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1 Abstract

A new datingof Bùlling-Allerùd (GreenlandInterstadial1) andYoungerDryas

(GreenlandStadial1) periodsin theGRIPicecoreis presented.Newly measured

pro�les of
�

D and
� ���

O, aswell asexisting pro�les of [Ca�

�

], [NH
�

� ], dustcon-

centrations,[NO �

� ] andECMhavebeenusedfor thedating.Asseasonalvariations

canbeobserved in all sevencomponents,it hasbeenpossibleto simultaneously

countannuallayersin thepro�les in orderto obtaina multi parameterdating.

Thenew datapresentedin this studyincludesa total of 22 m of
�

D pro�les of 1

cm resolutionfrom threesectionsof theBùlling-Allerùd periodin theGRIP ice

core.The
�

D measurementshavebeenperformedonaMicromassSIRMS(Stable

IsotopeRatio MassSpectrometer),usinga samplesizeof � 0.5� l. The
�

D data

havebeencorrectedfor minordrift andmemory. Thenew
�

D dataandtwo previ-

ouslymeasured
�

���

O serieshavebeendeconvolutedto correctfor diffusionin the

�rn andice.

Theannuallayercountingsuggestsadurationof theBùlling, OlderDryas,Allerùd

andYoungerDryasperiodsof 588� 16, 70� 4, 971� 31 and1150� 44 years,re-

spectively. Comparisonwith thenew NGRIPstratigraphicaldating(theGICC05

timescale)andwith otherstratigraphicalandmodelledtimescalesfromGreenland

icecores,indicatesthatthepresenteddurationsshouldbeconsideredasminimum

estimates.
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3 Intr oduction

Along with the focuson global warmingtherehasbeenan increasedscienti�c,

political anddaily-life interestin understandinghow thecomplex climatesystem

of theEarthworks.InformationontheEarths'climateovertimeis recordedin ter-

restrial,marineandicecoresdrilled in differentregionsof theworld. By studying

theso-calledclimateproxiesfrom thesearchivesa chronologyof climatic events

in thepastcanbeestablished.A preciseandhigh-resolutiondatingof thearchives

is importantto beableto understandthemechanismsinvolvedin climatechanges

and the relative timing of eventsobserved in climate proxiesat different loca-

tions.Also thedifferentchronologieshaveto belinkedthroughtime-synchronous

markerhorizons(e.g.volcanicashlayers),sothatpossibleleadsandlagsbetween

differentclimaticsub-systemscanberevealed.Icecoresfrom Greenlandareideal

for high-precisiondatingof climaticevents,asthey arecharacterisedby hightime

resolution,while still coveringrelatively long timespansbackin time.

The3028m long GRIP(GReenlandIce CoreProject)ice corefrom theSummit

of theGreenlandice cap(Figure3.1)constitutesa continuousarchive of pastac-

cumulation,containinginformationof pastclimate in Greenlandback to � 120

ka BP [GRIP Members,1993].Resultsfrom theGRIPice corecon�rmed earlier

indications[Johnsenet al., 1972,1992b]of theexistenceof periodsof relatively

mild climate,the so-calledinterstadials,in Greenlandduring the last glacial pe-

riod [Johnsenetal.,1992a].Abruptclimaticchangesduringthelastglacialperiod

have alsobeenrevealedin numerousmarineandterrestrialarchivesshowing that

climatic oscillationswereprevailing on a largescale[Bond etal., 1993].Thecli-

maticoscillationsduringthelastglacialarerecordedin theoxygenisotopepro�le

5



6 CHAPTER3. INTRODUCTION

Figure3.1: Deepice coresdrilled in Greenland.The GRIP (GReenlandIce

Core Project) ice corewas drilled in 1989-1992at Summit (72 � 34'N 37 �

37'W) [GRIPMembers,1993].TheGISP2(GreenlandIceSheetProjectTwo)

ice coreis situated28 km W of GRIPandtheNGRIP(North GReenlandIce

CoreProject)ice coreis located325 km NW of GRIP [Grooteset al., 1993;

Dahl-Jensenet al., 2002].Mapby S.Ekholm,Kort & Matrikelstyrelsen,Den-

mark.
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from the GRIP core. The upperpanelin Figure3.2 displaysthe
� ���

O from the

GRIP ice corein 50 yearsaverages,down to � 50 ka BP [Johnsenet al., 2001].

Thenumbersrefer to thenumberingof theGreenlandInterstadials,assuggested

by [Johnsenet al., 1992a]. This studydealswith ice from the relatively warm

climateperiodGreenlandInterstadial1 (Bùlling-Allerùd) andthe relatively cold

Stadial1 (YoungerDryas)at theendof thelastglacialperiod.Accumulationde-

positedat, or closeto theGRIPdrill sitewithin thesetwo periodsis foundmore

thanhalf way down throughthe ice sheetat present,eachannuallayer having a

thicknessof around3-5 cm [Dahl-Jensenet al., 1993;Johnsenet al., 2001]. The

bottompanelof Figure3.2zoomsin ontheBùlling-Allerùd andYoungersections

foundatadepthof 1600-1700m in theGRIPcore.

Beforepresentingtheexactobjectivesof this study, anintroductionto theex-

istingtimescalesfor theGRIPcoreis needed.Thereexist modelledtimescalesof

theGRIPicecoredown to theEemianat � 120kaBP[Johnsenetal.,2001]anda

stratigraphicaltimescaledown to 60 kaBP. TheHolocenepartof thestratigraph-

ical datingof the GRIP ice core is basedon annuallayer countingusing
� ���

O,

ElectricalConductivity Measurements(ECM), [Ca�

�

] and[NH
�

� ] pro�les [Fuhrer

et al., 1993,1996;Johnsenet al., 1999]. Recently, Rasmussenet al. [Submitted]

presenteda new commonstratigraphicaltimescalefor theNGRIPandGRIP ice

cores,coveringthetime interval 7.9-14.85ka beforeA.D. 2000(b2k), underthe

nameGreenlandIce CoreChronology2005(GICC05). The new timescalein-

cludesa revisedstratigraphicaldatingof theGRIPcorein the interval 7.9-11.75

ka b2k (1299.81-1624.27m),i.e. from theso-called8.2ka eventto thetransition

from YoungerDryasto Preboreal.The new interpretationof this sectionof the

GRIP datadraws on the experienceobtainedfrom annuallayer countingusing

extensivehigh-resolutionContinuousFlow Analysis(CFA) data,aswell asECM

andvisualstratigraphydata,from theNGRIPice core. Before11.75ka b2k, i.e.

in YoungerDryasanddownwardsthroughBùlling-Allerùd theGICC05timescale

is basedsolelyon NGRIPdata.

Stratigraphicaldatingof glacial ice from YoungerDryasbackto 60 ka BP in the
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Figure3.2: Bùlling-Allerùd andYoungerDryas.
�����

O-pro®leson a modelled

time scale(ss09sea),whereBP=1990[Johnsenet al., 2001]. (a) 50 yearav-

eragesof
�����

O. Bùlling-Allerùd (BA) is the last interstadial(GI 1) beforethe

cold YoungerDryas(YD, Stadial1) andthe subsequentwarmingin thePre-

Borealat the startof Holocene.(b) Zoom of the interval which is subjectto

investigation. Dataare20 yearaveragesof
�����

O. The threelight red bands

indicatetheintervals,whereicehasbeensampledandanalysedfor
�

D in high

resolutionto retrieve annuallayersandimprove thedatingof theclimatepe-

riod. The light blue areasshow the intervals wheredetailed
�����

O hasbeen

includedin thedating.Pleasenotethatthedeepest
�����

O-seriesoverlapsa 1.1

m sectionof thedeepest
�

D-interval. SeeTable6.1 for thedepthintervalsof

thestableisotopessections.OD andOstD denotetheperiodsknown asOlder

DryasandOldestDryas,respectively.
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GRIPcoreis basedonseasonalvariationsof dustconcentrationsonly [Hammeret

al., 1997;Hammer, In press;TheGreenlandSummitIce coresCD-ROM, 1997].

As dustis broughtto Greenlandby storms,peaksin thedustrecordsare,however,

likely to representdepositionalevents,ratherthanannuality. Dueto this, thedust

recordmayshow “doublepeaks”within oneyear, eventhoughtheicecorerecords

in generalcontainaboutonedustpeakperyear. Whenhaving only thisparameter

for dating,thereis thereforea risk of overestimatingthenumberof years.

Motivatedby this fact, this studywassetup to includeasmany independent

parametersaspossiblein the datingof Bùlling-Allerùd andYoungerDryas,all

dataseriesmeasuredin high-resolutionandshowing seasonalvariations. These

data pro�les include [Ca�

�

] and [NH
�

� ] [Fuhrer et al., 1993, 1996], dust and

[NO �

� ] [Hammeret al., 1997;Hammer, In press]all existing over thewholepe-

riod investigated,andnew sectionsof
�

D and
�

���

O datafrom certainintervalsof

theBùlling-Allerùd section.Themain focushasbeenon thestableisotopepro-

�les within theBùlling-Allerùd section,astheseparametersareregardedto bethe

optimalparametersfor datingicecoresunderfavourableconditions.They show a

strongseasonalcycle,with high valuesduringsummertimesandlow valuesdur-

ing winter times,andarethuscloselylinkedto theseasonalsignalwithout relying

toomuchon individualprecipitationevents.However, diffusionof isotopesin the

�rn andice leadsto smootheningof theisotopepro�le astime goesby [Johnsen,

1977;Johnsenet al., 2000]. Herebytheannualcycle,which is of interestfor an-

nual layer counting,is weakenedat greaterdepths.The diffusionprocessin the

�rn is dependenton temperatureandannualaccumulationrates. For the annual

cycle to survive the densi�cationprocessin Greenlandthe annualaccumulation

ratehasto begreaterthan � 0.2m ice peryear[Johnsen,1977]. At presentat the

GRIPsite,theaccumulationrateis � 0.23m ice peryearandtheaverageannual

temperatureis -32 �

�

[Johnsenetal., 1992a].

Until now, stableisotopeshave not beenusedasa datingtool within theglacial

period, partly becauseof low accumulationduring glacial times, which means

that the annualisotopesignalis severely dampened,andpartly becausethe thin
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annuallayersrequirea high samplingrate. The interstadialBùlling-Allerùd was

characterisedby a relatively warmerclimateandahigheraccumulationratecom-

paredto the restof theglacial period[Johnsenet al., 1995],which is promising

for retainingtheannualcycle.

Theaim of this studyis to investigateif it is possibleto retrieve theannualsignal

in isotopedatafrom theBùlling-Allerùd sectionin theGRIPcoreand,if so,to es-

timatethedurationof thisinterstadialbycountingannualcyclesin high-resolution

isotopedatatogetherwith annualcyclesrecordedin availablehigh-resolutionse-

riesof ECM, [Ca�

�

], [NH
�

� ], [NO �

� ] anddustconcentration.For this purposeice

havebeensampledin 1 cm resolutionin threeintervals,coveringa total of 22 m,

within the Bùlling-Allerùd period in the GRIP ice core,as illustratedin Figure

3.2.
�

D analysishave beenperformedon thesesampleson a stableisotoperatio

massspectrometer. Deconvolution techniqueshave beenappliedto the new
�

D

seriesandtwo previously measured
�

���

O seriesfrom Bùlling-Allerùd, aimingat

detectingandamplifying the annualsignal,which hasbeenweakenedby diffu-

sionin the�rn andice.

Furthermore,anotherobjectivehasbeento includetheYoungerDryassectionof

theGRIPcorein themulti-parameterdating,aimingat �lling thegapbetweenthe

new Bùlling-Allerùd annuallayercountingfrom this work andtheGRIPpartof

thenew GICC05timescale[Rasmussenetal.,Submitted].

Structur eof the thesis

An introductionto stablehydrogenandoxygenisotopesin ice coresis given in

Chapter4. Hereit is outlinedhow
�

D and
�

���

O canbeusedfor absolutedating

of ice coresandhow thesepro�les arein�uencedby diffusionin the�rn andice.

A deconvolutiontechnique,whichhasbeenappliedto correctfor thediffusionef-

fect is presented.Chapter5 givesa thoroughdescriptionof theexperimentalpart

of this project,which consistsof
�

D analysisof ice samplesfrom the Bùlling-

Allerùd periodin theGRIPicecore.Thedataprocessingof thehydrogenisotope

datais presentedin the last sectionof this chapter. A brief descriptionof the
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high resolutionGRIP datathat have beenusedin the multi-parameterdatingof

Bùlling-Allerùd andYoungerDryasis found in Chapter6. The resultsfrom the

diffusion correctionof the stableisotopesare presentedalong with the presen-

tation of the stableisotopedata. Chapter7 is devotedto the datingpart of this

work. Theappliedannuallayercountingmethodis outlinedandthevarioussteps

in thedatingprocessaredescribed.The�rst resultsof thedatingwork, including

estimatesof the durationof the Bùlling, Older DryasandAllerùd periods,were

presentedin [Seierstadet al., In press,seeAppendixA]. In this chapternew and

improvedresultson the datingarepresentedanddiscussed.This includesa de-

tailedcomparisonof theresultsfrom thiswork with thenew NGRIPannuallayer

counting(GICC05,Rasmussenetal. [Submitted])andanestimateof theduration

of YoungerDryasperiodin theGRIPcore,basedonmulti-parameterannuallayer

counting.Finally Chapter8 summarisesthemainconclusionsof this study. The

AppendixincludesthepaperSeierstadetal. [In press].Topicsthatareconsidered

to beof limited interestfor mostreaders,i.e. detailsuponthe
�

D analysis,canbe

foundin theappendixaswell.
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4 Stableisotopesin icecores

Theisotopiccompositionof snow depositedin polar regionsre�ects thetemper-

aturein theair massat thetime of snow deposition.This featureallows a recon-

structionof pasttemperaturechangesfrom theinformationrecordedin thestable

isotopepro�les [Dansgaard,1964;Johnsenet al., 1995]. On shortertime scales

thestrongrelationshipbetweenisotopiccompositionandtemperatureis re�ected

asseasonalvariationsin the stableisotopepro�les. Theseseasonalcyclescan

beusedfor absolutedatingof ice coresunderfavourableconditions[Epsteinand

Sharp,1959;Benson,1962;Dansgaard,1964]. It is thelatterapplicationof stable

isotopepro�les thatis of interestfor thisproject.

Thechapterstartswith apresentationof how theisotopicratios
���

O/
���

O andD/H

normally arereported,andhow stableisotoperecordscanbe usedfor absolute

datingof icecores.Therestof thechapterdealswith theeffectof diffusionin �rn

andice on thestableisotopepro�les. Themethodsusedfor diffusioncorrection

in thiswork arepresented.

4.1 De�nition of
�

D and
�����

O

Thethreemostimportantisotopiccomponentsof naturalwateris H
���

�

O,H
���

�

O and

HD
���

O.Theisotopiccompositionof awatersample� is normallyreportedonthe
�

scale,asthe relative differencein ‰ betweenthe isotopicratio of the sample

(R� ) andtheisotopicratio of astandard(R�
	�� ):

�

��
���	����

�

R��� R��	��

R��	�� ���

������� ‰ (4.1)

13
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Theisotopicratio R is theconcentrationof theheavy isotoperelative to thecon-

centrationof thelight isotope,i.e. R���

D �

�

H �

for
�

D andR���

���

O�

�

���

O�

for
� ���

O.

4.1.1 Normalisation to the VSMOW-SLAP scale

Whenmeasuringisotopicratios D
H and

���

O
���

O of awatersample� theresultsarenor-

mally reportedrelative to the internationalstandardVSMOW (ViennaStandard

MeanOceanWater),whichperde�nition hasa
�

D anda
� ���

O valueof 0‰ [Craig,

1961].Theuseof astandard,suchasVSMOW, improvestheaccuracy of themea-

surementsandit facilitatesinter-laboratorycomparisonof results.However, the

differencein measuredvaluesof two samplesmayvary from onemassspectrom-

eterto anotherandfrom oneoperationalsettingto another. To work aroundthis

phenomenonof scalecontraction(or expansion),anotherprimarystandard,SLAP

(StandardLight AntarcticPrecipitation),is usedfor normalisationpurposes[IU-

PAC, 1994; Coplen,1988]. This standardhasby conventiona
�

D anda
�

���

O

valueof -428‰and-55.5‰,respectively [Gon�antini, 1978].Thenormalisation

is a processof stretchingor shrinkingthemeasured
�

-scalesothatthe
�

-valueof

SLAPcorrespondsto theacceptedvaluerelative to VSMOW.

During daily analysisthe normalisationis usuallydoneby usingsecondary

standards(herecalledStd1andStd2)insteadof theprimarystandardsVSMOW

and SLAP. Thesesecondarystandardsare measuredalong with the unknown

samplesin a run andthey areperiodicallycalibratedto VMSOW andSLAP. The

actualcalculationson the calibrationandnormalisationcanbe donein slightly

differentways[Coplen,1988;Nelson,2000;WernerandBrand,2001]. Thefol-

lowing procedurehasbeenappliedon the
�

D samplesin thisproject.

The raw valuesaregiven relative to a working standard(of an arbitraryvalue),

herecalledreferencegas( �	� � ). Theseraw valuesareexpressedrelativetoVSMOW

in a two-stepprocess.First,all numbersareexpressedrelative to laboratorystan-
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Figure4.1: Normalisationto the VSMOW-SLAP scaleis doneby usingthe

slopes of the linear regressionbetweenmeasuredandacceptedvaluesof the

secondarystandardsStd1andStd2asa scalingcoef®cient for unknown sam-

ples.

dardStd1accordingto:

�

D
��
���	��

�

�

�

D
��
��������

�

D
����� 
���	��

�

�

�

D ��
������
	

�

D ����� 
��
	��

�

�������

(4.2)

where

�

D
������
���	��

�

�

�

�������

�

D ��	��

�


������

�

�������

�

�

�

	

�������

Now, calibrationto the VSMOW scalecanbe performedby usingEquation4.2

again,wheretheformeroutputhasbecomeinput:

�

D
��
�� ��
����

�

�

D
��
���	��

�

�

�

D
�
	��

�


�� ��
����
�

�

D ��
���	��

�

	

�

D ��	��

�


�� ��
����

�������

(4.3)

where
�

D
��	��

�


�� ��
����

is theacceptedvalueof thesecondarystandardStd1. The

normalisationis now performedby plotting thevaluesof thelaboratorystandards

asillustratedin Figure4.1andmakinga linearregression.Theslope � of there-
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sultingequationis usedasascalingcoef�cient to normalisethemeasuredvalues:

� �

�

D �

���

�

��	��

�


�� ��
����

�

�����	�

�

�

D �

���

�

��	��

�


�� ��
�� �

�

�����
�

�

D 
 � 	��

��	��

�


�� ��
����

�

�

D 
 � 	
�

��	��

�


�� ��
�� �

(4.4)

Thescalingcoef�cient � is theratio of theacceptedandthemeasureddifferences

betweenthe two standards.If ���

� the isotopicscaleof themassspectrometer

is contractedrelative to theVSMOW-SLAPscale,while anormalisationconstant

lessthan1 correspondsto anexpansion.

