in the subpolar Labrador Sea, North Atlantic, and Arc-

tic regions, are indispensable for a better understanding of complex interactions of the

surface to deep ocean.

6.2.2 Fram Strait complexity

This thesis underscores the importance of sea ice interactions with Atlantic water and

ice sheet dynamics in shaping the environmental conditions of the Fram Strait region.

Comparing with previously published LIG studies, it became evident that sea ice condi-

tions differed between locations, demonstrating large variability within relatively small

areas. A word of caution is necessary when directly comparing paleo-records between

different locations in the Fram Strait and Arctic Ocean. Sediment cores in this region

often have uncertain chronologies making alignment between records challenging (see

section 6.2.4). In addition, several records are low-resolution, which makes it challeng-

ing to determine exactly how sea ice varied between regions during transitional periods

when climate underwent severe changes. In the broader context, it is crucially impor-

tant to understand how Fram Strait sea ice conditions responded to different internal

and external influences to understand how changes here may propagate into the Arctic,

and ultimately the central Arctic Ocean. For this, additional high-resolution reconstruc-

tions are essential to assess and align age models and proxy reconstructions, particularly

from MIS 6 and T II into MIS 5e, and from MIS 5e into MIS 5d.

A particular challenge to our sea ice reconstructions was the peculiarly low biomarker

concentrations following MIS 5e (MIS 5d-5b). We discussed in paper II whether the low
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denceforseaice,althoughcoldeventswererecorded.Giventhelowersedimentationrate

atoursite22CC-B,wecannotexcludethatourrecordlackedthehightime-resolution

requiredtocapturepotentialshort-livedseaiceexpansionsortransportationevents,

whichmayhavecontributedtotheinstabilitiesinthedeepoceancirculation.Thus,a
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ticregions,areindispensableforabetterunderstandingofcomplexinteractionsofthe

surfacetodeepocean.

6.2.2FramStraitcomplexity
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tionsdifferedbetweenlocations,demonstratinglargevariabilitywithinrelativelysmall

areas.Awordofcautionisnecessarywhendirectlycomparingpaleo-recordsbetween

differentlocationsintheFramStraitandArcticOcean.Sedimentcoresinthisregion

oftenhaveuncertainchronologiesmakingalignmentbetweenrecordschallenging(see

section6.2.4).Inaddition,severalrecordsarelow-resolution,whichmakesitchalleng-

ingtodetermineexactlyhowseaicevariedbetweenregionsduringtransitionalperiods

whenclimateunderwentseverechanges.Inthebroadercontext,itiscruciallyimpor-

tanttounderstandhowFramStraitseaiceconditionsrespondedtodifferentinternal

andexternalinfluencestounderstandhowchangesheremaypropagateintotheArctic,

andultimatelythecentralArcticOcean.Forthis,additionalhigh-resolutionreconstruc-

tionsareessentialtoassessandalignagemodelsandproxyreconstructions,particularly

fromMIS6andTIIintoMIS5e,andfromMIS5eintoMIS5d.

Aparticularchallengetoourseaicereconstructionswasthepeculiarlylowbiomarker

concentrationsfollowingMIS5e(MIS5d-5b).WediscussedinpaperIIwhetherthelow
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biomarker concentrations may have been due to poor preservation conditions, or due to

extremely oligotrophic open water conditions. Because our temporal resolution was not

high enough and the record was potentially affected by preservation, we could not resolve

a sea ice MIS 5d-record from the Fram Strait. Nevertheless this period is important to

understand, as MIS 5d can shed more light on the natural climate response during

the terminal phase of an interglacial (Govin et al., 2015), as our current interglacial is

unconcluded. This is particularly relevant for understanding the climate sensitivity of the

current late Holocene time interval, on millennial time scale characterized by orbitally-

driven cooling (Kaufman et al., 2009). To assess the viability of the biomarkers from

this period and to evaluate its subjection to preservation one may test the nearby Core

MD99-2303 (Risebrobakken et al., 2005, 2007), or other nearby sites which may either

confirm a peculiar oligotrophic environment during this time, or whether the biomarker

signal may be due to poor preservation.

