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1 Abstract

A new dating of Bulling-Allerud (Greenlandnterstadiall) and YoungerDryas
(GreenlandStadiall) periodsin the GRIPice coreis presentedNewly measured
proles of Dand O, aswell asexistingpro les of [Ca ], [NH ], dustcon-
centrations[NO ] andECM have beenusedfor thedating.As seasonalariations
canbe obsenedin all sevencomponentsit hasbeenpossibleto simultaneously
countannuallayersin thepro les in orderto obtaina multi parametedating.
The new datapresentedn this studyincludesatotal of 22 m of D proles of 1
cm resolutionfrom threesectionsof the Bulling-Allerud periodin the GRIP ice
core.The D measurementsave beenperformednaMicromassSIRMS (Stable
IsotopeRatio MassSpectrometer)ysinga samplesizeof 0.5 . The D data
have beencorrectedor minor drift andmemory Thenew D dataandtwo previ-
ouslymeasured O serieshave beendecomolutedto correctfor diffusionin the
rn andice.

Theannualayercountingsuggestadurationof theBulling, OlderDryas,Allerud
andYoungerDryasperiodsof 588 16,70 4,971 31and1150 44 years,re-
spectvely. Comparisorwith the new NGRIP stratigraphicatlating (the GICC05
timescalepndwith otherstratigraphicahndmodelledime scalesrom Greenland
ice cores,ndicateghatthe presentediurationsshouldbeconsiderecgasminimum
estimates.
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3 Intr oduction

Along with the focuson global warmingtherehasbeenan increasedscienti c,
political anddaily-life interestin understandindgpow the complex climatesystem
of theEarthworks. InformationontheEarths'climateovertimeis recordedn ter-
restrial,marineandice coresdrilled in differentregionsof theworld. By studying
the so-calledclimateproxiesfrom thesearchvesa chronologyof climatic events
in the pastcanbeestablishedA preciseandhigh-resolutiordatingof thearchves
is importantto beableto understandhe mechanismgvolvedin climatechanges
andthe relative timing of eventsobsened in climate proxiesat differentloca-
tions. Also thedifferentchronologieshave to belinkedthroughtime-synchronous
marker horizons(e.g.volcanicashlayers),sothatpossibldeadsandlagsbetween
differentclimatic sub-systemsanberevealed.lce coresfrom Greenlandareideal
for high-precisiordatingof climatic events,asthey arecharacterisetly hightime
resolutionwhile still coveringrelatively long time spansackin time.

The 3028m long GRIP (GReenlandce CoreProject)ice corefrom the Summit
of the Greenlandce cap(Figure3.1) constitutesa continuousarchie of pastac-
cumulation,containinginformation of pastclimatein Greenlandbackto 120
ka BP [GRIP Members 1993]. Resultsfrom the GRIPice corecon rmed earlier
indications[Johnseretal., 1972,1992b]of the existenceof periodsof relatively
mild climate,the so-calledinterstadialsjn Greenlandduring the last glacial pe-
riod [Johnseretal., 1992a].Abruptclimatic changesluringthelastglacialperiod
have alsobeenrevealedin numerousnarineandterrestrialarchvesshaving that
climatic oscillationswereprevailing on alarge scale[Bond etal., 1993]. Thecli-
maticoscillationsduringthelastglacialarerecordedn the oxygenisotopepro le
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Figure 3.1: Deepice coresdrilled in Greenland.The GRIP (GReenlandce
Core Project)ice corewasdrilled in 1989-1992at Summit(72 34'N 37
37'W) [GRIP Members;1993]. The GISP2(Greenlandce SheetProjectTwo)
ice coreis situated28 km W of GRIP andthe NGRIP (North GReenlandce
Core Project)ice coreis located325 km NW of GRIP [Grooteset al., 1993,;
Dahl-Jensertal.,2002]. Map by S. Ekholm,Kort & MatrikelstyrelsenPen-
mark.



from the GRIP core. The upperpanelin Figure 3.2 displaysthe O from the
GRIPice corein 50 yearsaveragesdown to 50 ka BP [Johnseret al., 2001].
The numbergeferto the numberingof the Greenlandnterstadialsassuggested
by [Johnseret al., 1992a]. This study dealswith ice from the relatively warm
climate period Greenlandnterstadiall (Bulling-Allerud) andthe relatively cold
Stadiall (YoungerDryas)at the endof thelastglacial period. Accumulationde-
positedat, or closeto the GRIP drill sitewithin thesetwo periodsis found more
thanhalf way down throughthe ice sheetat presenteachannuallayer having a
thicknessof around3-5 cm [Dahl-Jenseret al., 1993;Johnseret al., 2001]. The
bottompanelof Figure3.2zoomsin ontheBulling-Allerud andYoungersections
foundatadepthof 1600-1700m in the GRIP core.

Beforepresentinghe exactobjectvesof this study anintroductionto the ex-
istingtime scaledor the GRIP coreis neededThereexist modelledtime scalef
the GRIPice coredown totheEemianat 120kaBP[Johnseretal.,2001]anda
stratigraphicatimescaledown to 60 ka BP. The Holocenepartof the stratigraph-
ical datingof the GRIP ice coreis basedon annuallayer countingusing O,
ElectricalConductvity Measurement(ECM), [Ca ] and[NH ] pro les [Fuhrer
etal., 1993,1996;Johnseret al., 1999]. Recently Rasmussert al. [Submitted]
presentec new commonstratigraphicatimescalefor the NGRIP andGRIP ice
cores,coveringthetime interval 7.9-14.85ka beforeA.D. 2000 (b2Kk), underthe
nameGreenlandce Core Chronology2005 (GICCO05). The new timescalein-
cludesa revisedstratigraphicatlatingof the GRIP corein theinterval 7.9-11.75
ka b2k (1299.81-1624.27m),e. from the so-calledd.2 ka eventto the transition
from YoungerDryasto Preboreal. The new interpretationof this sectionof the
GRIP datadraws on the experienceobtainedfrom annuallayer countingusing
extensie high-resolutionContinuous-low Analysis(CFA) data,aswell asECM
andvisual stratigraphydata,from the NGRIP ice core. Before11.75ka b2k, i.e.
in YoungerDryasanddowvnwardsthroughBulling-Allerud the GICCO5timescale
is basedsolelyon NGRIP data.

Stratigraphicatlatingof glacialice from YoungerDryasbackto 60 ka BP in the
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Figure3.2: Bulling-Allerud andYoungerDryas.  O-pro®leson a modelled
time scale(ss09sea)whereBP=1990[Johnseret al., 2001]. (a) 50 yearav-
eragenf  O.Bulling-Allerud (BA) is thelastinterstadial(Gl 1) beforethe
cold YoungerDryas(YD, Stadiall) andthe subsequenivarmingin the Pre-
Borealat the startof Holocene. (b) Zoom of the interval which is subjectto
investigation. Dataare 20 yearaveragesof ~ O. The threelight red bands
indicatetheintervals,whereice hasheensampledandanalysedor D in high
resolutionto retrieve annuallayersandimprove the dating of the climate pe-
riod. The light blue areasshav the intervals wheredetailed O hasbeen
includedin thedating. Pleasenotethatthedeepest O-seriesoverlapsal.1l
m sectionof the deepest D-interval. SeeTable6.1 for the depthintervals of
thestableisotopessections OD andOstD denotethe periodsknown asOlder
DryasandOldestDryas,respectiely.



GRIPcoreis basednseasonalariationsof dustconcentrationsnly [Hammeret
al., 1997;Hammer In press;The GreenlandSummitice coresCD-ROM, 1997].
As dustis broughtto Greenlandy storms peaksn thedustrecordsare,however,
likely to representlepositionakvents,ratherthanannuality Dueto this, thedust
recordmayshawv “doublepeaks’within oneyear eventhoughtheice corerecords
in generakontainaboutonedustpeakperyear Whenhaving only this parameter
for dating,thereis thereforearisk of overestimatinghe numberof years.

Motivatedby this fact, this studywassetup to includeasmary independent
parameterss possiblein the dating of Bulling-Allerud and YoungerDryas, all
dataseriesmeasuredn high-resolutionand shaving seasonavariations. These
datapro les include [Ca ] and[NH ] [Fuhreret al., 1993, 1996], dustand
[NO ] [Hammeretal., 1997;Hammer In press]all existing over the whole pe-
riod investigatedandnew sectionsof D and O datafrom certainintervals of
the Bulling-Allerud section. The mainfocushasbeenon the stableisotopepro-

les within the Bulling-Allerud section astheseparameterareregardedo bethe
optimalparameteror datingice coresunderfavourableconditions.They shav a
strongseasonatycle, with high valuesduringsummertimesandlow valuesdur-
ing wintertimes,andarethuscloselylinkedto theseasonasignalwithoutrelying
too muchonindividual precipitationevents.However, diffusionof isotopesn the

rn andice leadsto smootheningf theisotopepro le astime goesby [Johnsen,
1977;Johnseretal., 2000]. Herebythe annualcycle, which is of interestfor an-
nual layer counting,is wealenedat greaterdepths. The diffusion processn the
rn is dependenbn temperaturendannualaccumulatiorrates. For the annual
cycle to survive the densi cation procesdn Greenlandhe annualaccumulation
ratehasto begreatethan 0.2m ice peryear[Johnsen1977]. At presenttthe
GRIPsite,theaccumulatiorrateis  0.23m ice peryearandthe averageannual
temperaturés -32  [Johnseretal., 1992a].

Until now, stableisotopeshave not beenusedasa datingtool within the glacial
period, partly becauseof low accumulationduring glacial times, which means
thatthe annualisotopesignalis severely dampenedand partly becausehe thin



10 CHAPTER3. INTRODUCTION

annuallayersrequirea high samplingrate. The interstadiaBulling-Allerud was
characterisetly arelatively warmerclimateanda higheraccumulatiomatecom-
paredto the restof the glacial period[Johnseret al., 1995], which is promising
for retainingtheannualcycle.

Theaim of this studyis to investigatdf it is possibleto retrieve the annualsignal
in isotopedatafrom the Bulling-Allerud sectionin the GRIP coreand,if so,to es-
timatethedurationof thisinterstadiaby countingannualkyclesin high-resolution
isotopedatatogethemwith annualcyclesrecordedn availablehigh-resolutiorse-
riesof ECM,[Ca ], [NH ], [NO ] anddustconcentrationFor this purposdce

have beensampledn 1 cmresolutionin threeintervals, coveringatotal of 22 m,

within the Bulling-Allerud periodin the GRIP ice core, asillustratedin Figure
3.2. D analysishave beenperformedon thesesampleson a stableisotoperatio

massspectrometerDecorvolution techniquesave beenappliedto thenev D

seriesandtwo previously measured O seriesfrom Bulling-Allerud, aiming at
detectingand amplifying the annualsignal, which hasbeenwealenedby diffu-

sionin the rn andice.

Furthermoreanotherobjective hasbeento includethe YoungerDryassectionof

theGRIP corein themulti-parametedating,aimingat lling thegapbetweerthe
new Bulling-Allerud annuallayer countingfrom this work andthe GRIP part of

thenew GICCO5timescaldRasmusseetal., Submitted].

Structur e of the thesis

An introductionto stablehydrogenandoxygenisotopesn ice coresis givenin
Chapter4. Hereit is outlinedhow D and O canbeusedfor absolutedating
of ice coresandhow thesepro les arein uenced by diffusionin the rn andice.
A decowolutiontechniquewhich hasbeenappliedto correctfor thediffusionef-
fectis presentedChapter5 givesathoroughdescriptionof the experimentalpart
of this project, which consistsof D analysisof ice samplesfrom the Bulling-
Allerud periodin the GRIPice core. The dataprocessingf thehydrogenisotope
datais presentedn the last sectionof this chapter A brief descriptionof the
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high resolutionGRIP datathat have beenusedin the multi-parametedating of
Bulling-Allerud and YoungerDryasis foundin Chapter6. The resultsfrom the
diffusion correctionof the stableisotopesare presentedalong with the presen-
tation of the stableisotopedata. Chapter7 is devotedto the dating part of this
work. Theappliedannualayercountingmethodis outlinedandthe varioussteps
in thedatingprocessaredescribedThe rst resultsof thedatingwork, including
estimatesf the durationof the Bulling, Older DryasandAllerud periods,were
presentedn [Seierstacktal., In pressseeAppendixA]. In this chaptemew and
improved resultson the dating are presentedind discussed.This includesa de-
tailed comparisorof theresultsfrom this work with thenew NGRIP annualayer
counting(GICCO05,Rasmusseatal. [Submitted])andanestimateof theduration
of YoungerDryasperiodin the GRIP core,basedn multi-parameteannualayer
counting. Finally Chapter8 summariseshe mainconclusionsf this study The
Appendixincludesthe paperSeierstacdtal. [In press].Topicsthatareconsidered
to beof limited interestfor mostreadersi.e. detailsuponthe D analysiscanbe
foundin theappendixaswell.
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4 Stableisotopesin ice cores

Theisotopiccompositionof snov depositedn polarregionsre ects thetemper
aturein the air massat thetime of snov deposition.This featureallows a recon-
structionof pasttemperaturehangedrom theinformationrecordedn the stable
isotopepro les [Dansgaard1964;Johnseret al., 1995]. On shortertime scales
the strongrelationshipbetweerisotopiccompositiorandtemperaturés re ected
as seasonavariationsin the stableisotopepro les. Theseseasonatyclescan
be usedfor absolutedatingof ice coresunderfavourableconditions[Epsteinand
Sharp,1959;Benson1962;Dansgaard] 964]. It is thelatterapplicationof stable
isotopepro les thatis of interestfor this project.

The chapterstartswith a presentatiomf how theisotopicratios O/ O andD/H
normally arereported,and how stableisotoperecordscan be usedfor absolute
datingof ice cores.Therestof thechapterealswith the effect of diffusionin rn
andice on the stableisotopepro les. The methodsusedfor diffusioncorrection
in thiswork arepresented.

4.1 Denition of Dand O

Thethreemostimportantisotopiccomponentsf naturalwaterisH O,H Oand
HD O. Theisotopiccompositionof awatersample is normallyreportedonthe

scale,asthe relative differencein %. betweenthe isotopicratio of the sample
(R ) andtheisotopicratio of astandardR ):

R R

~ %o (4.1)

13



14 CHAPTERA4. STABLE ISOTOPESIN ICE CORES

Theisotopicratio R is the concentratiorof the heary isotoperelative to the con-
centrationof thelight isotope,i.e. R %for D andR —8for 0.

4.1.1 Normalisation to the VSMOW-SLAP scale

Whenmeasuring'sotopicratios5 and—g of awatersample theresultsarenor-
mally reportedrelative to the internationalstandardvSMOW (ViennaStandard
MeanOceanWater),whichperde nition hasa Danda O valueof 0%. [Craig,
1961]. Theuseof astandardsuchasVSMOW, improvestheaccurag of themea-
surementandit facilitatesinter-laboratorycomparisorof results. However, the
differencein measuredaluesof two samplesnayvary from onemassspectrom-
eterto anotherandfrom oneoperationakettingto another To work aroundthis
phenomenowf scalecontractionor expansion)anothemprimarystandardSLAP
(Standard.ight Antarctic Precipitation),is usedfor normalisationpurposeglU-
PAC, 1994; Coplen,1988]. This standardhasby corventiona D anda O
valueof -428%o.and-55.5%o.,respectrely [Gon antini, 1978]. The normalisation
is a processf stretchingor shrinkingthe measured -scalesothatthe -valueof
SLAP correspondso theacceptedialuerelative to VSMOW.

During daily analysisthe normalisationis usually doneby using secondary
standardgherecalled Std1and Std2)insteadof the primary standard&/ SMOW
and SLAP. Thesesecondarystandardsare measuredalong with the unknowvn
samplesn arun andthey areperiodicallycalibratedtco VMSOW andSLAP. The
actualcalculationson the calibrationand normalisationcan be donein slightly
differentways[Coplen,1988;Nelson,2000; WernerandBrand,2001]. The fol-
lowing proceduréhasbeenappliedonthe D samplesn this project.

The raw valuesare given relative to a working standard/of an arbitraryvalue),
herecalledreferencegas( ). Theseaaw valuesareexpressedelatveto VSMOW
in atwo-stepprocessFirst, all numbersareexpressedelative to laboratorystan-
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Figure4.1: Normalisationto the VSMOW-SLAP scaleis doneby usingthe
slopes of the linear regressiorbetweenmeasuredndaccepted/aluesof the
secondanstandardsStd1andStd2asa scalingcoef®cient for unknovn sam-

ples.

dardStdlaccordingo:

D D D (4.2)

where

D

D

Now, calibrationto the VSMOW scalecanbe performedby using Equation4.2
again,wheretheformeroutputhasbecomanput:

D D
D D D (4.3)

where D is the acceptedralueof the secondarystandardstdl. The
normalisatioris now performedby plotting the valuesof thelaboratorystandards
asillustratedin Figure4.1andmakingalinearregression.Theslope of there-
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sultingequations usedasascalingcoefcient to normalisethe measuredalues:

D D
D D

(4.4)

Thescalingcoefcient istheratio of theacceptecindthe measuredlifferences
betweerthe two standards|If the isotopicscaleof the massspectrometer
is contractedelative to the VSMOW-SLAP scale while anormalisatiorconstant
lessthanl correspond$o anexpansion.

Thestandardshathave beenusedaslaboratorystandardsluringthe D measure-
mentsin this work arelistedin TableB.1 in the Appendixandthe resultsof the
normalisatiorarefoundin Section5.4.4.