Thestandardsthathavebeenusedaslaboratorystandardsduringthe
�

D measure-

mentsin this work arelisted in TableB.1 in theAppendixandtheresultsof the

normalisationarefoundin Section5.4.4.

4.2 Seasonalcycles

Snow that hasbeendepositedat high elevationareasof the Greenlandice sheet

during presentand glacial times hascondensatedfrom moisturewhich mainly

originatesfrom the subtropicalpartof the North Atlantic Ocean[Johnsenet al.,

1989]. Temperaturedependentisotopicfractionation,causedby differentvapour

pressureof the H
���

�

O, H
���

�

O and HD
���

O moleculesduring transportfrom the

sourceareato the depositionalsite leadsto
�

variationsin the snow that are in

phasewith seasonalchangesof temperature[EpsteinandSharp,1959;Benson,

1962;Dansgaard,1964;Dansgaardet al., 1973]. It is theseseasonalcyclesin the
�

pro�les thatareof interestfor absolutedatingof icecores[Hammeretal.,1978].

Figure4.2 is a simpli�ed illustration of the fractionationprocess.The numbers

representthe
�

D valuesfor themoistureandthecondensateatagivenstagein the

condensationprocess.The sameschemeappliesfor the fractionationof oxygen

isotopes.During evaporationof oceanwater(
�

D � ��
���� = 0‰) andsubsequent

precipitation,astheair is cooleddown onits wayto higherlatitudesand/orhigher

altitudes,thereis a preferentialfallout of heavy components.In the�gure this is

seenasanevolution towardslower
�

D values(from darkto light bluecolour),on

theway in thecondensationcolumn(goingfrom South(S) to North (N)). During
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Figure4.2: Isotopicfractionationof hydrogenisotopes.The H � O molecules

containing � H precipitatemore easily than the light variantswith
�

H. This

leadsto a depletionof heavy isotopes(low
�

D values),both in the moisture

andin thecondensateproducedat later stagesin theprocess.In thesnow in

Greenlandthe depletionis morepronouncedin winter snow (W, light blue)

comparedto summersnow (S,darkblue).

winter time theairmassis cooleddown to lower temperaturesthanin thesummer

andthe fractionationprocessextendslonger. This givesminimumvaluesof
�

D

duringwinter (W) timesandmaximumvaluesduringsummer(S) times.Thesea-

sonaloscillationsof
�

D and
�

���

O recordedin theice enablesdetectionof annual

layersin thecontinuousprecipitationarchive in theGreenlandicecap.

Theprocessthat is illustratedin Figure4.2 canalsoexplain the long-termvaria-

tionsin
�

valuesthatis observedto bein phasewith changingclimaticconditions,

aswell as the geographicaldistribution of
�

valuesin cold regions [Dansgaard

etal., 1973].
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4.3 Diffusion and densi�cation

After depositionthe snow is transformedto �rn andice througha densi�cation

process.Grain settlingand recrystallisationdominatethe densi�cation process

for depths � above the ������� � �

�

��� � , which is the depthwherethe interconnected

air channelsaretransformedto air bubbles( ���	��� � �

�

��� � � 830 kg/m
�

) [Herron and

Langway Jr., 1980]. This is thedepththatde�ne theboundarybetween�rn and

ice. In the porous�rn the H
�

O moleculescan easily exchangefrom grain to

grain throughthevapourphaseandherebycausea (vertical)mixing that results

in smoothingof the
�

signal, where the high frequenciesare gradually oblit-

erated[Langway Jr., 1967; Dansgaardet al., 1973; Johnsen,1977]. At depths

� �
���	��� � �

�

��� � thedensi�cationis governedby compressionof air bubblesin the

ice. Whenthecompressionof air bubblesis completed( � � 917kg/m
�

), only small

changesin thedensitypro�le occur, connectedto changesin thetemperatureand

pressureconditions. In the ice the
�

pro�les arein�uenced by further thinning,

dueto strain,andby a lessstrongdiffusioneffect, causedby self diffusionin ice

singlecrystals[Johnsenetal., 1999,2000].

Thediffusionprocesscanbemathematicallydescribedasconvolving theini-

tial (unknown) isotopepro�le
�
���

��� with asymmetricalGaussian�lter �

�

��� . The

measuredisotopepro�le
�

�

�

��� is a resultof smearingthe initial pro�le with the

responsefunction �

�

��� :

�

�

�

��� �

�����

���

�

�

�

��� �

�

���

�

�

�����

���
	

�����	� ���"!$#

#&%

#('

� (4.5)

The degreeof smoothingis dependanton the diffusion length � , which is the

width of theGaussianclock in Equation4.5. The diffusion lengthdescribesthe

meanvertical displacementof a molecule,relative to its initial position, disre-

gardingthe movementconnectedto sinking of the layers. The diffusion length

is mainly dependenton the annualaccumulationrate, the temperatureand the

isotopicspecies.

In the spectraldomainthe diffusion correspondsto a dampingof the initial

amplitude)

�

of a harmonicsignalin thestableisotopedata.This canbewritten
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as

)

���

� � )

�����

� �

�

�

#

�

%

#

#

(4.6)

[Johnsen,1977]. Here ) is the amplitudeof a signal with wavelength � and

correspondingwavenumber
�

���
	��
� in themeasured(diffused)isotopepro�le
�

�

�

��� . Theexponentialfactorin Equation4.6 is thetransferfunction(frequency

response)�
���

� of �

�

��� .

Similarly, thepower spectraldensities�

���

� of thesmoothedpro�le is relatedto

the �

�����

� of theundiffusedpro�le accordingto [Johnsenetal., 2000]:

�

���

� ���

�����

� � ���

#�� �
#

(4.7)

Figure4.3showsthedampingof theamplitude,representedby theratio )���)

�

,

as a function of the wavelength � . The diffusion length is set to 8 cm, which
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correspondsto thetypical �rn diffusionlengthin presentdayGreenland[Johnsen,

1977].Thebluearrow illustratestheexpectedamplituderatioin ameasuredstable

isotopepro�le atasitewheretheaccumulationrateis � 0.23m iceperyear, which

is thecasefor theGRIPsiteatpresent[Johnsenetal.,2000].For datingpurposes,

a � of 20cm( � � 0.05)is consideredto beatthelowerlimit for sitesin Greenland

[Johnsen,1977].

4.4 Corr ection for diffusion

FromEquation4.5andtheconvolution theoremwehave that

�

�

���

� �

�����

���

�

�

�

��� �

�������

�
	

�

���

� (4.8)

wherethebarsdenoteFouriertransformsof thecorrespondingtimedomainfunc-

tions. In otherwords,theFouriertransformof theconvolutionequalstheproduct

of thetwo individual Fourier transforms
� �����

� and �

���

� . Rearrangingthis equa-

tion with respectto theunknown initial isotopepro�le leadsto:

�������

� �

�

�

���

�

�

���

�

(4.9)

and

�����

��� �

�������

� �

�

�

�

���

�

�

���

�

�

(4.10)

Hence,makingan inverseFourier transformof the right-handside in Equation

4.9 the initial isotopepro�le canbereconstructed.This correspondsto a decon-

volution or a correctionfor thesmoothingof theinitial data.Theconstructionof

a spectral�lter relieson an estimateddiffusion length � andalsothe maximum

frequency � �
	�� in thedatato beallowedin thediffusioncorrection.Thediffusion

lengthandthe maximumfrequency have beenestimatedby usingthe Maximal

Entropy Method,which will bedescribedin thefollowing sections.
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Figure4.4: MEM predictionin forwardandbackwarddirection.

4.4.1 Maximal Entr opy Method (MEM)

TheMaximalEntropy Method(MEM) hasbeenusedfor two purposes:

1. For extensionof thedatasequencesin eachend,allowing thespectral�lter to

correctall datapointsin thesequence,includingtheendpoints.2. For calculating

thepower spectraof thestableisotopeseries.Thepower densityplotshave been

usedto estimatethediffusionlength � andthecut-off frequency � �
	�� .

TheMEM methodis aform of autoregressivemodelling,which in thefollow-

ing will be formulatedasa linear predictionproblem(seeFigure4.4.). Having

a datasequence
�

� ,
�

�

,
	 	 	��

�

� , of which themeanvalueis zero,thevalue
�

�

�

�

(0 � � +� ��� ) canbe predictedasa linearly weightedsumof the � previ-

oussamples(forwardprediction).Thepredictedvalueof sample� + � is denoted
�

�

�

�

�

�

:

�

�

�

�

�

�

�

�

	

��


�
�

�

�

�

�

�

�

���

(4.11)

wherethesubscript� and
�

in theweight
�

�

�

denotethe � th-ordermodeland
�

th coef�cient, respectively. Similarly, thevalueof sample� canbepredictedby

applyingthe sameprediction�lter in the reversedirection. The value
�

���

�

is then
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thelinearly weightedsumof the � futuresamples(backwardprediction).

�

�

�

�

�

�

	

��


� �

�

�

�

�

�

�

(4.12)

The differencebetweenthe actualvalueof a sampleandthe predictedvalue is

calledthepredictionerror. Theforwardpredictionerror �

�

�

�

�

��� �

andthebackward

predictionerror �

�

� �

canbewrittenas:

�

�

�

�

�

��� �

�

�

�

�

� �

�

�

�

�

�

�

�

�

�

�

� �

�

	

��


� �

�

�

�

�

�

�

���

(4.13)
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(4.14)

Themeanof thesquaredforwardandbackwardpredictionerrorsof theentiredata

sequenceis then

�

�

�

�

�

�

� � � �

�

�

�

	

�
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���
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��� (4.15)

Thebasicideaof themethodis to minimisethepredictionpower
�

in Equa-

tion 4.15 and herebyto �nd the bestestimationsof the coef�cients
�

�

� ,
�

�

�

,

	 	 	��

�

�
� . This is achievedby setting:	

�

	

�

� �

�

� (4.16)

Thecalculationsareperformediteratively by stepwiseincreasingtheautoregres-

sive orderfrom � to � +1. Recursive relationshipsexist betweenthe �lter coef-

�cients, which allow the � th ordercoef�cients to becalculatedfrom the( � -1)th

ordercoef�cients thatwereestimatedin thepreviouspassthroughthealgorithm.

Theinitial condition( � =0) involvesno prediction,which reducesEquation4.15

to

�

�

�

�

�

�

	

�




�

�

�

�

(4.17)
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which is simply the power �

�

of the datasequence.The appliedalgorithmfor

thesecalculationscanbefoundin Andersen[1974],who writestheoutputpower

� � of the � +1 longprediction�lter as

� � ��� �

�

�

�

�

�

�

�

� �

� (4.18)

andtheMEM powerspectrum�

���

� of thedatasequenceas

�

�

� � �

� ��� �

�

�

�

�

�

�

�

�

	

�




�

�

�

�

�

�����

�

�	�

�

�

�

�

�

�

�

(4.19)

where� � is thedataspacingand 
 is thecomplex number� �

� . Thefrequency �

is limited by theNyquistcritical frequency � � �

�

�

�

��� ��� , sothat � ��� � � � ��� .

Having theestimatesof theparameters
�

�

� ,
�

�

�

, 	 	 	 �

�

� � theprediction�l-

tersfrom Equation4.11and4.12havebeenusedfor extendingthedatasequences

with 
 � � pointsin eachend,where
 in this caseis the�lter lengthof thespectral

�lter .

4.4.2 Estimation of �

The diffusion length � can be determinedas a function of time and depthby

solvingtheequation

'

�
�

'

�

� ���

���

�

�

�
	

�

�

� ���

�

�

� (4.20)

Here
�

is age, �

���

�

�

� is vertical strainrateand �

�

�

� is the diffusivity of the given

isotopicspecies.However, thediffusionlengthcanalsobeestimatedfrom Equa-

tion 4.6 and4.7, by usingestimatesof the amplitudesof the annualcycle and

the spectraldensitiesfor the dataseries,respectively [Johnsenet al., 2000]. It

is the latter methodthat hasbeenusedin this project. The basicassumptionis

thattheoriginalspectraldensity�

�����

� is white(constant)for highwavenumbers.

Thisassumptionseemsto holdbecauseof strongdepositionalnoise[Fisheretal.,
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�

).

1985]. The diffusion length � canbe estimatedby �nding the transferfunction

�

���

� that correspondsto the observed “colouring” of the spectraldensity �

���

�

of themeasuredpro�le, asillustratedin Figure4.5. Similarly, thespectraldensi-

tiesof thereconstructedpro�le shouldbe�at to accommodatetheassumptionof

whitenoisein theoriginaldatapro�le.

Thegreenline in Figure4.5 representsthesquaredtransferfunction thatcanre-

producetheobserveddampingof theamplitudesin themeasuredisotopedata.To

accountfor theobservednoiselevel 
 in themeasureddata,anextra term � �
	


 �

hasbeenaddedto Equation4.7.
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This methodgivesa constant� for thechosendatainterval. This is of course

anapproximationas� dovarywith depthasindicatedbyEquation4.20.However,

thisapproximationis consideredto begoodfor eachof thestableisotopesections

in this work, asthe two main factorsto in�uence � at this depth,strainthinning

andchangesin climate,do notvarysigni�cantly within eachdatainterval.

4.4.3 Choiceof cut-off fr equency �

�����

Thespectral�lter is constructedin sucha way thatthehigh frequencieshave the

strongestampli�cations, to counteractthestrongdampingof thehigh frequency

oscillations.To avoid blowing up noisewithout any physicalmeaning,anupper

limit hasto beputonthefrequency for theback-diffusionprocess.Thenoiselevel

canbe seen,asthe nearly�at level at high wave numbersin the spectraldensi-

ties for the measuredisotopepro�le. Basically, thereare two constraintswhen

determiningthemaximumfrequency. Frequenciesat thenoiselevel shouldbeex-

cludedfrom the reconstructionandtheannualoscillationshouldbe included,as

this is theoscillationthatis of interestfor datingpurposes.However, thechoiceof

maximumfrequency � �
	�� is notalwaysunambiguous,especiallywhentheannual

peakis closeto thenoiselevel (asis seenin theexamplein Figure4.5).Therefore,

greatcarehasto betakenwhenchoosingthemaximumfrequency. For theisotope

sectionsin this projectthecut-off frequency hasbeenchosenmanually, asa best

compromisebetweenexcludingthenoiseat higherfrequenciesandincludingthe

annualpeak.

Theresultsof thediffusioncorrectionarepresentedin Section6.2.1.
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5 High resolution
�

D measurements

Thischapterincludesatheoreticalintroductionto themethodof hydrogenisotope

analysisof watersamplesanda descriptionof theexperimentalmethodusedfor

highresolution
�

D measurementsontheicesamplesfrom theGRIPcore.Further-

more,someproblemsencounteredduringdataacquisitionandmethodsto handle

theseproblemsarepresented.The last part of the chapteris devotedto the �rst

stepof dataprocessingof the hydrogenisotopedata,from the raw datato nor-

maliseddata.

5.1 Intr oduction to StableIsotopeRatio MassSpec-

tr ometry (SIRMS)

The methodof usinga magnetic-sectormassspectrometerfor determinationof

isotoperatiosof for exampleC, O,SandH in gaseshasbecomewidespreadsince

it �rst waspresentedby Nier [1947]. Thebasicconceptof suchamassspectrom-

eteris to makeanion beamof thegasandto separateandcollectionsof different

massesby leadingtheionsthrougha magnetic�eld, which de�ects the ions into

differentpathsaccordingto their masses.Therearenumerousbooksandarticles

on this method,seefor examplePlatzneret al. [1997]. The gasmoleculesare

ionisedin the ion sourceof themassspectrometerby anelectronbombardment.

Someof thegasmoleculeswill collidewith theelectronsandthesemoleculesare

thentransformedinto ions,mostly singly-chargedpositive ions. For thecaseof

hydrogengastheprimaryionsareH
�

�

andHD
�

, with mass2 and3, respectively.

27
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Theionsareacceleratedby apotential� andformedinto awell-de�nedbeamand

leadthrougha sourceslit. Theionsareinjectedinto a uniform magnetic�eld �

andthemagneticforceseparatestheionsinto beamsof differentradii correspond-

ing to their differentmasses.Thetrajectoryof an ion with mass� andcharge �

is describedby theclassicalequation:

�

�

�

� ��� �

���

(5.1)

where � is the radiusof the circular path. Eachbeamentera collector through

a narrow slit, which is positionedin accordancewith the trajectorydescribedby

Equation5.1. A multiple Faradaycollectorsystemallows simultaneouscollec-

tion of all relevant beams. The ion current 
 from the cup, which is found by

integratingthepeakin thechromatogram(seeAppendixC), is proportionalto the

numberof incidentionsof theparticularradiusandhencethepartialpressureof

thecorrespondingisotopicmolecularspeciesin thegas.However, for stablehy-

drogenisotopeanalysisthecurrent 


���

� , measuredat the themass3 collector, is

in�uencedby theproductionof 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 


���

� ��


�

��� canbewrittenas




���

�




�

� �

�

HD
�

�

H
�

�

H
�

�

�

HD
�

H
�

�

�

�

	

�

H
�

�

�

�

H
�

�

(5.3)

or

HD
�

H
�

�

�




���

�




�

� �

�

�

	



�

��� (5.4)

TheH
�

� -correctionconstant
�

is dependentin theresidencetimeof H
�

�

ionsin the

ionisationvolumeandcanbedirectlymeasured.As mentionedin Section4.1the

isotopiccompositionof asampleis reportedasarelativedeviationfromastandard

(
�

notation). This is doneto work aroundany possiblebiasesof thesystem,for
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examplein thecollectors.Therefore,a sampleanda workingstandard(reference

gas)areintroducedalternatelyinto theion sourceunderidenticalconditions.

