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Abstract

Paleoclimatic records obtained from western Nordic Seas core-EZRIFBCC (70°N,

17°W) exhibit fluctuating climatic patterndere, foraminifera isotope recordsedsto
reconstruct sea surface water mass properties indicated that variability cthamggshe
last~130 kyrhave been dominated by forciagprecession (21 kyr) amdillennial

timescales. Observed shiftsiitfO records, abundance icefted detritus and planktonic
foraminifers display a good agreement to Greenland atmospheric temperatures changes,
indicating a coupling between ice sheet dynamics and sea surface processes east of the

Greenland continental margin.

The most frequent abpt stadial/interstadial changes retained from the marine sediments are
known as Dansgaar@®eschger (BO) cycles, and appear everR2kyr. These cycles are
characterized by abrupt shdisted increase in temperatures (10 £ 5°C) followedlgyadual
cooling preceding the next rapid event. A second millennial scale feature detected in the
sediments record is cooling events culminatimgignificant iceberg discharges analogous to
Heinrich events.

Mechanisms triggering abrupt changes disgi@atuncertainties, bueading hypothesis is
attributed to modifications in the Atlantic Meridional Overturning Circulation (AMOC) and

deepwater formation initiated by freshwater input.

Finally, contrasting climatigariabilitiesbetween Marine Isotope&es (MIS) 5 and 3 is
appaentin the different proxy record$1IS 3is dominated Y rapid oscillationsindicating
thatclimatic changesverearising at a high paaduring this periodin contrary, MIS 5
exhibit longer, less frequent oscillations sudigesmore stable climatic conditionand

hence also a difference in forcing manisms.
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Chapter 1 Background

1. Background

1.1Project

Thisthesis is part of theee2ice project which studiégctic sea ice and Greenland ice sheet
sensitivity. Theice2ice project is funded by the European Reseancim€l (ERC) and

started in August 2014 with a fiweear durationThe project is an international collaboration
between 4 institutions; University of Bergen, Uni Research &émnboth part of the Bjerles
Center for Climate Resear¢BCCR). Niels Bohr Institute (NBI) of Copenhagen University,

and Danish Metrological Institute (DMI).

The ice2ice project set out to investigate and elaborate on the mechanisms of abrupt climate
changes observed in Gréandduring the last ice agegsking aswers to important

guestions asiVhat if sea ice would abruptly disappear? Which implications would this have

on the Greenland ice sheet and surrounding seas?

The broadeobjectives of the project ate utilize both maine sediment cores from thecean

off the east coast of Greenlana new ice core drilled on the Renldod cap in Scoresby

Sund on Greenland's East coastwell as other Greenland ice colles.core and ocean
climate proxy records willlescriban greater detail the dynamics of the abrupt events, and its
relation to thesudden demise of sea ice covenother objective is to explain the observed
rapid diminution of the Arctic sea ice coverny lead tabrupt climate changes in the future,
as well @& determine the impaof such changesn the Greenland ice sheet (GIBy)r more

documentation seédttps://ice2ice.b.uib.no/overview/ice2iobjectives/

New datasetsboth in the Nordic Seas and Greenland Ice sheet, aim to provide greater insight
to these abrupt events. This master thesis does not constdirecacontribution to the main

goals of the projectoutis merely apresentation of newly retrieved and processed data,

which may throw light upon the degree of rapid changes affecting theddféagenland.

This will provide an initial overview to guide furthkrgh-resolution investigations the

area
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1.2 Aim of this study

The mainpurposeof this study is tonvestigate the suitability of sediments offshore east
Greenlandto documenthe regional extent and nature of abrupt climate change events in this
region during the last glaciah newly retrievedsediment corérom the Western Nordic
Seasspanning the last ~160 000 years @esented. Emphasis of the study is aimed at
detectingvariabilities during Marine Isotopet&®jes 3 and 5, arftenceprovidingan initial
overview of climatic signals obtained in the sedimaft$reenlandduring these periods.

This overview is made with the purpose of setting premises for future higtelution

studies in the aredhe mainobjectives of this study are summarized as followed:

1) Establish an oxygen isotope stratigraphy based on the planktonic foearninif

pachydermdsin) for the Marine Isotopet&ges 6 to present.

2) Investigate howtheoffshore record aligns with the variability of the Greedléze
Sheet in the last glaciahrough comparisons of low resolution plankto@ttO with

oxygen isotopesbtainedirom the NGRIP ice core.

3) Correlatethemarine and terrestrial signdly the use of magnetic susceptibility
measurements, and XRF analyses of elements such as Calcium, Iron and Titanium.

4) Describe the variabilities of gace watephysicalproperties reflected in both
planktonic foraminifetit®0 values, as well as assemblage counts of the spécies

pachydermdsin).



Chapter 2 Introduction

2. Introduction

AfOcean circulation in the northdedtthtlor t h At
processes of climate change on various timescales, so that climate variahiidythe
associated mechanisms of chaingdould be well recorded by sediments from these high
| at i ti Brdngas&Jansen (1996).

To achieve an understandinjhmw the climate will evolve and anticipee the future
challengesknowledge of past climatesasucial. The highestiatitudes inthe northern
hemisphere represeamn area of major climatic importande parts,due todeepwater
convectionin the Nordc seasand its influence on the global ocean conveyor circulation
Northern latitudes are also important due to its proximity to past and poesgimental ice
sheetsandtheir dynamicslt is well documented that the climate system of the northern
hemisphere has experienced large and abrupt events over the last hundred thousand years
(last ice age). These appear on different timescale, ranging from decadal {mitkertnial
duration. Common to all of these events is generally scarse understandésndyofmics.
This section aims to provide a brief introdu
climate variability observed in ¢hNordic Seas /North Atlantic.

2. 1 Drivers and phenomena’s of North Atlantic/Nordic Seas climate variability

2.1.1 Milankovitch Cycles

Glacialshave been known tarise and persist im combination and interaction cycles of

23 000 yr, 41 000 yr and 1000 yearqImbrie et al., 1993)lenoted aMilankovitch cycles.

The first scientist to stress the influenof varations in solar insolatioan high latitudes
wasMurphy (1869 who suggested th&vorable conditions related to onset of glaciations
being long cold summers, and short mild winter. This idea was later recognized by other
scientists, among them Milankaeh. Milankovich elucidated on the theory, aascribed
theglacial variationgo astronomical phenomena, such as variatiotisenrbital elements
andconsequeninsolation intensityfBerger, 1988)From this the Milankovich or orbital

theory of glacation was developetbased on three astronomical states; eccentricity, obliquity

and precessigrsee figure 1.3.1
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The cycles of the shortest duration, 23 000 yr and 41 000 yr have been attributed to insolation
feedback due to the obliquity and precessicycles (Imbrie et al., 1993)

However insolation signal for th&00 000 yr cycle isnot sufficiently significant (too small),

and therefor dependent oteager scale climatic inertiddundamental for this initiation are

ice sheets large enough t@ke an impact on the global climate and with a feedback

mechanism causingscillationson a hrger scale tha#l 000 yr (mbrie et al., 1993).

As the earth travels around the sun, this motion may occur either in a ejrouktiptical

orbit. During ths rotation the earth will at some point be located near the sun, referred to as

the fiperiheliono, or furthest from the sun,
orbit, the incoming solar radiation during perihelion and aphelion will @sdme.

Conversely, in the state of maximum eccentricity, the incoming solar radiation during

perihelion and aphelion may vary as much as 30%. This is known asbtted eccentricity

and explains the earthos al thyreoentridcodhn Theet we e n
length of this cycle is 95 800 years.

The second astronomical state isobdéquity,. Thi s i s al so known as i |
axis and it varies intherange 0of 21,394 , 36 e, on a ti me scale of 4
extreme the tilt, the longer the duration of winter darkness persist in the northern most

regions and the summer season experiences midnight sun conditions fuwheltgdhe

equator and a higher solar andttgher latitudes are more sensitive to obliquity changes as

incoming scdr radiation are moraffected in these areas.