6.2.3 Proxy development

This thesis has illustrated that the stable oxygen isotopes in benthic and planktic

foraminifers may serve as a proxy capable of inferring sea ice presence in the subpolar

North Atlantic. However, a large challenge in this investigation lies in the absence of a

contemporary analog for a sea-ice-dominated subpolar Labrador Sea. The hydrographic

conditions, and the configuration of the SPG during periods of global/regional cooling,

that allows substantial sea ice to occur in the Labrador Sea, lacks a present-day equiv-

alent. Nevertheless, we hypothesized that during colder glacial climates, characterized

by the presence of sea ice in the subpolar North Atlantic, the hydrographic conditions

might have mirrored those observed in the modern Southern Ocean (Lund et al., 2021).

We importantly acknowledge that our hypothesis is tested from only two cores in the

subpolar Labrador Sea. This did show that the ∆δ18O signal is regionally consistent (on

the Eirik Drift) but to truly test the potential of the ∆δ18O for sea ice reconstructions in

the subpolar North Atlantic, an in-depth evaluation of the ∆δ18O coupled with sea ice

reconstructions from several locations across a broader range of hydrographic settings is

crucially necessary. We suggest that when applied in conjunction with complementary

sea ice and hydrographic proxies, the judicious use of ∆δ18O gradients could allow the

vast body of available oxygen isotopic data to be brought to bear in filling key spatio-

temporal gaps in our understanding of past sea ice variability.

In the context of proxy developments, the biomarkers and dinocysts analyzed in this

thesis provide the crucial sea ice and paleoceanographic context to evaluate the sedi-

mentary ancient DNA (aDNA) records generated from the same samples (Grant et al.,
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et al., 2014) could bring crucial age control points within the LIG and help improve LIG

chronology uncertainties from the high northern latitudes (e.g. Capron et al., 2014).

To increase the potential for finding tephra, tomography (CT) scanning of the cores

(van der Bilt et al., 2021) may be one good option. Also, efforts on developing pale-

ointensity records with a good temporal resolution into reference stacks have potential
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Mazaud et al., 1994; Stoner et al., 2000; Ménabréaz et al., 2014), and together they may
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sea ice-free (Guarino et al., 2020; Vermassen et al., 2023). What is clear from future

predictions (Stroeve et al., 2007; Stroeve et al., 2012; Notz and Stroeve, 2018) is that

as the global climate warms, the Arctic will be sea ice free during summers, possibly

already by 2050 (Collins et al., 2013b). Studying the LIG, gives valuable information

about the implications of sea ice decline in the future. Nevertheless, it is important

to acknowledge that the warm climate of the LIG was paced by high insolation rather

than high atmospheric CO2 concentrations, which characterizes modern warming. While

past CO2 levels have fluctuated over millions of years, the current rate of increase is

exceptional. Thus, interglacial periods will never be perfect comparisons for a future

climate. However, the documentation of Arctic sea-ice variability does provide very

important information on the natural variability of the ocean and climate system, crucial

to fully assess the effective role of anthropogenic versus natural forcing in the near future.

The LIG represents one unique interglacial period, and gaining insights from multiple

such periods is likely important to enhance our broader understanding of interglacial

climates. In this context, MIS 11, ca. 374–424 ka, is considered the best analog of

a human-free Holocene amongst past interglacials (e.g. Candy et al., 2014), owing to

its similarities in orbital geometry (Loutre and Berger , 2003) and preindustrial atmo-

spheric greenhouse gas conditions (Raynaud et al., 2005). Even further back, MIS 31,

ca. 1081–1062 ka (Lisiecki and Raymo, 2005), has been of interest due to the strong

orbital forcing combined with relatively high CO2 levels (Hönisch et al., 2009; Tripati

et al., 2011) contributing to remarkable warmth in the high-latitudes and has been de-

scribed as a “super interglacial” (Melles et al., 2012; Coletti et al., 2015). Consequently,

prioritizing the collection and exploration of long sediment records spanning millions of

years, and encompassing numerous warm periods from both the Arctic and Subarctic

Oceans is imperative for future research initiatives.