Thereisavastdiversityof samplepreparationsystemstoconnecttoanSIRMS.

Thepurposeof theinlet systemis to convert thenaturaloccurringsampleinto an

elementarygas,while preservingthe �ngerprint of the isotopiccompositionof

theoriginalsample.For
�

D or
�����

O analysisof watersamplestherearetwo main

methodsof convertingtheliquid sampleto agaseousphase:Reductionoverahot

metalor equilibrationwith CO
�

or H
�

gas.Thehydrogenisotopeanalysisof the

meltedice samplesfrom theGRIPice corewasperformedby usinga chromium

reductiontechnique. Section5.2.1 gives a descriptionof the massspectrome-

ter andthe inlet systemthatwereusedfor thedetailed
�

D measurementsin this

project.

5.2
�

D measurementson GRIP ice coresamples

The
�

D measurementswereperformedat the AMS
�

�

C Dating Centre,Depart-

mentof PhysicsandAstronomy, Universityof 	Arhus in Denmarkduringseveral

periodsfrom August2002to November2003(seeTableD.1 in theAppendix).

TheSIRMS at the AMC
�

�

C DatingCentrein 	Arhuswasnew whenthesemea-

surementsstartedin August2002,whichmeantthatroutineswith sampleprepara-

tion anddataacquisition,aswell astheoperationalsettingsof theinlet systemand

themassspectrometeritself, wereadoptedcontinuouslyaccordingto thegrowing

experience.Somemajorproblemswith amongstotherstheautosamplerandthe

ion sourceof themassspectrometercausedthemeasurementsto bedelayedand

spreadout in time.
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Figure 5.1: Experimentalset-up. From right to left: Liquid auto sampler,

elementalanalyser, Isoprimemassspectrometerandcomputer. SeeFigure5.2

for a schematicillustration.

5.2.1 Experimental set-up

The
�

D measurementswere performedon a Micromass1 IsoPrimeIsotopeRa-

tio MassSpectrometer(IRMS) [Morrison etal., 2001;Micromass].TheIRMS is

integratedwith anelementalanalyser(EuroPyrOH-3100)andacombinedautoin-

jectorandliquid autosampler(LAS EuroAS300),bothmanufacturedby Eurovec-

tor. The setupis dedicatedto continuous�o w (CF) hydrogenpyrolysis where

the samplegasis carriedlike a small bubble in a continuousandconstant�o w

of helium (He) throughthe elementalanalyserinto the ion sourceof the mass

spectrometer. The IRMS systemis controlledfrom a computerusingMassLynx

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

1Now GV Instruments
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Figure5.2: Schematicillustration of the continuous̄ ow isotoperatio mass

spectrometer(CF-IRMS)systemusedfor the
�

D measurements.

Theliquid autosamplerprovidesasamplecapacityof upto 110andtheliquid

samplesarekept in septa-sealedvials (2 ml capacity),which areplacedontothe

carouselof theautosampler. An autoinjectorwith asyringeautomaticallyinjects

a certainamount(0.3-0.5 � litre) of samplefrom the vial into the heatedsepta-

sealedinjectionport ( � 160 � C), wherethesampleis immediatelytransformedto

water vapour. Prior to injection the needleis washeda numberof times (1-3)

with 1 � litre of thesamplewaterto minimisethecontaminationfrom theprevious

sample.Thesamplesequence,the injectionparameters(suchassamplevolume,

numberof washcycles,injection time etc.) is setby theaid of a datasystemin
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theliquid autosampler.

After injection the samplefollows the He �o w througha stainlesssteelprobe,

calledan injection port liner, down to pyrolysis unit in the elementalanalyser.

Thepyrolitic reactoris heldat � 1050� C andit consistsof a quartztubepacked

with chromiumpowder, silica chipsandquartzwool at thelower end(seeFigure

E.2in AppendixE). Dueto thehigh temperaturesin thefurnacethewatervapour

is reducedto hydrogengasby thechromium:

� Cr
�

���

�

�

H
�

O
���

� ��� Cr
�

O�

�

���

�

�

H
�

���

� (5.5)

TheformedH
�

-gasis ledthroughagaschromatographiccolumn(GCpackedcol-

umn1.5m, Eurovector),wherethespeedof the�o w is reducedto ensurethatthe

peakshapeis adequatefor theintegrationsoftware,andpossiblepollutantspecies

aretimeseparatedfrom thegassubjectedto analysis.

A smallportionof thesampleis drawn by thevacuum( � 10
�

�

�

���

�

�

Torr) within

themassspectrometerthroughanopensplit andsubsequentisotopicanalysisfol-

lowsasdescribedin Section5.1. A pulseof referenceH
�

gasis led into themass

spectrometerthroughthesameopensplit asthesamplegasandisotopicanalysis

of the referencegasallows calculationof
�

D relative to the referencegas. The

mass3 collector is �tted with an electrostaticenergy �lter to remove the signal

from thetail of theheliumpeak[Merren,2000;Morrisonetal., 2001].

5.2.2 Samplepreparation

Cutting of icesamples

The ice samplesfor high resolution
�

D measurementshave beencut from three

depthintervalsin theGRIPdeepice corethatwasdrilled duringtheyears1989-

1992[GRIP Members,1993].Thethreeintervals,which arecalled
�

D Interval I,
�

D Interval II and
�

D Interval III arefoundcloseto � 1700m. This corresponds

to theclimatic periodBùlling-Allerùd, � 14-15ka BP. SeeTable5.1 for detailed

descriptionof the depthand length ( � ) of the intervals, aswell as the number
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Interval Depth Bags Period L No.

m m
�

D I 1714.35- 1719.85 3118- 3127 OD 5.50 550
�

D II 1729.20- 1735.25 3145- 3155 Mid B 6.05 605
�

D III 1744.6- 1755.05 3173- 3191 EndOstD + StartB 10.45 1045

Total 22.00 2200

Table5.1: Ice samplingfrom theGRIPdeepcore. Thecolumn ���������
	 indi-

cateswhichclimaticperiodstheintervalsbelongto. OD, B, andOstD denote

theperiodsOlderDryas,Bùlling andOldestDryas,respectively.

( ����
 ) of samplesin eachinterval andthebag2 numbers.Theice hasbeenstored

at-26 � C andthesamplingwhereperformedin the-15 � C coldfreezerat theNiels

Bohr Instituteat theUniversityof Copenhagenin Denmarkin June-August2002.

A total of 2200ice sampleswerecut on a bandsaw. The coreusedfor sam-

pling wasmainly leftover of theso-calledDK-bag,apartfrom a few bagswhere

the main corewasused. Eachbagwascut horizontally into a thin rod. Loose

ice particleswherecleanedoff by scrapingwith a knife andswipingwith a soft

brush.Therodwasthencarefullydividedinto 55samplesalongthecore.A small

pencilmark for every centimetrewasusedasa guidelinewhencutting the1 cm

pieces. Eachsampleconstituteda total volumeof � 2 cm
�

. The sampleswere

givennamesaccordingto thebagnumberandthedivisionof into 55 samplesper

bag,sothat the �rst (top) samplein bag3174is named3174-1andthe last (bot-

tom) sampleis called3174-55. The ice sampleswereput in numberedCoulter

beakersof 50 ml with snap-cap.As thesebottlesarenot completelyair-tight, the

samplesweremeltedatroomtemperatureandimmediatelypouredinto numbered

10 ml plasticbottleswith screw-cap,which werekeptfrozenat -15 � C until mea-

surementswereperformed.

2For practicalreasonstheice coreis storedin 55cm longpieces.Sucha pieceis calleda bag.

Bagnumber1 is thetopbagof thetotal ice corestartingat surfaceandthenumbersincreasewith

depth.
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Preparation of melted icesamples

Prior to
�

D analysison the SIRMS (asdescribedin Section5.2.1),the samples

weremeltedat roomtemperatureand1 ml of eachsamplewaspouredinto num-

bered2 ml septa-sealedglassvials by usinga pipette.Thevials werethenplaced

ontotheautosamplerfor
�

D analysis.For everynew watersamplea new dry tip

wasadheredto thepipette. Thevials, theseptaandthe tips for thepipettewere

all usedseveraltimesto minimisethecosts.To ensurethatno contaminationoc-

curredby reusingtheseitems,all the materialwasdried for at least24 hoursat

80 � C prior to preparationof a new setof samples.During thewholeprocessof

samplepreparation,from cutting the ice samplesto the point of measurements,

attentionwaspaidto avoid evaporationandisotopicfractionation,aswell ascon-

taminationfrom othersamplesor externalsources.

5.3 Instrumental effects

5.3.1 Drift

Whenperforming
�

D analysisof hundredsof samplesduring onerun, a minor

trendis oftenseenin thedata. If thesamesampleis measuredat differenttimes

duringtherun,the
�

D valuesin thebeginningandat theendof therunmaydiffer

signi�cantly, up to several ‰ [Wernerand Brand,2001; Nelsonand Dettman,

2001;Brooksetal., 2004].Whentheisotopicratiosof thereferencegas� ����� are

changingduringtherun, this will introduceanarti�cial trendin the
�

D valuesof

thesamples.This drift canbecheckedandcorrectedfor by measuringa standard

sequenceatbothendsof therunandby investigatingthetrendof
�

D valueof this

standard.

In this projectthedrift correctionhasbeenperformedundertheassumptionthat

thedrift is linearin time. A drift correctionconstant
�

hasbeenacquiredfor each

run, by makinga linear regressionwherethe
�

D valuesof a standard,which is
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measuredrepetitively in thebeginningandin theend,areusedasinput. Theslope

�

of the�t is ameasureof thedrift andfor runswheredrift is observed,
�

hasbeen

usedto correctall measured
�

D valuesin therunaccordingto:

�

D
�

�

�

� 	

��
������

�

�

D � 	��

��
������

�

�

	 � (5.6)

where � is thesamplenumberin therun and
�

D � 	��

��
������

and
�

D
�

�

�

� 	

��
������

arethemea-

suredandthe drift corrected
�

D valuesof sample� , respectively, relative to the

referencegas.Only injectionswherethe
�

D valueswereundisturbedof memory

effect (will bedescribedin Section5.3.2)wereusedin thelinearregression.Re-

sultsfrom thecontrolof andcorrectionfor drift arefoundin section5.4.2.

To simplify thenotation,thesubscript“ �	� � ” will beomittedin caseswhere

it is clearthatthe
�

valueis relative to thereferencegas.Thismeansthat
�

D � 	��

��
������

will bewritten as
�

D � 	��

�

in the following sections.Thesubscript“ �	� � ” will be

introducedagainwhenwespeakaboutnormalisationto theVSMOW-SLAPscale.

5.3.2 Memory effect

CF-IRMS-systemsare known to suffer from a so-calledmemoryeffect which

is a term usedto describethe contaminationof the analysedwatersamplewith

reminiscencesof 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

memoryeffect is mainly causedby wateradheringto inner surfacesof the inlet

system.Whenmeasuringsamplesof differentisotopiccomposition,thememory

effect leadsto displaced
�

D valuesandhaveanegative in�uence on theaccuracy.

Ignoringany drift of thesystem,thetruevalue3 �

D �

� �

�

�

of asample� is

�

D �

���

�

�

�

�

D � 	��

�

�

� � (5.7)

3Relative to thereferencegas
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where
�

D � 	��

�

is the measuredvalueand �
� is the offset in ‰ for the sample� .

In this projectthedrift correctionhasbeenmadeprior to thememorycorrection,

thereforethe
�

D
�

�

�

� 	

�

hasbeenusedinsteadof
�

D � 	��

�

. Theoffset termis depen-

denton the difference( � � ) in
�

D valuebetweenthe sample� andthe previous

one. Furthermore,the offset termvariesfrom machineto machine,aswell asit

is dependenton theoperationalsettingsat thetimeof measurement[Morseetal.,

1993],soa thoroughinvestigationandroutinelycontrol of thememoryeffect is

recommended.Onewayto dealwith thememoryeffect is to measureeachsample

several timesrepetitively, until thememoryeffect is negligible, andonly usethe

lastrepetition(s)astruevalue(s).Anotherapproachis to developandapplyacor-

rectionalgorithmthatcorrectsfor thememoryeffect. Thelattermethodhasbeen

usedin this project,partly to reducethetime andcostsspenton laboratorywork

andpartly becausethe consecutive andhigh-resolutionice coresamplesin this

studyseldomdiffer morethan15 ‰ from onesampleto thenext; andnormally

only around5 ‰. The low inter-sampletransitionstepsmeansthat theoffset � �

becomesrelatively low for a givenmemoryeffect. As will beoutlinedin Section

5.4.3,the low inter sampletransitionstepsmake thecorrectionalgorithmsuper-

�uous, provided that the memoryeffect is suf�ciently low. However, a memory

correctionhasbeensuccessfullyappliedwithin periodsof highermemoryeffect.

Themethodsthathave beenusedin this projectto investigate,modelandcorrect

for thememoryeffect will beoutlinedin thefollowing subsections.

Fractional memory effect

Thefractionalmemoryeffect
�

� from a sample� -1 to thenext sample� canbe

describedas

�

� �

�

D �

���

�

�

�

�

D 
 � 	��

�

� �

(5.8)

where � � is the true differencein
�

D (transitionstep)betweenthe samples� -1

and � . By de�nition the memoryeffect is positive and it is normally given in
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Figure5.3: Standardsequence

percent.By combiningequation5.7and5.8weget

�

� �

� �

� �

� � � � �

�

�
	

� � (5.9)

Hence,to get informationon the offset �
� for a sample� we needto know the

fractionalmemoryeffect for the actualsettingsof the systemandalsothe tran-

sition step � � . For this purpose,it is useful to measurestandardsof different

isotopiccompositionalternately, asdescribedin thefollowing.

Standard sequences

In this study, standardsequencesweresetup, whereat leasttwo standards,with

a transitionstep � � 100‰,weremeasuredconsecutively with � repetitionsof

eachstandard( � �

��� ). The standardsequenceswereplacedin the beginning

and/orat the end of certainruns (as seenin Table D.1). Figure 5.3 shows an

exampleof sucha standardsequence.It canbeseenthatthe�rst standard(Std1)

not only affect the �rst repetitionof the secondstandard(Std2),but several of

the following injectionsof Std2,until the memoryeffect approacheszero. The

offsetterms �

� and �

�

for the�rst andsecondinjectionof Std2,respectively, are
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shown in the �gure. The long term trendof the memoryeffect demandsthat a

fractionalmemorycoef�cient is determinedfor eachof the repetitionsof Std2

that is in�uenced by the memoryeffect. For a standardsequencethe fractional

memorycoef�cient canbe found by a modi�cation of Equation5.8, wherethe

transitionstep� is theisotopicdifferencebetweenthetwo standards:

�

�

�

�

�

D �

���

�

��	��

���

�

�

D 
 � 	��

�

�

�

D
�

���

�

�
	��

���

�

�

�

D
�

���

�

�
	��

�

�

�

�

�

�

(5.10)

where
�

�

D �

���

�

��	��

���

and
�

�

D �

���

�

��	��

�

�

are true values4 of Std1 and Std2, respectively,

foundby takinganaverageof thelast5 injections;assumingthatthememoryef-

fect is absentfor theserepetitions.Theindex 
 denotestheinjectionnumberafter

thetransition,i.e. 
 =1 correspondsto the �rst injectionof Std2, 
 =2 corresponds

to thesecondinjectionof Std2andsoon. A fractionalmemorycoef�cient is de-

terminedfor eachof therepetitionsof Std2.

Modelling the memory effect

Analytically the memoryeffect hasbeenfound to be well describedby a sum

of two exponentialdecayfunctions. For eachstandardsequence,the fractional

memorycoef�cients
�

�

from Equation5.10 have beenusedas input to a least

squares�t of model �

�


 � :

�

�


 � ���

�

	
� �

�

�

�

�

�

�

	
� �

#

�

� (5.11)

The constants�

� , �

�

,
�

� and
�

�

aredeterminedby the leastsquares'�t andthey

re�ect themagnitude( �

� and �

�

) andtherange(
�

� and
�

�

) of thememoryeffect.

An exampleof ananalytical�t is seenin theleft panelof Figure5.4.

For all themeasuredstandardsequencesthefractionalmemorycoef�cients and

the model parametershave beencalculatedand determined. The modelshave

beenusedfor correctionof unknown samplesandhave alsoservedasananalyt-

ical tool for judgingwhich operationalsettingthatgivesthe leastmemoryeffect
4Relative to thereferencegas
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Figure5.4: Modelof memoryeffect.

within
�

D analysison aCF-IRMS[Olsenetal., In prep.].

Corr ection for memory effect

The fractionalmemorycoef�cients thathave beenderived from thestandardse-

quencehave beenusedto correctmeasuredsamplesin a run, by usingEquation

5.7 andEquation5.12,wherethe latter is a rewritten form of Equation5.9 that

takesinto accountthatthememoryaffectsnotonly thenext sample,but severalof

thefollowing injections.Theoffsetterm �
� is asumof theoffsettermsstemming

from the � previoussamplesthathave in�uencedthe
�

D � 	��

�

:

� � � �

�

�

�
	

� �

�

�

�

���
	

� �

�

�

�
	 	 	

�

�

�

���
	

� �

�

�

�

� (5.12)

The subscript� indicatesthe index of the sampleto be correctedand � is the

numberof previoussamplesthataffectthe
�

D valueof sample� (i.e. �lter length).

Thetransitionstep � � is thedifferencebetweenthevalueof sample� and � �

� ,

� �

�

�

�

� betweensample � � �

�

� and � � � and so forth. The coef�cients

�

�


 � arethefractionalmemorycoef�cients which weredeterminedby themodel

in Equation5.11. �

�

�

� is the fractionalmemorycoef�cient stemmingfrom the

precedingsample� �

� and �

�

��� from thesecondlast sampleetc.. Of the total
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memoryeffectfor sample� thelastsample� �

� will havethegreatestcontribution

andthememoryeffect thenfallsoff towardszerofor sample� � �

�

� , i.e.:

�

�

�

� � �

�

��� � 	 	 	 � �

�

��� (5.13)

The �rst � samplesof a run cannot be correctedasthe pre-starthistory of the

systemis unknown. This problemcanbeovercomeby measuringseveralrepeti-

tionsof a standardin thebeginning. Thecorrectionwas�rst calculatedfrom the

measuredinter sampletransitionstep.Thenthecorrectionwasre�ned iteratively

by usingthenew transitionstep,calculatedfrom thecorrecteddata.Theiteration

wasperformeduntil thecalculatedtransitionstepremainedunchangedfrom one

iterationto thenext.