The timing of aphelion and perihelidom vari es
as it travels around the sun. Tdhea r &aixts éowates in a conical matter, over a period of 21

700 years around a line perpendicular to the orbital plane. This dynamic is known as the
precessiorof the equinoxes
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Eccentricity Obliquity Precession

Figure 1.3.1 Simplified sketch bthe threeastronomical featuregccentricity, obliquity and
precession. The eccentricity state refers to variations in energy received from the sun during the
different orbits. Obliquity defines the tilt of the axis, controlling the solar energy flinegioles.
Precession refers to the orientation oféha r axts.d-igure derived from
http://extremeearth.net/climathange/causes/.

2.1.2Dansgaardi Oeschger(D-O) Cyclesand Heinrich events

D-O cyclesarenamed after the scientist who first rgoezed the phenomenon in Greenland
ice coredDansgaard et al., 1998hd Hans Oeschger the Swiss pioneer in the ice core and
carbon cycle researcB-O cyclesarean example of millennial scale oscillations eb&d
during the last glacial. Theaim featues of these oscillations are events of abwgriming

(10 = 5°C)in Greenlandollowed by a gradual cooling period, lasting fe2 kyr. The

cooling perioderminate in a rapid shift back to stadial conditifbekken et al., 2013).
Thedriving mechanisnof these sudden climatchanges are still debatdalit it has become
more recognizethat the mechanism is relatednmdification of the Atlantic Meridional
Overturning Circulation (MOC) likely caused by freshwater inpamd associated sea ice
variations Thecausal agerfor the D-O cycle to shift into interstaal warming, are

attributed to brupt reduction in the extent sea ice in the North Atlanti®©pkken et al.
2013.

Recent coupled Earth System Model investigations of undengagahanisms chbrupt
eventsstressesraintermediateheightof Northern Hemispheriee sheets as a possible
prerequisite for ltering the oceafatmosphere system and caus®©llike eventsgeeZhang

et al., 2014or an overview.
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Another promineninillennial scale€eaturedetected in proxy recordsom the last glacial,

are Heinrich events. These events are associated withlisiedrtnassive dischargef

icebergs Bond and Lotti, 1995ransporting dettus to the open ocean, where it
consequenthaccumulates distinct layersice rafting events aralsoassociated with

decrease in searface temperature and salinity, as well@sdr concentr#on of planktonic
foraminifers.

The timing of the events is repeated withGKkyr intervalsjndicating lowconsistacy with

Milankovitch orbital peiodicities The most recognizethuse of these events concerns

instability of the Laurentide ice shig@ond et al., 1992)n this relationtMacAyeal (1993)
proposedinforcediBing-purged 0 s c i of theace sheehasmobable mechanism.

Attributing instability variations to the bedroahkteraction with ice sheet dynamide

Abingo phase of the Heinrich event i s domina
underlain sediment#s the sediments start to thaw, the mecting surfacbecomes slippery,

causing movemertf the icesheet.These motions are seen as comprehensive discharge of
icebergs into the North Atlantic Ocean, and represeimte A pur geo phase of t
Subsequent fresh water input due to these evastdeen proven to be extensive enough to

shut dowror markedly reductéhe North Atlantic Deep Water (NADW) formation (e.g

Broeckeret al, 1990 and therefor impact the climate on a global scale.

2.1.3Atlantic Multidecadal Oscillation (AMO)

The Atlantc MultidecadalOscillation(AMO) is a mode of natural veability in the North
Atlantic Ocean.Characterized bfluctuatingchangesn seasurface temperatures (SSand
sea level pressur&(ossmann & Klotzbach, 200%panning approximately years
Whetherthe mechanisms of the AMO appearrepeated periodic drivef the climateor a
shorti term featwe (Knudsen et al., 201ig still unclear. These uncertainties arise partly
from lack of obserational evidence, as the instrumental aatly exends to the 1®century.
A positive phase of the AMO portray as SST anomalies, with genavatlimer surface
waters of the North Atlatic (Enfield et al., 2001)Possible mechanisms driving the different
modes of the oscillations aaf-sea heat flux dianges, modification of wingatternsacross
the Atlantic, as well as febdcks between SST and windseTthird factor of importance
involve the North Atlantic salinity budget (Grossmann &Klotzbach, 200®general, the

6
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density ofNorth Atlantic Deep Vdter NADW) is highly sensitive to changes in salinity, and
the smallesvariationmayaffectthe properties of itk water mass, consequently alterthg
strength of the thermohaline circulatiddi¢rknes, 1964n Grossmann & Klotzbach, 2009

2.1.4North Atlantic Oscillation (NAO)

The North AtlanticOscillation(NAO) is a second mode of interannual/decadiahate
variability, first ated byWalker (1924)The definitionof the NAO isreferred to as the sea
level pressur¢SLP)difference between theedlandic Low and Azores HigiMarshall et al.,
2001).Positive NAO index permit strongénanusual westerly windggromotingtransport
of warmwaters into the eastern part of the Atlantic basin, and resuitingherthannormal
temperatures in Eurog®ogers 1985)Similarly, during abating NAO index tresdlower
winter temperatures have been recorded in Europe as a direct consd€yiznkceon and
Williams, 1976) see figure 2.1.4

The NAO underges different phases, modulatitige strength, directioand intensity of the
resultingstorm trackgRogers, 1990)The highest amplitude and distributi@ecording to
Wallace and Gutzler (198bgcursduring wintetime (DecembeiMarch).

The impact of the NAO extends far, reaching from North America to Siberaa

longitudinal scale, and crossing the whole of the northern hemisphere from the Arctic Ocean

to the equatorThe North Atlantic Ocean is significantly affected by the changing pressure

gradients from the NAO. Pattern of sea surface temperature (88ability in the Atlantic

Ocean is displ ayed cansistseof warming ipnaithtimdeswhilsth i st r i p
colder conditions occupy thteibpolar regions, as wels between 30 and the equatoiT his

pattern is promoted by asea fluxes dered from the positive NAO index during winter.
WintertimeSST in the eastern America, Arctic and even the Mediterranean are correlated

with NAO variability (Marshall et al., 2001

As the NAO affect the circulation of the North Atlantic basin, the accuatioh of moisture
in the atmospherand consequently transport of thisisture is reflected in variations
regional wintertime precipitatiofRogers and Loon, 197High NAO winter indexdrier
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than normal conditions oveentral and southern Europad northern Mediterranean.

Simultaneously, wtter than normatonditions appeasver Island and Scandinavia.

Deser et al. (200Q)oint out the relation betweeaxtent of interannual Arctic sea ice

variability and atmospheric forcing. Indicating that wititee NAO index will drive arctic

sea ice into the North Atlantic sector. They further conclude that a NAO low index will drive
the ice extent of the Labradoe&to migrate southwhilst the Greenland Sea ice retrieve

north of its boundary.

According toNakamura (1996), thatlantic display a correlation tihe NAO index and low
frequency fluctuations within a season. During a positive mode thesedisonal variability
near Greenland and Labrador Sea is considerably weaker, whilst seasonal vaiadyility
Europeare strong. Conversely, negative NAO mode resembles higher seasonal variability

over Greenland and Labrador Sea and weaker over Europe.