4.2 Seasonatycles

Snow that hasbeendepositedat high elevation areasof the Greenlandce sheet
during presentand glacial times has condensatedrom moisturewhich mainly
originatesfrom the subtropicalpart of the North Atlantic Ocean[Johnseret al.,
1989]. Temperaturelependenisotopicfractionation,causedy differentvapour
pressureof theH O, H O andHD O moleculesduring transportfrom the
sourceareato the depositionalsite leadsto variationsin the snav thatarein
phasewith seasonathangesf temperaturdEpsteinand Sharp,1959; Benson,
1962;Dansgaard]1 964;Dansgaaretal., 1973]. It is theseseasonatyclesin the
pro les thatareof interestfor absolutedatingof ice coregHammeretal.,1978].
Figure4.2is a simpli ed illustration of the fractionationprocess.The numbers
representhe D valuesfor themoistureandthecondensatata givenstagen the
condensatiomprocess.The sameschemeappliesfor the fractionationof oxygen
isotopes.During evaporationof oceanwater( D =0%o) and subsequent
precipitation astheair is cooleddown onits way to higherlatitudesand/orhigher
altitudes thereis a preferentialfallout of heary componentsin the gure thisis
seerasanevolution towardslower D values(from darkto light blue colour),on
theway in the condensatiocolumn(goingfrom South(S) to North (N)). During
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Greenland

Figure4.2: Isotopicfractionationof hydrogenisotopes.TheH O molecules
containing H precipitatemore easily than the light variantswith H. This

leadsto a depletionof heary isotopes(low D values),bothin the moisture
andin the condensat@roducedat later stagesn the process.In the snowv in

Greenlandthe depletionis more pronouncedn winter snav (W, light blue)

comparedo summersnav (S, darkblue).

winter time theairmasss cooleddown to lowertemperaturethanin thesummer
andthe fractionationprocessxtendslonger This givesminimum valuesof D
duringwinter (W) timesandmaximumvaluesduringsummer(S) times. Thesea-
sonaloscillationsof D and O recordedn theice enablegletectionof annual
layersin the continuousprecipitationarchie in the Greenlandce cap.

The procesdhatis illustratedin Figure4.2 canalsoexplain the long-termvaria-
tionsin valuesthatis obseredto bein phasewith changingclimatic conditions,
aswell asthe geographicabistribution of valuesin cold regions[Dansgaard
etal.,1973].
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4.3 Diffusion and densi cation

After depositionthe snaw is transformedo rn andice througha densi cation
process. Grain settling and recrystallisationdominatethe densi cation process
for depths above the , Which is the depthwherethe interconnected
air channelsaretransformedo air bubbles( 830kg/m ) [Herronand
Langway Jr.,, 1980]. This is the depththatde ne the boundarybetweenrn and
ice. In the porous rn the H O moleculescan easily exchangefrom grain to
grainthroughthe vapourphaseandherebycausea (vertical) mixing thatresults
in smoothingof the signal, where the high frequenciesare gradually oblit-
erated[Langway Jr., 1967; Dansgaarcet al., 1973; Johnsen1977]. At depths

the densi cationis governedby compressiorof air bubblesin the
ice. Whenthecompressiowf air bubblesis completed  917kg/m ), only small
changesn thedensitypro le occur connectedo changesn thetemperaturend
pressureconditions. In theice the pro les arein uenced by further thinning,
dueto strain,andby a lessstrongdiffusion effect, causedy self diffusionin ice
singlecrystalslJohnseretal., 1999,2000].

Thediffusion processcanbe mathematicallydescribedasconvolving theini-

tial (unknawn) isotopepro le with asymmetricalGaussianlter . The
measuredsotopepro le is aresultof smearingheinitial pro le with the
responséunction

(4.5)

The degreeof smoothingis dependanbn the diffusion length , which is the
width of the Gaussiarclock in Equation4.5. The diffusionlengthdescribegshe
meanvertical displacemenbf a molecule,relative to its initial position, disre-
gardingthe movementconnectedo sinking of the layers. The diffusion length
is mainly dependenbn the annualaccumulationrate, the temperatureand the
isotopicspecies.

In the spectraldomainthe diffusion correspond$o a dampingof the initial
amplitude of aharmonicsignalin the stableisotopedata. This canbe written
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Figure4.3: Dampingof anamplitudeof a harmoniccycle in anisotopepro®le
asa functionof . For adiffusionlengthof 8 cm andan accumulatiorrate
of 0.23m ice peryearabout10% of the annualoriginal amplitudeis left after
diffusionin the®rn.

as
- (4.6)

[Johnsen1977]. Here is the amplitudeof a signal with wavelength and

correspondingvavenumber in the measureddiffused)isotopepro le
. Theexponentialfactorin Equation4.6 is the transferfunction (frequeny

response)  of

Similarly, the power spectraldensities of the smoothedpro le is relatedto

the of theundiffusedpro le accordingto [Johnseretal., 2000]:

(4.7)

Figure4.3shavsthedampingof theamplitude representety theratio :
as a function of the wavelength . The diffusion lengthis setto 8 cm, which
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correspondso thetypical rn diffusionlengthin presentlay GreenlandJohnsen,
1977]. Thebluearraw illustratestheexpectedamplituderatioin ameasuredtable
isotopepro le atasitewheretheaccumulatiomateis 0.23mice peryear which

is thecasefor the GRIPsiteat presenfJohnseretal., 2000]. For datingpurposes,
a of20cm(  0.05)isconsideredo beatthelowerlimit for sitesin Greenland
[Johnsenl1977].

4.4 Correctionfor diffusion

FromEquation4.5 andthe convolution theoremwe have that

(4.8)

wherethe barsdenoteFouriertransformsof the correspondingime domainfunc-
tions. In otherwords,the Fouriertransformof the corvolution equalsthe product
of the two individual Fouriertransforms and . Rearranginghis equa-
tion with respecto theunknown initial isotopepro le leadsto:

_ (4.9)
and
_ (4.10)

Hence,making an inverseFourier transformof the right-handsidein Equation
4.9theinitial isotopepro le canbereconstructedThis corresponds$o a decon-
volution or a correctionfor the smoothingof theinitial data. The constructionof
a spectral lter relieson anestimateddiffusionlength andalsothe maximum
frequeny in thedatato beallowedin thediffusioncorrection.Thediffusion
lengthandthe maximumfrequeng have beenestimatedoy usingthe Maximal
Entropy Method,which will bedescribedn thefollowing sections.
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Backward prediction

83

Figure4.4: MEM predictionin forwardandbackwarddirection.

4.4.1 Maximal Entropy Method (MEM)

The Maximal Entropy Method(MEM) hasbeenusedfor two purposes:

1. For extensionof the datasequences eachend,allowing the spectral lter to
correctall datapointsin thesequenceancludingtheendpoints2. For calculating
the power spectraof the stableisotopeseries.The power densityplots have been
usedto estimatethe diffusionlength andthe cut-off frequeng

The MEM methodis aform of autorgressve modelling,whichin thefollow-
ing will be formulatedasa linear predictionproblem(seeFigure4.4.). Having
adatasequence , , of which the meanvalueis zero,the value
(0] + ) canbe predictedas a linearly weightedsumof the  previ-
oussamplegforwardprediction). The predictedvalueof sample + is denoted

(4.11)

wherethe subscript and in theweight denotethe th-ordermodeland
th coefcient, respectrely. Similarly, the valueof sample canbe predictedby
applyingthe sameprediction Iter in the reversedirection. Thevalue is then
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thelinearly weightedsumof the futuresamplegbackwardprediction).

(4.12)

The differencebetweenthe actualvalue of a sampleandthe predictedvalueis
calledthepredictionerror. Theforwardpredictionerror andthebackward
predictionerror canbewrittenas:

(4.13)

(4.14)

Themeanof thesquaredorwardandbackwardpredictionerrorsof theentiredata
sequences then

— (4.15)

Thebasicideaof the methodis to minimisethe predictionpower in Equa-
tion 4.15 and herebyto nd the bestestimationsof the coefcients : ,
. Thisis achievedby setting:

(4.16)

The calculationsareperformediteratively by stepwisencreasinghe autorgres-
siveorderfrom to +1. Recursve relationshipsxist betweerthe Iter coef-
cients, which allow the th ordercoefcients to becalculatedromthe( -1)th
ordercoefcients thatwereestimatedn the previous passthroughthe algorithm.
Theinitial condition( =0) involvesno prediction,which reduce€quation4.15
to

_ (4.17)



4.4. CORRECTIONFORDIFFUSION 23

which is simply the power  of the datasequence.The appliedalgorithmfor
thesecalculationscanbe foundin Anderser{1974], who writesthe outputpower
of the +1longprediction lter as

(4.18)
andtheMEM power spectrum of thedatasequenceas
(4.19)
where isthedataspacingand isthecomplexnumber . Thefrequeng
is limited by the Nyquistcritical frequeng , Sothat
Having the estimate®f the parameters , the prediction I-

tersfrom Equatiord.11and4.12have beenusedfor extendingthedatasequences
with pointsin eachend,where in this caseis the Iter lengthof thespectral
Iter .

4.4.2 Estimation of

The diffusion length  can be determinedas a function of time and depth by
solvingtheequation

— (4.20)

Here is age, is vertical strainrateand is the diffusivity of the given
isotopicspeciesHowever, the diffusionlengthcanalsobe estimatedrom Equa-
tion 4.6 and 4.7, by using estimatesof the amplitudesof the annualcycle and
the spectraldensitiesfor the dataseries,respectrely [Johnseret al., 2000]. It
is the latter methodthat hasbeenusedin this project. The basicassumptioris
thattheoriginal spectradensity is white (constantfor highwave numbers.
This assumptiorseemso hold becaus@®f strongdepositionahoise[Fisheretal.,
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Figure 4.5: A diffusion curve (green)with =0.021mreproduceshe MEM

spectraldensities( =30) of the measuredpro®le (blue). The diffusionin
the ®rn andice hasdampenedhe amplitudesof the harmoniccyclesand at
higherfrequencieshe power densitiesdropdown to thelevel of measuringr-

ror (‘atpart). Theredcuneis the power densitiesof theback-difusedpro®le
( =20m ).

1985]. Thediffusionlength canbe estimatedby nding the transferfunction
that correspondso the obsened “colouring” of the spectraldensity

of themeasuregbro le, asillustratedin Figure4.5. Similarly, the spectraldensi-

tiesof thereconstructegbro le shouldbe at to accommodatéhe assumptiorof

white noisein theoriginal datapro le.

Thegreenline in Figure4.5 representshe squaredransferfunctionthatcanre-

producetheobseneddampingof theamplitudesn themeasuredsotopedata.To

accounfor theobserednoiselevel inthemeasurediata,anextraterm

hasbeenaddedo Equatiord4.7.
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This methodgivesa constant for thechoserdatainterval. Thisis of course
anapproximatioras dovarywith depthasindicatecby Equatior4.20.However,
thisapproximations consideredo be goodfor eachof the stableisotopesections
in this work, asthe two mainfactorsto in uence atthis depth,strainthinning
andchangesn climate,do notvary signi cantly within eachdatainterval.

4.4.3 Choiceof cut-off frequency

Thespectrallter is constructedn suchaway thatthe high frequenciehave the
strongesampli cations, to counteracthe strongdampingof the high frequeny

oscillations. To avoid blowing up noisewithout ary physicalmeaning.an upper
limit hasto beputonthefrequeng for theback-difusionprocessThenoiselevel

canbe seen,asthe nearly at level at high wave numbersn the spectraldensi-
ties for the measuredsotopepro le. Basically thereare two constraintsvhen
determininghe maximumfrequeng. Frequencieatthenoiselevel shouldbeex-

cludedfrom the reconstructiorandthe annualoscillationshouldbe included,as
thisis theoscillationthatis of interestfor datingpurposesHowever, thechoiceof

maximumfrequeny is notalwaysunambiguousgspeciallywhentheannual
peakis closeto thenoiselevel (asis seenn theexamplein Figure4.5). Therefore,
greatcarehasto betakenwhenchoosinghemaximumfrequeng. For theisotope
sectiongn this projectthe cut-off frequeny hasbeenchosemmanually asa best
compromisebetweerexcludingthe noiseat higherfrequenciesandincludingthe
annualpeak.

Theresultsof thediffusioncorrectionarepresentedn Section6.2.1.
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5 High resolution D measurements

Thischaptelincludesatheoreticaintroductionto themethodof hydrogensotope
analysisof watersamplesanda descriptionof the experimentaimethodusedfor
highresolution D measurementntheice samplegromtheGRIPcore.Further
more,someproblemsencountereduringdataacquisitionandmethodgo handle
theseproblemsare presented.The last part of the chapteris devotedto the rst
stepof dataprocessingf the hydrogenisotopedata,from the raw datato nor
maliseddata.

5.1 Intr oductionto StablelsotopeRatio MassSpec-
trometry (SIRMS)

The methodof usinga magnetic-sectomassspectrometefor determinatiorof
isotoperatiosof for exampleC, O, SandH in gasehasbecomewidespreadince
it rst waspresentedby Nier [1947]. The basicconcepif sucha massspectrom-
eteris to make anion beamof the gasandto separat@ndcollectionsof different
massedy leadingtheionsthrougha magneticeld, which de ectstheionsinto
differentpathsaccordingto their massesTherearenumerousooksandarticles
on this method,seefor examplePlatzneret al. [1997]. The gasmoleculesare
ionisedin theion sourceof the massspectrometeby anelectronbombardment.
Someof thegasmoleculeswill collide with theelectronsandthesemoleculesare
thentransformednto ions, mostly singly-chaged positive ions. For the caseof
hydrogengasthe primaryionsareH andHD , with mass2 and3, respectrely.

27
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Theionsareacceleratetty apotential andformedinto awell-de ned beamand
leadthrougha sourceslit. Theionsareinjectedinto a uniform magnetic eld
andthemagnetidorceseparatetheionsinto beamsf differentradii correspond-
ing to their differentmassesThetrajectoryof anion with mass andchage

is describedy theclassicakquation:

S (5.1)

where is theradiusof the circular path. Eachbeamentera collectorthrough
anarrav slit, which is positionedin accordancevith the trajectorydescribedy
Equation5.1. A multiple Faradaycollector systemallows simultaneousollec-
tion of all relevant beams. Theion current from the cup, which is found by
integratingthe peakin thechromatograngseeAppendixC), is proportionalo the
numberof incidentions of the particularradiusandhencethe partial pressureof
the correspondingsotopicmolecularspeciesn the gas. However, for stablehy-
drogenisotopeanalysisthecurrent , measuredt the the mass3 collector is
in uenced by the productionof H ionsin theion source:

H H H H (5.2)

The H -productionis proportionalto the squareof the partial pressureof the
hydrogenin the ion source[seePlatzneret al., 1997, p. 26], hencethe current

ratio canbewritten as
HD H HD H
(5.3)
H H H
or

HD
- 5.4
o (5.4)

TheH -correctionconstant is dependenin theresidencgimeof H ionsin the
ionisationvolumeandcanbedirectly measuredAs mentionedn Section4.1the
isotopiccompositiorof asampleas reportedasarelatve deviationfrom astandard
( notation). Thisis doneto work aroundary possiblebiasesof the system for
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examplein the collectors.Therefore a sampleanda working standardreference
gas)areintroducedalternatelyinto theion sourceunderidenticalconditions.

Thereis avastdiversityof samplepreparatiorsystemso connecto anSIRMS.
The purposeof theinlet systemis to corvertthe naturaloccurringsampleinto an
elementarygas, while preservingthe ngerprint of the isotopic compositionof
theoriginalsamplelFor D or O analysisof watersamplegherearetwo main
methodsof corvertingtheliquid sampleto a gaseouphaseReductionoverahot
metalor equilibrationwith CO orH gas.Thehydrogenisotopeanalysisof the
meltedice sampledrom the GRIP ice corewasperformedby usinga chromium
reductiontechnique. Section5.2.1 gives a descriptionof the massspectrome-
ter andtheinlet systemthat were usedfor the detailed D measurements this
project.

5.2 D measurementson GRIP ice core samples

The D measurementaere performedatthe AMS C Dating Centre,Depart-
mentof Physicsand Astronomy University of Arhusin Denmarkduring several
periodsfrom August2002to November2003(seeTableD.1 in the Appendix).
The SIRMS atthe AMC C Dating Centrein Arhuswasnev whenthesemea-
surementstartedn August2002,whichmeanthatroutineswith sampleprepara-
tion anddataacquisitionaswell astheoperationakettingsof theinlet systemand
themassspectrometeitself, wereadoptedccontinuouslyaccordingo thegrowing
experience.Somemajor problemswith amongsithersthe autosamplerandthe
ion sourceof the massspectrometecausedhe measurement® be delayedand
spreacbutin time.
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Figure 5.1: Experimentalset-up. From right to left: Liquid auto sampley
elementabnalyserlsoprimemassspectrometeandcomputer SeeFigure5.2

for aschematidllustration.

5.2.1 Experimental set-up

The D measuremente/ere performedon a Micromass$ IsoPrimelsotopeRa-
tio MassSpectromete(lRMS) [Morrison etal., 2001;Micromass].The IRMS is

integratedwith anelementabnalysefEuroPyrOH-3100anda combinedautoin-

jectorandliquid autosampler(LAS EuroAS300) bothmanufcturedoy Eurovec-
tor. The setupis dedicatedto continuouso w (CF) hydrogenpyrolysis where
the samplegasis carriedlike a small bubblein a continuousand constanto w

of helium (He) throughthe elementalanalyserinto the ion sourceof the mass
spectrometerThe IRMS systemis controlledfrom a computerusingMasslynx

software[Micromass].SeeFigure5.1and5.2.

INow GV Instruments
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CF IRMS system for _
hydrogen isotope ratio analysis Syringe
He gas in

CoIIectorsOMaSS 3 ~— Injector port
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Magnet
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I:_:I lon source

—

Open split

Figure5.2: Schematidllustration of the continuous ow isotoperatio mass
spectrometefCF-IRMS) systemusedfor the D measurements.