6.3 Concluding remarks

The Arctic Ocean is gradually turning from white to blue, likely sooner rather than later,

while we have yet to understand the vast implications of such a drastic change. We in-

vestigated the Arctic to Subarctic sea ice variability throughout the Last Interglacial and

its glacial transitions to understand sea ice in the larger context of ocean and climate

changes. Paleoclimate reconstructions are a fundamental pillar in our understanding of

past and future climate change. To contribute to refining our understanding of past

climate variability as well as improve the predictive capacity of climate models for the

future it will be necessary to generate high-resolution sea ice records using multidisci-

plinary approaches and further develop our analytical tool for sea ice reconstructions.
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to acknowledge that the warm climate of the LIG was paced by high insolation rather

than high atmospheric CO2 concentrations, which characterizes modern warming. While

past CO2 levels have fluctuated over millions of years, the current rate of increase is

exceptional. Thus, interglacial periods will never be perfect comparisons for a future

climate. However, the documentation of Arctic sea-ice variability does provide very

important information on the natural variability of the ocean and climate system, crucial

to fully assess the effective role of anthropogenic versus natural forcing in the near future.

The LIG represents one unique interglacial period, and gaining insights from multiple

such periods is likely important to enhance our broader understanding of interglacial

climates. In this context, MIS 11, ca. 374–424 ka, is considered the best analog of

a human-free Holocene amongst past interglacials (e.g. Candy et al., 2014), owing to

its similarities in orbital geometry (Loutre and Berger , 2003) and preindustrial atmo-

spheric greenhouse gas conditions (Raynaud et al., 2005). Even further back, MIS 31,

ca. 1081–1062 ka (Lisiecki and Raymo, 2005), has been of interest due to the strong

orbital forcing combined with relatively high CO2 levels (Hönisch et al., 2009; Tripati

et al., 2011) contributing to remarkable warmth in the high-latitudes and has been de-

scribed as a “super interglacial” (Melles et al., 2012; Coletti et al., 2015). Consequently,

prioritizing the collection and exploration of long sediment records spanning millions of

years, and encompassing numerous warm periods from both the Arctic and Subarctic

Oceans is imperative for future research initiatives.
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its glacial transitions to understand sea ice in the larger context of ocean and climate

changes. Paleoclimate reconstructions are a fundamental pillar in our understanding of

past and future climate change. To contribute to refining our understanding of past

climate variability as well as improve the predictive capacity of climate models for the

future it will be necessary to generate high-resolution sea ice records using multidisci-

plinary approaches and further develop our analytical tool for sea ice reconstructions.
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frey,D.Shindell,J.Sillmann,B.Stevens,P.A.Stott,R.Webb,G.Zappa,K.Zickfeld,

S.Joussaume,A.Mokssit,K.Taylor,andS.Tett(2013b),Long-termClimateChange:

Projections,CommitmentsandIrreversibility,inClimateChange2013:ThePhysical

ScienceBasis.ContributionofWorkingGroupItotheFifthAssessmentReportofthe

IntergovernmentalPanelonClimateChange[Stocker,T.F.,D.Qin,G.-K.Plattner,

M.Tignor,S.K.Allen,J.Boschung,A.Nauels,Y.Xia,V.BexandP.M.Midgley

(eds.)],CambridgeUniversityPress,UnitedKingdomandNewYork,NY,USA.

Condron,A.,andP.Winsor(2012),MeltwaterroutingandtheYoungerDryas,Proceed-

ingsoftheNationalAcademyofSciences,109(49),19,928–19,933,doi:10.1073/pnas.

1207381109.

Davies,S.M.,P.M.Abbott,R.H.Meara,N.J.G.Pearce,W.E.N.Austin,M.R.

Chapman,A.Svensson,M.Bigler,T.L.Rasmussen,S.O.Rasmussen,andE.J.

Farmer(2014),ANorthAtlantictephrostratigraphicalframeworkfor130–60kab2k:

newtephradiscoveries,marine-basedcorrelations,andfuturechallenges,Quaternary

ScienceReviews,106,101–121,doi:10.1016/j.quascirev.2014.03.024.

DeSchepper,S.(2013),Combiningdinoflagellatecyststudieswithgeochemicalproxies:

applicationtopalaeoceanography,palaeoecologyandbiostratigraphy,pp.31–41,doi:

10.1144/TMS5.4,theMicropalaeontologicalSociety,SpecialPublications.Geological

Society,London.