5.4 Data processing

Thissectionconsistsof adescriptionof the�rst partof thedataprocessingof the
�

D data,from raw valuesto normalisedvalues.

5.4.1 Raw

As describedin Section5.1,theH
�

� -correctedion currentshavebeentransformed

to isotopicratios � � and � ����� of thesampleandthereferencegas,respectively.

The raw
�

D valueof sample� relative to the referencegashasbeencalculated

accordingto Equation4.1whichbecomes:

�

D � 	��

��
������

�

��

�

�

�

�

�

� �

���

�

�

�

�

�

�

� �

���

�����

�

�

�

�

� �

���

�����

	�


�

�

� ����� ‰ (5.14)

Thedrift- andmemoryfreevaluesfrom the
�

D measurementsnormallyhavestan-

darddeviationsof 0.3-0.5‰.
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Figure5.5: Drift correctionconstantscalculatedfrom differentrunsmeasured

at different timeswithin a period of 15 months. Full circles and full trian-

gles indicatedrift correctionconstantsthat have beenusedfor correctionof

samples.Openmarkersarerunsthathavenotbeendrift corrected.

5.4.2 Corr ection for drift

As describedin Section5.3.1 a drift correctionconstant
�

hasbeencomputed

for eachrun. Figure5.5 shows the drift correctionconstant
�

andthe standard

deviation from eachof the runswhereit waspossibleto calculatethe drift (i.e.

standardsin bothends).Thehorizontalline marksthelevel of no drift. Theopen

circlesandtrianglesrepresentrunsthat areinterpretedto be free of drift, while

thefull markerssymboliserunswith adrift. Thelattergroupincludesrunswhere

the
�

�

�

� doesnot enclosethezero-lineand,additionally, wherethecorrelation
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(R=0.65-0.9)from theregressionis signi�cant or highly signi�cant5. Both nega-

tiveandpositive trendsarefoundandthemagnitudeof theslopespanstherange

from -0.017to +0.019. A slopeof 0.019correspondsto a changein
�

D value

of � 1.9‰per100injections,which is greaterthanthestandarddeviation on the

measurementsandthereforesigni�cant.

Drift correctionhasbeenperformedon thoserunsthatareindicatedwith a solid

marker in Figure5.5. All samplesin the respective runshave beencorrectedby

applyingEquation5.6.

For somerunsit waspossibleto calculatean
�

valuefrom bothStd1(triangle)and

from Std2(circle). Surprisingly, it is observedthat two differentcorrectioncon-

stantsfrom thesamerun do not necessarilyshow thesamemagnitudeof drift, in

somecases,they areevennoton thesamesideof thezero-line(Grip4andGrip1).

For runswheretwo correctionconstantswereobtained,anaveragevalueof
�

was

usedfor thecorrectionof themeasuredvalues.Brookset al. [2004] similarly re-

port aboutdrift at differentratesfor standardsof differentisotopiccomposition.

They hypothesisethatvariableconditionsin thechromiumreactoraffect theiso-

toperatio of differentwaterstandardsin differentways,leadingto a differential

drift.

No correctionconstantcouldbecomputedfor therunsDanham2,S8Grip14and

S4Grip17,asthey wereabortedbeforecompletionof therun. Therefore,no drift

correctionwereperformedfor thesethreeruns.However, noneof theregularice

coresamplesfrom theserunshave beenincludedin the furtheranalysis,asthey

wereremeasuredat a laterstage.Theserunshave only beenincludedin thedata

analysisbecausethey wereusedin thenormalisationprocess.

5.4.3 Corr ection for memory

After having appliedthedrift correction,the
�

D
�

�

�

� 	

�

valueshave beencorrected

for intersamplememory.

5Signi®cantandhighly signi®cantmeansthat thereis a 5% and1% probability, respectively,

of gettingacorrelationcoef®cientaslargeastheobservedvalue,whenthetruecorrelationis zero.
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Figure5.6:Memory. Thememoryhasbeencalculatedfrom runswith standard

sequences.The numbering1 and2 at the endof the run namesareusedto

discriminatebetweendifferentstandardsequencesin onerun.

Fractionalmemorycoef�cients
�

�

werecalculatedfrom standardsequencesas

describedin Section5.3.2. Figure5.6 displaysthemagnitudeof thememoryef-

fect, representedby the�rst fractionalmemorycoef�cient
�

� , asobservedin the

differentstandardsequences.Themostprominentfeaturein this plot is that the

memoryeffectseparatesinto two differentlevels.For the�rst runs(Grip1to Dan-

ham2)thememoryeffect is 5.6� 0.9 % andfor the restof the runsit is 1.4� 0.5

%. Thereductionof memoryeffect occurredat thesametime asthe liner in the

injection port waschangedto anothertype (seeFigureE.1 andOlsenet al. [In

prep.]). Morrisonet al. [2001] reportaboutmemoryeffectsof � 1% on thesame

CF-IRMSsystemastheoneusedin this study. Hence,thememoryfrom thelow

memorygroupis acceptableat theexpectedlevel.

A 5.6%memorynecessitatesamemorycorrection,asasampledifferenceof 15‰

betweenthe ice coresampleswill give a offsetof � 0.8‰,which is greaterthan

themeasuringerror. Thememorycorrectionwasperformedasdescribedin Sec-
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Figure5.7: A, B andC sequences.ThestandardInstaarGW1 (Std2)is mea-

suredrepetitively before(A) andafter (C) the regular ice coresamplesandit

is alsoinjectedin between(B) thesamples.Thisexampleis from run Grip4.

tion 5.3.2for thesamplesthatbelongto theperiodof highmemory. For runswith

alowermemoryof 1.4%it is consideredthatamemorycorrectionis not required,

becausethe offset for the sameinter sampletransitionstep,would be � 0.2‰,

which is well within themeasuringerror.

For thesamereason,mostof thestandardsequenceswithin thelow memoryeffect

groupwereshorterthanthosein thein highmemoryeffectgroup.Thismeantthat

therunswereshorterandmoretimeef�cient.

Validity of the memory correction

Theright panelof Figure5.4 shows how thememoryaffectedinjectionsof Std2

aresuccessfullycorrecteddown to the“true” level. However, this is not surpris-

ing, as the correctionmodel is derived from the very samedataset. A way of

testingthe memorycorrectionmodel is to treata standardasa regular sample,
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Figure5.8: Validity of memorycorrection.Memorycorrectedanduncorrected

meanvaluesof InstaarGW1fromB sequencesfromseveralruns.Thenumbers

at thebottomof the®gurecorrespondto thenumberof B-valuesthatareused

to calculatethemeanvaluesandcorrespondingstandarddeviationsfor eachof

theruns.

asillustratedin Figure5.7. ThestandardStd2hasbeenmeasuredrepetitively in

both endsof a run (sequenceA andC) andalsoin betweena seriesof samples

(sequenceB). A propercorrectionalgorithmshouldcorrectthevaluesof thestan-

dardin sequenceB sothatthedifferencebetweenthesevaluesandthetruevalue

is within themeasuringerroronly. Also, thescatterin thedatashouldbereduced.

Figure5.8 displaysthe uncorrectedandcorrectedmean
�

D valuesof Std2 (In-

staarGW1) from sequenceB from several runs. The valuesare normalisedto

theVSMOW-SLAP scalesothat inter-comparisonis possible.It is seenthat the

correctedvaluesareconsistentwith the true value,which is satisfactorywithin

themarginsof error for all runs,while it is outside1� for half of therunsfor the

uncorrectedvalues. On the basisof this, it mustbe inferredthat the correction

algorithmsatisfactorycorrectfor thememoryeffect.
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Figure5.9: Normalisationconstantsover time.

5.4.4 Normalisation to the VSMOW-SLAP scale

Thedrift- andmemorycorrectedvalueshavebeenexpressedrelative to VSMOW

andnormalisedto theVSMOW-SLAP scaleby makinga linearregressionasde-

scribedin Section4.1.1.Thenormalisationconstantscanbeseenin Figure5.9. In

runswith onestandardonly, a scalingcoef�cient hasbeenobtainedby usingtwo

standardsfrom differentrunswithin thesametimeperiod.This is thecasefor the

runsGrip6-12,DobsinaandDanham2h.FromFigure5.9 it is seenthat thenor-

malisationconstantscatterfrom aminimumvalueof 1.000(DobsinaGrip8-12)to

a maximumvalueof 1.032(S4Grip17b),wherethe latternormalisationconstant

correspondsto a measuredSLAP-valueof 414.7‰,asopposedto the assigned
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value428‰.Accordingto [Meijer, 2001]“laboratoriesarelikely to have serious

problemsif they are�nding unnormalised
�

� H valuesfor SLAPthatdeviatefrom

theassignedvaluesthanby morethan � 10‰”. A scalecontractiongiving adevi-

ationof 10‰correspondsto anormalisationconstantof 1.026.This is indicating

badinstrumentperformancefor therun S4Grip17b. All othernormalisationcon-

stantsarelessthan1.026,however, therearea few normalisationconstantsthat

arecloseto this value. Inter-laboratorycomparison(ring tests)organisedby the

InternationalAtomic Energy Agency [Meijer, 2001] and by Brand andCoplen

[2001]show thatunnormalisedvaluesof SLAPshow awiderangeat thedifferent

laboratories(from -384‰to 441‰in theactualring tests).

The normalisednumbersfrom the different runshave beenconcatenatedto

three
�

D seriescorrespondingto Interval I, II andIII (canbeseenin Figure6.1).

Thesedatasequencesarenow readyto becorrectedfor diffusion,aswill bede-

scribedin Section6.2.1.



48 CHAPTER5. HIGH RESOLUTION
�

D MEASUREMENTS



6 High resolutionGRIP data

This chapterpresentsthe high resolutionGRIP datathat have beenusedfor the

annuallayercountingof Bùlling-Allerùd andYoungerDryasperiodsin theGRIP

ice core. Thedataarelisted in Table6.1. The tabledisplaysthedepthintervals

of the data,the length( � ) of eachdatasequenceandthe samplinginterval � x.

The column � 
��

�

� � indicatesif the datahasbeendeconvoluted (Dec) or high-

pass�ltered (Hpf). Thecolumn � � ��
 �

'

showswhichperiodthedataseriescover

Bùlling (B), Older Dryas (OD), Allerùd (A) of YoungerDryas (YD) the series

cover.

6.1 ECM, dust and ion concentrations

The ElectricalConductivity Measurement(ECM) pro�le from the GRIP coreis

presentedin Taylor et al. [1993]. Thedirect-currentelectricalconductivity mea-

surementswasperformedby draggingto electrodeswith apotentialdifferenceof

1250V alonga cleansurfaceof the ice core. The current�o wing betweenthe

electrodesis a measureof theacidity in theice. Thevalueswereoriginally gath-

eredcontinuouslyfor every 1-2 mm of the core,dependingon the speedof the

electrodesalongthe core. This pro�le wasthenre-sampledto 1 cm resolution.

In this project the re-sampledECM-pro�le hasbeenusedfor the annuallayer

countingwithin theBùlling-Allerùd period. For theannuallayercountingof 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
� ���

O I 1689.61- 1703.35 13.75 0.01 Dec Mid A
� ���

O II 1749.01- 1750.10 1.10 0.01 Dec EndOstD + StartB
�

D I 1714.35- 1719.85 5.50 0.01 Dec OD
�

D II 1729.20- 1735.25 6.05 0.01 Dec Mid B
�

D III 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 Bùlling-AllerùdandYounger

Dryas. In YoungerDryasonly the raw variantof [Ca��� ] datawereused. In

Bùlling-Allerùd the included[NO 	

� ], dust,[Ca��� ], [NH �

� ], andECM pro®les

werere-sampledto 1 cm resolution.However, for theYoungerDryassection

it waspossibleto includetheoriginal datasetsof thespeci®edresolution.Ost

D denotesOldestDryas. 	 Hammeret al. [1997]; Hammer[In press],
 Fuhrer

et al. [1993,1996], � Taylor etal. [1993].

Themeasurementsof theion concentrationsof Ca�

�

andNH
�

� wereperformed

by Fuhreretal. [1993,1996]by acontinuousmeltingandcontinuous�o w set-up.

The technicalresolutionof the [NH
�

� ] and[Ca�

�

] pro�les is 2 mm. The origi-

nal datasetof 2 mm resolutionhasbeenappliedfor theannuallayercountingof

theYoungerDryasperiod,while thedatapro�le wasre-sampledto 1 cm for the

Bùlling-Allerùd section,reducingtheeffective resolutiondown to 3-4cm.

SigfúsJohnsen[Pers.comm.]hasmadetwo differentmodi�cationsof the[Ca�

�

]

data,whichhavebeenincludedin theannualcountingof theBùlling-Allerùd sec-

tion. Onesetof the[Ca�

�

] datahasbeendeconvolutedto correctfor mixing in the

apparatusduringmeasurements.Thetransferfunctionwas ��
��

�

�




�

	
� � , where �
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is frequency. The cut-off frequency was30 cyclesm
�

�

, thus the dataare able

to resolve yearsof a thicknessdown to 3.3 cm. It shouldbe mentionedthat the

deconvolutioncorrectsonly theamplitudesof thecycles,not their relativephases.

Theothervariantof the[Ca�

�

] datahasbeen�ltered througha smoothGaussian

high-pass�lter , sothatthelow-frequency oscillations,whichareof no interestfor

annualcounting,aredampedout.

ThedustandNO �

� concentrationsweremeasuredin 1-10mmresolutiononmelted

ice [Hammeretal., 1997;Hammer, In press].Thedustconcentrationsweremea-

suredby laserandcalibratedby aCoulterCounter. Thesamplingresolutionis not

constantthroughthedatasetasthesamplingspeedwaschangedduringthedata

acquisitionin �eld. As is thecasefor thetheECM andthe[NH
�

� ] and[Ca�

�

] pro-

�les, theoriginaldustand[NO �

� ] havebeenusedfor thedatingof YoungerDryas,

while re-sampledpro�les of 1 cmhavebeenusedfor theannuallayercountingin

Bùlling-Allerùd.

6.2
�

D and
�

���

O

Thenew highresolution
�

D datafrom theBùlling-Allerùd periodin theGRIPice

corewerepresentedin Chapter5. The detailedoxygenisotoperecordis brie�y

describedin thefollowing. Thesamplingandthemeasurementsof thenew high

resolution
�

���

O data1 from the GRIP deepcore have beenperformedby Trine

EbbensgaardStrùmfeldt,Thore Jürgensenand Anita Boasat the University of

Copenhagen,Denmark.

A total of 1485sampleswere cut in 1 cm intervals along the ice core and the

volumeof eachsampleconstitutedat minimum3 cm
�

. The
� ���

O measurements

were performedon a massspectrometerwhich appliesan equilibrium method,

wherethemeltedicesamplesareequilibratedwith CO
�

gasundervibrations.The

sampleswerekept in equilibriumwith CO
�

gasat roomtemperaturefor 6 hours

beforethegaswassubjectedto isotopicanalysis.Theratioof mass46to 44in the

1ThereportKold Eventi Allerød on the
�����

O datacanbeacquireduponrequestat thelibrary

at theNielsBohr Institute,JulianeMariesvej 30,2100CopenhagenØ, Denmark.
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CO
�

gasis a measureof the
���

O/
���

O ratio in thesample.Thereis no observable

intersamplememoryconnectedto thismethod.

Thesamplingintervalsof the
� ���

O seriesaredisplayedin Figure3.2andTa-

ble 6.1. The
� ���

O seriesarenamed
� ���

O Interval I and
� ���

O Interval II. It is seen

thatthestableisotopepro�les covera total depthof 36.85m,of which 1.1mis an

overlapbetween
� ���

O Interval II andapartof
�

D Interval III in earlyBùlling. The

overlapping
�

D and
� ���

O seriesarefrom two differentcuttingsof theiceandthey

weremeasuredseparately2.

6.2.1 Corr ection for diffusion

The new high resolutionisotopeseriesof
�

D and
�

���

O have beencorrectedfor

diffusionin the �rn andice. Themethodsandtechniquesbehindthereconstruc-

tion of theoriginal signalin stableisotoperecordswerepresentedin Section4.4.

Theresultsof thebackdiffusionarepresentedhere.

Figure6.1and6.2show all theintervalsof thenew high-resolutionstableiso-

topedatafrom Bùlling-Allerùd in the GRIP ice core. The
�

-valuesarereported

relative to theVSMOW-SLAP scale.In Figure6.1 themeasuredandthedecon-

voluteddata,whichis anestimatedreconstructionof theinitial isotopepro�le, are

plottedtogether. It is the reconstructedannualsignalthat is usedfor dating,by

meansof countingthesummerpeaksof high isotopevalues,aswill bedescribed

in Chapter7. Theoverlappingsectionbetween
�

���

O Interval II anda partof
�

D

Interval III is displayedin Figure6.2,wherethemeasureddataareplottedin the

upperpanel(a)andthedeconvoluteddataareshown in thelowerpanel(b). There

is goodagreementbetweenthetwo differentisotopepro�les.

2Deuteriumexcess(d), which is de®nedasd �

�

D � 8
� ���

0, hasnot beencalculatedasthe

differentcuttingsmayleadto a falsedeuteriumexcesspro®le.
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Figure6.1: Measured(blue) anddeconvoluted(red) isotopedata. (a,b)
�����

O

Interval I, (c)
�

D Interval I, (d)
�

D Interval II and(e,f)
�

D Interval III. See

Figure6.2for
� ���

O Interval II.
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Figure6.2: Overlappingsectionof
�

D (thick) and
�����

O (thin). (a) Measured

data.(b) Back-diffuseddata.The
�����

O-valuesaremultiplied by 8.
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Figure6.3displaystheMEM powerspectrafor theisotopeintervalspresented

in Figure6.1, while Figure6.4 displaysthe power spectrafor thesectionwhere

the
� ���

O and
�

D pro�les overlap. Thespectraldensitiesof the
� ���

O pro�le have

beenmultiplied with 64 to facilitatethecomparisonwith thespectraldensitiesof

the
�

D section.The power spectraof the measureddata(thick lines) show how

theamplitudesof high frequencieshave beendiminishedby thediffusion in the

�rn andice. Thespectraldensitiesin thehigh frequency domainhave beenlow-

ered,sothatthey areindistinguishablefrom thenearly�at level (whitenoise)that

representsthemeasuringerror(seeTable6.2).