Theliquid autosampleprovidesasamplecapacityof upto 110andtheliquid
samplesarekeptin septa-sealedials (2 ml capacity),which areplacedontothe
carousebf theautosampler An autoinjectorwith asyringeautomaticallyinjects
a certainamount(0.3-0.5 litre) of samplefrom the vial into the heatedsepta-
sealednjectionport( 160 C), wherethe sampleis immediatelytransformedo
water vapour Prior to injection the needleis washeda numberof times (1-3)
with 1 litre of thesamplewaterto minimisethe contaminatiorfrom theprevious
sample.The samplesequencetheinjection parametergsuchassamplevolume,
numberof washcycles,injectiontime etc.) is setby the aid of a datasystemin
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theliquid autosampler

After injection the samplefollows the He o w througha stainlesssteelprobe,
called an injection port liner, down to pyrolysis unit in the elementalanalyser
The pyrolitic reactoris heldat 1050 C andit consistsof a quartztube pacled
with chromiumpowder, silica chipsandquartzwool at thelower end(seeFigure
E.2in AppendixE). Dueto the high temperatures thefurnacethewatervapour
is reducedo hydrogengasby the chromium:

Cr H O Cro H (5.5)

TheformedH -gasis led througha gaschromatographicolumn(GC pacledcol-
umn1.5m, Eurovector),wherethe speedf the o w is reducedo ensurghatthe
peakshapds adequatdor theintegrationsoftware,andpossiblepollutantspecies
aretime separatedrom the gassubjectedo analysis.

A smallportionof thesamplas dravn by thevacuum( 10 Torr) within
themassspectrometethroughanopensplit andsubsequernisotopicanalysisfol-
lows asdescribedn Section5.1. A pulseof referenceH gasis led into themass
spectrometethroughthe sameopensplit asthe samplegasandisotopicanalysis
of the referencegasallows calculationof D relative to the referencegas. The
mass3 collectoris tted with an electrostaticenegy Iter to remove the signal
from thetail of the heliumpeak[Merren,2000;Morrisonetal., 2001].

5.2.2 Samplepreparation
Cutting of ice samples

Theice sampledor high resolution D measurementsave beencut from three
depthintervalsin the GRIP deepice corethatwasdrilled duringthe years1989-
1992[GRIP Members 1993]. Thethreeintervals,which arecalled D Intenvall,
D Intenal Il and D Intenal Il arefoundcloseto 1700m. This corresponds
to the climatic periodBulling-Allerud, 14-15kaBP. SeeTable5.1 for detailed
descriptionof the depthandlength( ) of the intervals, aswell asthe number
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Interval Depth Bags Period L No.
m m
DI 1714.35 1719.85 3118-3127 oD 5.50 550
DIl 1729.20- 1735.25 3145- 3155 Mid B 6.05 605
DN 1744.6- 1755.05 3173-3191 EndOstD + StartB  10.45 1045
Total 22.00 2200
Table5.1: Ice samplingfrom the GRIP deepcore. The column indi-

cateswhich climatic periodstheintervalsbelongto. OD, B, andOstD denote
theperiodsOlder Dryas,Bulling andOldestDryas,respectiely.

() of samplesn eachinterval andthe bagf numbers Theice hasbeenstored
at-26 C andthesamplingwhereperformedn the-15 C coldfreezerattheNiels
Bohr Instituteat the Universityof Copenhagem Denmarkin June-Augus2002.

A total of 2200ice sampleswere cut on a bandsav. The core usedfor sam-
pling wasmainly leftover of the so-calledDK-bag, apartfrom a few bagswhere
the main core wasused. Eachbagwas cut horizontallyinto a thin rod. Loose
ice particleswherecleanedoff by scrapingwith a knife andswiping with a soft
brush.Therod wasthencarefullydividedinto 55 sampleslongthecore. A small
pencilmarkfor every centimetrewasusedasa guidelinewhencuttingthe 1 cm
pieces. Eachsampleconstituteda total volumeof 2 cm . The sampleswvere
givennamesaccordingto the bagnumberandthe division of into 55 sampleger
bag,sothatthe rst (top) samplein bag3174is named3174-1andthelast(bot-
tom) sampleis called 3174-55. The ice sampleswere put in numberedCoulter
bealersof 50 ml with snap-capAs thesebottlesarenot completelyair-tight, the
samplesveremeltedatroomtemperatur@andimmediatelypouredinto numbered
10 ml plasticbottleswith scrav-cap,which werekeptfrozenat-15 C until mea-
surementsvereperformed.

2For practicalreasonsheice coreis storedin 55 cm long pieces.Sucha pieceis calleda bag.
Bagnumberl is thetop bagof thetotal ice corestartingat surfaceandthe numberdncreasewith
depth.
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Preparation of meltedice samples

Priorto D analysison the SIRMS (asdescribedn Section5.2.1),the samples
weremeltedat roomtemperatur@ndl1l ml of eachsamplewaspouredinto num-
bered2 ml septa-sealedlassvials by usinga pipette. Thevials werethenplaced
ontotheautosamplerfor D analysis.For every new watersamplea new dry tip
wasadheredo the pipette. The vials, the septaandthe tips for the pipettewere
all usedseveraltimesto minimisethe costs.To ensurethatno contaminatioroc-
curredby reusingtheseitems, all the materialwasdried for at least24 hoursat
80 C prior to preparatiorof a new setof samples.During the whole procesof
samplepreparationfrom cutting the ice samplego the point of measurements,
attentionwaspaidto avoid evaporationandisotopicfractionation aswell ascon-
taminationfrom othersampler externalsources.

5.3 Instrumental effects

5.3.1 Drift

When performing D analysisof hundredsof samplesduring one run, a minor

trendis often seenin the data. If the samesampleis measuredt differenttimes
duringtherun,the D valuesin thebeginningandattheendof therun maydiffer

signi cantly, up to several %o [Wernerand Brand, 2001; Nelsonand Dettman,
2001;Brooksetal., 2004] .Whentheisotopicratiosof thereferencegas are
changingduringtherun, thiswill introduceanarti cial trendin the D valuesof

thesamplesThis drift canbe checledandcorrectedor by measuringa standard
sequencatbothendsof therunandby investigatinghetrendof D valueof this

standard.

In this projectthe drift correctionhasbeenperformedunderthe assumptiorthat
thedrift is linearin time. A drift correctionconstant hasbeenacquiredor each
run, by makinga linear regressiorwherethe D valuesof a standardwhich is
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measuredepetitvely in thebeginningandin theend,areusedasinput. Theslope
of the t isameasuref thedrift andfor runswheredrift is obserned, hasbeen
usedto correctall measured D valuesin therun accordingto:

D D (5.6)

where is the samplenumberin therunand D and D arethe mea-
suredandthe drift corrected D valuesof sample , respectrely, relative to the
referencegas.Only injectionswherethe D valueswereundisturbedf memory
effect (will bedescribedn Section5.3.2)wereusedin thelinearregression.Re-
sultsfrom the controlof andcorrectionfor drift arefoundin section5.4.2.

To simplify the notation,the subscript " will be omittedin caseswvhere
it is clearthatthe valueis relativeto thereferencegas.This meanghat D
will bewrittenas D  in thefollowing sections.The subscript’ " will be
introducedagainwhenwe speakaboutnormalisatiorto theVSMOW-SLAPscale.

5.3.2 Memory effect

CF-IRMS-systemsare known to suffer from a so-calledmemory effect which
is a term usedto describethe contaminatiorof the analysedvater samplewith

reminiscence®f previous samples. The memoryeffect hasbeendescribedby
several authors,e.g. [Morse et al., 1993; Vaughnet al., 1998; Donelly et al.,

2001;Morrisonetal., 2001;NelsonandDettman,2001]andit is believedthatthe
memoryeffectis mainly causedby wateradheringto inner surfacesof theinlet
system.Whenmeasuringsamplef differentisotopiccompositionthe memory
effectleadsto displaced D valuesandhave a negative in uence ontheaccurag.

Ignoringary drift of thesystemthetruevalueé D of asample is

D D (5.7)

3Relative to thereferencegas
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where D is the measuredrialueand is the offsetin %o for the sample .
In this projectthedrift correctionhasbeenmadeprior to the memorycorrection,
thereforethe D hasbeenusedinsteadof D . Theoffsettermis depen-
denton thedifference( ) in D valuebetweenthe sample andthe previous
one. Furthermorethe offsetterm variesfrom machineto machine aswell asit
is dependentn the operationakettingsat thetime of measuremeriMorseetal.,
1993], so a thoroughinvestigationandroutinely control of the memoryeffect is
recommendedOnewayto dealwith thememoryeffectis to measureachsample
severaltimesrepetitvely, until the memoryeffectis negligible, andonly usethe
lastrepetition(s)astruevalue(s).Anotherapproachs to developandapplya cor-
rectionalgorithmthatcorrectsfor the memoryeffect. Thelattermethodhasbeen
usedin this project,partly to reducethe time andcostsspenton laboratorywork
and partly becausehe consecutie and high-resolutionice core samplesn this
studyseldomdiffer morethan15 %. from onesampleto the next; andnormally
only around5 %o. The low inter-sampletransitionstepsmeanghatthe offset
becomeselatively low for a givenmemoryeffect. As will beoutlinedin Section
5.4.3,the low inter sampletransitionstepsmake the correctionalgorithmsuper

uous, providedthatthe memoryeffect is sufciently low. However, a memory
correctionhasbeensuccessfullyappliedwithin periodsof highermemoryeffect.
Themethodghathave beenusedin this projectto investigatemodelandcorrect
for thememoryeffectwill beoutlinedin thefollowing subsections.

Fractional memory effect

Thefractionalmemoryeffect from a sample -1 to the next sample canbe
describeds

(5.8)

where is thetruedifferencein D (transitionstep)betweenthe samples -1
and . By de nition the memoryeffect is positive andit is normally givenin
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Figure5.3: Standardsequence

percent.By combiningequations.7 and5.8 we get
— (5.9

Hence,to getinformationon the offset  for asample we needto know the
fractionalmemoryeffect for the actualsettingsof the systemandalsothe tran-
sition step . For this purpose,it is usefulto measurestandardf different
isotopiccompositionalternatelyasdescribedn thefollowing.

Standard sequences

In this study standardsequenceweresetup, whereat leasttwo standardsyith
atransitionstep 100%0, weremeasuredonsecutiely with  repetitionsof
eachstandard ). The standardsequencesvere placedin the beginning
and/orat the end of certainruns (asseenin Table D.1). Figure5.3 shavs an
exampleof sucha standardsequencelt canbeseenthatthe rst standardStd1)
not only affect the rst repetitionof the secondstandard(Std2), but several of
the following injectionsof Std2,until the memoryeffect approachegero. The
offsetterms and for the rst andsecondnjectionof Std2,respectrely, are
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shown in the gure. The long term trend of the memoryeffect demandghata
fractionalmemory coefcient is determinedfor eachof the repetitionsof Std2
thatis in uenced by the memoryeffect. For a standardsequencehe fractional
memorycoefcient canbe found by a modi cation of Equation5.8, wherethe
transitionstep is theisotopicdifferencebetweerthetwo standards:

D D

5 5 — (5.10)

where D and D aretrue value$ of Std1and Std2, respectiely,
foundby takinganaverageof thelast5 injections;assuminghatthe memoryef-
fectis absenfor theserepetitions.Theindex denotegheinjectionnumberafter
thetransition,i.e. =1 correspondso the rst injection of Std2, =2 corresponds
to the secondnjectionof Std2andsoon. A fractionalmemorycoefcient is de-
terminedfor eachof therepetitionsof Std2.

Modelling the memory effect

Analytically the memoryeffect hasbeenfound to be well describedby a sum
of two exponentialdecayfunctions. For eachstandardsequencethe fractional
memorycoefcients  from Equation5.10 have beenusedas input to a least
squarest of model

(5.11)

Theconstants , , and aredeterminedby theleastsquares't andthey
re ect themagnitudg( and ) andtherange( and ) of thememoryeffect.
An exampleof ananalytical t is seenin theleft panelof Figure5.4.

For all the measuredtandardsequencethe fractionalmemorycoefcients and
the model parameterdave beencalculatedand determined. The modelshave
beenusedfor correctionof unknavn samplesandhave alsosenedasan analyt-
ical tool for judgingwhich operationakettingthat givesthe leastmemoryeffect

‘Relative to thereferencegas
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Figure5.4: Model of memoryeffect.

within D analysisona CF-IRMS|[Olsenetal., In prep.].

Correctionfor memory effect

The fractionalmemorycoefcients that have beenderved from the standardse-
guencehave beenusedto correctmeasurecgamplesn arun, by usingEquation
5.7 andEquation5.12, wherethe latter is a rewritten form of Equation5.9 that
takesinto accounthatthememoryaffectsnot only the next sample put severalof

thefollowing injections.Theoffsetterm is asumof theoffsettermsstemming
fromthe previoussampleghathavein uencedthe D

(5.12)

The subscript indicatesthe index of the sampleto be correctedand is the
numberof previoussampleshataffectthe D valueof sample (i.e. lter length).
Thetransitionstep  is thedifferencebetweerthevalueof sample and ,
betweensample and and so forth. The coefcients
arethefractionalmemorycoefcients which weredetermineddy the model

in Equation5.11. is the fractionalmemorycoefcient stemmingfrom the

precedingsample and from the secondast sampleetc.. Of the total
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memoryeffectfor sample thelastsample will havethegreatestontribution
andthe memoryeffectthenfalls off towardszerofor sample e

(5.13)

The rst samplesof a run cannot be correctedasthe pre-starthistory of the
systemis unknavn. This problemcanbe overcomeby measuringseveral repeti-
tionsof a standardn the beginning. The correctionwas rst calculatedrom the
measurednter sampletransitionstep. Thenthe correctionwasre ned iteratively
by usingthe new transitionstep,calculatedrom the correcteddata. Theiteration
wasperformeduntil the calculatedransitionstepremainedunchangedrom one
iterationto the next.

5.4 Data processing

This sectionconsistf adescriptionof the rst partof thedataprocessingf the
D data,from raw valuesto normalisedvalues.

5.4.1 Raw

As describedn Section5.1,theH -correctedon currentshave beentransformed
to isotopicratios  and of the sampleandthe referencegas,respectrely.
Theraw D valueof sample relative to the referencegashasbeencalculated
accordingo Equation4.1whichbecomes:

D %o (5.14)

Thedrift- andmemoryfreevaluesfromthe D measurementsormallyhave stan-
darddeviationsof 0.3-0.5%e.
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Figure5.5: Drift correctionconstantsalculatedrom differentrunsmeasured
at differenttimeswithin a period of 15 months. Full circlesandfull trian-
glesindicatedrift correctionconstantghat have beenusedfor correctionof
samplesOpenmarkersarerunsthathave not beendrift corrected.

5.4.2 Correctionfor drift

As describedin Section5.3.1a drift correctionconstant hasbeencomputed
for eachrun. Figure5.5 shaws the drift correctionconstant andthe standard
deviation from eachof the runswhereit was possibleto calculatethe drift (i.e.

standardsn bothends).The horizontalline marksthelevel of no drift. Theopen
circlesandtrianglesrepresentunsthat areinterpretedio be free of drift, while

thefull markerssymboliserunswith adrift. Thelattergroupincludesrunswhere
the doesnot enclosethe zero-lineand,additionally wherethe correlation
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(R=0.65-0.9¥rom theregressionis signi cant or highly signi cant®. Both nega-
tive andpositive trendsarefound andthe magnitudeof the slopespangherange
from -0.017to +0.019. A slopeof 0.019correspondgo a changein D value
of 1.9%o per100injections,whichis greaterthanthe standardieviation on the

measurementsndthereforesigni cant.

Drift correctionhasbeenperformedon thoserunsthatareindicatedwith a solid

marker in Figure5.5. All samplesn the respectie runshave beencorrectedoy

applyingEquation5.6.

For somerunsit waspossibleto calculatean valuefrom bothStd1(triangle)and
from Std2 (circle). Surprisingly it is obsered thattwo differentcorrectioncon-
stantsfrom the samerun do not necessarilyshov the samemagnitudeof drift, in

somecasesthey areevennotonthesamesideof thezero-line(Grip4 andGripl).

For runswheretwo correctionconstantsvereobtainedanaveragevalueof was
usedfor the correctionof the measuredialues.Brookset al. [2004] similarly re-

port aboutdrift at differentratesfor standard®f differentisotopiccomposition.
They hypothesisehatvariableconditionsin the chromiumreactoraffect theiso-

toperatio of differentwaterstandardsn differentways, leadingto a differential
drift.

No correctionconstanicould be computedor the runsDanham2 S8Gripl4and
S4Gripl7,asthey wereabortedbeforecompletionof therun. Therefore no drift

correctionwereperformedfor thesethreeruns. However, noneof theregularice

coresampledrom theserunshave beenincludedin the further analysis,asthey

wereremeasuredt a later stage.Theserunshave only beenincludedin the data
analysisbecausehey wereusedin the normalisatiorprocess.

5.4.3 Correctionfor memory

After having appliedthe drift correction,the D valueshave beencorrected
for inter samplememory

SSigni®cantandhighly signi®cantmeanshatthereis a 5% and 1% probability, respectiely,
of gettinga correlationcoef®cientaslargeasthe obsenedvalue,whenthetruecorrelationis zero.
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Figure5.6: Memory. Thememoryhasbeencalculatedrom runswith standard
sequencesThe numberingl and2 at the end of the run namesare usedto
discriminatebetweerdifferentstandardsequences onerun.

Fractionalmemorycoefcients  were calculatedfrom standardsequenceas
describedn Section5.3.2. Figure5.6 displaysthe magnitudeof the memoryef-
fect, representeddy the rst fractionalmemorycoefcient , asobseredin the
differentstandardsequencesThe mostprominentfeaturein this plot is thatthe
memoryeffectseparatesito two differentlevels. For the rst runs(Griplto Dan-
ham?2)the memoryeffectis 5.6 0.9 % andfor therestof therunsitis 1.4 0.5
%. Thereductionof memoryeffect occurredat the sametime astheliner in the
injection port was changedo anothertype (seeFigure E.1 andOlsenet al. [In
prep.]). Morrisonet al. [2001] reportaboutmemoryeffectsof 1% onthe same
CF-IRMS systemasthe oneusedin this study Hence the memoryfrom thelow
memorygroupis acceptablatthe expectedevel.