DeSchepper,S.,K.M.Beck,andG.Mangerud(2017),LateNeogenedinoflagellatecyst

andacritarchbiostratigraphyforOceanDrillingProgramHole642B,NorwegianSea,

ReviewofPalaeobotanyandPalynology,doi:10.1016/j.revpalbo.2016.08.005.

deVernal,A.,andC.Hillaire-Marcel(2008),NaturalVariabilityofGreenlandClimate,

Vegetation,andIceVolumeDuringthePastMillionYears,Science,320(5883),1622–

1625,doi:10.1126/science.1153929.

deVernal,A.,A.Rochon,J.-L.Turon,andJ.Matthiessen(1997),Organic-walleddi-

noflagellatecysts:Palynologicaltracersofsea-surfaceconditionsinmiddletohigh

BIBLIOGRAPHY143

Collins,M.,R.Knutti,J.Arblaster,J.-L.Dufresne,T.Fichefet,X.Gao,W.J.G.Jr,

T.Johns,G.Krinner,M.Shongwe,A.J.Weaver,M.Wehner,M.R.Allen,T.An-

drews,U.Beyerle,C.M.Bitz,S.Bony,B.B.B.Booth,H.E.Brooks,V.Brovkin,

O.Browne,C.Brutel-Vuilmet,M.Cane,R.Chadwick,E.Cook,K.H.Cook,M.Eby,

J.Fasullo,C.E.Forest,P.Forster,P.Good,H.Goosse,J.M.Gregory,G.C.Hegerl,

P.J.Hezel,K.I.Hodges,M.M.Holland,M.Huber,M.Joshi,V.Kharin,Y.Kush-

nir,D.M.Lawrence,R.W.Lee,S.Liddicoat,C.Lucas,W.Lucht,J.Marotzke,

F.Massonnet,H.D.Matthews,M.Meinshausen,C.Morice,A.Otto,C.M.Patricola,

G.Philippon,S.Rahmstorf,W.J.Riley,O.Saenko,R.Seager,J.Sedláček,L.C.Shaf-
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H. Seppä, and E. Thomas (2009), Recent Warming Reverses Long-Term Arctic Cool-

ing, Science, 325 (5945), 1236–1239, doi:10.1126/science.1173983.

Kleiven, H. K. F., C. Kissel, C. Laj, U. S. Ninnemann, T. O. Richter, and E. Cortijo

(2008), Reduced North Atlantic Deep Water Coeval with the Glacial Lake Agassiz

Freshwater Outburst, Science, 319 (5859), doi:10.1126/science.1148924.

Knies, J., P. Cabedo-Sanz, S. T. Belt, S. Baranwal, S. Fietz, and A. Rosell-Melé (2014),
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L. Löwemark, M. O’Regan, J. Chen, and I. Snowball (2018b), Changes in sea ice

150BIBLIOGRAPHY

S.RamosBuarque,D.SalasyMelia,S.Sherriff-Tadano,J.Stroeve,X.Shi,B.Sun,

R.A.Tomas,E.Volodin,N.K.H.Yeung,Q.Zhang,Z.Zhang,W.Zheng,andT.Ziehn

(2021),Amulti-modelCMIP6-PMIP4studyofArcticseaiceat127&thinsp;ka:sea

icedatacompilationandmodeldifferences,ClimateofthePast,17(1),37–62,doi:

10.5194/cp-17-37-2021.
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B.Kutchko,S.Lamoureux,M.Loso,G.MacDonald,M.Peros,D.Porinchu,C.Schiff,
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Käse,R.H.,andW.Krauß(1996),TheGulfStream,theNorthAtlanticCurrent,and

theOriginoftheAzoresCurrent,pp.291–337,Borntr̈ager,Berlin,Germany.

Laskar,J.,P.Robutel,F.Joutel,M.Gastineau,A.C.M.Correia,andB.Levrard(2004),

Along-termnumericalsolutionfortheinsolationquantitiesoftheEarth,Astronomy

Astrophysics,428(1),261–285,doi:10.1051/0004-6361:20041335.

Lazier,J.R.N.(1973),TherenewalofLabradorseawater,DeepSeaResearchand

OceanographicAbstracts,20(4),341–353,doi:10.1016/0011-7471(73)90058-2.

Lenton,T.M.,H.Held,E.Kriegler,J.W.Hall,W.Lucht,S.Rahmstorf,andH.J.

Schellnhuber(2008),TippingelementsintheEarth’sclimatesystem,Proceedingsof

theNationalAcademyofSciences,105(6),1786–1793,doi:10.1073/pnas.0705414105.
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Käse, R. H., and W. Krauß (1996), The Gulf Stream, the North Atlantic Current, and

the Origin of the Azores Current, pp. 291–337, Bornträger, Berlin, Germany.
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Leppäranta,M.(2011),TheDriftofSeaIce,Springer,Berlin,Heidelberg,doi:10.1007/

978-3-642-04683-4.