Thearrows in Figure6.3and6.4 indicatewhat is consideredastheannualpeaks

in thepower spectra.All thespectrafor themeasureddatarevealanannualpeak

around14-20cyclespermeter, whichequalsanannuallayerthicknessof 5-7cm.

It is noticedthat the annualpeakis not very pronouncedand that it is situated

closeto thenoiselevel andthereforecloseto thecut-off frequency. By comparing

thespectraof themeasured
�

D and
�

���

O in Figure6.4in abandaroundtheannual

peak,it is observedthatthepowerof
�

D is higherthanfor
�

���

O, relativeto thatat

lower frequencies.In otherwords,thedampingof theannualsignalis lessfor
�

D

thanfor
� ���

O. This is in accordancewith earlierresultsandtheory[Johnsenetal.,

2000]andcanbeexplainedby lessdiffusionof moleculescontainingD compared

to moleculescontaining
���

O. The lower dampingof the
�

D signalsuggeststhat
�

D is slightly betterfor datingwhenworkingwith ice wheretheamplitudeof the

annualsignalof thestableisotopesis closeto thelimit of detection.

Thethin linesin Figure6.3and6.4arethepowerspectraof theback-diffusedse-

ries.Thesespectrashow how all thefrequenciesbelow acertainlimit (determined

by the cut-off frequency) areampli�ed to correctfor the diffusion. The power

densityof the annualcycle, which is of interestfor dating,hasbeenincreased.

Table6.2listsspeci�cationsonparametersthathavebeenusedin theMEM spec-

tral analysisanddeconvolution of the stableisotopedata. The diffusion length

� andthe cut-off frequency � � 	 � areusedfor the inversetransferfunction � as

describedin Section4.4and � is autoregressiveorder. Thechoiceof cut-off fre-

quency, which is themaximumfrequency thatis allowedin theback-diffusion,is
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Figure6.3: MEM power spectraof measured(blue) anddeconvoluted(red)

isotopedata. The diffusion curve (green)reproducesthe power densitiesof

themeasuredseries.Thearrows indicatewhat is consideredasannualpeaks.

(a)
�

D Interval I, (b)
�

D Interval II, (c)
�

D Interval III and(d)
�����

O Interval

I. SeeFigure6.4 for
�

���

O Interval II. SeeTable6.2 for a speci®cationof the

parametersusedin theMEM-analysis.
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Figure6.4: MEM spectraldensitiesof overlappingsectionof
�

D (solid) and
� ���

O (dotted). SeeFigure6.2. Thick lines = measureddata. Thin lines =

Back-diffuseddata.Thespectraldensitiesof
�����

O aremultiplied with 64. In

a bandaroundthe annualpeakthereis relatively morepower in the
�

D data

comparedto the
� ���

O data.

abestcompromisebetweenexcludingthenoiseathigherfrequenciesandinclud-

ing theannualpeak.A � � 	 � of � 20cyclesm
�

�

seemsto ful�l theseconditionsfor

thestableisotopepro�les in Bùlling-Allerùd. This meansthatback-diffuseddata

arecapableof resolvingannuallayersof a thickness
�

5 cm. Theright columnof

Table6.2 displaysthemeasuringerrorof thestableisotopeseries,asrevealedin

thespectraldensityplots.

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 a trueseasonalsignal,is con�rmed whenseeingthegoodagreement
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Interval � m f � 	 � Meas.error

m m
�

�

‰
�

D I 0.021 30 20 0.9
�

D II 0.0215 30 19 0.75
�

D III 0.0185 30 21 0.55
� ���

O I 0.023 40 19 0.1
� ���

O II 0.021 20 19 0.085

Table6.2: MEM parametersusedin MEM spectralanalysis.The®lter length

was100points.

between
�

D and
�

���

O in theoverlappingsectionin Figure6.2. If thepeaksin the

spectraldensitieswererepresentingnoiseonly, it would not bepossibleto create

suchacompellingagreementbetweentheback-diffused
�

D and
� ���

O data,asthe

noisein thetwo pro�les is uncorrelated.Hence,it is unquestionablethat thereis

power left in theannualamplitudeof thestableisotopepro�les. Whatremainsto

beansweredis, if all theyearsareresolved.



7 Annual layer counting

The high resolutionGRIPdatathat werepresentedin theprevious chapterhave

beenusedfor annuallayer countingin Bùlling-Allerùd and in YoungerDryas,

aiming at estimatingthe durationof theseperiods. In the �rst part of the chap-

ter the stepsin the datingprocessarebrie�y presented,followed by a descrip-

tion of theappliedcountingmethodandhow theclimateperiodsBùlling-Allerùd

andYoungerDryasarede�ned in this work. Furthermore,the chapterincludes

a sectionon how theGRIPrecordhave beenmatchedto theNGRIPrecordon a

detailedscalein the Bùlling-Allerùd period. The resultsof the multi-parameter

datingof theBùlling-Allerùd andYoungerDryasperiodsin theGRIPicecoreare

presentedin thelastpartof thechapter. Thenew resultsarecomparedwith exist-

ing stratigraphicalandmodelledtimescalesfrom theGRIPcoreandwith thenew

stratigraphicaldatingof theNGRIPcore,aswell aswith annuallayercountings

of theGISP2core.

7.1 Stepsin the dating process

The�rst stepof thedatingpartof thisprojectwasanannuallayercountingof the

GRIPcorein Bùlling-Allerùd giving anestimateof thedurationof this intersta-

dial, aspresentedin Seierstadetal. [In press].

Succeedingly, theBùlling-Allerùd sectionin theGRIPcorehasbeenmatchedon

a detailedscalewith theNGRIPcore,by comparingthe[NH
�

� ] pro�les from the

two cores.Usingthismatchingtheannuallayercountinghasbeencomparedwith

resultsfrom thenew stratigraphicalNGRIPtimescale(GICC05).

59
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The last stepin the datingprocesswas to includeYoungerDryas in the multi-

parameterdating.Themotivationwasto �ll thegapbetweentheendof theGRIP

partof thenew GICC05timescaleandtheBùlling-Allerùd sectionof Seierstadet

al. [In press],herebyobtaininganindependentstratigraphicaltimescalecovering

the YoungerDryasandBùlling-Allerùd that canbe comparedwith the GICC05

timescalethatreliesonly onannuallayercountingusingNGRIPdata.

7.2 Annual layer counting in Bùlling-Aller ùd

The annuallayer countingof Bùlling-Allerùd hasbeenperformedby counting

annualcyclesin deconvoluted
�

D, deconvoluted
� ���

O, [NH
�

� ], [Ca�

�

] (raw, de-

convolutedandhigh-pass�ltered), dustconcentrations,[NO �

� ] andECM aslisted

in Table6.1andasseenin Figure7.1.As describedin Chapter6 theresolutionof

all theuseddataserieswas1 cm, which for thecaseof the isotopeseriesequals

theoriginal samplingresolution,while theECM, dustandion concentrationpro-

�les werere-sampledfrom anoriginal samplingresolutionof 1 and2 mm.

Themulti-parametercountingwasdonemanuallybasedon inspectionof all the

parametersat onetime. One“master” seriesof yearshasbeenestablishedfrom

this commoninterpretation.In Figure7.1 this masterseriescanbe seenasdots

onthe[NH
�

� ] pro�le. A certainyearis de�ned asanannualpeakwhich is clearly

seenin all (or most)of theparameters.A certainyearis symbolisedwith a black

dot. However, sometimesthecyclesmaybehardto interpret,e.g.whenoneseries

indicatesa yearwhereanotherseriesdoesnot,or thata possibleyearis seenasa

shoulderon a �ank of a peak.Theseambiguitiesleadto uncertainyears (marked

by opendots).Thebestestimateof thenumberof yearswithin any 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 uncertainty, astheremight bea biasin thedating,e.g. if thedata

doesnotresolveall theyears,or if yearsaremissingfrom theprecipitationrecord.
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Figure7.1: Exampleof multi-parameterdatingin Bùlling-Allerùd. Counting

of annuallayers is performedon deconvoluted
�

D (or
�����

O), dust concen-

trations, [NO 	

� ], [Ca��� ] (high-pass,deconvolutedand raw) and [NH
�

� ]. A

blackdot symboliseswhatis consideredto bea certainannuallayer, while an

opendot representswhat is interpretedasanuncertainannuallayer. Thedots

markedin the[NH �

� ] pro®leconstitutetheªmasterºseries,asdescribedin the

text.. Theunitson thedustand[NO 	

� ] pro®lesarearbitrary.

Thecountingwas�rst performedonthesectionswhereall thedatawereavail-

able,i.e. in theintervalswherethestableisotopeshavebeenmeasured,aimingat

establishingwhetherthereis anoverallagreementbetweentheseries.Thereafter,

therestof theBùlling-Allerùd periodwascounted,usingtheexperiencethatwas

gainedfrom intervalscontainingstableisotopepro�les.

Whencomparingtheseasonalcyclesin thedifferentparametersin Figure7.1

it is seenthat thereis goodoverall agreementbetweenthe parameters.[NO �

� ]

is theparameterthatdeviatesmostfrom thecommonbehaviour, generallyshow-

ing lesscyclesthanthe otherparameters.Within certainsectionsno weighthas
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beenput on the[NO �

� ] in theinterpretationof theseasonalcycles,becauseit was

apparentlytoo smooth. However, in periods[NO �

� ] agreeswell with the other

parameters.The dustpro�le often have morepeaksthan the otherparameters,

advocatingfor thehighestnumberof years,while the [NO �

� ] andthestableiso-

topesgenerallyde�ne the lower limit on the number. The deconvoluted[Ca�

�

]

and[NH
�

� ] generallyserve asgooddatingtools. As previously mentioned,dust

canhave more than onepeakwithin someyears. The exclusionof dustpeaks

whichareconsideredas“doublepeaks”hasbeendecidedby comparisonwith the

seasonalcyclesin thestableisotopes,[Ca�

�

], [NH
�

� ] and[NO �

� ].

Underpresentdayconditions[NH
�

� ] and[NO �

� ] havemaximaduringsummerlike
�

D and
� ���

O, while dustand[Ca�

�

] normallypeakduringspring.This is alsothe

mainbehaviour duringBùlling-Allerùd, thoughthereareperiodswherethis is not

thecase.Theparametersareoftendriftedaway from their usualrelativephasing,

especiallyin Allerùd. Hence,theseasonalitypatternseemsto have hada higher

variability thanunderpresentdayconditions.

7.3 Annual layer counting in YoungerDryas

Theannuallayercountingwithin YoungerDryashasbeenperformedby including

seriesof ECM, dustconcentrations,[NH
�

� ], [Ca�

�

] and[NO �

� ] asseenin Table

6.1. As mentionedin Chapter6 the dataseriesthat wereusedfor the Younger

Dryassectionhadtheoriginal samplingresolutionof 1 mmand2 mm,insteadof

are-sampled1 cmresolution,whichwasthecasefor theBùlling-Allerùd interval.

Suspicionsfrom the annuallayer countingin Bùlling-Allerùd, aspresented

in Seierstadet al. [In press],that the appliedcountingmethodfor that period

mostlikely leadsto anunderestimationof thenumberof countedyearsin colder

periodswith low accumulation,andalsoknowing that theexpectedannuallayer

thicknessof around� 3-4cmin YoungerDryas[Dahl-Jensenetal.,1993;Johnsen

etal.,2001]is at thelimit of whatthedatacanresolve,thecountingapproachwas
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Onsetof event Depth Howde�ned Depth
�

Depth
�

m Parameter Core m m

Bùlling 1753.3 Excess NGRIP 1753.40 1752.85

OlderDryas 1718.6
�

D,
� ���

O GRIP - -

Allerùd 1715.0
�

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 Bùlling, Older Dryas, Allerùd, Younger

DryasandtheHolocenein theGRIPicecore,asusedin thiswork (left) andin

previousworks (right, � Johnsenet al. [1992a], 
 Hammeret al. [1997]). Col-

umn3 and4 specifywhichparametersfrom whichcorethathavebeenusedin

this work to de®nethedepthsof theonsetof theevents.Excess= deuterium

excess.Seetext for furtherexplanation.

changedslightly for theYoungerDryassection.Theconditionof anoverall agree-

mentbetweentheseriesfor de�ning a certainyearwasrelaxed,sothatanannual

layercouldbeinterpretedascertainon thebasisof anobservedcycle in onepa-

rameter, only. Thismeansthatif oneof thedataseriesshowsaclearannualcycle,

while theotherseriesaresmoothedout this is treatedasa certainyear. Uncertain

annuallayersareusedif noneof theserieshaveaclearannualcycle,but someof

themindicatea yearby having ashoulderonapeak.

Theannuallayercountingin theYoungerDryassectionwasperformedin collab-

orationwith Bo Vinther.

7.4 De�nitions of depthsof transitions

De�ning theexactdepthsof theonsetandterminationof aclimateperiodobserved

in ice corerecordsis not alwaysstraightforward,asthedifferentdataseriesmay

show a slightly differentbehaviour, e.g. in timing andrateof change,acrossa
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climatetransition.In thefollowing thedepthsusedin thisprojectarepresented.

Theleft partof Table7.1 displaysthedepthsof theonsetof theclimatic periods

Bùling,OlderDryas,Allerùd,YoungerDryasandHolocenethathavebeenusedin

this project.Thede�nition of theonsetof Bùlling, YoungerDryasandHolocene

areall basedon sharpshifts seenin the deuteriumexcesspro�le in the NGRIP

ice core[T. Popp,Pers.comm.],asis alsothecasefor thede�nition of thesame

climatictransitionsin theGICC05timescale.Deuteriumexcess,whichre�ectsthe

conditionsin thesourceareafor themoisture[MerlivatandJouzel,1979;Johnsen

etal.,1989],is characterisedbyabruptshiftsattransitionsfromoneclimateperiod

to another. Hence,thisparameteris usefulfor de�ning theonsetandterminations

of the climate periods. The deuteriumexcessis not available from the depths

of interestin theGRIPcore,which is thereasonfor usingtheNGRIPdeuterium

excesspro�le. TheNGRIPdepthsof thetransitionsaretransferredtoGRIPdepths

by matchingpro�les of ECM, DEP, [Ca�

�

], [NH
�

� ] and
�

���

O from the two ice

cores. The depthsof the onsetof Bùlling, YoungerDryasandHolocenediffer

slightly from thosede�ned in [Johnsenet al., 1992a],which werebasedon ECM

andfrom thosede�ned by Hammeretal. [1997] (seeright partof Table7.1).

Thede�nition of theonsetof OlderDryasandAllerùd arede�ned by shiftsseen

in
�

���

O andthenew
�

D datain theGRIP ice core. Neitherof thesedepthshave

beende�ned in [Johnsenet al., 1992a]. Hammeret al. [1997] did not specify

thedepthinterval of Older Dryasandtheir depthof theonsetof Allerùd almost

coincideswith thedepthof theonsetof OlderDryasusedin thiswork. In thenew

stratigraphicaldatingof theNGRIPcorethedepthsof theOlderDryasperiodare

notspeci�ed.

7.5 Matching GRIP and NGRIP in Bùlling-Aller ùd

TheGRIPandNGRIPrecordshave beenmatchedon a detailedscalewithin the

Bùlling-Allerùd period. First, a few �x pointswereobtainedby matchingchar-

acteristiclarge scalepeaksof ECM, DEP and [Ca�

�

] from the two coresand

alsoby usingnewly observed tephralayersof chemicallyidenticalcomposition
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in thetwo cores[Mortensenetal., 2005,In preparation;S.Davies,Pers.comm.].

Thesecoarselyspaced�x pointsde�ne sectionswithin which onecanzoomto

look for similar patternsin thecorrespondingdataseriesof the two cores.As is

thecasefor theHolocenepartof theGRIPandNGRIPcores,the[NH
�

� ] pro�les

are excellent for high resolutionmatching[Rasmussenet al., Submitted]. The

similarity betweenthe GRIP andNGRIP [NH
�

� ] pro�les is striking andwithin

sectionsof a few metersit is possibleto matchthe pro�les on an annualscale.

Thepro�les show similaritiesboth in amplitudeandin wavelength.Almost 700

matchingpoints betweenGRIP depthsand NGRIP depthshave beenfound in

Bùlling-Allerùd. The�x pointsaredisplayedin Figure7.2. Thedetailedmatch-

ing of thetwo coresprovidesabasisfor acomparisonof theannuallayercounting

of Bùlling-Allerùd in this work with thenew stratigraphicaldatingof theNGRIP

core[Rasmussenetal.,Submitted],which is madeby identi�cation andcounting

of annualcyclesasobserved in impurity recordsmeasuredin a continuous�o w

system[Röthlisbergeretal., 2000;Bigler, 2004].

Sofar, thematchingof the two coreshasbeenrestrictedto theBùlling-Allerùd

period,but an initial investigationshows that it it possibleto matchthe [NH
�

� ]

pro�les in YoungerDryasaswell, which is promisingfor furthercomparisonof

theGRIPandtheNGRIPtimescalesin thisperiod.

7.6 Resultsand discussion

Theestimateddurationof Bùlling, OlderDryas,Allerùd andYoungerDryasde-

rived from the annuallayer countingbasedon seasonalvariationsin
�

D,
�

���

O,

[NH
�

� ], [Ca�

�

] dustconcentrationsand[NO �

� ] in theGRIPcorearelisted in Ta-

ble7.2. In Table7.3theseresultsaredisplayedalongwith otherdurationestimates

of thesameperiodsfrom theGRIPcoreandfrom otherdeepice coresdrilled in

Greenland.

The annuallayer thickness � for eachof the periodsderived from the multi-

parameterdatingis displayedasmeanvaluesfor the listed periodsin Table7.2.
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Figure 7.2: Fix pointsbetweenthe GRIP andNGRIP coresin the Bùlling-

Allerùd section.

Annual layer thicknessesin 2 m averagesare displayedin panel a of Figure

7.3. For comparisonthe modelledannuallayer thicknessbasedon the ss09sea

timescaleis alsoshown in theplot [Johnsenet al., 2001;Johnsen,Pers.comm.].

The ss09seatimescaleis basedon a Dansgaard-Johnsen�o w modeland
�

���

O-

derivedaccumulationrates.