A 5.6%memorynecessitatesmemorycorrectionasasampledifferenceof 15%o
betweentheice coresampleswill give a offsetof 0.8%o, which is greaterthan
themeasuringerror. The memorycorrectionwasperformedasdescribedn Sec-
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Figure5.7: A, B andC sequencesThe standardnstaarGW1 (Std2)is mea-
suredrepetitvely before(A) andafter (C) theregularice coresamplesandit
is alsoinjectedin between(B) the samplesThis exampleis from run Grip4.

tion 5.3.2for thesampleghatbelongto the periodof high memory For runswith

alowermemoryof 1.4%it is consideredhata memorycorrectionis notrequired,
becausehe offset for the sameinter sampletransitionstep,would be  0.2%o,
whichis well within the measuringerror.

For thesameaeasonmostof thestandargequencewithin thelow memoryeffect
groupwereshorterthanthosein thein high memoryeffectgroup. Thismeanthat
therunswereshorterandmoretime ef cient.

Validity of the memory correction

Theright panelof Figure5.4 shavs how the memoryaffectedinjectionsof Std2
aresuccessfullycorrecteddown to the “true” level. However, this is not surpris-
ing, asthe correctionmodelis derived from the very samedataset. A way of
testingthe memorycorrectionmodelis to treata standardas a regular sample,
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Figureb.8: Validity of memorycorrection.Memorycorrectecanduncorrected
mearvaluesof InstaalGW1from B sequencesom severalruns. Thenumbers
atthe bottomof the ®gure correspondo the numberof B-valuesthatareused
to calculatethemeanvaluesandcorrespondingtandardieviationsfor eachof
theruns.

asillustratedin Figure5.7. The standardStd2hasbeenmeasuredepetitively in
both endsof a run (sequencé andC) andalsoin betweena seriesof samples
(sequenc®). A propercorrectionalgorithmshouldcorrectthevaluesof the stan-
dardin sequenc® sothatthedifferencebetweernhesevaluesandthetruevalue
is within themeasuringerroronly. Also, thescatterin thedatashouldbereduced.
Figure 5.8 displaysthe uncorrectedand correctedmean D valuesof Std2 (In-
staarGW1) from sequenceéB from several runs. The valuesare normalisedto
the VSMOW-SLAP scalesothatinter-comparisoris possible.lt is seenthatthe
correctedvaluesare consistenwith the true value, which is satisaictory within
the magins of errorfor all runs,while it is outsidel for half of therunsfor the
uncorrectedvalues. On the basisof this, it mustbe inferredthat the correction
algorithmsatisaictorycorrectfor the memoryeffect.
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Figure5.9: Normalisationconstant®vertime.

5.4.4 Normalisation to the VSMOW-SLAP scale

Thedrift- andmemorycorrectedralueshave beenexpressedelative to VSMOW
andnormalisedo the VSMOW-SLAP scaleby makinga linearregressiorasde-
scribedin Sectiord.1.1. Thenormalisatiorconstantganbeseenn Figure5.9. In
runswith onestandardnly, a scalingcoefcient hasbeenobtainedby usingtwo
standard$rom differentrunswithin the sametime period. Thisis the casefor the
runsGrip6-12,Dobsinaand Danham2h.From Figure5.91it is seenthatthe nor-
malisationconstanscattefrom a minimumvalueof 1.000(DobsinaGrip8-12jo
amaximumvalueof 1.032(S4Grip17b)wherethe latter normalisationconstant
correspondso a measuredSLAP-value of 414.7%.,as opposedo the assigned
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value428%o..Accordingto [Meijer, 2001]“laboratoriesarelik ely to have serious
problemsf they are nding unnormalised H valuesfor SLAP thatdeviatefrom
theassignedialuesthanby morethan 10%.”. A scalecontractiongiving adevi-
ationof 10%. correspond$o a normalisatiorconstanbf 1.026.Thisis indicating
badinstrumentperformancdor the run S4Grip17b All othernormalisationcon-
stantsarelessthan1.026,however, therearea few normalisationconstantghat
arecloseto this value. Interlaboratorycomparisonring tests)organisedoy the
InternationalAtomic Enegy Ageng/ [Meijer, 2001] and by Brand and Coplen
[2001] shawv thatunnormalisedialuesof SLAP shov awide rangeatthedifferent
laboratoriegfrom -384%ot0 441%0in the actualring tests).

The normalisednumbersfrom the differentruns have beenconcatenatetb
three D seriescorrespondingo Interval I, Il andlll (canbeseenin Figure6.1).
Thesedatasequencearenow readyto be correctedor diffusion,aswill be de-
scribedin Section6.2.1.
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6 High resolutionGRIP data

This chaptempresentghe high resolutionGRIP datathat have beenusedfor the
annuallayercountingof Bulling-Allerud andYoungerDryasperiodsin the GRIP
ice core. The dataarelistedin Table6.1. The tabledisplaysthe depthintervals
of the data,the length( ) of eachdatasequencandthe samplinginterval x.

The column indicatesif the datahasbeendecowoluted (Dec) or high-
passltered (Hpf). Thecolumn shavs which periodthe dataseriescover
Bulling (B), Older Dryas (OD), Allerud (A) of YoungerDryas (YD) the series
cover.

6.1 ECM, dustandion concentrations

The Electrical Conductvity Measuremen(ECM) pro le from the GRIP coreis
presentedn Taylor etal. [1993]. Thedirect-currentelectricalconductvity mea-
surementsvasperformedby draggingto electrodesvith a potentialdifferenceof
1250V alonga cleansurfaceof theice core. The current o wing betweenthe
electrodess a measuref theacidity in theice. Thevalueswereoriginally gath-
eredcontinuouslyfor every 1-2 mm of the core,dependingon the speedof the
electrodesalongthe core. This pro le wasthenre-sampledo 1 cm resolution.
In this projectthe re-sampledECM-pro le hasbeenusedfor the annuallayer
countingwithin the Bulling-Allerud period. For the annuallayer countingof the
YoungerDryassectionit waspossibleto includethe original pro le in 1-2 mm
resolution.

49
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Data Depth L X Filter Period
m m m
Ol 1689.61-1703.35 13.75 0.01 Dec Mid A
Oll 1749.01-1750.10 1.10 0.01 Dec EndOstD + StartB
DI 1714.35 1719.85 5.50 0.01 Dec oD
DIl 1729.20-1735.25 6.05 0.01 Dec Mid B
D Il 1744.6- 1755.05 10.45 0.01 Dec StartB
NO 1624.27-1753.3 129.03 0.001-0.01 YD + BA
Dust 1624.27-1753.3 129.03 0.001-0.01 YD + BA
Ca 1624.27-1753.3 129.03 0.002  Dec+Hpf YD + BA
NH 1624.27-1753.3 129.03  0.002 YD + BA
ECM 1624.27-1753.3 129.03  0.001 YD + BA

Table6.1: GRIPdatausedfor annualcountingin Bulling-Allerud andYounger
Dryas. In YoungerDryasonly theraw variantof [Ca ] datawereused. In

Bulling-Allerud theincluded[NO ], dust,[Ca ], [NH ], andECM pro®les
werere-sampledo 1 cm resolution. However, for the YoungerDryassection
it waspossibleto includethe original datasetsof the speci®edesolution.Ost
D denoteldestDryas. Hammeretal. [1997]; Hammer[In press], Fuhrer

etal.[1993,1996], Tayloretal. [1993].

Themeasurements theion concentrationsf Ca andNH wereperformed

by Fuhreretal.[1993,1996]by a continuougneltingandcontinuouso w set-up.

The technicalresolutionof the [NH ] and[Ca ] proles is 2 mm. The origi-

nal datasetof 2 mm resolutionhasbeenappliedfor the annuallayer countingof

the YoungerDryasperiod,while the datapro le wasre-sampledo 1 cm for the

Bulling-Allerud sectionreducingthe effective resolutiondown to 3-4 cm.

SigfusJohnserjPers.comm.]hasmadetwo differentmodi cationsof the[Ca ]

data,which have beenincludedin theannualcountingof the Bulling-Allerud sec-

tion. Onesetof the[Ca ] datahasbeendecovolutedto correctfor mixingin the

apparatusluringmeasurementd he transferfunctionwas

, Where
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is frequeng. The cut-off frequeng was 30 cyclesm , thusthe dataare able
to resole yearsof a thicknessdown to 3.3 cm. It shouldbe mentionedthatthe
decowolution correctsonly theamplitudesof thecycles,nottheirrelative phases.
Theothervariantof the[Ca ] datahasbeen Itered througha smoothGaussian
high-passilter , sothatthelow-frequeng oscillations which areof no interestfor
annualcounting,aredampedut.

ThedustandNO concentrationseremeasureth 1-10mmresolutionronmelted
ice[Hammeretal., 1997;Hammer In press].Thedustconcentrationsveremea-
suredby laserandcalibratedby a CoulterCounter Thesamplingresolutionis not
constanthroughthe datasetasthe samplingspeedvaschangediuringthe data
acquisitionin eld. Asisthecasefor thetheECM andthe[NH ] and[Ca ] pro-
les, theoriginaldustand[NO ] have beenusedfor thedatingof YoungerDryas,
while re-samplegro les of 1 cm have beenusedfor theannuallayercountingin
Bulling-Allerud.

6.2 Dand O

Thenew highresolution D datafrom the Bulling-Allerud periodin the GRIPice
corewerepresentedn Chapter5. The detailedoxygenisotoperecordis brie y
describedn the following. The samplingandthe measurementsf the new high
resolution O datd from the GRIP deepcore have beenperformedby Trine
Ebbensgaar&trumfeldt, Thore Jirgensenand Anita Boasat the University of
Copenhagerenmark.

A total of 1485sampleswerecutin 1 cm intervals alongthe ice core andthe
volumeof eachsampleconstitutedat minimum3 cm . The O measurements
were performedon a massspectrometewhich appliesan equilibrium method,
wherethemeltedice samplesreequilibratedwith CO gasundervibrations.The
samplesverekeptin equilibriumwith CO gasatroomtemperaturdor 6 hours
beforethegaswassubjectedo isotopicanalysis.Theratio of mass46to 44in the

1ThereportKold Eventi Alleradonthe O datacanbe acquireduponrequestt thelibrary
attheNiels Bohr Institute,JulianeMariesvej 30,2100Copenhage®, Denmark.
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CO gasis ameasurefthe O/ O ratioin thesample.Thereis no obserable
inter samplememoryconnectedo this method.

Thesamplingintervalsof the O seriesaredisplayedin Figure3.2andTa-
ble6.1. The O seriesarenamed OlIntervall and O Interval ll. It is seen
thatthe stableisotopepro les cover atotal depthof 36.85m,of which 1.1mis an
overlapbetween O Intervalll andapartof D Intervallll in earlyBulling. The
overlapping D and O seriesarefrom two differentcuttingsof theice andthey
weremeasuredgeparatel.

6.2.1 Correctionfor diffusion

The new high resolutionisotopeseriesof D and O have beencorrectedfor

diffusionin the rn andice. The methodsandtechniquegehindthe reconstruc-
tion of the original signalin stableisotoperecordswerepresentedn Section4.4.

Theresultsof the backdiffusionarepresentedhere.

Figure6.1and6.2shaow all theintervalsof the new high-resolutiorstableiso-
topedatafrom Bulling-Allerud in the GRIP ice core. The -valuesarereported
relatve to the VSMOW-SLAP scale.In Figure6.1the measuredndthe decon-
voluteddata,whichis anestimatedeconstructiorof theinitial isotopepro le, are
plottedtogether It is the reconstructe@nnualsignalthatis usedfor dating, by
meansof countingthe summerpeaksof high isotopevalues,aswill be described
in Chapter7. The overlappingsectionbetween O Intenal Il andapartof D
Interval Ill is displayedin Figure6.2, wherethe measurediataareplottedin the
upperpanel(a) andthedecowoluteddataareshown in thelower panel(b). There
is goodagreemenbetweerthe two differentisotopepro les.

2Deuteriumexcess(d), which is de®nedasd D 8 0, hasnotbeencalculatedasthe
differentcuttingsmayleadto a falsedeuteriumexcesspro®le.
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Figure6.1: Measuredblue) anddecowoluted(red) isotopedata. (a,b) O
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Figure6.2for  OlIntervalll.
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Figure6.3displaysthe MEM power spectrdor theisotopeintervalspresented
in Figure6.1, while Figure 6.4 displaysthe power spectrafor the sectionwhere
the Oand D pro les overlap. The spectraldensitiesof the O pro le have
beenmultiplied with 64 to facilitatethe comparisorwith the spectraldensitiesof
the D section. The power spectraof the measurediata(thick lines) shav how
the amplitudesof high frequenciesave beendiminishedby the diffusionin the

rn andice. Thespectraldensitiesn the high frequeng domainhave beenlow-
ered,sothatthey areindistinguishabldrom thenearly at level (white noise)that
representthe measuringerror (seeTable6.2).

Thearrows in Figure6.3and6.4 indicatewhatis consideredsthe annualpeaks
in the power spectra All the spectraor the measurediatarevealanannualpeak
aroundl4-20cyclespermeter which equalsanannuallayerthicknesof 5-7 cm.

It is noticedthat the annualpeakis not very pronouncedandthatit is situated
closeto the noiselevel andthereforecloseto the cut-off frequeng. By comparing
thespectraof themeasuredD and O in Figure6.4in abandaroundtheannual
peak,it is obseredthatthepowerof D is higherthanfor O, relatveto thatat
lower frequenciesin otherwords,thedampingof theannualsignalis lessfor D
thanfor  O.Thisisin accordanceavith earlierresultsandtheory[Johnseretal.,
2000]andcanbeexplainedby lessdiffusionof moleculesontainingD compared
to moleculescontaining O. The lower dampingof the D signalsuggestshat

D is slightly betterfor datingwhenworking with ice wherethe amplitudeof the
annualsignalof the stableisotopess closeto thelimit of detection.

Thethin linesin Figure6.3and6.4 arethe power spectraof theback-difusedse-
ries. Thesespectrashon how all thefrequenciebelow acertainlimit (determined
by the cut-off frequeng) areampli ed to correctfor the diffusion. The power
densityof the annualcycle, which is of interestfor dating, hasbeenincreased.
Table6.2lists speci cationson parameterthathave beenusedin the MEM spec-
tral analysisand decowolution of the stableisotopedata. The diffusion length

andthe cut-off frequeng areusedfor the inversetransferfunction  as
describedn Sectiond.4and is autorgressve order The choiceof cut-off fre-
queng, which is the maximumfrequeng thatis allowedin the back-difusion,is
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Figure 6.3: MEM power spectraof measuredblue) and decorvoluted(red)
isotopedata. The diffusion curve (green)reproduceghe power densitiesof
the measurederies.The arravs indicatewhatis consideredasannualpeaks.
(@) D Intervall, (b) D Intervalll, (c) D Intervallll and(d) O Interval

I. SeeFigure6.4for O Interval Il. SeeTable6.2for a speci®catiorof the
parametersisedin the MEM-analysis.
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Figure6.4: MEM spectraldensitiesof overlappingsectionof D (solid) and
O (dotted). SeeFigure6.2. Thick lines = measurediata. Thin lines =
Back-difuseddata. The spectraldensitiesof O aremultiplied with 64. In

a bandaroundthe annualpeakthereis relatively more power in the D data
comparedothe O data.

abestcompromisebetweerexcludingthe noiseat higherfrequenciesandinclud-
ing theannualpeak.A of 20cyclesm seemdofull theseconditionsfor
the stableisotopepro les in Bulling-Allerud. This meanghatback-difuseddata
arecapableof resolvingannuallayersof athickness 5 cm. Theright columnof

Table6.2 displaysthe measuringerror of the stableisotopeseries asrevealedin
thespectradensityplots.

The power spectrareveal a peakaround14-20cyclesm for both D and

O, which indicatesthat thereis power left in the annualsignalin both of the
stableisotopeseries,and that they can be usedfor dating purposes. That this
peakre ects atrueseasonasignal,is con rmed whenseeinghegoodagreement
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Interval m f Meas.error
m m %0
DI 0.021 30 20 0.9
DI 0.0215 30 19 0.75
D] 0.0185 30 21 0.55
Ol 0.023 40 19 0.1

ol 0.021 20 19 0.085

Table6.2: MEM parametersisedin MEM spectralanalysis.The ®lter length
was100points.

between D and O in theoverlappingsectionin Figure6.2. If the peaksn the
spectraldensitiesnvererepresentingioiseonly, it would not be possibleto create
suchacompellingagreemenbetweertheback-difused D and O data,asthe
noisein thetwo pro les is uncorrelatedHence,it is unquestionablé¢hatthereis
power left in theannualamplitudeof the stableisotopepro les. Whatremainsto
beanswereds, if all theyearsareresohed.



/7 Annual layer counting

The high resolutionGRIP datathat were presentedn the previous chapterhave
beenusedfor annuallayer countingin Bulling-Allerud andin YoungerDryas,
aiming at estimatingthe durationof theseperiods. In the rst partof the chap-
ter the stepsin the dating processare brie y presentedfollowed by a descrip-
tion of the appliedcountingmethodandhow the climateperiodsBulling-Allerud
and YoungerDryasarede ned in this work. Furthermorethe chapterincludes
a sectionon how the GRIP recordhave beenmatchedo the NGRIP recordon a
detailedscalein the Bulling-Allerud period. The resultsof the multi-parameter
datingof theBulling-Allerud andYoungerDryasperiodsin the GRIPice coreare
presentedn thelastpartof the chapter The new resultsarecomparedwvith exist-
ing stratigraphicahndmodelledtimescalesrom the GRIP coreandwith the new
stratigraphicablatingof the NGRIP core,aswell aswith annuallayer countings
of the GISP2core.

7.1 Stepsin the dating process

The rst stepof thedatingpartof this projectwasanannuallayercountingof the
GRIP corein Bulling-Allerud giving an estimateof the durationof this intersta-
dial, aspresentedn Seierstacetal. [In press].