Levermann,A.,andA.Born(2007),BistabilityoftheAtlanticsubpolargyreina

coarse-resolutionclimatemodel,GeophysicalResearchLetters,34(24),doi:10.1029/

2007GL031732.

Limoges,A.,S.Ribeiro,K.Weckström,M.Heikkilä,K.Zamelczyk,T.J.Andersen,
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Laskar,J.,P.Robutel,F.Joutel,M.Gastineau,A.C.M.Correia,andB.Levrard(2004),

Along-termnumericalsolutionfortheinsolationquantitiesoftheEarth,Astronomy

Astrophysics,428(1),261–285,doi:10.1051/0004-6361:20041335.

Lazier,J.R.N.(1973),TherenewalofLabradorseawater,DeepSeaResearchand

OceanographicAbstracts,20(4),341–353,doi:10.1016/0011-7471(73)90058-2.

Lenton,T.M.,H.Held,E.Kriegler,J.W.Hall,W.Lucht,S.Rahmstorf,andH.J.

Schellnhuber(2008),TippingelementsintheEarth’sclimatesystem,Proceedingsof

theNationalAcademyofSciences,105(6),1786–1793,doi:10.1073/pnas.0705414105.

Leppäranta,M.(2011),TheDriftofSeaIce,Springer,Berlin,Heidelberg,doi:10.1007/

978-3-642-04683-4.

Levermann,A.,andA.Born(2007),BistabilityoftheAtlanticsubpolargyreina

coarse-resolutionclimatemodel,GeophysicalResearchLetters,34(24),doi:10.1029/

2007GL031732.

Limoges,A.,S.Ribeiro,K.Weckström,M.Heikkilä,K.Zamelczyk,T.J.Andersen,

P.Tallberg,G.Massé,S.Rysgaard,N.Nørgaard-Pedersen,andM.-S.Seidenkrantz

(2018),LinkingtheModernDistributionofBiogenicProxiesinHighArcticGreenland

ShelfSedimentstoSeaIce,PrimaryProduction,andArctic-AtlanticInflow,Journalof

GeophysicalResearch:Biogeosciences,123(3),760–786,doi:10.1002/2017JG003840.

Lisiecki,L.E.,andM.E.Raymo(2005),APliocene-Pleistocenestackof57globally

distributedbenthic18Orecords,Paleoceanography,20(1),doi:10.1029/2004PA001071.

Lofverstrom,M.,D.M.Thompson,B.L.Otto-Bliesner,andE.C.Brady(2022),The

importanceofCanadianArcticArchipelagogatewaysforglacialexpansioninScandi-

navia,NatureGeoscience,15(6),482–488,doi:10.1038/s41561-022-00956-9.

Loutre,M.F.,andA.Berger(2003),MarineIsotopeStage11asananaloguefor

thepresentinterglacial,GlobalandPlanetaryChange,36(3),209–217,doi:10.1016/

S0921-8181(02)00186-8.

Lozier,M.S.(2012),OverturningintheNorthAtlantic,AnnualReviewofMarine

Science,4(1),291–315,doi:10.1146/annurev-marine-120710-100740.

BIBLIOGRAPHY151

coverandicesheetextentattheYermakPlateauduringthelast160ka–Recon-

structionsfrombiomarkerrecords,QuaternaryScienceReviews,182,93–108,doi:

10.1016/j.quascirev.2017.12.016.
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doi:10.1007/BF03021752.

Mazaud, A., C. Laj, and M. Bender (1994), A geomagnetic chronology for antarctic ice

accumulation, Geophysical Research Letters, 21 (5), 337–340, doi:10.1029/93GL02789.

Meier, W., S. Gerland, M. Granskog, J. Key, C. Haas, G. Hovelsrud, K. Kovacs, A. Mak-

shtas, C. Michel, D. Perovich, J. Reist, and B. van Oort (2011), Chapter 9: Sea Ice,

in Snow, Water, Ice and Permafrost in the Arctic (SWIPA): Climate Change and the

Cryosphere, Arctic Monitoring and Assessment Programme (AMAP).

Meier, W. N., G. K. Hovelsrud, B. E. van Oort, J. R. Key, K. M. Kovacs, C. Michel,

C. Haas, M. A. Granskog, S. Gerland, D. K. Perovich, A. Makshtas, and J. D. Reist

(2014), Arctic sea ice in transformation: A review of recent observed changes and

impacts on biology and human activity, Reviews of Geophysics, 52 (3), 185–217, doi:

10.1002/2013RG000431.