Similar tothe AMO, he imprint of the NAO variability to the North Atlantic sediments is
difficult to asses ontimescales longer than decades, due to records extending orbp600
yearsback However, multiple proxies indicate that periodic episodes of stable conditions of

the NAO occur on decadal and centennial timesc&esgse et al., 2006).
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cool

Figure 2.1.4 Simplified sketch representintye positive and negative modes of the North Atlantic
Oscillation(NAO). Positive modes display featuiiesluding strondow atmospheric pressures over
Iceland, warm weathers over Eurcgred moresea ice in the Canaainbasin. A negative NAO mode
drivesa weak low over Icelanaold and dry conditions over Scandinavia and warmer SST's in the
North Atlantic.Figure deried fromhttp://ossfoundation.us/projects/environment/glebal

warming/northatlanticoscillationrnao

2.1.5Thermohaline Circulation (THC)

Circulation of deepwater masses is dependenttibe changing physical properties of the
surface watetrssuch as salinity and temperatundichmake up the enginef the

thernohaline circulationThe density of theaean may vary as a result of heat flux,
precipitation or runoff into the surface watéfgarm surface waters flow into the North

Atlantic where it undergoes heat loss to the atmosphere, due to colder surroundings. Surface
waters may also experience incre@s evaporation, leaving the remaining water masses
enriched in salt. Both these processes promote denser water masses. Asdlhveatiers sink
deeper into thevatercolumntheyultimatelyreach neutral buoyancy with the surrounding
waters. The newly foned deepvater, as in the North Atlantic, termed as North Atlantic

Deep Water (NADW) flows southward, carrying saline waters to the south Atlantic (Bradley
20149. T h e @ c o n v degtofithe BHE listmaintaénéd dense watesink and flow

9
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towards thdropics by compensatingprthward inflow of surfacevaters inb the North

Atlantic (Fig. 2.15). Mechanisms that are known to inhibit the deejer production in the
North Atlantic, anchence also causinitations to the thermohaline circulation a@ply of
fresh waterBradley, 2013. Melting of continental ice sheets result in formation of a layer of
low salinity water, reducing or potentialiyitiating shutdownof deepwater formation, thus

affecting the globaloceancirculaion and climate.

South 60° 30° Equator 30° 60° North

INTERMEDIATE WATER

Increased nutrients & dissolved COo> [ I
wamn, low nutrients, & oxygenated [

Figure 2.1.5.Formation of North Atlantic DgeWater (NADW). Warm surface waters experience
heat losgo the atmosphera high latitudesbecome denser and sink to intermeddgep water
depths. Oxygenated and nutrient rich degpers flowsouthward

2.1.6 Atlantic Meridional Overturning Circulation (AMOC)

The Atlantic Meridional Overturning CirculatiddMOC) is oftenmistaken foithe
thermohaline circulatioTHC). The twoareintimately associatkwith each other as part of
the globaloceancirculation ficonveyor befh. As THC is strictly driven by densityhe

AMOC is also affected by winds and atmospheric pressure variations related to the NAO.
The AMOC is aglobalmajor current system, transporting heat from low latitudes (tropics) to
higher latitues in botthemispherem the Atlantic The AMOC is driven primarily by
upwelling anddownwelling of watermasses; hence it withhabitcontribution from the THC

in the cycleWind forcing of the surface wateis another driving factolThe AMOC

transpots warm nutrienpoorwaters from the equatpolewvard As heat (and other
components, such as carbon) is lost to the atmosphere throtsga amnterference, the water
is converted into cold North Atlantic Deep Water (NADWArough the THC dynamics
(Figure 2.16). Thispolewardtransport and formation of water masses are strongly

10
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dependent on the NAO, as it serves as a controlling factor of sea ice/fresh wateisaad air
fluxes Coachmann & Agaard, 1988).

===  Surface flow ® Wind-driven upwelling L Labrador Sea

=== Deep flow @® Mixing-driven upwelling G Greenland Sea

=== Bottom flow = Salinity > 36 %o w Weddell Sea
<  Deep Water Formation m  Salinity < 34 %o R Ross Sea

Figure 1.3.6. Overview of the global ocearirculation associated with the Atlantic Meridional
Overturning Circulation (AMOC), derivellom Rahmstorf (2000)This sketch providea simplified

understanding of the THC dynamics, taking into account the surface flow, deep water flow, sites of
deep weer formation as well as upwelling regions.

11
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3. Study area
3.1 Geographical setting

The site of core GS1598-38CC is situated in the Greenland& The Greenland Sea is
partof the Nordic seas, including Icelandorwegian, and Baents Sealn the north, the
Fram Strait connects thidordic seaso the Arctic Ocean. Wéreas thesouttern boundaries
to the North Atlantidollows the Denmark Strait wesf Iceland, and the Icelarféaaoe
IcelandShetland Gannel in the eagNam, 1995.

In generalthe bathymetry of anreaconstitutesa crucial factor in the dynamics of the

water mass circulation. The seafloor topography may exhibit constraints or limitations to
the circulationand thus effect the interaction and mixing of watessea with nearby
oceanic regionfHopkins, 1991)The majorfeatures of ta Nordic Seabathymetry

comprise threbasins sepated by the Mohns mid oceanixlge system The basin of

special interest of this thesistiee Greenland basin, whichdefined ly Fram strait in the
north, the Greenland continental shelf to the west and Mohns ridge to the south asekeast
figure 3.1(Hopkins, 1991).

Important water mass exchanges to the Nordic Seas occur through six boundaries, whereas
the two northernmost lbimdaries ensure flow exchange with polar waters. The
geomorphology of the two passageways display differences reflected in boundary
conditions. The Fram Strait represents an oceanic boundary, where water masses may flow
unrestrictedly, whereas Barents $#w to polar areas occurs in shallower continental

shelf seas (Hopkins, 1991). Exchange with the Atlantic Ocean occurs mainly over the
continental Greenlandcotland ridge, through the Denmark Strait west of Iceland. East of
Iceland, Faroese Channelda8hetland Faeroe Ridge, and North Sea entrance constitute

the connection between Nordic Seas and Atlantic Ocean. The bathymetry of the boundary
between the Nordic Seas and Atlantic Ocean is as opposed to the Fram Strait much

shallower in depth, contribuig to restrictions in the circulation dynamics.

12
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Figure 3.1 Bathymetric featuresf theNordic Seaslerived from Hopking1991) Red square

indicatesthe Greenland basin, whilst red dot is the approximate location of the core site.

13



Chapter 3 Study area

3.2 Oceangraphic setting

The oceani@area of special interest furis thesis is th&lordic SeasThis Sea actas a
connective basibetween the iceovered polar waters in the north, and warmer North
Atlantic waters in the soutin addition it constitutesan mportant role in relatioto deep

water formation of the Northern Hemisphéropkins, 1991).

Water masses adifferentiatedboth vertically and horizontally on the basis of density. This
parameter reflesthe salinity and temperature of the ocemmdmay actas a unique tracer
Subdivision of the wateris classified as surfacejntermediate, and deep watersVater
masses dominating tidordic Sea®riginates from two main sources; Cold, low salinity
Polar Water (PW) derived from the Polar Seayarm, high salinity North Atlantic Water
(NwAtW) from the North Atlantic (Hopkins, 1991

North Atlantic water masses enter through the Farobs@ar| andravels further north
towardsSpitsbergenDue to theNordic Seabathymetry, NwAtWis dynamically

constrained to the eastern part of biasin Lateral extent of NWAtW isiormallygreater in

winter than in summer, btite existence of seasonal pattern of NwAtWlumeis still

debatedAs it enters thélordic Seasn the southt possesseligh levelsof heat, ands too

buoyant to mix with the surrounding wateassesTransport to the north results in heat loss,

just enough to reduce the buoyancy, amttlice mixing This dynamic results in increasing

density downthewaterol umn, knowonagph@ipeécoPRPdmmewbonditio
important feature requisite for deemter production, and hence also the thermohaline

dynamics of théNordic SeagHopkins, 1991).

Another Surface watanass of significance is the Greenland Polar Water (GBRYV

entkers theNordic Seashrough the Fram Strait, arts as a boundary currefibwing down

the continental margin of eastern Greenland. As the NwAtW is constrained to the east part of
the seaequallyare the GPW dynamically limited to the wastpart. Underneath the

Greenland Polar water is the presence of a strong halocline, originating from polar waters,
and maintainedypfresh water supply through melting of ice beiyaring increased summer
melting a resulting sharper halocline becomadet. Follaving deepening of the

thermocline occur duringrinter convective mixingf the water masséblopkins, 1991)
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The third surface water mass of special interettasArctic surface water (ArSWI is of

locd origin and occupies the area betwdlem GPW ad NwAtW, andis essentially made up

of a mixture of boundary wate(slopkins, 1991)Blendingoccurs as parts of the Atlantic

waters flow slightly west towards Jan Mayen, simultaneously as the East Greenland Current
brancheastwardnto the Icelad Sea. Rsulting in waters with complex properties, dnel

Iceland GyrgJohannessen et al., 1994) addition, artic waters play a key role in formation

of North Atlantic Deep WatdiAagaard et al., 1995The ArSW display the most prominent
seasonal variabiljt During winter and autumn, a collapse loé thermal stratification takes
placeas a resultfoheat loss to the atmosphereading to a merge with the underlyingper

intermediate waters. This stratification is reestablished during spring and summer.