Succeedinglythe Bulling-Allerud sectionin the GRIP corehasbeenmatchedn
adetailedscalewith the NGRIP core,by comparingthe[NH ] pro les from the
two cores.Usingthis matchingtheannualayercountinghasbeencomparedvith

resultsfrom the new stratigraphicaNGRIPtimescalg GICCO05).

59
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The last stepin the dating processwasto include YoungerDryasin the multi-
parametedating. Themotivationwasto Il thegapbetweertheendof the GRIP
partof thenew GICCO5timescaleandthe Bulling-Allerud sectionof Seierstacet
al. [In press]herebyobtaininganindependenstratigraphicatime scalecovering
the YoungerDryasandBulling-Allerud that canbe comparedwith the GICC05
time scalethatreliesonly on annuallayercountingusingNGRIP data.

7.2 Annual layer counting in Bulling-Aller ud

The annuallayer countingof Bulling-Allerud hasbeenperformedby counting
annualcyclesin decowoluted D, decowoluted O, [NH ], [Ca ] (raw, de-
convolutedandhigh-passltered), dustconcentrationgNO ] andECM aslisted
in Table6.1andasseenn Figure7.1. As describedn Chapter6 theresolutionof
all the useddataserieswas1 cm, which for the caseof the isotopeseriesequals
the original samplingresolution while the ECM, dustandion concentratiorpro-
les werere-sampledrom anoriginal samplingresolutionof 1 and2 mm.
The multi-parametecountingwasdonemanuallybasedon inspectionof all the
parametersit onetime. One“master” seriesof yearshasbeenestablishedrom
this commoninterpretation.In Figure 7.1 this masterseriescanbe seenasdots
onthe[NH ] pro le. A certainyearis de ned asanannualpeakwhichis clearly
seenin all (or most)of the parametersA certainyearis symbolisedwith a black
dot. However, sometimeshecyclesmaybehardto interpret,e.g. whenoneseries
indicatesa yearwhereanotherseriesdoesnot, or thata possibleyearis seenasa
shouldemona ank of a peak.Theseambiguitiedeadto uncertainyears (marked
by opendots). The bestestimateof the numberof yearswithin arny depthinterval
is taken asthe numberof certainyears+ half of the numberof uncertainyears.
The uncertaintyis taken ashalf of the uncertainyears. This uncertaintyre ects
the degreeof dif culty in identifying the annualpeaksin the data,but doesnot
re ect thetotal uncertaintyastheremight be a biasin the dating,e.g. if thedata
doesnotresoleall theyearsorif yearsaremissingfrom the precipitationrecord.
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Figure7.1: Exampleof multi-parametedatingin Bulling-Allerud. Counting
of annuallayersis performedon decowoluted D (or  O), dustconcen-
trations,[NO ], [Ca ] (high-passdecowolutedandraw) and[NH ]. A
black dot symbolisesvhatis consideredo be a certainannuallayer, while an
opendot representsvhatis interpretedasanuncertainannuallayer. The dots
markedin the[NH ] pro®Ile constitutethe®master%eriesasdescribedn the
text.. Theunitsonthedustand[NO ] pro®lesarearbitrary

Thecountingwas rst performednthesectionsvhereall thedatawereavail-
able,i.e. in theintervalswherethe stableisotopeshave beenmeasuredaiming at
establishingvhetherthereis anoverallagreemenbetweerthe series.Thereafter
therestof the Bulling-Allerud periodwascounted usingthe experiencehatwas
gainedfrom intervalscontainingstableisotopepro les.

Whencomparingthe seasonatyclesin thedifferentparameters Figure7.1
it is seenthat thereis good overall agreemenbetweenthe parameters.[NO |
is the parametethatdeviatesmostfrom the commonbehaiour, generallyshow-
ing lesscyclesthanthe otherparametersWithin certainsectionsno weight has
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beenputonthe[NO ] in theinterpretatiorof the seasonatycles,becausdt was
apparentlytoo smooth. However, in periods[NO ] agreeswell with the other
parameters.The dustpro le often have more peaksthanthe other parameters,
adwocatingfor the highestnumberof years,while the [NO ] andthe stableiso-
topesgenerallyde ne the lower limit on the number The decowoluted[Ca ]
and[NH ] generallysene asgooddatingtools. As previously mentioneddust
can have more than one peakwithin someyears. The exclusionof dustpeaks
whichareconsidereds“doublepeaks’hasbeendecidedby comparisorwith the
seasonatyclesin thestableisotopes[Ca ], [NH ] and[NO ].
UnderpresentlayconditiondNH ] and[NO ] have maximaduringsummetike

Dand O, whiledustand[Ca ] normallypeakduringspring.Thisis alsothe
mainbehaiour duringBulling-Allerud, thoughthereareperiodswherethisis not
thecase.The parameterareoftendrifted away from their usualrelative phasing,
especiallyin Allerud. Hence the seasonalitypatternseemgo have hada higher
variability thanunderpresentdayconditions.

7.3 Annual layer counting in Younger Dryas

Theannualayercountingwithin YoungerDryashasbeenperformedoy including
seriesof ECM, dustconcentrationg]NH ], [Ca ] and[NO ] asseenin Table
6.1. As mentionedin Chapter6 the dataseriesthat were usedfor the Younger
Dryassectionhadthe original samplingresolutionof 1 mm and2 mm, insteadof
are-sampled cmresolution whichwasthe casefor the Bulling-Allerud interval.

Suspicionsfrom the annuallayer countingin Bulling-Allerud, as presented
in Seierstacet al. [In press],that the applied countingmethodfor that period
mostlik ely leadsto an underestimatioof the numberof countedyearsin colder
periodswith low accumulationandalsoknowing thatthe expectedannuallayer
thicknessof around 3-4cmin YoungerDryas[Dahl-Jensertal.,1993;Johnsen
etal.,2001]is atthelimit of whatthedatacanresol\e, the countingapproaciwas
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Onsetof event  Depth Howde ned Depth  Depth
m Parameter Core m m
Bulling 1753.3 Excess NGRIP 1753.40 1752.85
OlderDryas 17186 D, O GRIP - -
Allerud 17150 D, O GRIP - 1718.20
YoungerDryas 1662.4  Excess NGRIP 1661.55 1662.65
Holocene 1624.27 Excess NGRIP 1623.60 1623.60

Table 7.1: Depthsof the onsetof Bulling, Older Dryas, Allerud, Younger
DryasandtheHolocenean the GRIPice core,asusedin thiswork (left) andin
previousworks (right, Johnseretal. [1992a], Hammeretal. [1997]). Col-
umn3 and4 specifywhich parameterérom which corethathave beenusedin
this work to de®nethe depthsof the onsetof the events. Excess= deuterium
excess.Seetext for furtherexplanation.

changedlightly for the YoungerDryassection.Theconditionof anoverall agree-
mentbetweerthe seriesfor de ning a certainyearwasrelaxed,sothatanannual
layer could be interpretedascertain on the basisof anobsenedcycle in onepa-
rameteyronly. Thismeanghatif oneof thedataseriesshavsaclearannualcycle,
while the otherseriesaresmoothedutthisis treatedasa certainyear Uncertain
annuallayersareusedif noneof the serieshave a clearannualcycle, but someof
themindicatea yearby having a shoulderon a peak.
Theannuallayercountingin the YoungerDryassectionwasperformedn collab-
orationwith Bo Vinther.

7.4 De nitions of depthsof transitions

De ning theexactdepthsof theonsetandterminationof aclimateperiodobsened
in ice corerecordsis not alwaysstraightforvard, asthe differentdataseriesmay
show a slightly differentbehaiour, e.g. in timing andrate of change,acrossa
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climatetransition.In thefollowing the depthsusedin this projectarepresented.
Theleft partof Table7.1 displaysthe depthsof the onsetof the climatic periods
Buling, OlderDryas,Allerud, YoungemDryasandHolocenehathave beenusedn
this project. Thede nition of the onsetof Bulling, YoungerDryasandHolocene
areall basedon sharpshifts seenin the deuteriumexcesspro le in the NGRIP
ice core[T. Popp,Pers.comm.],asis alsothe casefor the de nition of thesame
climatictransitiongn the GICCO5timescale Deuteriumexcesswhichre ectsthe
conditionsin thesourceareafor themoisturelMerlivatandJouzel 1979;Johnsen
etal.,1989],is characterisetly abruptshiftsattransitiongrom oneclimateperiod
to another Hence this parameteis usefulfor de ning theonsetandterminations
of the climate periods. The deuteriumexcessis not available from the depths
of interestin the GRIP core,which is thereasorfor usingthe NGRIP deuterium
exces9ro le. TheNGRIPdepthsof thetransitionsaretransferredo GRIPdepths
by matchingpro les of ECM, DER [Ca ], [NH ] and O from thetwo ice
cores. The depthsof the onsetof Bulling, YoungerDryas and Holocenediffer
slightly from thosede ned in [Johnseretal., 1992a],which werebasedon ECM
andfrom thosede ned by Hammeretal. [1997] (seeright partof Table7.1).
Thede nition of the onsetof Older DryasandAllerud arede ned by shiftsseen
in  Oandthenen D datain the GRIPice core. Neitherof thesedepthshave
beende ned in [Johnseret al., 1992a]. Hammeret al. [1997] did not specify
the depthinterval of Older Dryasandtheir depthof the onsetof Allerud almost
coincideswith thedepthof theonsetof OlderDryasusedin thiswork. In thenew
stratigraphicatiatingof the NGRIP corethe depthsof the Older Dryasperiodare
notspeci ed.

7.5 Matching GRIP and NGRIP in Bulling-Aller ud

The GRIP andNGRIP recordshave beenmatchedon a detailedscalewithin the
Bulling-Allerud period. First, afew x pointswereobtainedby matchingchar
acteristiclarge scalepeaksof ECM, DEP and [Ca ] from the two coresand
alsoby usingnewly obsered tephralayersof chemicallyidenticalcomposition
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in thetwo cores[Mortensenetal., 2005,In preparationS. Davies,Pers.comm.].
Thesecoarselyspacedx pointsde ne sectionswithin which onecanzoomto
look for similar patternsn the correspondinglataseriesof the two cores.As is
the casefor the Holocenepartof the GRIPandNGRIP coresthe[NH ] pro les

are excellentfor high resolutionmatching[Rasmusseret al., Submitted]. The
similarity betweenthe GRIP and NGRIP [NH ] pro les is striking and within

sectionsof a few metersit is possibleto matchthe pro les on an annualscale.
Thepro les showv similaritiesbothin amplitudeandin wavelength. Almost 700
matchingpoints betweenGRIP depthsand NGRIP depthshave beenfound in

Bulling-Allerud. The x pointsaredisplayedn Figure7.2. The detailedmatch-
ing of thetwo coresprovidesabasisfor acomparisorof theannualayercounting
of Bulling-Allerud in this work with the new stratigraphicatiatingof theNGRIP
core[Rasmussemtal., Submitted],which is madeby identi cation andcounting
of annualcyclesasobsenedin impurity recordsmeasuredn a continuouso w

systemRothlisbegeretal., 2000;Bigler, 2004].

Sofar, the matchingof the two coreshasbeenrestrictedto the Bulling-Allerud
period, but an initial investigationshows thatit it possibleto matchthe [NH ]
pro les in YoungerDryasaswell, which is promisingfor further comparisorof
the GRIPandthe NGRIPtimescalesn this period.

7.6 Resultsand discussion

The estimateddurationof Bulling, Older Dryas,Allerud and YoungerDryasde-
rived from the annuallayer countingbasedon seasonaVariationsin D, O,
[NH ], [Ca ] dustconcentrationend[NO ] in the GRIP corearelistedin Ta-
ble7.2.In Table7.3theseresultsaredisplayedalongwith otherdurationestimates
of the sameperiodsfrom the GRIP coreandfrom otherdeepice coresdrilled in
Greenland.

The annuallayer thickness for eachof the periodsderved from the multi-
parametedatingis displayedas meanvaluesfor the listed periodsin Table7.2.
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Figure 7.2: Fix points betweenthe GRIP and NGRIP coresin the Bulling-
Allerud section.

Annual layer thicknessesn 2 m averagesare displayedin panela of Figure
7.3. For comparisorthe modelledannuallayer thicknessbasedon the ss09sea
timescalds alsoshavn in the plot [Johnseretal., 2001;JohnsenPers.comm.].
The ss09sedimescaleis basedon a Dansgaard-Johnseaw modeland O-
dervedaccumulatiorrates.

Whencomparingtheresultsfrom this work with the existing stratigraphicatiat-
ing of the GRIPice core[Hammeretal., 1997;Hammer In press],t is seenthat
the numberof yearswithin the Bulling-Allerud interval is substantiallylower for
themulti-parameteapproachyhile thetwo estimate®f the durationof Younger
Dryasagreewithin the magins of the uncertainty As mentionedn Section7.4
the Older Dryas periodwasnot speci ed in the work by Hammeret al. [1997].
By usingtheir depthsfor the Bulling and Allerud intenvals, the corresponding
estimatedor the multi-parameteapproacharethe following: Bulling: 587 16
andAllerud: 1028 34. Theseestimatesare 20%and 30%shorterthanthose
foundby Hammeretal. [1997]. Thehighly signi cant deviation betweerthetwo
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Period Numberof annuallayers Duration Ratioof duration
Certain Uncertain yr cm  GRIP/NGRIP
Bulling 571 33 588 16 5.9 0.96 0.04
OlderDryas 66 8 70 4 51 0.78 0.06
Allerud 939 63 971 31 54 0.89 0.04
YoungerDryas 1106 88 1150 44 3.3 0.96 0.05

Table 7.2: Estimateddurationof Bulling, Older Dryas, Allerud and Younger
Dryasandthe correspondingneanannuallayerthicknesy ) in theGRIPice
corefrom the multi-parametedatingin this work. The durationis de®nedas
thenumberof certainannuallayers+ half of the numbersof uncertainannual
layers. The uncertaintyon the durationis half of the numbersof theuncertain
annuallayers. The uncertaintyre ectsthe inconsisteng betweenthe annual
signalin the seriesandthe dif®culty of interpretingthe peaksandshoulders.
The uncertaintydoesnot take into accountary biasin the counting, or im-
perfectionsof the annuallayer sequencétself. The right columnshows the
ratio of the durationin the GRIP coreto the durationof the correspondinge-
riod in the NGRIP core, basedon the GICCO5timescale/Rasmussert al.,
Submitted].

stratigraphicabnnuallayer countson the samecorecanbe explainedby the dif-
ferentwaysof performingthe layer counting. The methodthathasbeenusedfor
theBulling-Allerud interval in this studymayhave underestimatethedurationof
theclimateperiods,asahigh degreeof agreementf the dataserieswasrequired
to de ne acertainannuallayer. In this way, theresultis highly dependenbn the
resolutionandthe internal consisteng of the dataseriesincludedin the annual
layer counting. As describedn Section7.2,the [NO ] andthe stableisotopes
oftende ne thelowerlimit onthe numberof certainannuallayers,andaswill be
presentediaterin this section detailedcomparisorwith the NGRIP coresupports
what the spectralanalysisof the D and O seriesindicated,namely thatthe
stableisotopesseriesare not ableto resol\e all annuallayerswithin sectionsof
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low accumulatiorin Allerud andOlderDryas. Thisis alsosupportedyy thefact
thatshouldersare seenon anks of -peakswhereotherparameterhiave peaks
(or clearshoulders).

Ontheotherhand thedatingperformedoy usingdustconcentrationsnly without
supportfrom otherparametersnay have overestimatedhe numberof years,by

assigningwo annualmarksto “double peaks”thatonly represenbneyear Also

the obsenred variability in seasonalitywithin the Allerud section,suggestghat
multiple dataseriesarenecessarywheninterpretingthe peaksn thedustpro le.