Whencomparingtheresultsfrom this work with theexistingstratigraphicaldat-

ing of theGRIPice core[Hammeret al., 1997;Hammer, In press],it is seenthat

thenumberof yearswithin theBùlling-Allerùd interval is substantiallylower for

themulti-parameterapproach,while thetwo estimatesof thedurationof Younger

Dryasagreewithin themargins of theuncertainty. As mentionedin Section7.4

the Older Dryasperiodwasnot speci�ed in the work by Hammeret al. [1997].

By using their depthsfor the Bùlling and Allerùd intervals, the corresponding

estimatesfor the multi-parameterapproacharethe following: Bùlling: 587� 16

andAllerùd: 1028� 34. Theseestimatesare � 20%and � 30%shorterthanthose

foundby Hammeretal. [1997]. Thehighly signi�cant deviationbetweenthetwo
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Period Numberof annuallayers Duration � Ratioof duration

Certain Uncertain yr cm GRIP/NGRIP

Bùlling 571 33 588� 16 5.9 0.96� 0.04

OlderDryas 66 8 70� 4 5.1 0.78� 0.06

Allerùd 939 63 971� 31 5.4 0.89� 0.04

YoungerDryas 1106 88 1150� 44 3.3 0.96� 0.05

Table7.2: Estimateddurationof Bùlling, Older Dryas,Allerùd andYounger

Dryasandthecorrespondingmeanannuallayerthickness( � ) in theGRIPice

corefrom themulti-parameterdatingin this work. Thedurationis de®nedas

thenumberof certainannuallayers+ half of thenumbersof uncertainannual

layers.Theuncertaintyon thedurationis half of thenumbersof theuncertain

annuallayers. The uncertaintyre¯ectsthe inconsistency betweenthe annual

signalin theseriesandthedif®culty of interpretingthepeaksandshoulders.

The uncertaintydoesnot take into accountany bias in the counting,or im-

perfectionsof the annuallayer sequenceitself. The right columnshows the

ratioof thedurationin theGRIPcoreto thedurationof thecorrespondingpe-

riod in the NGRIP core,basedon the GICC05timescale[Rasmussenet al.,

Submitted].

stratigraphicalannuallayercountson thesamecorecanbeexplainedby thedif-

ferentwaysof performingthelayercounting.Themethodthathasbeenusedfor

theBùlling-Allerùd interval in thisstudymayhaveunderestimatedthedurationof

theclimateperiods,asahigh degreeof agreementof thedataserieswasrequired

to de�ne a certainannuallayer. In this way, theresultis highly dependenton the

resolutionandthe internalconsistency of the dataseriesincludedin the annual

layer counting. As describedin Section7.2, the [NO �

� ] andthe stableisotopes

oftende�ne thelower limit on thenumberof certainannuallayers,andaswill be

presentedlaterin thissection,detailedcomparisonwith theNGRIPcoresupports

what the spectralanalysisof the
�

D and
�

���

O seriesindicated,namely, that the

stableisotopesseriesarenot ableto resolve all annuallayerswithin sectionsof
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low accumulationin Allerùd andOlderDryas. This is alsosupportedby thefact

that shouldersareseenon �anks of
�

-peakswhereotherparametershave peaks

(or clearshoulders).

Ontheotherhand,thedatingperformedby usingdustconcentrationsonly without

supportfrom otherparametersmay have overestimatedthe numberof years,by

assigningtwo annualmarksto “doublepeaks”thatonly representoneyear. Also

the observed variability in seasonalitywithin the Allerùd section,suggeststhat

multipledataseriesarenecessarywheninterpretingthepeaksin thedustpro�le.

Comparedwith themodelledtimescaless09seait is seenthattheannuallayer

thicknessfrom themulti-parameterdatingcorrespondswell with themodelledre-

sultsthroughmostof theBùlling periodandin theYoungerDryassection.How-

ever, in the YoungerDryas sectionthe decreasingtrend in the modelledlayer

thicknesswith depthis not supportedby the observed � values.Comparisonof

the annuallayer thicknessin the NGRIP coreby Rasmussenet al., [Submitted]

with the ss09seatimescalefor the NGRIP coreshows that the decreasingtrend

in � is seenin both modelledand observed results. This indicatesthat an an-

nual layer thicknessof 3 cm might be the lower limit of what the GRIP data

from theYoungerDryassectioncanresolve. Furtherwork on extendingthede-

tailed matchingof [NH
�

� ] pro�les from the GRIP andthe NGRIP core through

theYoungerDryaswill hopefullyshedlight onthis. TheOlderDryasandAllerùd

durationsfrom the multi-parameterapproachare � 21% and � 17% shorter, re-

spectively, comparedto the modelledestimates.The highestdiscrepanciesare

found in the cold spells(with correspondinglow accumulation).This featureis

also seenwhen comparingwith the NGRIP timescaleGICCO5. In panelb of

Figure7.3theGRIP/NGRIPratioof thedurationof correspondingdepthintervals

is graphicallydisplayedthroughthewholeBùlling-Allerùd interval. In this plot

characteristic�x pointsat intervalsof � 1-3 metershavebeenselectedin orderto

comparethenumberof annuallayersin correspondingsectionsin thetwo cores.

Thedottedhorizontalline representsa ratio of 1. Thecolouredareasareinserted

to mark the depthintervals of the high resolutionstableisotopeseriesthat have
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Figure7.3: (a)Annuallayerthickness� in Bùlling-AllerùdandYoungerDryas

in theGRIPice corederivedfrom annuallayercountingin this work (blue,2

m averages)andfrom theagemodelss09sea(red,4 bagaverages)[Johnsenet

al., 2001,Johnsen,Pers.comm.]. (b) Ratioof thedurationin theGRIPcore

(thiswork) to thedurationin theNGRIPcore(GICC05timescale,Rasmussen

et al. [Submitted])of correspondingdepthintervals. Matchingthe depthof

the two coreshasbeendoneby using[NH �

� ] pro®lesasdescribedin Section

7.5. In this plot selectedmatchingpointshavebeenusedto calculatetheratio

of thedurationfrom one®x pointsto theother. Thedottedline representsan

equalamountof observedannuallayersin thetwo cores.Light redareas=
�

D

interval I, II andIII. Light blueareas=
�����

O interval I andII (thelatter is the

thin blueareawithin
�

D Interval III).
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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 Ice layercount� 580� 29 80� 4 1120� 56 1240� 62

Table7.3: Estimatesof thedurationof Bùlling (B), OlderDryas(OD),Allerùd

(A) andYoungerDryas(YD) from deepice coresfrom Greenland.Thedura-

tion estimatesbasedonthess09seatimescalearecalculatedby usingthedepth

intervalsasde®nedin thiswork (left partof Table7.1).Thisis alsothecasefor

thedurationestimatesfrom theNGRIPstratigraphicaldating,wheretheGRIP

andNGRIPdepthsarematchedasdescribedin Section7.4.Thedurationesti-

matesbasedondustcountingsin theGRIPcorearegivenwith thedepthsspec-

i®edby Hammeretal. [1997](right columnof Table7.1).A roughcomparison

of theresultsfrom themulti-parameterapproachandthedustcountingscanbe

doneby comparingthesumof thedurationof Allerùd andOlderDryasesti-

matedfrom multi-parameterapproachwith the Allerùd durationfrom Ham-

meret al. [1997]. Theresultsfrom theGISP2datingsaregivenasreportedin

[Stuiver et al., 1995]. Comparisonof the
�����

O pro®lesfrom GRIP [Johnsen

etal.,1997]andGISP2[Stuiveretal.,1995;TheGreenlandSummitIceCores

CD-ROM, 1997]shows thatany deviation of thede®nitionsof theonsetsand

terminationsof theperiodsis not of signi®cancecomparedto theuncertainty

in thedating. Theuncertaintyon thestratigraphicaldatingof theGISP2core

at this depthis 5% [Alley et al., 1993]. 
 Hammeret al. [1997]; Hammer[In

press],
�

Johnsenet al. [2001], 	 Stuiver et al. [1995]; Meeseet al. [1997]; Al-

ley et al. [1997], � Rasmussenet al. [Submitted];RÈothlisbergeret al. [2000];

Bigler [2004].

beenincludedin the annuallayercountingin theGRIP core. Table7.4 lists the

numberof observed 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 NGRIPcoreis closeto 1 in Bùlling, while it is lessthan0.8

in Older Dryasandin the cold spell at the endof Allerùd. The ratio reachesits

minimumof � 0.6at thetransitionfrom OldestDryasto Bùlling.

According to datafrom Dahl-Jensenet al. [1993] the meanaccumulationrate

(basedon
� ���

O measuredin the ice) at GRIP in Bùlling was0.23� 0.02myr
�

�

,

while it was0.15� 0.02myr
�

�

in OlderDryasand0.18� 0.02myr
�

�

in Allerùd.

As 0.20myr
�

�

is consideredto betheminimumaccumulationrateunderpresent

dayconditionsfor theannualcycle in stableisotopepro�les to survive �rni�ca-

tion [Johnsen,1977], it is not surprisingthat the stableisotopesections(
�

D II,
�

D III Bùlling part and
� ���

O II) within the Bùlling interval successfullyseem

to resolve all or mostannuallayers. The lower modelledaccumulationratesfor

Older DryasandAllerùd could explain why the numberof annuallayerswithin

the stableisotopesections(
�

���

O I and
�

D I) from thesetwo climateperiodsis

lessthanin the correspondingNGRIP sections.Onecould speculatewhetherit

would bepossibleto retrieve theapparentlylost layersin the isotopepro�les by

cuttingice samplesof higherresolutionthanthe1 cm resolutionwhich hasbeen

donein this project. The spectralanalysisof the
� ���

O and
�

D intervalsandthe

comparisonwith seasonalcyclesobservedin thechemicalparametersduringthe

datingprocessshow thatthereis power left in theannualsignalin bothof thesta-

ble isotopeseries.However, someyearsof low accumulation(correspondingto

high frequency) maynot berevealedby thedeconvolution, asthey arehiddenin

thenoiseandtherebyruledoutby thecut-off frequency. With acut-off frequency

of � 20 cyclesm
�

�

, annuallayerswith a thicknesslessthan � 5 cm will not be

resolved. It is interestingthat it is possibleto detectthe annualamplitudeat all

within the stableisotopeseriesfrom Older DryasandAllerùd. This caneither

be explainedby higheraccumulationratesthanthosederived from
�

���

O, or by

lower temperaturescomparedto present,becausetheweakeningof theamplitude

is highly temperaturedependent.
�

���

O derivedpaleotemperatures[Johnsenet al.,

1995] from theGRIP ice coreshows that it wasonly 1 � C colderduringBùlling

comparedto today, while it was5-12 � C colderduringOlderDryasandAllerùd.



72 CHAPTER7. ANNUAL LAYER COUNTING

Interval Duration [yr] Ratioof duration

GRIP NGRIP GRIP/NGRIP
� ���

O I 251� 6 276� 10 0.91� 0.04
� ���

O II 18� 0 20� 0 0.90� 0
�

D I 103� 5 128� 2 0.80� 0.05
�

D II 99� 1 100� 3 0.99� 0.03
�

D III 181� 3 209� 6 0.87� 0.03
�

D III Bùlling part 149� 2 155� 5 0.96� 0.03
�

D III OldestDryaspart 33� 1 55� 1 0.60� 0.03

Table7.4: A comparisonof observedannuallayerswithin thehigh resolution

stableisotopesectionsin the GRIP core (this work) and the corresponding

depthintervals in theNGRIP core(GICC05,Rasmussenet al. [Submitted]).

Theinterval
�

D III spansthetheterminationof OldestDryasandthebeginning

of Bùlling. Thetwo bottomrowsdisplaytheBùlling partandtheOldestDryas

part, respectively. It shouldbe mentionedthat thematchingof the two cores

aroundthe interval
�

���

O II is uncertain.Thetwo yeardifferencebetweenthe

GRIP datingandthe NGRIP datingof this sectionmay arisefrom uncertain

matching.

The estimateof the durationof Bùlling agreeswell with the numberof years

foundby annuallayer countingof the GISP2ice core[Alley et al., 1993,1997;

Stuiver et al., 1995;Meeseet al., 1997]. Theestimateddurationsof OlderDryas

andAllerùd are � 13%shorterthanthosefrom theGISP2layercounting,andthe

YoungerDryasestimateis 7% shorter.

To summarise,thedurationestimatesof theBùlling andYoungerDryasperi-

odsfrom themulti-parameterlayercountingin theGRIPicecoreagreewell with

thenew NGRIPstratigraphicaldatingandpreviousestimatesfrom theGRIPcore,

while theestimatesof OlderDryasandAllerùd aresigni�cantly shortercompared

to theotherdatingsasseenin Table7.3. Theremight beseveralexplanationsto
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why the durationsof the Older DryasandAllerùd sectionsseemto be underes-

timated. Oneexplanationis that theappliedcountingmethodandtheresolution

of the dataseriesweredifferentfor the YoungerDryassectionandthe Bùlling-

Allerùd section.Within theBùlling-Allerùd sectiontheannuallayercountingwas

�rst performedin theintervalswherethestableisotopesdataareavailable,based

on theassumptionthatthestableisotopeswouldgivea representativeestimateof

thenumberof annuallayers.Theexperiencefrom thecountingof thesesections

wasusedwhile countingtheremainingpartsof theBùlling-Allerùd. Wheninter-

pretingthecyclesin thedifferentdataseries,ahighdegreeof agreementbetween

the differentserieswasrequiredto de�ne a certainannuallayer. This condition

impliesthattheresultis highly dependenton theresolutionof thedataserieswith

thelowestresolutionandtheinternalconsistency of thedataseries.Furthermore,

theobservedvariability in theseasonalitypatternin theAllerùd sectionmayhave

madethe interpretationof the cyclesin the differentdataseriesmoreuncertain,

comparedto themoreclimatic stableYoungerDryasandBùlling periods.Com-

parisonof correspondingsectionsin the GRIP andthe NGRIP coresin panelb

of Figure7.3 andTable7.4 suggeststhat this countingapproachfails to resolve

all annuallayerswithin sectionsof low accumulation.Initial comparisonwith the

NGRIPrecordon annualscale,alsobasedon the[NH
�

� ] matching,indicatesthat

many of the uncertainannuallayersin the GRIP multi-parameterdatingshould

be interpretedascertainannuallayers,if the two timescalesshouldbe madeto

match.Furtherwork on thecomparisonwith theNGRIPtimescalewill hopefully

givevaluableinformationfor theinterpretationof bothrecords.

By includingdataserieswith theoriginalsamplingresolutionof 1 and2 mmin

theYoungerDryassection,insteadof there-sampled1 cm resolutionsseries,the

interpretationof theseasonalcycleshasapparentlybecomemorecertain.Further-

more,the appliedcountingmethodwaslessrestrictive comparedto the method

usedin the Bùlling-Allerùd interval, i.e. someof the featuresthat would have

beende�ned asuncertainannuallayersaccordingto thecountingmethodapplied

within the Bùlling-Allerùd sectionwerede�ned ascertainannuallayerswithin



74 CHAPTER7. ANNUAL LAYER COUNTING

theYoungerDryassection.Eventhoughtheannuallayerthicknessis signi�cantly

lower within theYoungerDryassectioncomparedto the restof the investigated

interval, the resolutionof theuseddataseries,theappliedcountingmethod,and

also the relatively stableclimateconditionshave madethe interpretationof the

dataserieseasierandmorecertain.



8 Conclusion

In this studyhigh resolutionseriesof
�

D have beenmeasuredin threedepthin-

tervalswithin theBùlling-Allerùd periodin theGRIP ice core. Thesethreesec-

tionsandtwo high resolutionseriesof previously measured
� ���

O datahave been

correctedfor diffusion in the �rn andice by applyingdeconvolution techniques.

Thedeconvolutedisotopepro�les havebeenusedfor annuallayercountingin the

Bùlling-Allerùd period. Seasonalcycleshave beenidenti�ed andcountedusing

isotopedataandpreviously publishedpro�les of ECM, [Ca�

�

], [NH
�

� ], [NO �

� ]

anddustconcentration,existing for thewholeinterval. A multi-parameterdating

hasalsobeenperformedin theYoungerDryassection,by countingannuallayers

observedin seriesof dustandion concentrationsandECM from theGRIPcore.

A detailedmatchingof theGRIPandtheNGRIPrecordshasbeenperformedby

matchingsimilar patternsin the ECM andthe [NH
�

� ] pro�les of the two cores,

makinga comparisonwith the new NGRIP stratigraphicaltime scale(GICC05)

possible.

The new high resolutionisotopedatapresentedin this study shows that it

is possibleto usestableisotopesfor stratigraphicaldating of glacial ice from

Bùlling-Allerùd (GreenlandInterstadial1). The annualcycle is seenin MEM

power spectraandthecyclesof thestableisotopescomparewell with theannual

cyclesin thechemicaldataseriesandtheseasonalvariationsin thedustconcen-

trations. It is, however, necessaryto deconvolute the measuredisotopepro�les

to reconstructthe initial isotopesignals.Themaximumresolutionof thedecon-

volutedstableisotopedatafrom Bùlling-Allerùd is � 5 cm, so annuallayersof
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lessthicknesswill notberesolvedby thesedata.This impliesthatsomeyearsare

lostin colderperiodshaving loweraccumulationrates,especiallywithin theOlder

DryasandtheAllerùd periods.This studyalsocon�rms the�ndings of Johnsen

et al. [2001] thatthedampeningof theannualcycle's amplitude,dueto diffusion

in the�rn andice, is strongerfor
� ���

O thanfor
�

D. Thissuggeststhat
�

D is better

suitedfor datingthan
�����

O whenworking on ice wherethe annualsignalin the

datais weak.

Thattheamplitudesof theannualsignalin the
�

D and
� ���

O pro�les aredetectable,

suggeststhattheannualaccumulationrateduringtheBùlling-Allerùd periodwas

not muchbelow 0.20m iceperyear. With a loweraccumulationrate,it would be

lesslikely that the annualsignalwould have survived the diffusion processesin

the�rn andice [Johnsen,1977].

Theestimateddurationsof theBùlling (GI 1e),OlderDryas(GI 1d),Allerùd

(GI 1abc)andthe YoungerDryas (GS 1) periodsbasedon the multi-parameter

layer countingin the GRIP ice coreare588� 16, 70� 4, 971� 31 and1150� 44

years,respectively. Theuncertaintiesre�ect thedif�culty of theinterpretationof

theavailabledataanddonot take into accountany biasin thedating,or imperfec-

tionsof theannuallayer sequenceitself. The estimatesshouldbeconsideredas

lower limits for theseclimateperiods,assomeyearsmaynot have beenresolved

by the datain colderperiodswith lower accumulation,especiallywithin Older

DryasandAllerùd.