Intermediate water massesmprise anntermediate stage in the transition from surface
waters to deep water. Thesatermasses occupy thietermediate depthf the water
column. Formation occurs during winter as Heasand potentially sea ice formatio
inducesa decrease in temperature and increasalinity, and hence heavier adense
waters Four types of intermediate waters are present in the Greenlardl)F&sturn
Atlantic Intermediate Water (rAtlW), (2) Jan Mayen Intermediate Waters (JMA(BY
Greenland Atlantic Intermediate Water (GAtIW) and (4) Greenland Arctic Intermediate
Water.For a more extensive review of these water masses see Hopkins (1991).

Thirdly, the most important water mass, controlling the overall thermohaline circutdtio
the basin is the deepater massed.he formation process of degmtersmaydiffer greatly
resulting in water mass properties in opposite ends of the $tadas evident in the
Canadian and Greenland basins (Hopkins, 1991). Canadian Deep QM¢) ¢onsists of
the saltiest and warmestters, whilstGreenland Deep WateGDW) is thefreshest and
coldest According toCarmack (197BGreenlanddeepwaterformation occurs through
subsurface cooling of GAtIWAs warm, andalty GAtIW approxinate the Geenland gyre
center heatis lostquicker tharsalt to the GArSWthrough a double diffusive mechanism.
Heat from the interndiate water masses fsirthertransported to the atmosphere through the
surface layerAs aresult,the surface layer experienaarming from below, and cooling at
the ocearatmosphere interfac®uring this procesghe buoyancys alternateddriving
GAtIW to resemble thevater properties cE6DW.
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The current of special relevance for this thesis is the East Greenland CurrentTBIGC).
currenttransport cold, freshwaters southward from the Fram Stréhirough the Greenland
Sea and ird the Denmark StraiTheupper fraction of the current conveys GPW southward
(Hopkins, 1991)0n this southward path GPW has an eastigrgt to The Jan Magn

current (JMP) and Icelandic Current. Becausisgbroximity tothe Greenland continental
shelf, the boundary flow is geostropically constiedl to remain along the margDue to
Ekman transpoyta westward motion ahass fluxsustainghe baotropic high along
Greenlanddriving the EGC soutivard (Hopkins, 1991)

3.2 Climatic setting

The climaticsetting of a region is a reswt complexdynamics between metrological
phenomenasuch as atmospheric gsare and wind pattes, as well asnteraction between the
atmosphere and the surface ocelinese dynamicservesas a modulator fdoothlocal and
regional climatic variationdn this relation &ommonly discussed inhibitor aimosphere
ocean dynamicss the presence of an ice cover, #sdmplications on the physical grerties
of the ocean (Hopkins, 1991

The climatic p#tern of theNordic Seas s A ist@tivd sectorat 70°latitudesby the polar
easterlies and thaid latitudewesterlies. It is in this areahe Arctic frontreaching from

Iceland norheast to Bear Island; separstee Norwegian Sea from the Greenland and Iceland
seaqHopkins, 1991)The Arctic front is defined by twsurface waters masses. The cold
arctic waters to the west and warm Atlantiaters in the easfnother front, denoted as the
Polar front separates the low salinity polar waters from the arctic surface masses.

In the northern hemisphere the atmospheric surface pressure field appears as features of low
and highpressured_ocated at 69latitudelow-pressureells; Icelandic(North Atlantic)and

Aleutian (North pacific) are prominentAt the latitude of 70 there are twdnigh-pressureells,

the Siberian and McKenzi@ut of all the pressure cellfiglcelandic Lowleadthe primay

influencesto the Nordic Seasegion(Hopkins, 1991)
The Icelandic low is at its most intensive and extendiwéng winterasthe pessure gradient

strengthens acro$ise Nordic SeasDue to sea surface convergence underneath the Icelandic

low, this strengthening féareis enhanced and elongated nedhkt into the basit its most
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intensivethe Icelandic Low produce winds of cyclonic storm stremtittatingthe wind

pattern of the southeast region of terdic Seas

During March a decrease in the Icelandic Lawensity is prominent athe Polar High starts

to build up. As a&onsequencehe eastdies extend to the south. Icelandic Low constitutes its
weakest form in July due to minimal pressure gradient configuration. The same accounts for
the Polar High situad over Bear Island. As tlegh-pressure cell shifts towards Canadian

Basin during fallthe weak wind field increases as a result of development of greater pressure

gradients over thBlordic SeasOnce more the northeasterly winds flow over Greenlaas. se

Most of the ce-cover present in thordic Seass in the form ofpack ice icebergs, ice islands
andland fastice. Highest distribution oice bergds found in thesouthernmogpart of the
Greenland coast, often in connection to fjord systgasresby Sund in particulawhere
conditions forescapento open waterare more favorable compared to north of Greenland.
Due to steep bathymetry along the gastenland coast, most land fast ice detacloeth of
Greenlandand enters the EGC through theam Strait (Hopkins, 1991The boundary
between pack ice and open waters are called the marginal ice zone dVviég)on where ice

growth and decay are prominent (Hopkins, 1991).

The highest percentagé icebeags in the eastern margin of @rdandoriginatesas outlet
glaciers entering the Scoresby Sund fjfdwdeswell et al., 1993Icebergs situated at the
mouth of the fjord incorporate into tSC andlow southwardWadhams, 1981

There is ayreaer yearto-year variability compared teeasoal trendsdue to seHregulation
within anannual cycleAs the production rate of ice increases during winter, the amount of
ice accessible fomelting raise correspondinglilso, thepresence of ice cover inhibits the
heat loss of the surface waterssulting in accumulation of helaélow, and colder air
temperatures above the icever. Potentially inflicting changing wind patterns and sea ice
distribution.Skov (1967 elaboratedn theideaof possible connections between yearly sea
ice variability and thedynamic of the currents. Seeing that waamd saline North Atlantic
waters entering thordic Seasnay inhibit the extension of the EG@d therefor
subsequently slow down the rateimfoming iceproducing waters from the Arctic. This is a
statenent in line withwarm saline waters prevemg formation of icewhilst colderless

saline waters facilitate growth
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4. Materials and Methods

This chapteprovidesan overview of the procedurearried ouduring the cruiseand
information abouthe followving laboratory workin addition,a brief introduction to the
background of the various methaaisd its application to paleoclimatic studiepresented

4.1 Shipboard Analyses

Marine ore GS15198-38CC(hereinafter, core 38C®as recovereduting the2015 cruise
of R/V G. O Sardn the Greenlandé&a aspat of the ERCSynergy grantecce2iceproject
(chapter 1.1)Core38CC(70°07.521N, 17 32.812Wjyas retreved atawater depth of 1609
m, locatedbn the continental slopeast of Scoresb$und, Greeland (see figure 4.). The
core site is situated belatve path osouthboundeastGreenland currerandDenmark Strait
Overflow Water (DSOW).

Figure 4.1. Overview of the main surface circulationapproximation to the core site (orange),

modified afte Nam et al. (1995). IC= Iceland Current, EGC= East Greenland Current. NC=
Norwegian Current. JMC= Jan Mayen Current. Oceanic fronts are highlighted in blue capital letters,
modified after Johannessen et al. (19®Bepwater masses are modifiaéter Pirrung et al. (208).

Black circle indicates site afeepwaterformation. GSDW= Greenland Sea Deep Water, ISDW=

18



Chapter 4 Materials and methods

Iceland Sea deep water, ISOWceland Scotland overflow water. DSOW= Denmark Strait Overflow
Water.