Comparedvith themodelledtime scaless09se# is seerthattheannualayer
thicknesdrom themulti-parametedatingcorrespondsvell with themodelledre-
sultsthroughmostof the Bulling periodandin the YoungerDryassection.How-
ever, in the YoungerDryas sectionthe decreasingrend in the modelledlayer
thicknesswith depthis not supportedoy the obsened values. Comparisorof
the annuallayer thicknessin the NGRIP core by Rasmusseet al., [Submitted]
with the ssO09sedimescalefor the NGRIP core shaws that the decreasingrend
in is seenin both modelledand obsened results. This indicatesthat an an-
nual layer thicknessof 3 cm might be the lower limit of what the GRIP data
from the YoungerDryassectioncanresole. Furtherwork on extendingthe de-
tailed matchingof [NH ] pro les from the GRIP andthe NGRIP corethrough
theYoungerDryaswill hopefullyshedight onthis. TheOlderDryasandAllerud
durationsfrom the multi-parametemapproachare 21%and 17% shortey re-
spectvely, comparedto the modelledestimates. The highestdiscrepanciesre
foundin the cold spells(with correspondingow accumulation).This featureis
also seenwhen comparingwith the NGRIP timescaleGICCO5. In panelb of
Figure7.3the GRIP/NGRIPratio of thedurationof correspondinglepthintervals
is graphicallydisplayedthroughthe whole Bulling-Allerud interval. In this plot
characteristicx pointsatintervalsof 1-3 metershave beenselectedn orderto
comparethe numberof annuallayersin correspondingectionsn thetwo cores.
Thedottedhorizontalline representsiratio of 1. The colouredareasareinserted
to markthe depthintervals of the high resolutionstableisotopeseriesthat have
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Figure7.3: (a) Annuallayerthickness in Bulling-Allerud andYoungeiDryas
in the GRIP ice corederived from annuallayer countingin this work (blue, 2
m averagespndfrom theagemodelss09sedred, 4 bagaverages]Johnseret
al., 2001,JohnsenpPers.comm.]. (b) Ratio of the durationin the GRIP core
(thiswork) to the durationin the NGRIP core(GICCO5timescaleRasmussen
et al. [Submitted])of correspondinglepthintervals. Matchingthe depthof
thetwo coreshasbeendoneby using[NH ] pro®lesasdescribedn Section
7.5. In this plot selectednatchingpointshave beenusedto calculatethe ratio
of the durationfrom one®x pointsto the other The dottedline representsn
equalamountof obsenedannuallayersin thetwo cores.Light redareas= D
interval I, 1l andlIl. Light blueareas= O interval | andll (thelatteris the
thin blueareawithin D Interval ll1).
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Core Method B oD A YD
yr yr yr yr
GRIP [Ca ],[NH ],dust, 588 16 70 4 971 31 1150 44
D, O,ECM,[NO ]

GRIP  Dust 736 - 1432 1194
GRIP  Modelled(ss09sea) 640 89 1170 1183
NGRIP CFA-data 614 16 90 1 1091 29 1193 39
GISP2 Icelayercount 580 29 80 4 1120 56 1240 62

Table7.3: Estimatef thedurationof Bulling (B), OlderDryas(OD), Allerud
(A) andYoungerDryas(YD) from deepice coresfrom GreenlandThe dura-
tion estimatedbasednthess09sedimescalearecalculatedy usingthedepth
intervalsasde®nedn thiswork (left partof Table7.1). Thisis alsothecasefor
thedurationestimatedrom the NGRIP stratigraphicatiating,wherethe GRIP
andNGRIP depthsarematchedasdescribedn Section7.4. The durationesti-
matedasedndustcountingsn theGRIP corearegivenwith thedepthsspec-
i®ed by Hammeretal.[1997] (right columnof Table7.1). A roughcomparison
of theresultsfrom the multi-parameteapproactandthedustcountingscanbe
doneby comparingthe sumof the durationof Allerud and Older Dryas esti-
matedfrom multi-parametemapproachwith the Allerud durationfrom Ham-
meretal. [1997]. Theresultsfrom the GISP2datingsaregivenasreportedn
[Stuiver et al., 1995]. Comparisorof the O pro®lesfrom GRIP [Johnsen
etal., 1997]andGISP2[Stuiveretal., 1995; The Greenlandsummitice Cores
CD-ROM, 1997]shaws thatary deviation of the de®nitionsof the onsetsand
terminationsof the periodsis not of signi®cancecomparedo the uncertainty
in thedating. The uncertaintyon the stratigraphicatlatingof the GISP2core
at this depthis 5% [Alley etal., 1993]. Hammeretal. [1997]; Hammer|In
press], Johnseretal. [2001], Stuieretal. [1995]; Meeseet al. [1997]; Al-
ley etal. [1997], Rasmussestal. [Submitted];RBthlisbegeret al. [2000];
Bigler [2004].

beenincludedin the annuallayer countingin the GRIP core. Table 7.4 lists the
numberof obsened annuallayerswithin the sectionsof high resolutionstable
isotopein the GRIP coreandthe numberof countedyearsin the corresponding
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sectionsof the NGRIP core. The ratio of numberof yearsin the GRIP coreto
thenumberyearsin NGRIP coreis closeto 1 in Bulling, while it is lessthan0.8
in Older Dryasandin the cold spell at the end of Allerud. Theratio reachests
minimumof 0.6 atthetransitionfrom OldestDryasto Bulling.
According to datafrom Dahl-Jenseret al. [1993] the meanaccumulationrate
(basedon O measuredn theice) at GRIP in Bulling was0.23 0.02myr
while it was0.15 0.02myr in OlderDryasand0.18 0.02myr in Allerud.
As 0.20myr is consideredo bethe minimumaccumulatiorrateunderpresent
day conditionsfor the annualcycle in stableisotopepro les to survive rni ca-
tion [Johnsen,1977], it is not surprisingthat the stableisotopesections( D II,
D Ill Bulling partand O Il) within the Bulling interval successfullyseem
to resole all or mostannuallayers. The lower modelledaccumulatiorratesfor
Older DryasandAllerud could explain why the numberof annuallayerswithin
the stableisotopesections( Ol and D I) from thesetwo climate periodsis
lessthanin the correspondindNGRIP sections.One could speculatevhetherit
would be possibleto retrieve the apparentlylost layersin the isotopepro les by
cuttingice sampleof higherresolutionthanthe 1 cm resolutionwhich hasbeen
donein this project. The spectralanalysisof the O and D intenalsandthe
comparisorwith seasonatyclesobsenedin the chemicalparametersiuringthe
datingprocesshow thatthereis power left in theannualsignalin bothof the sta-
ble isotopeseries. However, someyearsof low accumulatiorn(correspondingo
high frequeng) may not be revealedby the decowolution, asthey arehiddenin
thenoiseandtherebyruled out by the cut-off frequeng. With a cut-off frequeng
of 20cyclesm , annuallayerswith athicknesdessthan 5 cmwill not be
resolhed. It is interestingthatit is possibleto detectthe annualamplitudeat all
within the stableisotopeseriesfrom Older DryasandAllerud. This caneither
be explainedby higheraccumulatiorratesthanthosedervedfrom O, or by
lowertemperaturesomparedo presentpecausehe wealeningof theamplitude
is highly temperaturelependent. O derivedpaleotemperaturgdohnseretal.,
1995]from the GRIP ice coreshaws thatit wasonly 1 C colderduring Bulling
comparedo today while it was5-12 C colderduringOlderDryasandAllerud.
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Interval Duration [yr] Ratioof duration
GRIP NGRIP  GRIP/NGRIP
Ol 251 6 276 10 0.91 0.04
oll 180 200 0.90 0
DI 103 5 128 2 0.80 0.05
DIl 99 1 100 3 0.99 0.03
D Il 181 3 209 6 0.87 0.03
D 1l Bulling part 149 2 155 5 0.96 0.03
D Ill OldestDryaspart 33 1 55 1 0.60 0.03

Table7.4: A comparisorof obsenedannuallayerswithin the high resolution

stableisotopesectionsin the GRIP core (this work) and the corresponding
depthintenvalsin the NGRIP core (GICC05,Rasmusseet al. [Submitted]).

Theinterval D lll spanghetheterminationof OldestDryasandthebeginning

of Bulling. Thetwo bottomrowsdisplaytheBulling partandthe OldestDryas

part, respectiely. It shouldbe mentionedhatthe matchingof the two cores

aroundtheinterval O Il is uncertain.Thetwo yeardifferencebetweerthe

GRIP datingandthe NGRIP dating of this sectionmay arisefrom uncertain
matching.

The estimateof the durationof Bulling agreeswell with the numberof years
found by annuallayer countingof the GISP2ice core[Alley et al., 1993,1997;
Stuiveretal., 1995;Meeseetal., 1997]. The estimateddurationsof Older Dryas
andAllerud are 13%shorterthanthosefrom the GISP2layercounting,andthe
YoungerDryasestimatds 7% shorter

To summarisethe durationestimate®f the Bulling and YoungerDryasperi-
odsfrom the multi-parametetayercountingin the GRIPice coreagreewell with
thenew NGRIPstratigraphicatlatingandpreviousestimate$rom the GRIP core,
while theestimate®f OlderDryasandAllerud aresigni cantly shortercompared
to the otherdatingsasseenin Table7.3. Theremight be several explanationgo
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why the durationsof the Older DryasandAllerud sectionsseemto be underes-
timated. Oneexplanationis thatthe appliedcountingmethodandthe resolution
of the dataseriesweredifferentfor the YoungerDryas sectionandthe Bulling-
Allerud section.Within the Bulling-Allerud sectiontheannualayercountingwas
rst performedn theintervalswherethe stableisotopesdataareavailable,based
ontheassumptionthatthe stableisotopesvould give a representatie estimateof
the numberof annuallayers. The experiencefrom the countingof thesesections
wasusedwhile countingtheremainingpartsof the Bulling-Allerud. Wheninter
pretingthe cyclesin thedifferentdataseries a high degreeof agreemenbetween
the differentserieswasrequiredto de ne a certainannuallayer. This condition
impliesthattheresultis highly dependentn theresolutionof the dataserieswith
the lowestresolutionandtheinternalconsisteng of the dataseries.Furthermore,
theobsenedvariability in the seasonalitpatternin the Allerud sectionmay have
madethe interpretationof the cyclesin the differentdataseriesmoreuncertain,
comparedo the moreclimatic stableYoungerDryasandBulling periods.Com-
parisonof correspondingectionsin the GRIP andthe NGRIP coresin panelb
of Figure7.3 and Table 7.4 suggestshat this countingapproacttails to resole
all annuallayerswithin sectionf low accumulationInitial comparisorwith the
NGRIPrecordonannualscale,alsobasedonthe[NH ] matching,indicatesthat
mary of the uncertainannuallayersin the GRIP multi-parametedatingshould
be interpretedas certainannuallayers,if the two timescaleshouldbe madeto
match.Furtherwork onthe comparisorwith the NGRIPtimescalewill hopefully
give valuableinformationfor theinterpretatiorof bothrecords.

By includingdataserieswith theoriginalsamplingresolutionof 1 and2 mmin
the YoungerDryassection,insteadof there-sampled. cm resolutionsseriesthe
interpretatiorof theseasonatycleshasapparentlypecomeamorecertain.Further
more, the appliedcountingmethodwas lessrestrictve comparedo the method
usedin the Bulling-Allerud interval, i.e. someof the featuresthat would have
beende ned asuncertainannualayersaccordingo the countingmethodapplied
within the Bulling-Allerud sectionwere de ned as certainannuallayerswithin
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theYoungerDryassection.Eventhoughtheannualayerthicknesss signi cantly
lower within the YoungerDryassectioncomparedo the restof the investigated
interval, the resolutionof the useddataseriesthe appliedcountingmethod,and
alsothe relatively stableclimate conditionshave madethe interpretationof the
dataserieseasierandmorecertain.



8 Conclusion

In this studyhigh resolutionseriesof D have beenmeasuredn threedepthin-
tenalswithin the Bulling-Allerud periodin the GRIP ice core. Thesethreesec-
tionsandtwo high resolutionseriesof previously measured O datahave been
correctedfor diffusionin the rn andice by applyingdecowolution techniques.
Thedecorvolutedisotopepro les have beenusedfor annuallayercountingin the
Bulling-Allerud period. Seasonatycleshave beenidenti ed andcountedusing
isotopedataand previously publishedpro les of ECM, [Ca ], [NH ], [NO ]
anddustconcentrationexisting for thewholeintenval. A multi-parametedating
hasalsobeenperformedn the YoungerDryassection by countingannuallayers
obseredin seriesof dustandion concentrationeandECM from the GRIP core.
A detailedmatchingof the GRIP andthe NGRIP recordshasbeenperformedby
matchingsimilar patternsin the ECM andthe [NH ] pro les of the two cores,
makinga comparisorwith the new NGRIP stratigraphicatime scale(GICCO05)
possible.

The new high resolutionisotopedatapresentedn this study shavs that it
is possibleto use stableisotopesfor stratigraphicaldating of glacial ice from
Bulling-Allerud (Greenlandinterstadiall). The annualcycle is seenin MEM
power spectraandthe cyclesof the stableisotopescomparewell with theannual
cyclesin the chemicaldataseriesandthe seasonavariationsin the dustconcen-
trations. It is, however, necessaryo decowolute the measuredsotopepro les
to reconstructheinitial isotopesignals. The maximumresolutionof the decon-
voluted stableisotopedatafrom Bulling-Allerud is 5 cm, so annuallayersof

75
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lessthicknesswill notberesohedby thesedata. Thisimpliesthatsomeyearsare
lostin colderperiodshaving loweraccumulatiomates especiallywithin theOlder
Dryasandthe Allerud periods. This studyalsocon rms the ndings of Johnsen
etal. [2001] thatthe dampeningf the annualcycle's amplitude dueto diffusion
in the rn andice,is strongeffor O thanfor D. Thissuggestshat D is better
suitedfor datingthan O whenworking on ice wherethe annualsignalin the
datais weak.

Thattheamplitudeof theannuakignalinthe Dand O pro les aredetectable,
suggestshattheannualaccumulatiorrateduringthe Bulling-Allerud periodwas
notmuchbelov 0.20m ice peryear With aloweraccumulatiorrate, it would be
lesslikely that the annualsignalwould have survived the diffusion processen
the rn andice [Johnsen1977].

The estimateddurationsof the Bulling (Gl 1e),OlderDryas(GI 1d), Allerud
(Gl 1abc)andthe YoungerDryas (GS 1) periodsbasedon the multi-parameter
layer countingin the GRIP ice coreare588 16,70 4,971 31and1150 44
years,respectiely. Theuncertaintiese ect thedif culty of theinterpretationof
theavailabledataanddo nottake into accountary biasin thedating,or imperfec-
tions of the annuallayer sequencétself. The estimateshouldbe consideredas
lower limits for theseclimateperiods,assomeyearsmay not have beenresohed
by the datain colder periodswith lower accumulation especiallywithin Older
DryasandAllerud.

This study underlinesthe importanceof having high resolutiondatawhen per
forming stratigraphicaldating of ice cores,andhaving a variety of independent
parametershoving seasonavariations.

8.0.1 Outlook

The successfumatchingof the GRIPandNGRIP recordsin the Bulling-Allerud
sectionwasusedin this studyto comparethe numberof obsened annuallayers
in correspondinglepthsectionsof the two cores. Initial investigationindicates
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that the matchingof the two corescanbe extendedthroughthe YoungerDryas
section. Furthermorejnitial investigationof the Bulling-Allerud sectionshovs
thatit is possibleto make a yearto-yearcomparisorof the presentediatingwith
the NGRIP annuallayercounting.Furtherwork shouldestablishvhetherthe two
timescalescan be tied togetheracrossthe Bulling-Allerud and YoungerDryas
periods. Hopefully, the detailedcomparisorwill alsoreducethe uncertaintyon
thedating.
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Abstract

A new dating of the Bulling-Allerud period (Greenlandnterstadialevent 1) in
the GRIPice coreis presentedNewly measuregro les of Dand O, aswell
asexistingpro les of Ca , NH , dustandNO have beenusedfor the dating.
As seasonaVariationscanbe obsenedin all six componentsit waspossibleto
simultaneouslycountannuallayersin the pro les in orderto obtaina multi pa-
rameterdating. Thenew datapresentedh this studyincludesatotal of 36.85m of
stableisotopepro les of 1 cm resolutionfrom 5 sectionsof the Bulling-Allerud
periodin the GRIPice core. Theannuallayer countingsuggests durationof the
completeBulling-Allerud period,asrevealedin the GRIP ice core,of 1627 52
years. This estimatecontrastsan earlier nding from the sameGRIP ice core,
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whereBulling-Allerud wasfoundto span2168years(Hammerandothers,1997;
Hammer in press). This estimatewasbasedon layer counting,usingdustcon-
centrationonly.

Intr oduction

The3028m long GRIP(GReenlandce CoreProject)ice corewasdrilled in 1989-
1992atSummit(72 34'N 37 37'W) in GreenlandGRIPmembers1993).The
Bulling-Allerud period (Greenlandinterstadiall) is found more than half way
down throughtheice sheetatadepthof 1700m, wheretheannuallayerthick-
nesss about4-6 cm.

The GRIPice coreconstitutesa continuousarchive of snov andice, which gives
informationof pastclimatein Greenlandackto 120000yearsBP. Precisedat-
ing of theice coreis essentiato gain knowledgeof climate variability through
time. The stratigraphicadating of the GRIP ice coreis basedon annuallayer
countingusing O, Ca andNH pro les backto the transitionbetweerthe
lastglacialperiodandthe Holocene(Fuhrerandothers,1993,1996;Johnserand
others,1999). For olderice, countinghasbeenperformedon seasonavariations
of dustconcentrationbackto 60 000yearsBP (Hammerandothers,1997;Ham-
mer, in press;The GreenlandSsummitice CoresCD-ROM, 1997).Modelledtime
scalesareavailabledown to the Eemian(Johnserandothers,2001).

The annualcountingof dustconcentrationhasgiven estimateddurationsof
theBulling andAllerud of 1432and736years respectirely (Hammerandothers,
1997; Hammer in press). As dustis broughtto Greenlandoy storms,peaksin
dustare, however, likely to representiepositionalevents,ratherthan annuality
Dueto this, dustmay showv “double peaks”within oneyear Whenhaving only
this parametefor dating,thereis thereforearisk of overestimatinghe numberof
years.Motivatedby thisfact,this studywassetupto includeasmary independent
parameteraspossiblein thedating,all measuredn high-resolutiorandshowving
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seasonabariations.TheseparametersncludeCa andNH (Fuhrerandothers,
1993,1996),dustandNO (Hammerandothers,1997;Hammerin press)exist-
ing for the whole periodof investigationandnew sectionsof D and O.The
mainfocushasbeenon the stableisotopepro les, asthey areknown to beideal
tools for datingice coresunderfavourableconditions. They showv a strongsea-
sonalcycle, with high valuesduring summertimesandlow valuesduringwinter
times. However, diffusionof isotopesn the rn andice leadsto a smoothedso-
topepro le astime goesby (Johnsen1977;Johnserandothers,2000). Hereby
the vulnerableannualcycle is wealenedat greaterdepths.The diffusion process
in the rn is dependenbn temperatureand annualaccumulatiorrates. For the
annualycleto survivethedensi cationprocessn Greenlandheannualaccumu-
lation ratehasto begreaterthan 0.2mice peryear(Johnsenl1977).At present
atthe GRIP site,theaccumulatiorrateis  0.23m ice peryearandthe average
annualtemperaturés -32  (Johnserandothers,1992).

Until now, stableisotopeshave not beenusedasa datingtool within the glacial
period,partly becausef low accumulatiorduringglacialtimes,which speedsip
the smoothingof theisotopepro le, andpartly becausef thethin annuallayers,
which requirea high samplingrate. TheinterstadiaBulling-Allerud wascharac-
terizedby a relatively warmerclimateanda higheraccumulatiorrate compared
to the restof the glacial period (Johnserand others,1995), which is promising
for retainingthe annualcycle. The hopeis thatthis studywill enlightenwhether
it is feasibleto usestableisotopedor datingpurposesvithin the Bulling-Allerud
interstadial.