This studyunderlinesthe importanceof having high resolutiondatawhenper-

forming stratigraphicaldatingof ice cores,andhaving a variety of independent

parametersshowing seasonalvariations.

8.0.1 Outlook

Thesuccessfulmatchingof theGRIPandNGRIPrecordsin theBùlling-Allerùd

sectionwasusedin this studyto comparethenumberof observedannuallayers

in correspondingdepthsectionsof the two cores. Initial investigationindicates



77

that the matchingof the two corescanbe extendedthroughthe YoungerDryas

section. Furthermore,initial investigationof the Bùlling-Allerùd sectionshows

that it is possibleto make a year-to-yearcomparisonof thepresenteddatingwith

theNGRIPannuallayercounting.Furtherwork shouldestablishwhetherthetwo

timescalescan be tied togetheracrossthe Bùlling-Allerùd and YoungerDryas

periods. Hopefully, the detailedcomparisonwill alsoreducethe uncertaintyon

thedating.
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Abstract

A new datingof the Bùlling-Allerùd period (GreenlandInterstadialevent 1) in

theGRIPice coreis presented.Newly measuredpro�les of
�

D and
�

���

O, aswell

asexisting pro�les of Ca�

�

, NH
�

� , dustandNO �

� have beenusedfor thedating.

As seasonalvariationscanbe observed in all six components,it waspossibleto

simultaneouslycountannuallayersin the pro�les in orderto obtaina multi pa-

rameterdating.Thenew datapresentedin thisstudyincludesatotalof 36.85m of

stableisotopepro�les of 1 cm resolutionfrom 5 sectionsof theBùlling-Allerùd

periodin theGRIPicecore.Theannuallayercountingsuggestsadurationof the

completeBùlling-Allerùd period,asrevealedin theGRIP ice core,of 1627� 52

years. This estimatecontrastsan earlier �nding from the sameGRIP ice core,
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whereBùlling-Allerùd wasfoundto span2168years(Hammerandothers,1997;

Hammer, in press).This estimatewasbasedon layer counting,usingdustcon-

centrationsonly.

Intr oduction

The3028m longGRIP(GReenlandIceCoreProject)icecorewasdrilled in 1989-

1992atSummit(72 � 34'N 37 � 37'W) in Greenland(GRIPmembers,1993).The

Bùlling-Allerùd period (GreenlandInterstadial1) is found more than half way

down throughtheice sheet,at adepthof � 1700m, wheretheannuallayerthick-

nessis about4-6cm.

TheGRIPice coreconstitutesa continuousarchive of snow andice,which gives

informationof pastclimatein Greenlandbackto � 120000yearsBP. Precisedat-

ing of the ice core is essentialto gain knowledgeof climatevariability through

time. The stratigraphicaldatingof the GRIP ice core is basedon annuallayer

countingusing
�

���

O, Ca�

�

andNH
�

� pro�les backto the transitionbetweenthe

lastglacialperiodandtheHolocene(Fuhrerandothers,1993,1996;Johnsenand

others,1999). For older ice, countinghasbeenperformedon seasonalvariations

of dustconcentrationsbackto 60000yearsBP(Hammerandothers,1997;Ham-

mer, in press;TheGreenlandSummitIceCoresCD-ROM, 1997).Modelledtime

scalesareavailabledown to theEemian(Johnsenandothers,2001).

The annualcountingof dustconcentrationshasgivenestimateddurationsof

theBùlling andAllerùd of 1432and736years,respectively (Hammerandothers,

1997; Hammer, in press).As dust is broughtto Greenlandby storms,peaksin

dustare,however, likely to representdepositionalevents,ratherthanannuality.

Due to this, dustmayshow “doublepeaks”within oneyear. Whenhaving only

thisparameterfor dating,thereis thereforearisk of overestimatingthenumberof

years.Motivatedby thisfact,thisstudywassetupto includeasmany independent

parametersaspossiblein thedating,all measuredin high-resolutionandshowing
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seasonalvariations.TheseparametersincludeCa�

�

andNH
�

� (Fuhrerandothers,

1993,1996),dustandNO �

� (Hammerandothers,1997;Hammer, in press)exist-

ing for thewholeperiodof investigation,andnew sectionsof
�

D and
� ���

O. The

main focushasbeenon thestableisotopepro�les, asthey areknown to beideal

tools for datingice coresunderfavourableconditions. They show a strongsea-

sonalcycle, with high valuesduringsummertimesandlow valuesduringwinter

times.However, diffusionof isotopesin the�rn andice leadsto a smoothediso-

topepro�le astime goesby (Johnsen,1977;Johnsenandothers,2000). Hereby

thevulnerableannualcycle is weakenedat greaterdepths.Thediffusionprocess

in the �rn is dependenton temperatureandannualaccumulationrates. For the

annualcycleto survivethedensi�cationprocessin Greenlandtheannualaccumu-

lation ratehasto begreaterthan � 0.2m ice peryear(Johnsen,1977).At present

at theGRIPsite, theaccumulationrateis � 0.23m ice peryearandtheaverage

annualtemperatureis -32 �

�

(Johnsenandothers,1992).

Until now, stableisotopeshave not beenusedasa datingtool within theglacial

period,partlybecauseof low accumulationduringglacialtimes,whichspeedsup

thesmoothingof theisotopepro�le, andpartly becauseof thethin annuallayers,

which requirea high samplingrate.TheinterstadialBùlling-Allerùd wascharac-

terizedby a relatively warmerclimateanda higheraccumulationratecompared

to the restof the glacial period(Johnsenandothers,1995),which is promising

for retainingtheannualcycle. Thehopeis that this studywill enlightenwhether

it is feasibleto usestableisotopesfor datingpurposeswithin theBùlling-Allerùd

interstadial.

New datapresentedin this studyis high-resolution(1 cm)
�

D and
�

���

O pro-

�les, from sectionsof theBùlling-Allerùd interstadialin theGRIP ice core. The

stableisotopeseriesaresampledfrom a depthof � 1700m. Thereare3 intervals

of detailed
�

D, coveringa total of 22 m of ice, and2 intervalsof
�

���

O, covering

14.85m of ice (Table1, Figure1). Thestableisotopepro�les have beendecon-

voluted to correctfor diffusion in the �rn and ice. The aim of this study is to

investigateif it is possibleto retrieve the annualsignal in the isotopedatafrom
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this depthof theGRIPcoreand,if so,to estimatethedurationof the interstadial

Bùlling-Allerùd,by countingannualcyclesin thesenew datatogetherwith annual

cyclesseenin availablehigh-resolutionseriesof Ca�

�

, NH
�

� , NO �

� anddust.
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Fig.1.
�

���

O-pro�les on a modelled time scale (ss09sea),where BP=1990

(Johnsenandothers, 2001). (a) 50 year averagesof
� ���

O. Bølling-Allerød(BA,

light grey band)is thelast interstadial(GI event1) beforethecoldYounger Dryas

(YD) and the subsequentwarming in the Pre-Boreal of Holocene. (b) Zoomof

theinterval which is subjectedto investigation(colouredarea),20 yearaverages

of
�

���

O. The three dark grey bandsindicate the intervals, where ice has been

sampledand analysedfor
�

D in high resolutionto retrieve annual layers and

improve the dating of the climateperiod. Thetwo mediumdark areasshowthe

intervalswhere detailed
�

���

O hasbeenincludedin the dating. Pleasenotethat

thedeepest
� ���

O-seriesoverlapsa 1.1 m sectionof thedeepest
�

D-interval. See

Table1 for thedepthintervalsof thestableisotopessections.OD = OlderDryas.
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Data

A total of 2200ice sampleswerecut for
�

D measurements.The ice, which has

beenstoredat -26 �

�

, wascut in 1 cmpiecesalongtheicecore,eachsamplecon-

stituting a total volumeof � 2 cm
�

. The relative abundanceof thestablehydro-

genisotopes( � H and
�

H) wasmeasuredon a Micromass(now GV Instruments)

continuous-�ow IsotopeRatioMassSpectrometer(CF-IRMS)(Morrisonandoth-

ers,2001)con�guredfor a chromiumreductiontechnique,using0.3-0.5� litre of

eachmeltedsample.Theisotopicratioshavebeencorrectedfor theproductionof
�

H �

� -ionsandtheraw
�

D values(expressedrelativeto thereferencegas)havebeen

correctedfor possibledrift throughtherun andfor a minor inter samplememory

effect. As a last step,the valueshave beenexpressedrelative to VSMOW and

normalisedto the VSMOW-SLAP scale(Coplen,1988; IUPAC, 1994; Nelson,

2000).Theaveragenormalisationconstantwas1.017.

The
�

���

O sampleswerecut in 1 cmpiecesandthevolumeof eachsamplecon-

stitutedat minimum3 cm
�

. The
�

���

O measurementswereperformedon a mass

spectrometerwhichappliesanequilibriummethod,wherethemeltedicesamples

areequilibratedwith CO
�

-gasundervibrations.Thesampleswerekeptin equilib-

rium with CO
�

-gasfor 6 hoursbeforethegaswassubjectedto isotopicanalysis.

Theratioof mass46and44 is ameasureof theO
���

/O
���

ratio in thesample.A to-

tal of 1485samplesweremeasured.T. EbbensgaardStrùmfeldt,T. Jürgensenand

A. Boasdid thesamplingandthemeasurementsof the
� ���

O dataat theUniversity

of Copenhagen,Denmark.

To beableto usetheannualsignalin theisotopeseriesfor dating,adeconvo-

lution technique(Figure3 and4) hasbeenusedto enhancetheannualamplitude,

whichhasbeenweakenedthroughdiffusionprocessesin the�rn andice(Johnsen,

1977;Johnsenandothers2000).Thediffusionprocesscanbemathematicallyde-

scribedas convolving the initial (unknown) isotopepro�le with a symmetrical

Gaussianclock of the form ��
��

�

�

�




�

	
� � ��� � � , wherethe diffusion length � re-

�ects thedegreeof smoothingand � is depth.Thediffusionlengthrepresentsthe
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meanverticalmovementof thewatermoleculesandthis parameteris dependent

onthedepth,accumulationrateandtemperature.Theinitial isotopepro�le canbe

reconstructedby performingtheinverseprocess(deconvolution)on themeasured

isotopepro�les. MEM (MaximumEntropy Method)analysisis usedfor calculat-

ing thepowerspectraof theseriesfor estimatingthe � to beused(Figure5, Table

2)

Themeasurementsof theion concentrationsof Ca�

�

andNH
�

� wereperformed

by Fuhrerandothers(1993,1996)by a continuousmelting andcontinuous�o w

set-up.Thetechnicalresolutionof theNH
�

� andCa�

�

pro�les is 2 mm,while the

effective resolutionis 3-4 cm. Two methodshave beenappliedto the raw Ca�

�

datato extractasmuchinformationaspossiblefrom thesedata.Onesethasbeen

deconvolutedto accountfor mixing in the apparatusduringmeasurements.An-

othervariantof theCa�

�

datahasalsobeencreated,by high-pass�ltering. The

long termtrendsareremoved,so that thehigh-frequency oscillations,which are

of interestfor annualcounting,areenhanced.

ThedustandNO �

� concentrationsweremeasuredby Hammerandothers(1997)

in 1-10mm resolutionon meltedice. Theeffective resolutionof thedatais con-

sideredto be of 1-4 cm. The dust concentrationswere measuredby laserand

calibratedby aCoulterCounter.

Method

Thedatingof Bùlling-Allerùd is performedby countingannualcyclesin decon-

voluted
�

D, deconvoluted
�����

O, NH
�

� , Ca�

�

(raw, deconvoluted and high-pass

�ltered), dustandNO �

� (Table1, Figure2). As seenin Table1 andFigure1, the

stableisotopedatacover lessthanhalf of the whole interval. The multi param-

etercountingis donemanuallywith all theparameterspresentat onetime. One

“master”seriesof yearsis establishedfrom acommoninterpretationof thecycles

seenin all thedifferentseries.In Figure2 this masterseriescanbeseenasdots
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on theNH
�

� pro�le. A “certainyear” is statedasanannualcyclewhich is clearly

seenin all (or most)of theparameters.A certainyearis symbolisedwith a black

dot. However, sometimesthecyclesmaybehardto interpret,e.g. thatoneseries

indicatesa yearwhereanotherseriesdoesnot,or thata possibleyearis seenasa

shoulderon a �ank of a peak.Theseambiguitiesleadto “uncertainyears”(open

dots).Thebestestimateis takenasthecertainyears+ half of theuncertainyears.

The uncertaintyis taken ashalf of the uncertainyears.This uncertaintyre�ects

thedegreeof dif�culty in interpretingtheavailabledata,but doesnot re�ect the

“true” uncertainty, astheremight bea biasin thedating,e.g. if thedatadoesnot

resolveall theyears.

The countingwas �rst performedon the sectionswhereall the datawhere

available (i.e. in the intervals wherethe stableisotopeshave beenmeasured),

aiming at �nding an overall agreementbetweenthe series. Thereafter, the rest

of theBùlling-Allerùd periodwascounted,usingtheexperiencethatwasgained

from intervalscontainingstableisotopepro�les.

Thede�nition of theonsetof Bùlling (GI 1e)andthe terminationof Allerùd

(GI 1abc)arebasedon sharpshiftsseenin thedeuteriumexcesspro�le (T. Popp,

pers.comm.) in theNorthGRIPice core(Dahl-Jensenandothers,2002). These

dephtsaretransferredto GRIP-depthby matchingpro�les of ECM, DEP, Ca�

�

,

NH
�

� (and
�

���

O) from thetwo icecores(Taylorandothers,1993;Fuhrerandoth-

ers,1993,1996;Johnsenandothers,1997;Dahl-Jensenandothers2002;Röthlis-

berger andothers,2000;Bigler, 2004;NGRIP members,2004). Deuteriumex-

cess,which re�ects the conditionsin the sourceareafor the moisture(Merlivat

andJouzel,1979;Johnsenandothers,1989),is characterisedby abruptshiftsat

transitionsfrom oneclimateperiodto another. Hence,thisparameteris usefulfor

de�ning theonsetandterminationsof theclimateperiods.Thedeuteriumexcess

is not availablefrom thedepthof interestin theGRIPcore.Thede�nition of the

transitionbetweenBùlling andOlderDryasandthe transitionfrom OlderDryas

(GI 1d) to Allerùd arede�ned by using
�

D and
�

���

O in the GRIP ice core. See
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Data Depth L � x D/H BA

m m m
� ���

O I 1689.61- 1703.35 13.75 0.01 D Mid A
� ���

O II 1749.01- 1750.10 1.10 0.01 D StartB
�

D I 1714.35- 1719.85 5.50 0.01 D OD
�

D II 1729.20- 1735.25 6.05 0.01 D Mid B
�

D III 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;Hammer, in press.
�

Fuhrerandothers,1993,1996.

Table1. Thetabledisplaysthedepthintervalsof thedatafromtheGRIPicecore

usedfor annualcountingof Bølling-Allerød. Thelengthof each data interval is

shownin thecolumnmarkedL, while � x is thesampleintervalof thedataseries.

Data that havebeendeconvolutedor high-pass�lter edare markedwith D or H.

ThecolumnBA indicateswhich part of Bølling (B), OlderDryas(OD) or Allerød

(A) theseriescover. Thedepths1753.3m and1662.4m are takenastheonsetof

Bølling andtheterminationof Allerød,respectively. Thedepthinterval of Older

Dryasis de�nedto be1715.0- 1718.6m. Seetext for explanation.

Table1 for thesedepths.Thedepthsof theonsetof Bùlling andthe termination

of Allerùd differ slightly from thosede�ned in (Johnsenandothers,1992),which

werebasedon ECM andfrom thosede�ned by Hammer(in press)andHammer

andothers(1997),however, thedepthsof OlderDryaswerenot statedin any of

thosepapers.
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Fig.2. Multi parameterdating. Counting of annual layers is performedon

deconvoluted
�

D (or
�

���

O), dust,NO
�

� , Ca
�

�

(high-pass,deconvolutedandraw)

andNH
�

� . Black dotsrepresentcertainannuallayers,whereasopendotsindicate

uncertainannuallayers. All theseriesare giventhesameamountof dots,based

on a commoninterpretationof the cyclesin the different parameters. Thedots

on the NH
�

� pro�le constitutethe “master” series. Regarding the Ca
�

�

series,

the dots are put on the deconvolutedand high-pass�lter ed data only, but the

interpretationis basedon all the threeCa�

�

variants. Theunitson thedustand

NO
�

� pro�les arearbitrary.

Results

Figure3 and4 show all the intervals of the new high-resolutionstableisotope

datafrom Bùlling-Allerùd in theGRIP ice core. The
�

-valuesarerelative to the

VSMOW-SLAP scale.In Figure3 theraw anddeconvoluteddataareplottedto-

gether. The intervals are labelled
�

D Interval I,
�

D Interval II and
�

D Interval

III,
�

���

O Interval I and
�

���

O Interval II, accordingto Table1. Thestableisotope

pro�les covera total depthof 36.85m,of which 1.1mis anoverlapbetween
�

���

O
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Interval II anda part of
�

D Interval III. This overlappingsectionis displayedin

Figure4, wheretheraw dataareplottedin theupperpanelandthedeconvoluted

dataareshown in the lower panel.Theoverlapping
�

D and
� ���

O seriesarefrom

two differentcuttingsof theice andthey weremeasuredseparately.

Figure5 displaysthe MEM power spectrafor
� ���

O Interval II andfor the sec-

tion of
�

D Interval III thatoverlapswith the
�����

O data.Thespectraldensitiesof

the
� ���

O pro�le havebeenmultipliedwith 64to facilitatethecomparisonwith the

spectraldensitiesof the
�

D section.Thepowerspectraof theraw data(thick lines)

show how theamplitudesof high frequencieshave beendiminishedby thediffu-

sionin the�rn andice. Thespectraldensitiesin thehigh frequency domainhave

beenlowered,so that they areindistinguishablefrom thenearly�at level (white

noise)thatrepresentsthemeasuringerror(seeTable2). Thearrow indicateswhat

is consideredasthe annualpeaksin the power spectra.Both of the spectrafor

the raw datarevealan annualpeakaround14-19cyclesper meter, which corre-

spondsto a layer thicknessof 5-7 cm. It is noticedthat the annualpeakis not

verypronouncedandthatit is situatedcloseto thenoiselevel andthereforeclose

to thecut-off frequency. By comparingthespectraof the raw
�

D and
�

���

O in a

bandaroundtheannualpeak,it is observedthatthepowerof
�

D is higherthanfor
�

���

O, relative to that at lower frequencies.This meansthat the annualsignalof

the
�

D hasexperiencedlessdampingcomparedto theannualsignalin the
�

���

O.