4.1.1 Coring device

Forthe recovery otore 38CC, the @lypsopistoncore system was us¢iigure4.11). The
customizeds.0 Sars version of thireris capable of retrievingediments up to 22 mat
maximumdeptrs of 6000 meters.

The Galypso corer is leveled down the water column, up ungélmeter above the sea floor,
where it is stabilized to minimize the horizdntaovements. This action taken to increase
the probability of perpendicular penetration of the sea floor sediments. Once optimal
conditions are obtainethe Galypso corer isaleased from the main cabl@uring this
procedure an internal wire connected to a piston at the bofttime corer, help neutralizbe
pressure at impacthis wire also connects the corer to the main cable, permitting recovery

of the sedirents(for further referencehttp://www.kleyfrance.fr/product_06.htm)

Figure 4.11. Picture of the calypso corer used on board F/F G. O Sars, taken during the Ice2ice
cruise (Photo: Ida Synngve Folkestad Olsen).
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Immediately after recoveryhe core was split intavo halves, working andarchive half.

Both surfaces wereleanedpefore further constructingchannels from the archive halihe
purpose of making-ghannels was tsimplify the process of-ray fluorescence scanning

once ashorerhe remains of the ahnive halfwerestored and kept as a possible future
reference. Several analyses were conducted on the working half, including logging of visual
characteristics, photographs and color scanning. Measurement of low field magnetic
susceptibility (MS) was alsconducted with a handheld BartingtorS®device.

4.1.2 Visual core description

During the Ice2ice cruise a visual description of the core sediments was mgeleeial the
sediments did notisplay any major features and wel@minated by alternatiord silty

clays of varying color. A brief summary of the visual description is presented below.
The interval 6106 cm is dominated by light milky brown colored silty clays with darker
brown stainingbands. At 106112.5 cm a clear increase of grey coloohsious.The

following sediment is clay of grayercolor, and a feature of reddish tint/rusty streak at 156
cm. The intervall96-326 cm is made up of silty clays with colors ranging from beige to
blackish gray. The following 32836 cm has a more oliveayr browncolor; with a sharp
transition to slightly coarser material in layers at 332 cm-332cm is milky brown with
darker brown splotches at 3887 cm. The interval 38805 has a higher frequency of
streaks, whiclare black and dark brown in coldme sedimentology of this interval is still
silty clays of varying color. At 66535.5 cm the color has a more yellow Eter, and a
large stones prominent at 61813 cm.The last635.5900 cm varies between brownish and

greenish silty clays with occamal black stains at 638cm and 7703 cm.

4.1.3.Color scanning & Photos of the core

After the surfaces were thoroughlyahed, the sectiongere placed under a stand and
photograpkd with an SLR cameraThin slices of cling foil were useid preventhe

measuring equipment to touch (and contaminate) the sediments. Any air bubbles trapped
between the foil and sediments wesmoved accordingly, to minimize interference of the
measurements. Thelor scanningvas performed with handheldspectrophotomet,
measuringeverycentimeter(Figure4.1.3) From the color scanning data one can extract
information about the color range and lightness of the sedingntsding information

about the sediment composition
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Figure 4-1-3. Picture taken during thed2ice cruise showing col@ctanning of sediment with the use

of a spectrophotometer (Rbolda Synngve Folkestad Olsen)

4.2 Shore based_aboratory methods

Initial processing of the core sediments was performed mainly in the sediment laboratory of
the University of Bergen. This implies XR&canning and washing of samples. Preparations
and running of samples for stabile isotope measurementwedectedn the Geological
Spectrometry (GMS) laboratory tife Department of Earth Sciences and the Bjerkeeger

of Climate Research (BCCRBgergen.

4.2.1Sampling andwashing

Core38CC was sampled every 5 cm, starting fro@® 55,5 and so oniThe uppermost 9
meters of the calypso core was samplelich is the focus area of this thesis. Evergtla
1 cm slice was taken, whilstvery 5cm only 0,5cm was collectechi inconsistency is due
to a keconsideration of producirtggher resolutiomecordsthan first outlinedWhen
sampling thesectionsa thin slice of sediment closest to the plastic twbsleft out, to

preventcontaminatiorof the sediments
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All samples werewveighed before and aftédre drying proess, to obtaiwet, and dry weight

of the sedimentDuring the drying process (at 50f,@ach sample wasixed with distillated
water and placedn a shaking machine fapproximately24 hours to disperse the sediments
Suspendededimentsverefurther sieved into fractions of >0,5 mm, >0,150 mm and
>0,0063mm. e fine fraction<0,0063nm) was collected in a containkr settle, andvas

later baged.

4.2.2X-ray fluorescence (XRF)

Variations in a sediment core imply changes in depositional environment, possible
contamination, diagenetic transformation etc. It is essdot@btainprecise analyses of
sediments to acknowledge these changes. Trag Ruorescence method provides high
resolution data of the geochemical elements present, invaluable for the initial analytical

process of a cor&Cfoudace et al., 2006).

The ITRAX- X-ray fluorescence scanning system used for analyses of core 38Qd@lys a

automated multifunctional scanner. It ensures radiographic, optical as well as elemental
variations in a spltore, with no destruction of the sediment. This is performed with the use

of an intense mickX-ray beam irradiating the samples. The ITRAXS the capacity of

scanning core sections up to 1,8 meters with aresolutionaf 200 ( Cr oudace et al
It is also known to be less time consuming, in terms of the preparation process as well as the

actual analysis, compared to traditional methods of detecting geochemical elements.

The application of XRF scanning in marine sciehas been largely relatemldetermination

of climaticallydriven modifications in the composition of core sedimenftenassociatedo
glaciali interglacialcycles(Lebreiro et al., 2009). Is useful forattaining highresolution

data ofelemental luctuations Sedimentological features, such as ash layensiditiesand

ice rafted debris are also more recognizable with the use of XRF. A fourth application might
be examination of element ratios compared to magnetic susceptibifisid informaton

about authigenic ahdiagenetic processeRdthwell, 2015%.

Elementsmphasized in this thesis aral€lum (Ca), Iron (Fe) and Titanium (T8ll of

which are correlated with glacial cycles and abrupt climatic chalkhtgsp et al., 2006)n
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general Feand Tiare considered as a proxy for terrigenous ingidd| et al., 2002)peaking

in values during events afeberg rafting (Hepp et al., 2006).

Caldum values found ithe marinesedimentorescan potentially be afletrital origin, but

the dominantontributionin the Greenland Sea, idue to the low occurrence of carbonates in
the continental surroundingsormally from biogenic sources. This element is thessdior
recognized proxy for CaC{production in the ocean (Rothwell, 2013 he general

fluctuation pattern of Ca, display increasing values during interglacials, and subsequently
decreasing values during cold glacial conditjomisere sea ice cover and low temperatures
reduce carbonate productivity in the upper odgan et al., 2003)Caldum may also serve

as a proxy for bottom water corrosiveness, as low values of Ca can be correlated with
carbonate dissolution. This may in turn be related to oceanic water mass qRangesl.,
2001a). Ingeneral glaciatinterglacial transitions resulhisignificantanti-correlated changes
in Ca, Fe and Ti.

4.2.3Magnetic Susceptibility (MS)

As mentioned in section 41, low-field magnetic susceptibility was measured during the
cruise with a handheld Bartington MS2 system. The core was wrappedgriailito prevent
contact between the MS detector and the sediment. Evecefineter was measured, and
the device was properly zeroed before use.

Magnetic susceptibility is widely used for environmental research due to magnetic
mineralogical approdicbeing so applicable and simple to use. Advantages to this analytical
technique are the measurements bguigk and nordestructive. Tie fact that measurements
can be made on any wyf material, as well as compient many other forms of analytical

tecmiques Dearing, 1994).

Magnetic susceptibility is the measure of how attracted a material is relative to an external
forcing, in this case, the magnetic field. This attraction is considered to be the magnetic
behavior of a material, and it is this efféitat is desable to measure

Magnetism is created by electron spmound the atoms nucleus anglaivn axis. Alignment

of the electron motions constitutes the magnetic energy of an atom. Configuration and
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interaction between all the electrons in thexeda@etermine the magnetic behavior of the

material (Dearing, 1994).