New datapresentedn this studyis high-resolutionl cm) D and O pro-
les, from sectionsof the Bulling-Allerud interstadialin the GRIP ice core. The
stableisotopeseriesaresampledrom adepthof 1700m. Thereare3 intervals
of detailed D, coveringatotal of 22 m of ice,and2 intenalsof O, covering
14.85m of ice (Tablel, Figurel). The stableisotopepro les have beendecon-
volutedto correctfor diffusionin the rn andice. The aim of this studyis to
investigatelf it is possibleto retrieve the annualsignalin the isotopedatafrom
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this depthof the GRIP coreand,if so,to estimatethe durationof theinterstadial
Bulling-Allerud, by countingannualcyclesin thesenew datatogethemwith annual
cyclesseenin availablehigh-resolutiorseriesof Ca , NH , NO anddust.

Holocene
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45 LGM | ‘ o a
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—~ 36
< 38}
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@ 40
©

42 F Allerod
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Fig.1. O-pro les on a modelledtime scale (ss09sea),whee BP=1990

(Johnsemand others, 2001). (a) 50 year avermgesof  O. Bglling-Allerad(BA,

light grey band)is thelastinterstadial (Gl eventl) before thecold Younger Dryas
(YD) and the subsequentvarmingin the Pre-Boreal of Holocene (b) Zoomof

theinterval which is subjectedo investigation(coloured area), 20 yearaverages
of  O. Thethree dark grey bandsindicate the intervals, whee ice has been
sampledand analysedfor D in high resolutionto retrieve annual layers and
improve the dating of the climate period. Thetwo mediumdark areasshowthe
intervalswheee detailed O hasbeenincludedin the dating Pleasenotethat
thedeepest O-seriesoverlapsa 1.1 m sectionof the deepest D-interval. See
Table 1 for thedepthintervalsof the stableisotopessectionsOD = Older Dryas.
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Data

A total of 2200ice samplesverecut for D measurementsTheice, which has
beenstoredat-26 , wascutin 1 cm piecesalongtheice core,eachsamplecon-
stituting a total volumeof 2 cm . Therelatve abundanceof the stablehydro-
genisotopey H and H) wasmeasurean a Micromass(now GV Instruments)
continuous- aw IsotopeRatioMassSpectrometefCF-IRMS)(Morrisonandoth-
ers,2001)con guredfor achromiumreductiontechniquepsing0.3-0.5 litre of
eachmeltedsample.Theisotopicratioshave beencorrectedor the productionof

H -ionsandtheraw D valuegexpressedelativetothereferencegas)have been
correctedor possibledrift throughthe run andfor a minor inter samplememory
effect. As a last step,the valueshave beenexpressedelatve to VSMOW and
normalisedto the VSMOW-SLAP scale(Coplen,1988; IUPAC, 1994; Nelson,
2000). Theaveragenormalisatiorconstanivas1.017.

The O samplesverecutin 1 cm piecesandthevolumeof eachsamplecon-
stitutedat minimum3 cm . The O measurementwere performedon a mass
spectrometewhich appliesanequilibriummethod wherethe meltedice samples
areequilibratedwvith CO -gasundervibrations.Thesamplesverekeptin equilib-
rium with CO -gasfor 6 hoursbeforethe gaswassubjectedo isotopicanalysis.
Theratioof massA6 and44is ameasureftheO /O ratioin thesample A to-
tal of 1485samplesveremeasuredT. Ebbensgaar8trumfeldt,T. Jurgenserand
A. Boasdid thesamplingandthemeasurementsf the O dataattheUniversity
of Copenhagerenmark.

To be ableto usetheannualsignalin theisotopeseriesfor dating,a decomwo-
lution techniqug Figure3 and4) hasbeenusedto enhancehe annualamplitude,
which hasbeenwealenedthroughdiffusionprocesses the rn andice (Johnsen,
1977;Johnserandothers2000). Thediffusionprocescanbemathematicallyde-
scribedas convolving the initial (unknavn) isotopepro le with a symmetrical
Gaussiarclock of the form , Wherethe diffusionlength re-
ects thedegreeof smoothingand is depth.Thediffusionlengthrepresentshe
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meanvertical movementof the watermoleculesandthis parameters dependent
onthedepth,accumulatiomateandtemperatureTheinitial isotopepro le canbe
reconstructedy performingtheinverseprocesgdecowolution) onthemeasured
isotopepro les. MEM (MaximumEntropy Method)analysiss usedfor calculat-
ing the power spectraof the seriedor estimatinghe to beused(Figure5, Table
2)

Themeasurements theion concentrationsf Ca andNH wereperformed
by Fuhrerandothers(1993,1996)y a continuousmelting and continuouso w
set-up.Thetechnicalresolutionof theNH andCa pro les is 2 mm,while the
effective resolutionis 3-4 cm. Two methodshave beenappliedto theraw Ca
datato extractasmuchinformationaspossiblefrom thesedata.Onesethasbeen
decowolutedto accountfor mixing in the apparatusiuring measurementsAn-
othervariantof the Ca datahasalsobeencreatedpy high-passltering. The
long termtrendsareremoved, sothat the high-frequeng oscillations,which are
of interestfor annualcounting,areenhanced.
ThedustandNO concentrationsveremeasuredy Hammerandothers(1997)
in 1-10 mm resolutionon meltedice. The effective resolutionof the datais con-
sideredto be of 1-4 cm. The dustconcentrationsvere measuredy laserand
calibratedby a CoulterCounter

Method

The datingof Bulling-Allerud is performedby countingannualcyclesin decon-
voluted D, decowoluted O, NH , Ca (raw, decowoluted and high-pass
Itered), dustandNO (Tablel, Figure2). As seenin Table1l andFigurel, the
stableisotopedatacover lessthan half of the whole interval. The multi param-
etercountingis donemanuallywith all the parameterpresentat onetime. One
“master”serieof yearsis establishedrom a commoninterpretatiorof thecycles
seenin all thedifferentseries.In Figure2 this masterseriescanbe seenasdots
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ontheNH prole. A “certainyear”is statedasanannualcycle whichis clearly
seenin all (or most)of the parametersA certainyearis symbolisedwith ablack
dot. However, sometimeshe cyclesmay be hardto interpret,e.g. thatoneseries
indicatesa yearwhereanotherseriesdoesnot, or thata possibleyearis seenasa
shoulderona ank of a peak. Theseambiguitiedeadto “uncertainyears”(open
dots). The bestestimatds takenasthe certainyears+ half of theuncertainyears.
The uncertaintyis taken ashalf of the uncertainyears. This uncertaintyre ects
the degreeof dif culty in interpretingthe availabledata,but doesnot re ect the
“true” uncertaintyastheremightbeabiasin the dating,e.g. if thedatadoesnot
resole all theyears.

The countingwas rst performedon the sectionswhereall the datawhere
available (i.e. in the intervals wherethe stableisotopeshare beenmeasured),
aiming at nding an overall agreemenbetweenthe series. Thereafter the rest
of the Bulling-Allerud periodwascountedusingthe experiencehatwasgained
from intervalscontainingstableisotopepro les.

Thede nition of the onsetof Bulling (Gl 1e) andthe terminationof Allerud
(Gl 1abc)arebasedn sharpshifts seenin the deuteriumexcesspro le (T. Popp,
pers.comm.) in the NorthGRIPice core(Dahl-Jensemndothers,2002). These
dephtsaretransferredo GRIP-depthby matchingpro les of ECM, DER Ca
NH (and O)fromthetwo ice cores(Taylorandothers,1993;Fuhrerandoth-
ers,1993,1996;Johnserandothers,1997;Dahl-Jenseandothers2002;Rothlis-
beiger andothers,2000; Bigler, 2004; NGRIP members2004). Deuteriumex-
cess,which re ects the conditionsin the sourceareafor the moisture(Merlivat
andJouzel,1979; Johnserandothers,1989),is characterisethy abruptshifts at
transitionsrom oneclimateperiodto another Hence this parameteis usefulfor
de ning the onsetandterminationof the climateperiods.The deuteriumexcess
is not availablefrom the depthof interestin the GRIP core. The de nition of the
transitionbetweerBulling andOlder Dryasandthe transitionfrom Older Dryas
(Gl 1d) to Allerud arede ned by using D and O in the GRIPice core. See
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Data Depth L X D/H BA
m m m
Ol 1689.61-1703.35 13.75 0.01 D MidA
Oll 1749.01-1750.10 1.10 0.01 D StartB
DI 1714.35 1719.85 5.50 0.01 D oD
DI 1729.20- 1735.25 6.05 0.01 D MidB
D Il 1744.6- 1755.05 10.45 0.01 D StartB
NO 1662.4- 1753.3 90.90 0.001-0.01 BA
Dust 1662.4- 1753.3 90.90 0.001-0.01 BA
Ca 1662.4-1753.3 90.90 0.002 D+H BA
NH 1662.4- 1753.3 90.90 0.002 BA

Hammerandothers,1997;Hammerin press.

Fuhrerandothers,1993,1996.
Table 1. Thetabledisplaysthe depthintervalsof the datafromthe GRIPice core
usedfor annualcountingof Bglling-Allerad. Thelengthof ead datainterval is
shownin thecolumnmarkedL, while xis thesamplenterval of thedataseries.
Data that havebeendecowolutedor high-passlter edare marked with D or H.
ThecolumnBA indicateswhich part of Bglling (B), Older Dryas(OD) or Allergd
(A) theseriescover Thedepthsl753.3mand1662.4m are takenasthe onsetof
Bgalling and the terminationof Allerad, respectively Thedepthinterval of Older
Dryasis de nedto be1715.0- 1718.6m. Seetext for explanation.

Table1 for thesedepths.The depthsof the onsetof Bulling andthe termination
of Allerud differ slightly from thosede ned in (Johnserandothers,1992),which
werebasedon ECM andfrom thosede ned by Hammer(in press)andHammer
andothers(1997), however, the depthsof Older Dryaswere not statedin arny of
thosepapers.
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Fig.2. Multi parameterdating Counting of annual layers is performedon
decowoluted D (or 0O),dust,NO , Ca (high-passdecowolutedandraw)
andNH . Blac dotsrepresentcertainannuallayers, whereasopendotsindicate
uncertainannuallayers. All the seriesare giventhe sameamountof dots,based
on a commoninterpretation of the cyclesin the different parametes. The dots
onthe NH prole constitutethe “master” series. Reggarding the Ca  series,
the dots are put on the decowoluted and high-pass Iter ed data only, but the
interpretationis basedon all thethreeCa variants. Theunitson the dustand
NO pro les arearbitrary.

Results

Figure 3 and 4 show all the intervals of the new high-resolutionstableisotope
datafrom Bulling-Allerud in the GRIP ice core. The -valuesarerelative to the
VSMOW-SLAP scale.In Figure3 theraw anddecowoluteddataare plottedto-
gether Theintervals arelabelled D Interval I, D Interval Il and D Interval
[, Olntervall and O Interval ll, accordingto Tablel. The stableisotope
pro les cover atotal depthof 36.85m,of which 1.1mis anoverlapbetween O
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Interval Il anda partof D Interval lll. This overlappingsectionis displayedin
Figure4, wherethe raw dataareplottedin the upperpanelandthe decowoluted
dataareshown in thelower panel. Theoverlapping D and O seriesarefrom
two differentcuttingsof theice andthey weremeasuredeparately
Figure5 displaysthe MEM power spectrafor O Intenal Il andfor the sec-
tion of D Interval lll thatoverlapswith the O data. The spectraldensitiesof
the O pro le have beenrmultiplied with 64 to facilitatethecomparisorwith the
spectradensitieof the D section.Thepowerspectraf theraw data(thick lines)
shov how the amplitudesof high frequenciesave beendiminishedby the diffu-
sionin the rn andice. The spectraldensitiesn the high frequeny domainhave
beenlowered,so thatthey areindistinguishabldrom the nearly at level (white
noise)thatrepresentthemeasuringerror(seeTable2). Thearrov indicateswhat
is consideredasthe annualpeaksin the power spectra. Both of the spectrafor
theraw datareveal an annualpeakaroundl14-19cyclesper meter which corre-
spondsto a layer thicknessof 5-7 cm. It is noticedthat the annualpeakis not
very pronouncedndthatit is situatedcloseto the noiselevel andthereforeclose
to the cut-off frequeng. By comparingthe spectraof theraw Dand Oina
bandaroundtheannualpeakiit is obseredthatthepowerof D is higherthanfor
O, relative to that at lower frequencies.This meansthat the annualsignal of
the D hasexperiencedessdampingcomparedo theannualsignalin the O.
Thethin linesin Figure5 arethe power spectraof theback-difusedseries.These
spectrashov how all thefrequenciedelow acertainlimit (determinedy thecut-
off frequeng) are ampli ed to correctfor the diffusion. The power density of
theannualcycle, which is of interestfor dating,hasbeenincreasedTable2 lists
speci cationson parameterthathave beenusedn theMEM spectrahnalysisand
decowolution of the stableisotopedata. The diffusionlength andthe cut-off
frequeny areusedfor theinversetransferfunction , Where
is thewave number Thechoiceof cut-off frequeng is abestcompro-
misebetweenrexcludingthe noiseat higherfrequenciesandincluding the annual
peak. A of 20cyclesm seemdo full theseconditionsfor the stable
isotopepro les in Bulling-Allerud. This meanghatback-difuseddataarecapa-
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Fig.3. Intervals of high-resolutionisotopepro les from Bglling-Allerad in the
GRIP ice core. Thick lines= measued data. Thin lines = decowoluteddata
whetee the initial isotopepro le has beenreconstructedbad-diffusion). The
reconstructednnualsignalis usedfor dating by countingsummeipeaksof high
isotopevalues. Pleasenote that the depth scaleson the panelsare different.
All -valuesare relativeto the VSMOM-SLAPscale (a,b) O Intervall, (c)

D Intervall, (d) D Intervalll and(ef) D Intervallll. SeeFigure4for O

Intervalll.

ble of resolvingannuallayersof a thickness 5 cm. The power spectrashovn
in Figure5 aretypical for all theisotopeintenals, althoughthe annualpeakgets
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moreblurredoutfor thelongerintenalssuchas O Interval | in Allerud, where
thevariability in the layerthicknesss likely to be higher dueto the presencef
moreclimatic shifts.

Onesetof theCa datawasdecomwolutedto correctfor mixing in the appa-
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Fig.5. MEM spectal densitiefor O Intervalll (dottedlines)anda partof D
Intervallll (solidlines)in theoverlappingsectionin early Bglling (seeFigure 4).
Thidk lines= Rawdata. Thinlines= Bad-diffuseddata. Autoregressiveorder
is 20, is19and is0.0185m( D) and0.021m( O). Theannualpeak
is seenaround 14-19 cyclesper meter which equalsan annuallayer thickness
of 5-7 cm. The spectal densitiesof O are multiplied with 64 to male the

comparisonwith the spectal densitiesof D easier For wavenumbes around
theannualpeakthedampingis smallerfor D thanfor O.

ratus. The transferfunctionwas , Where is frequeng. The cut-off
frequeny was 30 cyclesm , thusthe dataareableto resole yearsof a thick-
nessdown to 3.3cm. It shouldbe mentionedhatthe decowolution correctsonly
the amplitudesof the cycles, not their relatve phases.Anothersetof Ca was
ltered througha smoothGaussiarhigh-passilter .

Whenlooking atthe seasonatyclesin all the parametergan exampleis seen
in Figure2) it is seenthatthereis an overall agreemenbetweenthe parameters.
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Interval m f Meas.error
m m
DI 0.021 30 20 0.9
DI 0.0215 30 19 0.75
D] 0.0185 30 21 0.55
Ol 0.023 40 19 0.1

ol 0.021 20 19 0.085

Table 2. Parametes usedin MEM spectal analysis. is diffusionlengthin
metey  is autoregressiveorder and is the maximumfrequencywhich
is allowed in the badk-diffusion. The measuringerror is the accumacy of the
reported D and O values.The Iter lengthwas100points. Themeanof eath
of thedataseriesis preservediuring the decowolutionprocess.

is the parametethatis the mostdeviating, generallyshoving lesscycles
thanthe otherparametersHowever, in periods agreeswvell with the other
parametersThedustpro le oftenhave morepeakgshantheotherparametersn-
derpreseniday conditionsNH andNO have maximaduringsummerike D
and O,whiledustandCa normallypeakduringspring.Thisis alsothemain
featureduringBulling-Allerud, thoughthereareperiodswherethisis notthecase.
Theparameterareoftenout of their usualphasinggspeciallyin Allerud. Hence,
theseasonalitypatternseemgo have hada highervariability thanfor presentay
conditions.

Thedepthscaleof dustandNO , whichweremeasuredimultaneouslyhave
beenshiftedafew placeswithin theinterval of investigation.Thisis donebecause
of indicationsof holesin dataor discrepancies thedepthof characteristipeaks
obsenedbothin Ca anddust. Theadjustmenbf thedepthscalesvasaimingat
synchronisinghesedistinctpeaksundertheassumptiorthatcharacteristipeaks
in Ca anddustre ect the samedepositionevents. The rangeof shift wasbe-
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tween-70 mmto +50 mm, wherethelatteramountof displacemenivasthe most
common.

The annuallayer countingbasedon seasonalariationsin D, O, NH ,
Ca dustand NO givesan estimatedength of Bulling of 586 17 years,a
lengthof 70 4 yearsfor Older Dryasanda lengthof Allerud of 971 31 years.
Theuncertaintyre ects theinconsisteng betweerthe seriesandthe dif culty of
interpretingthe peaksandshoulders.The uncertaintydoesnot take into account
for any biasin the counting. The correspondingneanannuallayer thicknessof
thethreeperiodsare5.9cm,5.1cmand5.4cm.