Melles, M., J. Brigham-Grette, P. S. Minyuk, N. R. Nowaczyk, V. Wennrich, R. M.

DeConto, P. M. Anderson, A. A. Andreev, A. Coletti, T. L. Cook, E. Haltia-Hovi,

M. Kukkonen, A. V. Lozhkin, P. Rosén, P. Tarasov, H. Vogel, and B. Wagner (2012),

2.8 Million Years of Arctic Climate Change from Lake El’gygytgyn, NE Russia, Sci-

ence, 337 (6092), 315–320, doi:10.1126/science.1222135.

Meredith, M., M. Sommerkorn, S. Cassotta, C. Derksen, A. Ekaykin, A. Hollowed, G. Ko-

finas, A. Mackintosh, J. Melbourne-Thomas, M. Muelbert, G. Ottersen, H. Pritchard,

and E. Schuur (2019), Chapter 3: Polar regions — Special Report on the Ocean and

Cryosphere in a Changing Climate [H.-O. Pörtner, D.C. Roberts, V. Masson-Delmotte,
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H.Renssen,D.L.Royer,M.Siddall,P.Valdes,J.C.Zachos,R.E.Zeebe,and

PALAEOSENSProjectMembers(2012),Makingsenseofpalaeoclimatesensitivity,

Nature,491(7426),683–691,doi:10.1038/nature11574.
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Rontani,J.-F.,B.Charrière,R.Sempéré,D.Doxaran,F.Vaultier,J.E.Vonk,andJ.K.

Volkman(2014),Degradationofsterolsandterrigenousorganicmatterinwatersof

theMackenzieShelf,CanadianArctic,OrganicGeochemistry,75,61–73,doi:10.1016/

j.orggeochem.2014.06.002.

Rosenblum,E.,andI.Eisenman(2017),SeaIceTrendsinClimateModelsOnlyAccurate

inRunswithBiasedGlobalWarming,JournalofClimate,30(16),6265–6278,doi:

10.1175/JCLI-D-16-0455.1.

Rudels,B.,H.J.Friedrich,andD.Quadfasel(1999),TheArcticCircumpolarBoundary

Current,DeepSeaResearchPartII:TopicalStudiesinOceanography,46,1023–1062,

doi:10.1016/S0967-0645(99)00015-6.

Rudels,B.,E.Fahrbach,J.Meincke,G.Budéus,andP.Eriksson(2002),TheEast
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Wal,A.S.vonderHeydt,D.J.Beerling,A.Berger,P.K.Bijl,M.Crucifix,R.De-

Conto,S.S.Drijfhout,A.Fedorov,G.L.Foster,A.Ganopolski,J.Hansen,B.Hönisch,

H.Hooghiemstra,M.Huber,P.Huybers,R.Knutti,D.W.Lea,L.J.Lourens,D.Lunt,

V.Masson-Delmotte,M.Medina-Elizalde,B.Otto-Bliesner,M.Pagani,H.Pälike,
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SánchezGoñi,M.F.,P.Bakker,S.Desprat,A.E.Carlson,C.J.VanMeerbeeck,O.Pey-

ron,F.Naughton,W.J.Fletcher,F.Eynaud,L.Rossignol,andH.Renssen(2012),

EuropeanclimateoptimumandenhancedGreenlandmeltduringtheLastInterglacial,

Geology,40(7),627–630,doi:10.1130/G32908.1.

Thackeray,C.W.,andA.Hall(2019),AnemergentconstraintonfutureArc-

ticsea-icealbedofeedback,NatureClimateChange,9(12),972–978,doi:10.1038/

s41558-019-0619-1.

Thomas,D.N.(2017),Overviewofseaicegrowthandproperties,inSeaIce,pp.1–41,

JohnWiley&Sons,Incorporated,UnitedKingdom.

160BIBLIOGRAPHY

Stocker,T.F.,andD.G.Wright(1991),Rapidtransitionsoftheocean’sdeepcirculation

inducedbychangesinsurfacewaterfluxes,Nature,351(6329),729–732,doi:10.1038/

351729a0.

Stockmarr,J.(1971),TabletswithSporesusedinAbsolutePollenAnalysis,Pollenet

Spores,13,615–621.