Magnetic behavior can be subdivided into five categories; Ferromagnetisr) ciamted
antiferro, para, and diamagnetism. Ferromagnetism term is used to describe the most
magnetic sustances, liké-e The magnetic moment in these substances is ordered and
aligned in the same direction leading to high magnetic susceptibility. Ferrimagnetism also
display high magnetic susceptibility, and includes magnetite af&eng minerals. These
types of minerals are present intbobcks and soils, and are thiere the most common
magnetic behavior of natural materials.

The third group of magnetic behavior is the canted antiferromagnetism. This group of iron
minerals is common in many rocks asalls, and displays a lower magnetic susceptibility

because of opposing magnetic moments in the alignment (Dearing, 1994).

Examples of minerals in the fourth group are biotite and pyrite. In the presence of a magnetic
field, the magnetic moments of FeMn in these minerals are aligned and display week
susceptibility. The last group, diamagnetism, includes miménat do not contain any iron,

such as quartz and calcium carbonate, and even organic substances. Diamadgrgis ma

are known to produceesk or negative values of magnetic susceptibility (Dearing, 1994).

Measured magnetic properties of sedimemay provide information about source region and
past changes in transport of the material, hence the dynamics efvdespurrents (Rousse

et d., 2006).The magnetic content is in turn dependent on the biological productivity. When
biological productivity increases, dilution of theagnetic minerals will occureading to a
decrease of the magnetic elements and a lower MS valueHigher valies of MS indicate
glacial periods, characterized by lower productivity of biogenic carbonate, and generally
higher input of ice rafted detritus, than durinterglacials (Robinson, 1986a)hisis,

however, depatent on the type of detritus, whethersitderivedrom rocks with low or high
abundances of magnetizeable minerals.

The glacialinterglacial changes detected in magnetic susceptibility (MS) are driven primarily
by the dilution and productivity of carbonatendlow susceptibility terrestrially efived

minerals and theeffect on the concentration of magnetic minerals in the bulk sediment
(Robinson et al., 1995).
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Often magnetic susceptibility is used as a correlation tool since cores over wider regions may

display the same magnetic susceptipitécord.

4.2.41sotope Ratio Mass Spectrometer (IRMS)

Stabile isotope measurements were condunydtie use of Finnegan MAT 253 mass
spectrometer-or thisanalysis planktonic foraminiferaNeoglolmquadrinapachyderma
senestréhereinafteN. pachydemasin,) waspicked from the150e m tian.dngeneral,
the samples werdominated by this species, wiigw other panktonic or benthic
foraminiferspresentForaminiferswas transferred into a glass viade by one and carefully
weighed to obtain #optimal weight of 4& 0 .&8evaue the foraminifera ere picked
from a size specifitraction, the same amount of species (approximatelyva3)needed for

each sample. Control weight was performed every 5 sample.

The tests in glass vailwere further broken into pieces with the use gibas rod.Drops of

methanol wer@added, and the sample was placedrirultrasonic bath for approximatel®

seconds. Irases where the sample did not seem adequately clean, a second run of ultrasonic
bath was performed. The contaminated methanol @msved with a syringe carefully to

make sure all sample components remained in the veil. The sample was put in a drying

cabinet to evaporate the remnant of fluids.

The analysis of both oxygen and carbon isotopes of carbonate shells is executed by measures
of the mass ratios of carbon dioxide (@ a sample. Tlsiis obtained by reacting carbonate

with phosphoric acid, with reference to a standard, comprised pbfC&knownisotopic
composition. See Equ. 4.(Rohling & Cooke, 1999).

CaCOs + H3POy = CaHPOw + COz + H20O Equation 4.1 (Rohling & Cooke, 1999)

The carbonates are measured agdiest/ienna Pee Dee Beleite (VPDB), whichis
correlated/related to théienna Standard Mean Ocean WatsMOW) according to the
equationbelow(Equ. 4.2)
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U*0vsmow = 1.030921*80ypps + 30.92 Equation 4.2 (Rohling, 2013

Resultsfrom isotopic measurements 80 and'3C are calibrated to the National Institute of
standard and Techragy NPS 19 standard and given accordmthe PeeDee Belemnite
(PDB)scale

4.3 Planktonic foraminifers

Planktonic foraminifera are a singtelled zooplankton primariliving in the uppermost 10
100meters of the euphotic nesurface waters. Below this depth the abundance display an
exporentialdecline (B¢, 197)7dueto lack of nutrients and pre@thercontrollers of the
planktonicdepth habitats are factors suctsabnity, temperature artissolved oxygen

(Barun 1999.

Foraminiferds shells (test saLQ)aeitherfranosecpeteds ed o f
calcite,aragoniteor incorporated surroundirggrticles The tests are constructed ofuamber

of chambers added sequentiauring growth(Mortyn and Boti, 2007)lt is the amount and

orientation of these tests that classifiee type of @nktonic speciesSize mrmally ranges

from 100 microns tdmm. The minority of foraminifera are planktonic, approximately 1%,

making up 4660 species. The remaining 99% of the speciebeméhic (Dowsett, 2007).

The relative abundance faraminifera is lower in high salinity environment, with weak
circulation central basin waters like the North Atlantic. On the contrary, high relative
abundances tend to thrive in major current gyres, boundary @amrgent and upwelling
zones, as wll as frontal system@arun 1999. Ther speciegjeographidistribution isvast,
and theyinhabitvery different oceanic regimes, from high latityzbéar waters, to more
tropical/subtropical environmeng§lortyn & Boti, 2007). Planktonic foraminifer&xperience
seasonal, diurnal and ontogenetic variations during their life ay@king exact depth

determination of a species problematic (B&, 1977).
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The planktonic species of specidieneance for tis study is théN. pachydermdsin), also
commonlyreé r r e d t ¢seaFg. 4BThBE&icularspecies inhabits polar waters,
where it is the most dominant type of planktonic foraminifers, but also thrives in sub polar

regions (Dowsett, 2007).

Foraminifera are widely studied for global environmenkanges due to the preservative
abilities of the tests, serving as Arecorder
through times. Due tits habitat in the surface oceatanktonic foraminifera arased as an

indicator of the surface watersle in climae changes. High abundan@slprevalence

spanning far back in time alloviisr paleoceanographic studies on gladmérgladal time

scales (Mortyn & Boti, 2007

Figure 4.3. Image of the planktonic foraminifera specispachydermdsin), constrained from
website
http://acces.emmgon.fr/acces/terre/paleo/systemclgulfstream/pages_gulfstream/dosstech/techpaleoc

lim/sst/sst.
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4.4 Stable Isotopes

Interpretation oftabileisotopic record conducted from degga cores has been a alig

used proxy foinvestigatiors of climatic cyclesmuch becausef pioneering work conducted

by C. Emiliani during the mid 58. It is now awell-establishedtratigraphic and

chronological tool fothe QuaternaryThe following section provides a brigftroduction to

the main aspects of stable isotope geochemistry, basically summarized by Rohling and Cooke

(1999) and references therein.

Elementsconsising of multiple versions, separated by differences in atomic masses, are
known as isotopes. Two ex@ihas being oxygen and carbdeach atom nucleus consists of
both protons and neutrons, and it is the combined amount of these that make up the atomic
mass. As the number of protons is set, the difference in neutrons is reflected in the isotope
mass of anlement. This mass difference imposssall differences in the isotopes
physicochemical properties, and is reflected in the strength of the bonds between the
molecules. In a general, the light isotopes bonds are weaker more reactive than the heavy
ones (Raling & Cooke, 1999).