Discussion

Themethodof countinghasbeenbasednacommoninterpretatiorof all thedata
series, rst in theintervals containingstableisotopesandthenin therestof the
Bulling-Allerud period. The resultis highly dependenbn theresolutionandthe
internalconsisteng of thedataseries.Thedustpro le generallyhave morepeaks
thanthe otherparametersadvocatingfor the highestnumberof years,while the
stableisotopesandtheNO generallyputalowerlimit onthenumber TheCa
andNH generallysene asgooddatingtools. The effective resolutionof these
pro les is 3-4 cm, sothey areableto resole cyclesup to this wave length. As
previously mentioneddustcanhave morethanonepeakwithin someyears.The
exclusionof dustpeakswhich areconsidereds“double peaks”’hasbeendecided
by comparisonwith the seasonatyclesin the stableisotopes,Ca , NH and
NO . Hence,it is crucialthattheseparameterganresole all the years.Within
certainperiodsthis is de nitely notthe casefor NO , becausehe pro le is too
smooth. Within theseintenals, no weight hasbeenput on the NO in thein-
terpretation.Whenit comesto D and O, it is evidentthatthe annualcycles
arepresenin the stableisotopepro les from this interstadial.The power spectra
revealapeakaroundl4-19cyclesm for both Dand O, whichindicateghat
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thereis power left in the annualsignalin both of the stableisotopeseries,and
thatthey canbe usedfor datingpurposes.Thatthis peakre ects a true seasonal
signal,is con rmed whenseeinghegoodagreemenbetween D and Oin the
overlappingsectionin Figure4. If the peaksin the spectraldensitiesvererepre-
sentingnoiseonly, it would notbe possibleto createsuchacompellingagreement
betweenthe back-difused D and O data,asthe noisein the two pro les is
uncorrelated.Hence,it is unquestionablé¢hat thereis power left in the annual
amplitudeof the stableisotopepro les. Whatremaingo beanswereds, if all the
yearsareresoled. The methodof usingstableisotopedor datingis certainlyat
thelimit at this depth,wheretheice is 14-15kyr old. The MEM power spectra
of theraw datashow thatthereis little power left in the annualcycle andthatthe
annualpeakis closeto the noiselevel. This indicatesthatsomeyearsof low ac-
cumulation(highfrequeng) maynothave beenrevealedby thedecowolution, as
they arehiddenin the noiseandtherebyruledout by the cut-off frequeng. With a
cut-off frequeng of 20cyclesm , annuallayerswith athicknesdessthan 5
cmwill notberesolhed. Thisis supportedy the factthatshouldersareseenon
anks of -peakswhenotherparametertave peakgor clearshoulders)lf some
yearsarelostin thestableisotopepro les thiswill leadto atoolow estimationof
thedurationof the periods.

In the sectionwherethe D andthe O pro les overlap,it is obsenedthat
the dampingof the signalis strongerfor O thanfor D. Thisis dueto less
diffusionof moleculescontaining H comparedo moleculesontaining  and
is in accordancevith earlierresultsandtheory (Johnserandothers,2000). The
lowerdampingof the D signalsuggestshat D is slightly betterfor datingwhen
working with ice wherethe amplitudeof the annualsignalof the stableisotopes
is closeto thelimit of detection.

Accordingto datafrom Dahl-Jenserand others(1993) the meanaccumula-
tion rate(basedon O) atGRIPin Bulling was0.23 0.02myr , while it was
0.15 0.02myr in OlderDryasand0.18 0.02myr in Allerud. As0.20myr
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is considereagsthe minimumaccumulationmateunderpresentay conditionsfor
the annualcycle to survive (Johnsen1977),it is interestingthatit is possibleto
detectthe annualamplitudewithin the stableisotopeseriesfrom OlderDryasand
Allerud. This can eitherbe explainedby higheraccumulatiorratesthanthose
dervedfrom O, or by lower temperaturesomparedo present. O derived
paleotemperaturggdohnserandothers,1995)from the GRIPice coreshaws that
it wasonly 1 C colderduringBulling comparedo today while it was5-12 C
colderduring Older Dryasand Allerud. Lower temperaturesnay have slowed
down the procesf diffusionin the rn andice.

Comparedo the Bulling intenal, the datain Older Dryas and Allerud are
moredif cult to interpret. The seasonaVariability is higher the parametersre
often out of phaseandthe agreemenbetweenthe datais lesscompelling. The
meanannuallayer thicknessin Bulling agreeswell with the ndings of Dahl-
Jenserand others(1993), wherethe meanannuallayer thicknessin this period
wasfoundto be 5.8 0.6 cm. However, the meanannuallayer thicknesswithin
Older DryasandAllerud aregreaterthanthosefound by Dahl-Jensemndothers
(1993). Their estimatesof the meanannuallayer thicknessis 4.0 0.3 cm and
4.9 0.7cmin OlderDryasandAllerud, respectiely, with minimabetweer3-3.5
cm. This could indicatethat someof the annuallayerswithin Older Dryasand
Allerud aretoo thin to beresoled properlyby the datausedin the multi parame-
ter dating.

Table 3 displaysother estimatesof the durationof the Bulling, Older Dryas
andAllerud periodsin Greenlandidce cores.Whencomparingwith the previous
stratigraphicatlatingon the GRIPice core(Hammerandothers,1997;Hammer
in press),it is seenthatthe numberof yearsis substantiallyjower for the multi
parameteapproachThe OlderDryaswasnot speci edin thework by Hammers
and othersand their de nitions of the onsetand terminationsdiffered slightly
from thoseusedin thisstudy(seeTablel and3). By usingtheirdepthsthecorre-
spondingestimategor the multi parameteapproacharethe following: Bulling:
585 17 andAllerud: 1028 34. Theseestimatesare 20%and 30% shorter
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Core Method B oD A

yr yr yr
GRIP Ca ,NH ,dust, 586 17 70 4 971 31

D, O,NO

GRIP  Dust 736 1432
GRIP  Modelled(ss09sea) 643 92 1167
GISP2 Icelayercount 580 80 1120
NGRIP CFA-data 613 16 93 1 1090 29

Hammerandothers,1997;Hammerin press.

Johnserandothers,2001.

Stuiverandothers,1995;Meeseandothers,1997;Alley andothers, 1997

NGRIP dating group, pers. com.; S. O. Rasmussernd others,in prep.; RiBthlisbeger and
others,2000;Bigler, 2004.
Notes:OlderDryaswerenot speci®edn Hammerandothers(1997)or Hammer(in press).Their
depthsusedfor de®ningBulling and Allerud are 1572.85m, 1718.20m and 1662.65m. The
uncertaintyon the GISP2datingis 5% (Alley andothers,1993). Depthsusedin the GISP2dating
for de®ningthe periodshave not beenaccuratelytransferredo the GRIP scale,but comparison
ofthe O pro®lesfrom GRIP (Johnserandothers,1997)andGISP2(Stuiver andothers,1995;
The GreenlandSummitice CoresCD-ROM, 1997) shows that ary deviation of the de®nitions
of the onsetsandterminationsis not of signi®cancecomparedo the uncertaintyin dating. The
estimatesrom the NorthGRIPlayer countingareinitial resultsof ongoingwork.
Table 3. Estimatesof the duration of Bglling (B), Older Dryas (OD) and Allerad
(A) fromGreenlandidce cores. TheGISP2(Greenlandce SheeProjectTwo)ice
core (Grootesandothers, 1993)is situated28 kmW of GRIP andthe NorthGRIP
ice core (Dahl-Jenserandothers, 2002)is located325kmNW of GRIP

thanthosefoundby Hammerandothers.This hugedeviation canbeexplainedby
the differentways of approachinghe layer counting. The datingaccomplished
by usingdustconcentrationgnly, without guidancefrom otherparametersmnay



97

have overestimatedhe numberof years,by includingtoo mary “double peaks”.
Onthe otherhand,the methodthathasbeenusedin this study may have under

estimatedhedurationof theclimateperiods asthe“restricting” dataarenotable
to resole annuallayersof low thicknessespeciallyin colderpartsof the peri-
ods, wherethe accumulatiorrateshave beenlower. Comparedo the modelled

time scaless09sedJohnserand others,2001),which is basedon a Dansgaard
Johnseno w modeland O-dervedaccumulatiorrates,it is seenthatthe new
estimategrom themulti parametecountingare 9%, 24%and 17%shorter
for Bulling, OlderDryasandAllerud, respectiely.

The estimateof thelengthof Bulling agreesvell with the numberof yearsfound
by annualayercountingof the GISP2ice core(Alley andothers, 1993,1997;Stu-
iverandothers,1995;Meeseandothers,1997). The estimatedlurationsof Older
DryasandAllerud are 13%shorterthanthosefrom the GISP2layercounting.
TheNorthGRIPice core(Dahl-Jensemandothers,2002;NGRIP members2004)
is currently being datedby the membersof the NorthGRIP dating group (pers.
com.). Thestratigraphicatlatingof this coreis madeby identi cation andcount-
ing of annualcyclesasobsenedin chemicalcomponentsneasuredn a contin-
uous o w system(Rothlisbeger andothers,2000; Bigler, 2004). By comparing
with preliminary resultsfrom the ongoingdating of the NorthGRIP core (S.O.
Rasmusseandothers,in prep.),it is seenthatthe presentestimateof the dura-
tion of Bulling is within 2  of theinitial estimateof the lengthof Bulling in the
NorthGRIPcore. The estimateddurationsof Older DryasandAllerud are 25%
and 11%shorterthanthosefrom thedatingof the NorthGRIPcore.

To summarize the durationsof Bulling-Allerud, estimatedby multi parameter
layer countingin the GRIP ice core, are generallyshorterthan other estimates
from ice coresin the sameregion. The estimateof the Bulling periodagreeswvell
with GISP2annualayercountingandwith theinitial resultsfrom the NorthGRIP
stratigraphicatlating,while the estimatesf Older DryasandAllerud aresignif-
icantly shortercomparedo the otherdatingsseenin Table 3. This indicatesthat
thedatausedin themulti parameteapproachn the GRIP coreareableto resole
annualayersin therelatvely warmBulling, while someyearsmayhave beenlost
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in thecolderOlderDryasandAllerud.

Conclusion

Multi parametercountinghasbeenaccomplishedn the Bulling-Allerud period
(Greenlandnterstadiall) in the GRIP ice core, by usingthe parametera
NH , dust,NO andnew stableisotopegro les shaving seasonabariations.
New high-resolutiondatapresentedn this studyshaws thatit is possibleto use
stableisotopedor stratigraphicatiatingof glacialice from Greenlandnterstadial
1. Theannualcycle is seenin MEM power spectraandthe cyclesof the stable
isotopescomparewell with the annualcyclesin the chemicaldataseriesandthe
seasonavariationsin thedustconcentrationslt is, however, necessaryo decon-
volute the measuredsotopepro les to reconstructheinitial isotopesignals.By
thismethodtheannualcyclesareampli ed andeasierto interpret. Themaximum
resolutionof thedecowolutedstableisotopedatafrom Bulling-Allerudis  5cm,
soannuallayersof lessthicknesswill notberesolhedby thesedata. Thisimplies
thatsomeyearsarelostin colderperiodshaving lower accumulatiorrates,espe-
cially within the Older Dryasandthe Allerud periods. Furthermorethis study
con rms the ndings of Johnserandothers(2001)thatthedampingof theannual
amplitude,dueto diffusionin the rn andice, is strongerfor O thanfor D.
This suggestshat D is bettersuitedfor datingthan O whenworking onice
wherethe annualsignalin the datais weak.

Thatthe annualamplitudesin the D and O pro les aredetectablesuggests
thatthe annualaccumulatiorrate during the Bulling-Allerud periodwasat least
(or closeto) 0.20m ice per. year With aloweraccumulatiomrate,it wouldbeless
likely thatthe annualsignalwould survive the diffusion processe@ the rn and
ice (Johnsen1977).

The estimateddurationsof the Bulling (Gl 1e), Older Dryas (Gl 1d) and the
Allerud (Gl labc)periodsbasedon the multi parametedayer countingin the
GRIPice coreare586 17,70 4 and971 31 years,respectiely. The uncer
taintiesre ect thedif culty of theinterpretationof the availabledataanddo not
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take into accountary biasin the dating. The estimatesare consideredaslower
limits for theseclimateperiods,assomeyearsmaynot have beenresohedby the
datain colderperiodswith loweraccumulationespeciallywithin OlderDryasand
Allerud.

This study underlinesthe importanceof having high-resolutiondatawhen per
forming stratigraphicadating of ice cores,and having a variety of independent
parametershaving seasonaariations.
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B Standardsusedduring

Standad D

[%o]
InstaarFW1 -2.95
GV -57.69
Kbh-22 -168.80
InstaarWAIS -204.50
InstaarGW1 -300.90
Summit -320.32
DomeC -442.50

D analysis

TableB.1: D valuesof standardsvhenmeasuredelative to VSMOW (0Y%%)
andSLAP (-428.00%2) Controlof the standardsluringanalysishasbeenper
formedroutinelyby Jespeflsenatthe AMS-14CDatingLaboratoryin Ahus.
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C Example of a chromatogram

The chromatogranon the next pagedisplaysthe referencepeakandthe sample
peakfor mass2 (H ) for sample“S5 Kbh-224”. The numbersalongthe x-axis
representheacquisitiontime in minutesandthethecurrentin percentof themax
value(peakheight)in the samplepeakis givenalongthey-axis. The peakheight
of themas<2 samplepeakis normallyin theorderof 10-20nA. Simultaneously
a chromatogranfor mass3 (HD ) is produced.The peakheightof the mass3

samplepeakis usuallyin theorderof 0.005-0.01nA.
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D Runsonthe CF-IRMS

Period Run Samples Stdl  Std2
Sep.02 Gripl 3118-1-3119-45 FW1 GW1
Grip2 3119-46- 3121-38 DomeC GW1
Grip3 3121-39- 3123-36 Gw1

Grip4 3123-37-3125-27 FW1 GW1
Oct.02 Grip5a 3125-28-3126-33 FW1 GW1
Grip5b 3125-28-3126-33 FW1 GW1

Grip6 3126-34- 3127-55 Gw1
+ 3145-1- 3145-31

Grip7 3145-32- 3147-30 Gw1
Dobsina Othersamples GV

Grip8 3147-31- 3149-29 Gw1
Grip9 3149-30- 3151-28 Gw1l
Grip10 3151-29- 3153-27 Gw1
Gripll 3153-28- 3155-26 GwW1
Gripl12 3155-27- 3155-55 Gw1

+3173-1- 3174-25
Danham2  Othersamples Kbh-22 GV

TableD.1 continuesonthenext page.
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APPENDIXD. RUNS ON THE CF-IRMS

Period Run Samples Stdl Std2

Jan.03 No successfutuns

Feb 03 No successfutuns

Apr. 03 S6Danham2h  Othersamples Kbh-22 GV
S7Grip13 3174-26- 3176-24 Gw1

S8Grip14 3176-25-3178-22 FW1 GW1

Nov. 03 S2Gripl5 3178-23- 3180-20 WAIS  Summit
S3Gripl6 3180-21- 3182-16 WAIS  Summit
S4Gripl7 3182-17- 3184-14 WAIS  Summit
S4Gripl7b 3182-17- 3184-14 WAIS Summit
S6Grip18 3184-15- 3186-3 WAIS  Summit
S7Grip19 3186-4- 3187-56 WAIS  Summit
S8Grip20 3187-57- 3189-54 WAIS  Summit
S9Grip21 3189-55- 3191-52 WAIS  Summit
S10Gripldg 3176-25 3178-22 WAIS  Summit
Sl1l1Danham2i Othersamples Kbh-22 GV
S12Danhaml  Othersamples Kbh-22 GV
S13Grip22 3191-53- 3191-55 WAIS  Summit

+ Repetitions

TableD.1: Continuedfrom previous page.Thetablespeci®eswvhich samples
andstandardshatweremeasuredh thedifferentrunsonthe massspectrome-
terin attheAMS C DatingCentre)in Ahus. Only runsthatweresuccessful
andrunsthatarerelevantfor this projectareincludedin thetable.



E Recommendationdor future D
analysis

Thelist beneatlbrie y summarizesomeof theexperiencdrom theexperimental
work thatmay be of interestfor future D measurementgtthe AMS C Dating
Centrein Arhus or in a laboratorywith a similar IRMS system. Someof the
following topicsaretreatedn Olsenetal. [In preparation].

* Injectionportliner with innerdiameterof 3.2mmandalengthof 99 mmis
recommendedomparedo liner with innerdiameterof 2.1 mm andlength
of 69 mm (SeeFigure E.1). The period of high memorywithin the D
measurementsorrespond$o the periodwherethelatterinjectionportwas
used.

An injectionvolume | to keepalow memoryeffect.
« 2 washcyclesof theneedleprior to injection.

» Quartzreactorwith thelongestneck,asthe chromiumthenis locatedatthe
hottestpartof theoven(SeeFigureE.2).

» ChemicalpackingC or D asillustratedin FigureE.2. The chromiumpow-
derseemdo lastlongercomparedo packingA andB.

Vial Supelco24750-U(2 ml, CLR BMV 11mmCR/SR)is recommended
comparedo Supelco27531,asthe latter doesnot t to the autosampler
andmaycausedamage.
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FigureE.1: Two differentinjector portliners. Seetext. Photoby Jespe©Olsen
attheAMS C DatingCentrein Ahus.



[ jow ]
Teslp T I

] chromium powder

| chromium powder + silica chips (4:1)
|| silica chips
|| ouartz wool

FigureE.2: Chemicalpackingof the furnacetubein the pyrolysisunit of the
elementalnalyser Two differentquartztubes(TransparenReactoy E12509,
0.d. 18-6 mm, Eurovector)wereused: Onewith a5 cmlong neck(left) and
onewith a13 cmlong neck(right). The diameterof thetubeis 18 mm for the
upperpartand6 mm for the neckat the bottom. Total lengthis 45 cm. The
lower end of the tubeis ®lled with athin layer of quartzwool (to avoid the
powderfrom falling out throughthe neck),silica chipsandchromiumpowder.

The amountof thedifferentchemicalsverechangedA-D) duringthe period
of measurementsThe numbersarein centimetresand refer to the distance
from the bottomtip of the tubeto the speci®edheightof the chemicals.The
drawing is not to scale. Safetyprecautionsvastaken during the handlingof

chromium.
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