Stoner,J.S.,J.E.T.Channell,C.Hillaire-Marcel,andC.Kissel(2000),Geomagnetic

paleointensityandenvironmentalrecordfromLabradorSeacoreMD95-2024:global

marinesedimentandicecorechronostratigraphyforthelast110kyr,EarthandPlan-

etaryScienceLetters,183(1),161–177,doi:10.1016/S0012-821X(00)00272-7.

Stoynova,V.,T.M.Shanahan,K.A.Hughen,andA.deVernal(2013),Insightsinto

Circum-Arcticseaicevariabilityfrommoleculargeochemistry,QuaternaryScience

Reviews,79,63–73,doi:10.1016/j.quascirev.2012.10.006.

Stroeve,J.,M.M.Holland,W.Meier,T.Scambos,andM.Serreze(2007),Arcticsea

icedecline:Fasterthanforecast,GeophysicalResearchLetters,34(9),doi:10.1029/

2007GL029703.

Stroeve,J.C.,M.C.Serreze,M.M.Holland,J.E.Kay,J.Malanik,andA.P.Barrett

(2012),TheArctic’srapidlyshrinkingseaicecover:aresearchsynthesis,Climatic

Change,110(3),1005–1027,doi:10.1007/s10584-011-0101-1.

Svendsen,J.I.,H.Alexanderson,V.I.Astakhov,I.Demidov,J.A.Dowdeswell,S.Fun-

der,V.Gataullin,M.Henriksen,C.Hjort,M.Houmark-Nielsen,H.W.Hubberten,

Ingólfsson,M.Jakobsson,K.H.Kjær,E.Larsen,H.Lokrantz,J.P.Lunkka,A.Lys̊a,

J.Mangerud,A.Matiouchkov,A.Murray,P.Möller,F.Niessen,O.Nikolskaya,

L.Polyak,M.Saarnisto,C.Siegert,M.J.Siegert,R.F.Spielhagen,andR.Stein

(2004),LateQuaternaryicesheethistoryofnorthernEurasia,QuaternaryScience

Reviews,23(11),1229–1271,doi:10.1016/j.quascirev.2003.12.008.
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(2015),ExchangeofwarmingdeepwatersacrossFramStrait,DeepSeaResearchPart

I:OceanographicResearchPapers,103,86–100,doi:10.1016/j.dsr.2015.06.003.

Wadhams,P.(2017),Afarewelltoice:areportfromtheArctic,OxfordUniversityPress,

NewYork,NY.

Wang,Q.,C.Wekerle,X.Wang,S.Danilov,N.Koldunov,D.Sein,D.Sidorenko,W.-J.

vonAppen,andT.Jung(2020),IntensificationoftheAtlanticWaterSupplytothe

ArcticOceanThroughFramStraitInducedbyArcticSeaIceDecline,Geophysical

ResearchLetters,47(3),e2019GL086,682,doi:10.1029/2019GL086682.

Williams,G.,R.Fensome,M.Miller,andW.Sarjeant(2000),Aglossaryoftheter-

minologyappliedtodinoflagellates,acritarchsandprasinophytes,withemphasison

fossils:Thirdedition,AmericanAssociationofStratigraphicPalynologistsContribu-

tionsSeries,no.37.

Williams,G.L.,R.A.Fensome,andR.A.MacRae(2017),Thelentinandwilliams

indexoffossildinoflagellates2017edition,AmericanAssociationofStratigraphicPa-

lynologistsContributionsSeriesno.48.
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Page xi Update in the list of publications: “manuscript in review” – changed to “manuscript 

accepted for publication”. 

Page 19 Wrong Table citation: “Table 1” – corrected to “Table 3.1”.  

Page 23 Missing subscript: “PBIP25” and “PDIP25” – corrected to “PBIP25” and “PDIP25”. 

Page 23 Wrong citation: “Belt et al. (2018)” – corrected to “Belt (2018)”. 

Page 29 Misspelling: “Impagedinium” – corrected to “Impagidinium”.  

Page 37 repeated word: one “periods” removed. 

Page 41 Misspelling: “Quaernary” – corrected to “Quaternary”. 

Page xi, 63 Misspelling: “Paleogeography, Paleoclimatology, Paleoecology” – corrected to 

“Palaeogeography, Palaeoclimatology, Palaeoecology”. 

Page 136 repeated word: one “sea” removed. 
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