For the isotopes of least abundance, minor isotopes, the absolute abundance cannot be
determined accurately, but by comparing the result with a known external standard, the
guantitative relationship, known as differences in isotagies (delta values) can be
determinedEqu4.4a)

Usanple = ((Rsamplei Rstd)/ Rstd) * 1000 Equation 4.4a(Rohling & Cooke, 199)

Positive d valueare equivalent to enrichment in the heavy isotopf&) (elative to a

standard known agienna Standard Mean Ocean Water (VSMQWJPDB Conversely,

negative d values indicate a depletion of the same heavy isotopes.

When i sotopes are fitransferredo from one f ac

occurs, thisisreferredtoash e fiequi | i brium i sotope fracti ot

4.4h where the fractionation factor are
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-8 = Ra-Rs Equation 4.4b (Rohling & Cooke, 1999)

Ra, represent the heavy isotope of an element, anthdlight isotope of the same element
(e.g.120/*%0).

Thefractionation is largely dui kinetic effects, such asotopes having different reaction
rate which in turn result in deviation from the equilibrium, or molecular diffusion within the

boundary layer betweenelwaterair interface (Barunl999)or in biological processes

The process of isotopes being divided into substances of different isotopic composition is
termed “fractionation'. The fractionation factor (alfa), quantifies isotopic fractionation
between substances A and B in the equation béwand R are the heavy/light ration
between two isotopes e#0/1°0 in chemical compoursdA and B, see equation 4.4.c
(Rohling & Cooke, 199p

Alfa=Ra/Rs Equation 4.4.c (Rohling & Cooke, 999)

Controlling factors of the fractionation process are isotope exchange reactions, which are
temperature dependent. Kinetic effects associated with diffusion cause deviation from the
equilibrium process because of different reaction rates of thepis@pecies (Rohling &
Cooke, 1999).

4.4.10xygen isotopes

Oxygenappearsn nature in the form of three isotopé®), 'O and'®0. These can be found
in relative proportionsf 99,76%, 0,04% and 0,2% respectively (Bradley, 20T4e
following sectionwill focus on the rati@nd alternations between the heavy and light oxygen

isotopes in seawater and foraminifera carbonate.

The80/*%0 ratio, referred to as'®0 of seawater are constantly alternating due to its close
linkage to tke hydrological cycle. The hydrological cydensistsof factors agvaporation,
precipitation, runoff from iceberg melting and storage of freshwater in ice shedigusee
4.4.1a. Especially storage of large quantities of freshwater, severely deplefi iover
longer periods than the ventilation time of the ocean, leads to a delay in the hydrological

cycle and signal between isotope and ocean circulation.
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The distribution ofi*®0 in seawateis alsovery dependent orhe ocean circulation and

mixing, as wellas the surrounding environmeiarun 1999.

Rayleigh distillation

'L Precipitation l’ .
Predominantly equilibrium Precipitation
effects Equilibrium and
kinetic (snow formation)
effects
Evaporation ‘L
Equilibrium and
kinetic effects Ice _
Runoff _ storage Iceberg calving
- = 2a

Enrichment Depletion )
i Depletion from melting

Groundwater
storage

(10% years)

Figure 4.4.1a. An overview @ the hydrological cycle andstimplications on the oxygen isotope
ratios (Rohling and Cookd 999).

Theexchange of oxygen isotopes occurghe airsea interface and modified in the

following equation:

Hzleoliquid + H218Ovapor a A H218O|iquid + Hzleo\/apor Equ 44la(R0h||ng & Cooke, 1999)

As water is evaporatddom the surfacevaters the light isotopes angreferablyincorporated
in the vapor phase, leaving the remaining water masses/vapor depleted/enrigfi@dTihe

amount oft®0 uptake in the vapor phase is dependeriaotors like humidity (Barun1999).

In proximity to the source region, the first precipitation hassatopic composition similar to
the water masses it was evaporated from. As the piigxionthe source region decreases, the
depletion ofti*®0 will increase (Rohling & Cooke, 1999).

During condensation theeavierisotope is preferentiallemoved, the remaining vapor will
be subsequently more depleteditfiO (Rohling and Cooke, 1999yhe atmospheric vapor is

transported towards higher latitudes argliasilinearrelation betweeni*®0 and
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temperature, results in even more depleted precipitation in gelgiens than in lower
latitudes.

The more or less depleted precipitation willunrt affect its surroundings, and most
importantly the surface waters, in terms of adding freshwater eithenaf from rivers or

directlyinto the oceaiiRohling and Cooke, 1999%0r an overview of global surface

seawateti'®0 values, see figure 4.4.1b
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Figure 4.4.1h An overview of global surface seawat##Q integrated ovethe top 50 meters on a 4

x 5°grid, by Schmidt et al. (1999) in Rohling and Cooke (1999).

Measurement o0 of fossil carbonatés another methodf revealing seawater

composition of the pasiTheformation of theoxygen isotope composition of carbonate shells

is highly influencedby he fAequi l i brium fractionationo be
water.Accordingto Spero et al. (1997s the 1®0/*%0 ratios incorporated ishell carbonates a

function of the oxygen isotope ratio in tbeawateand the calcification temperatufiequ

4.4.1.b)

Ca&"+2HCOy & A CaCQ+ CO + H:0 Equation 4.4.1.b(Rohling & Cooke, 1999)
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An issue concerning the study of carbori#f®©ist h e f v i twhitharerdlated to thes 0

growth rate changes during the life cycle of the organism. Species may change depth habitat
during different stages in their life cycle. As a consequence of decreasing temperature with
increasing depthg migration in the water column will influence the fractionatibimis is a

factor that is normally corrected for by picking in size delimited fractidnsording to

Rohling (2013 the overall effect of equilibrium fractionationaboutO, 2a depletionin

carbonateii'®O for every 1°increase in temperature.

4.4.2Carbon isotopes

Carbon occurs a@svo stabldsotopeswhere?C constitutes 98.89%, and the less abundant
13C make out 1.11% (Rohling & Cooke, 1998he use of carbdfC/*2C ratios is often

complementaryo oxygen isotope measurements

The study of carbon isotopes is known to provide information on past oceanographic
conditions.Despite being influenced by factors as biological productivity, ventilation rates of
the ocean and ecological factors of foraifi@ra, it can be used for correlation purposes and
dating, but more readily as an additional age colffianhsen, 1989).

TheU!3C in planktonic foraminifera reflect the changes in productivity of the uppermost part
of the water columiiLowe & Walker), as well as provide an indicatiof how he*2C flux

in surface waters has changed throtigte (Shackleton & Pisias, 1985Caibon isotopes of
plankinic foraminifera can also provide information about atmospheric variationsin CO
back intime (Shackleton et al., 1992

Carbon isotope ratios, expsesl adl'>C, are a marker for the fertility of surface waters.
Different processs occur in the oceaatmospherénterface that affection this ratio, such as
varying CO, exchange with the atmosphgresupply of arbon from subsurface waters and
fractionation.The difference in enrichment p#3Cin the water column is related tioe
consumption otarbon during photosynthissDuring this process?C is preferentially
incorporated in the formation of organic matter, leading to an excé¥s.dfhus, the photic
zone & thewaters isenriched in*3C compared to the deepsurface wates. However,

vertical gradients within the surface waters may drive significant changestiiGtsignal.

Small changes in thermal stratification may drive the planktonic foraminifera to calcify deeper in the
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water column, close to the nutricline (Cermeno et al., 2008), implying mainly changes in
depth habitat of the planktonic foraminifera, ratttein deep ocean convection and
ventilation.

Another factor controlling the distribution and ratiolbiC are the temperature dependent
fractionation process. Wefer et al. (1999) state that lower temperatures result in greater
fractionation indicationpotentially higher*C enrichment in cold surface waters.

Higher values ofi**C, is also related toonvection of nutrient rich waters mixed up to the

surface potentially reflecting changes in the degater ventilation(Duplessy et al., 1984)

4.5 Assemilage counts ofN. pachydermasin and countsof ice-rafted detritus.

To obtaininformationof the amount and variation pfanktonicforaminiferaand ice rafted
detritusat anygiven time in the cor88CC counts of the above were conductéchphasis
of the counts wasonstrainedo the Marine Isotope Stage BIIS 3) of the core with the

purpose of displaying possible Dansga@mekschger events.

For the counting, fractiorn150 microrwas usedTo bring the number of material a
sample down to a desirechaunt amicro splitterwasused. This splitter dividessample
into two equal halveg), making a split equal to 12fraction of the original sample. After
splitting the material was transferretto a pickingtray, wheretie number of squares was
counted until reachingpproximately 30@pecies oN. pachydermésin). Thenumber of
otherplanktonic foraminifera present the samples was also counted but not further
distinguishedsee appendix .B'he percentages &f. pachydermdsin) are calculatedelative

to the total planktoniéoraminiferacontent.

Absolute and relative abundances were calculated from the counts on the basis of the
equations below. For IRPounts, only absolute abundances were constraiedamount of
terrigenous grains was aoted, but no further classification of the siliciclastic components
wasmade.

* Absolut abundanc€ind/g): ind *50/n (squares counted3plits dry weight

*Relative abundance (%) Total nps in sample * 1Q0(total all planktonicnps in sample).
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Accordngto Knudsen et al. (20043e-rafted detritus islefined as sedimemomponents

released fronmeltingicebergs oisea ice and deposited on the ocean flbbe main quantity

of terrigenous debris, independe grain sizas transported to the ocean dis primarily

during glacialperiodsRuddiman et al. (1989stimates from North Atlantic refets ~40%

of the sedimets being IRD deposited duringu@ernary coldtages (Robinson et al., 1995).

The material accumulating in the deeper oceans has péigantage of biogenic material

like remains of siliceous and carbonaceous microorganisms. Accumulation biogenic material

is associated with warmer climate and/or interglamalditions Lowe and Walker, 1997

4.6 Sources of error

At different stagsin theprocessingf core38CC sources of erranayhaveoccurredas

listed below.

- Premrations on board the ship, suctspbtting, packing and transpornf the cores
can potentiallyead to disturbance of the sediments.

- Duringsievingof thesedimats inthe laboratory, microfossils mighelost in the
proaess due to human error.

- Lack ofpropercalibration of thescale might lead to offset ihe results when
extractingthe samples.

- During the transfer adried samples tglass vids, microfossilscan get lost. To
prevent this, a white sheet of paper wascpt on the desk, ttetect angbotentially
recover a spilled sample.

- Picking of wrong foraminifera species for mass spectronméryoccur due to
insufficientrecognition of the different species

- When dispersinghe sedimenten the shaking machine, the presencie®rafted
detritus mighpotentially crush the foraminifera if the testefragile.

- During washing of the sediments, ordinary tap water was used. Hence, the risk of
contamination isigher, compared to using distilled water. Such contamination may

trigger alternations in the foraminifera test, due to minerals present in the water.
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5. Chronology

Making a chronology is muchKe constructinga timeline.By arrangingknow eventsinto
order of occurrencm time, withthe useof a proxy (Lowe & Walker, 1997 The chroology
for marine core88CC is partially based on AMBIC datingas well as correlation tihe
benthicoxygen isotopastackLRO4 (Lisiecki and Raymo, 2005The purposef establishing
a chronologys to allow for comparisonsith other proxybasedeconstructionsn thesame
timeline. This section provides a description of the production oatfemodel, as well a&s

brief introduction to the theoretical background'#@ datingand reservoiages

5.1 AMS 4C dating and calibration

Radiocarbon dating @radiasotopicmethod, anane of the most used dating techniques for
the Quaternary time period. The method is applicedlapproximately the last 40 000
years. Tis is due to the short hdlfe of 1C (-6000 y) and because the risk of contamination

during low activity levels arbigh (Wefer et al., 1999).

There are two stable isotopic forms of carbon, 12C and 13C, the former being the most

abundant isotope inature. Unstable isotopes, such as 14C, more easily undergoes
radioactive decay resulting in transition in
producto. The rate of decay is undeviating,
establishindhalf-lives ofradioisotopes (Bradley2014. The termhalf-life refers to the

amount 6 time it takes for the radioactive material in a sample to decay to half of its original
amount. Gaining knowledge of this parameter makes it possible to assess thetinaes

elapsed since thdepositionof the sample (Bradley014.

Three samples of planktonic foramifera, N. pachydermdsin) wereretrievedfrom core
38CC and sent to Beta Analytic Inc in Miami Florida for AMS radiocarbon défmghe
resuls from the dating, see tablel5Accelerator mass spectrometry (AMS) is the most
common method of radiocarbaating Qull, 2007. In comparison to the conventional
counting radiocarbon decayethod AMS is 1,000 tal0.000 times more sensitivesesng

that the latter measures the radionuclide directly, while the conventional method wait for
each decay event to occum this thesis ages are consistently reported as calendar years

before present, where present is refers to common Era (CE), denoted as ka BP.
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Conventional radiocarbon | Calibrated radiocarbon age (Cal. | Age range
Laborat b Core depth
oratery number ore depth (cm) age (BP) Yr. BP) (ka)
Beta - 419048 60-61 15170 +/- 50 18050 175
Beta - 419049 180-181 22720 +/- 110 26920 BED
Beta- 419050 345-346 42150 +/- 560 46020 1745

Table 5.1. Resultfrom radiocarbon dating of core GS19838CC Three dates werabtained.

There are different methods for calibrating a radiocarbon age, either by using probability
density curves, or interception. The terms of the latter calibratiares@are intercepted by
radiocarbon ages with plus/minus onewo standard deviations. That way a calibdaage

range can be obtained. Aasvback of this approach includes restrictions to the uncertainties
of theradiocarbon age, and lackioformationabout relative proballity of calibrated age
rangesA probability density function (PB) provides information abotite distribution

shape. By the use of an equation (not further elaborated here), the probability density is
altered into calibrated year plendency (calyr) (Reimer and Reimer, 2007%yjth one and

two standard deviations, providing 95% or 68% confidence intervals of the probability curve.

For the three dated samples from core GEA838CC, the calibration was performed using
2013 calibratn databases (Magi3 database). dasured>C/A°C ratios were calculated
relative to the PDBL standard.

5.2 Reservoir/ventilation ages

Ocean and atmosphere dynamics are closely relatbd ¥entilation of the ocean$he
process of incorporating atspheric carbon dioxide (Ginto the surface waters
(calcareous organismggnerates an enrichment6€ activity. Conversely, deepater
upwelling is highly depleted ifC. Mixing of water masses with differenirbon
composition make¥'C age (reseninage)determinatiorfrom marine organismroblematic
For that reason, correohs of reservoir ages are made dependmthe climaticsettingof
the areaThe size of the imprint depends on the ocean circulation and limitations to the
exchange of C&between ocean and atmosphere, hémiezaction between advection and
convection of warm and cold waters, respectiyBradley 2014.
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Differences between surface ocean and atmospheric ages varies duesmdedagmission

of newly formedcarbonfrom the atmosphere into the ocean. This delay is referred to as the
Areservoir ageo, and differs strongly throug
Factors contributing to a higher reservoir swpay arise fronupwelling of old*‘C- depleted

water, orsea ice coveragén general, these characteristics coincide with higher latitudes.

However, forareadike theNorth Atlantic, corrections for the apparent ageraeas high as

for examplearoundAntarctica. This is primarily a function of strong deepter formation,

preventing upwelling of depleted water masses, as well as advection of warmer, efiiched

waters flaving northward from the tropiqBradley, 2014.

Reservoir age discrepanaspecially in midand lowlatitudes,is amplified during periods

of weak Norh Atlantic Deep Water formation (NADW). The presence of sea ice coverage
inhibits the oceafmtmosphere interaction for longer periods, simultaneously asvaatep
depletion is increasing (Bradley, 2014). The surface reservoir effect in the central North
Atlantic today equals to ~ 400 years. Nordic Seas exhibit soméovher values, see figure
5.2

Figure 5.2 A global overview of reservoirges of surface waters, and extendsign down the
water columnFor the North Atlantic Oceamcrease in resgoir ages is consistent with higher

latitudes, except for the Nordic Se@soecker et al., 1998
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