Thethin linesin Figure5 arethepowerspectraof theback-diffusedseries.These

spectrashow how all thefrequenciesbelow acertainlimit (determinedby thecut-

off frequency) areampli�ed to correctfor the diffusion. The power densityof

theannualcycle,which is of interestfor dating,hasbeenincreased.Table2 lists

speci�cationsonparametersthathavebeenusedin theMEM spectralanalysisand

deconvolution of the stableisotopedata. The diffusion length � andthe cut-off

frequency � �
	�� areusedfor theinversetransferfunction ��
��

�

�




�

	

�

�
	

� ��� , where
�

� �
	
	

� is thewavenumber. Thechoiceof cut-off frequency is abestcompro-

misebetweenexcludingthenoiseat higherfrequenciesandincludingtheannual

peak. A � � 	 � of � 20 cyclesm
�

�

seemsto ful�l theseconditionsfor the stable

isotopepro�les in Bùlling-Allerùd. This meansthatback-diffuseddataarecapa-
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Fig.3. Intervals of high-resolutionisotopepro�les from Bølling-Allerød in the

GRIP ice core. Thick lines = measured data. Thin lines = deconvoluteddata

where the initial isotopepro�le has beenreconstructed(back-diffusion). The

reconstructedannualsignal is usedfor datingby countingsummerpeaksof high

isotopevalues. Pleasenote that the depthscaleson the panelsare different.

All
�

-valuesare relative to the VSMOW-SLAPscale. (a,b)
�

���

O Interval I, (c)
�

D Interval I, (d)
�

D Interval II and (e,f)
�

D Interval III. SeeFigure 4 for
�

���

O

Interval II.

ble of resolvingannuallayersof a thickness
�

5 cm. The power spectrashown

in Figure5 aretypical for all theisotopeintervals,althoughtheannualpeakgets
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Fig.4.
�

D and
�

���

O in theoverlappingsectionin earlyBølling. (a) Rawdata. (b)

Back-diffuseddata. Thick lines=
�

D froma part of
�

D Interval III. Thin lines=
�

���

O Interval II. The
�

���

O-valuesare multiplied by 8. There is goodagreement

betweenthe two different isotopepro�les, which were measured separately on

differentcuttingsof theice.

moreblurredout for thelongerintervalssuchas
�

���

O Interval I in Allerùd, where

thevariability in the layer thicknessis likely to behigher, dueto thepresenceof

moreclimatic shifts.

Onesetof the Ca�

�

datawasdeconvolutedto correctfor mixing in the appa-
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Fig.5. MEM spectral densitiesfor
�

���

O Interval II (dottedlines)anda part of
�

D

Interval III (solid lines)in theoverlappingsectionin earlyBølling (seeFigure4).

Thick lines= Rawdata.Thin lines= Back-diffuseddata.Autoregressiveorder �

is 20, � � 	 � is 19 and � is 0.0185m (
�

D) and 0.021m (
�

���

O). Theannualpeak

is seenaround14-19cyclesper meter, which equalsan annual layer thickness

of 5-7 cm. The spectral densitiesof
�����

O are multiplied with 64 to make the

comparisonwith the spectral densitiesof
�

D easier. For wavenumbers around

theannualpeakthedampingis smallerfor
�

D thanfor
�

���

O.

ratus. The transferfunctionwas � 
��

�

�




�

	
� � , where � is frequency. Thecut-off

frequency was30 cyclesm
�

�

, thusthe dataareableto resolve yearsof a thick-

nessdown to 3.3cm. It shouldbementionedthatthedeconvolutioncorrectsonly

the amplitudesof the cycles,not their relative phases.Anothersetof Ca�

�

was

�ltered throughasmoothGaussianhigh-pass�lter .

Whenlooking at theseasonalcyclesin all theparameters(anexampleis seen

in Figure2) it is seenthat thereis anoverall agreementbetweentheparameters.
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Interval � m f � 	 � Meas.error

m m
�

�

�

�

� �

�

D I 0.021 30 20 0.9
�

D II 0.0215 30 19 0.75
�

D III 0.0185 30 21 0.55
� ���

O I 0.023 40 19 0.1
� ���

O II 0.021 20 19 0.085

Table 2. Parameters usedin MEM spectral analysis. � is diffusion length in

meter, � is autoregressiveorder and ���
	�� is the maximumfrequencywhich

is allowed in the back-diffusion. The measuringerror is the accuracy of the

reported
�

D and
�

���

O values.The�lter lengthwas100points.Themeanof each

of thedataseriesis preservedduring thedeconvolutionprocess.

���
�

� is the parameterthat is the mostdeviating, generallyshowing lesscycles

thantheotherparameters.However, in periods���
�

� agreeswell with theother

parameters.Thedustpro�le oftenhavemorepeaksthantheotherparameters.Un-

derpresentdayconditionsNH
�

� andNO �

� have maximaduringsummerlike
�

D

and
�

���

O, while dustandCa�

�

normallypeakduringspring.This is alsothemain

featureduringBùlling-Allerùd, thoughthereareperiodswherethisis notthecase.

Theparametersareoftenoutof theirusualphasing,especiallyin Allerùd. Hence,

theseasonalitypatternseemsto havehadahighervariability thanfor presentday

conditions.

Thedepthscalesof dustandNO �

� , whichweremeasuredsimultaneously, have

beenshiftedafew placeswithin theinterval of investigation.This is donebecause

of indicationsof holesin dataor discrepanciesin thedepthof characteristicpeaks

observedbothin Ca�

�

anddust.Theadjustmentof thedepthscaleswasaimingat

synchronisingthesedistinctpeaks,undertheassumptionthatcharacteristicpeaks

in Ca�

�

anddustre�ect the samedepositionevents. The rangeof shift wasbe-
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tween-70mmto +50mm,wherethelatteramountof displacementwasthemost

common.

The annuallayer countingbasedon seasonalvariationsin
�

D,
� ���

O, NH
�

� ,

Ca�

�

dust and NO �

� gives an estimatedlength of Bùlling of 586� 17 years,a

lengthof 70� 4 yearsfor OlderDryasanda lengthof Allerùd of 971� 31 years.

Theuncertaintyre�ects theinconsistency betweentheseriesandthedif�culty of

interpretingthepeaksandshoulders.Theuncertaintydoesnot take into account

for any biasin thecounting. The correspondingmeanannuallayer thicknessof

thethreeperiodsare5.9cm,5.1cm and5.4cm.

Discussion

Themethodof countinghasbeenbasedonacommoninterpretationof all thedata

series,�rst in the intervals containingstableisotopesandthenin the restof the

Bùlling-Allerùd period. Theresultis highly dependenton theresolutionandthe

internalconsistency of thedataseries.Thedustpro�le generallyhavemorepeaks

thantheotherparameters,advocatingfor thehighestnumberof years,while the

stableisotopesandtheNO �

� generallyputa lower limit on thenumber. TheCa�

�

andNH
�

� generallyserve asgooddatingtools. Theeffective resolutionof these

pro�les is 3-4 cm, so they areableto resolve cyclesup to this wave length. As

previously mentioned,dustcanhavemorethanonepeakwithin someyears.The

exclusionof dustpeakswhichareconsideredas“doublepeaks”hasbeendecided

by comparisonwith the seasonalcycles in the stableisotopes,Ca�

�

, NH
�

� and

NO�

� . Hence,it is crucial that theseparameterscanresolve all theyears.Within

certainperiodsthis is de�nitely not thecasefor NO �

� , becausethe pro�le is too

smooth. Within theseintervals, no weight hasbeenput on the NO �

� in the in-

terpretation.Whenit comesto
�

D and
�

���

O, it is evident that the annualcycles

arepresentin thestableisotopepro�les from this interstadial.Thepower spectra

revealapeakaround14-19cyclesm
�

�

for both
�

D and
�

���

O, which indicatesthat
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thereis power left in the annualsignal in both of the stableisotopeseries,and

that they canbeusedfor datingpurposes.That this peakre�ects a trueseasonal

signal,is con�rmed whenseeingthegoodagreementbetween
�

D and
� ���

O in the

overlappingsectionin Figure4. If thepeaksin thespectraldensitieswererepre-

sentingnoiseonly, it wouldnotbepossibleto createsuchacompellingagreement

betweenthe back-diffused
�

D and
�����

O data,asthe noisein the two pro�les is

uncorrelated.Hence,it is unquestionablethat thereis power left in the annual

amplitudeof thestableisotopepro�les. Whatremainsto beansweredis, if all the

yearsareresolved. Themethodof usingstableisotopesfor datingis certainlyat

the limit at this depth,wherethe ice is 14-15kyr old. TheMEM power spectra

of theraw datashow thatthereis little power left in theannualcycle andthatthe

annualpeakis closeto thenoiselevel. This indicatesthatsomeyearsof low ac-

cumulation(highfrequency) maynothavebeenrevealedby thedeconvolution,as

they arehiddenin thenoiseandtherebyruledoutby thecut-off frequency. With a

cut-off frequency of � 20 cyclesm
�

�

, annuallayerswith a thicknesslessthan � 5

cm will not beresolved. This is supportedby thefact thatshouldersareseenon

�anks of
�

-peakswhenotherparametershavepeaks(or clearshoulders).If some

yearsarelost in thestableisotopepro�les thiswill leadto a too low estimationof

thedurationof theperiods.

In thesectionwherethe
�

D andthe
�

���

O pro�les overlap,it is observedthat

the dampingof the signal is strongerfor
�

���

O than for
�

D. This is due to less

diffusionof moleculescontaining� H comparedto moleculescontaining
���

� and

is in accordancewith earlierresultsandtheory(Johnsenandothers,2000). The

lowerdampingof the
�

D signalsuggeststhat
�

D is slightly betterfor datingwhen

working with ice wheretheamplitudeof theannualsignalof thestableisotopes

is closeto thelimit of detection.

Accordingto datafrom Dahl-Jensenandothers(1993)the meanaccumula-

tion rate(basedon
�

���

O) at GRIPin Bùlling was0.23� 0.02myr
�

�

, while it was

0.15� 0.02myr
�

�

in OlderDryasand0.18� 0.02myr
�

�

in Allerùd. As0.20myr
�

�
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is consideredastheminimumaccumulationrateunderpresentdayconditionsfor

theannualcycle to survive (Johnsen,1977),it is interestingthat it is possibleto

detecttheannualamplitudewithin thestableisotopeseriesfrom OlderDryasand

Allerùd. This caneitherbe explainedby higheraccumulationratesthan those

derivedfrom
� ���

O, or by lower temperaturescomparedto present.
� ���

O derived

paleotemperatures(Johnsenandothers,1995)from theGRIPice coreshows that

it wasonly 1 � C colderduringBùlling comparedto today, while it was5-12 � C

colderduring Older DryasandAllerùd. Lower temperaturesmay have slowed

down theprocessof diffusionin the�rn andice.

Comparedto the Bùlling interval, the datain Older Dryas and Allerùd are

moredif�cult to interpret. The seasonalvariability is higher, theparametersare

often out of phaseandthe agreementbetweenthe datais lesscompelling. The

meanannuallayer thicknessin Bùlling agreeswell with the �ndings of Dahl-

Jensenandothers(1993),wherethe meanannuallayer thicknessin this period

wasfound to be 5.8� 0.6 cm. However, the meanannuallayer thicknesswithin

OlderDryasandAllerùd aregreaterthanthosefoundby Dahl-Jensenandothers

(1993). Their estimatesof the meanannuallayer thicknessis 4.0� 0.3 cm and

4.9� 0.7cmin OlderDryasandAllerùd, respectively, with minimabetween3-3.5

cm. This could indicatethat someof the annuallayerswithin Older Dryasand

Allerùd aretoo thin to beresolvedproperlyby thedatausedin themulti parame-

terdating.

Table 3 displaysother estimatesof the durationof the Bùlling, Older Dryas

andAllerùd periodsin Greenlandicicecores.Whencomparingwith theprevious

stratigraphicaldatingon theGRIPice core(Hammerandothers,1997;Hammer,

in press),it is seenthat the numberof yearsis substantiallylower for the multi

parameterapproach.TheOlderDryaswasnotspeci�edin thework by Hammers

and othersand their de�nitions of the onsetand terminationsdiffered slightly

from thoseusedin thisstudy(seeTable1 and3). By usingtheirdepths,thecorre-

spondingestimatesfor themulti parameterapproacharethe following: Bùlling:

585� 17 andAllerùd: 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 Ice layercount � 580 80 1120

NGRIP CFA-data � 613� 16 93� 1 1090� 29


 Hammerandothers,1997;Hammer, in press.
�

Johnsenandothers,2001.

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

NGRIP dating group, pers. com.; S. O. Rasmussenand others,in prep.; RÈothlisberger and

others,2000;Bigler, 2004.

Notes:OlderDryaswerenot speci®edin Hammerandothers(1997)or Hammer(in press).Their

depthsusedfor de®ningBùlling andAllerùd are 1572.85m, 1718.20m and1662.65m. The

uncertaintyon theGISP2datingis 5%(Alley andothers,1993).Depthsusedin theGISP2dating

for de®ningthe periodshave not beenaccuratelytransferredto the GRIP scale,but comparison

of the
� ���

O pro®lesfrom GRIP(Johnsenandothers,1997)andGISP2(Stuiverandothers,1995;

The GreenlandSummit Ice CoresCD-ROM, 1997)shows that any deviation of the de®nitions

of the onsetsandterminationsis not of signi®cancecomparedto the uncertaintyin dating. The

estimatesfrom theNorthGRIPlayercountingareinitial resultsof ongoingwork.

Table3. Estimatesof theduration of Bølling (B), Older Dryas(OD) andAllerød

(A) fromGreenlandicicecores.TheGISP2(GreenlandIceSheetProjectTwo) ice

core (Grootesandothers,1993)is situated28kmWof GRIPandtheNorthGRIP

icecore (Dahl-Jensenandothers,2002)is located325kmNWof GRIP.

thanthosefoundby Hammerandothers.Thishugedeviationcanbeexplainedby

the differentwaysof approachingthe layer counting. The datingaccomplished

by usingdustconcentrationsonly, without guidancefrom otherparameters,may
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have overestimatedthenumberof years,by including too many “doublepeaks”.

On theotherhand,themethodthathasbeenusedin this study, mayhave under-

estimatedthedurationof theclimateperiods,asthe“restricting” dataarenotable

to resolve annuallayersof low thickness,especiallyin colderpartsof the peri-

ods,wherethe accumulationrateshave beenlower. Comparedto the modelled

time scaless09sea(Johnsenandothers,2001),which is basedon a Dansgaard-

Johnsen�o w modeland
� ���

O-derivedaccumulationrates,it is seenthat thenew

estimatesfrom themulti parametercountingare � 9%, � 24%and � 17%shorter,

for Bùlling, OlderDryasandAllerùd, respectively.

Theestimateof thelengthof Bùlling agreeswell with thenumberof yearsfound

by annuallayercountingof theGISP2icecore(Alley andothers,1993,1997;Stu-

iverandothers,1995;Meeseandothers,1997).Theestimateddurationsof Older

DryasandAllerùd are � 13%shorterthanthosefrom theGISP2layercounting.

TheNorthGRIPicecore(Dahl-Jensenandothers,2002;NGRIPmembers,2004)

is currentlybeingdatedby the membersof the NorthGRIPdatinggroup(pers.

com.).Thestratigraphicaldatingof this coreis madeby identi�cation andcount-

ing of annualcyclesasobserved in chemicalcomponentsmeasuredin a contin-

uous�o w system(Röthlisbergerandothers,2000;Bigler, 2004). By comparing

with preliminary resultsfrom the ongoingdatingof the NorthGRIPcore (S.O.

Rasmussenandothers,in prep.),it is seenthat the presentestimateof the dura-

tion of Bùlling is within 2 � of theinitial estimateof thelengthof Bùlling in the

NorthGRIPcore.Theestimateddurationsof OlderDryasandAllerùd are � 25%

and � 11%shorterthanthosefrom thedatingof theNorthGRIPcore.

To summarize,the durationsof Bùlling-Allerùd, estimatedby multi parameter

layer countingin the GRIP ice core, aregenerallyshorterthanotherestimates

from ice coresin thesameregion. Theestimateof theBùlling periodagreeswell

with GISP2annuallayercountingandwith theinitial resultsfrom theNorthGRIP

stratigraphicaldating,while theestimatesof OlderDryasandAllerùd aresignif-

icantly shortercomparedto theotherdatingsseenin Table3. This indicatesthat

thedatausedin themulti parameterapproachin theGRIPcoreareableto resolve

annuallayersin therelatively warmBùlling, while someyearsmayhavebeenlost



98 APPENDIXA. THE DURATION OFTHE BØLLING-ALLERØD ...

in thecolderOlderDryasandAllerùd.

Conclusion

Multi parametercountinghasbeenaccomplishedin the Bùlling-Allerùd period

(GreenlandInterstadial1) in the GRIP ice core,by usingthe parametersCa�

�

,

NH
�

� , dust,NO �

� andnew stableisotopespro�les showing seasonalvariations.

New high-resolutiondatapresentedin this studyshows that it is possibleto use

stableisotopesfor stratigraphicaldatingof glacialicefrom GreenlandInterstadial

1. The annualcycle is seenin MEM power spectraandthe cyclesof the stable

isotopescomparewell with theannualcyclesin thechemicaldataseriesandthe

seasonalvariationsin thedustconcentrations.It is, however, necessaryto decon-

volutethemeasuredisotopepro�les to reconstructthe initial isotopesignals.By

thismethodtheannualcyclesareampli�ed andeasierto interpret.Themaximum

resolutionof thedeconvolutedstableisotopedatafrom Bùlling-Allerùd is � 5 cm,

soannuallayersof lessthicknesswill notberesolvedby thesedata.This implies

thatsomeyearsarelost in colderperiodshaving lower accumulationrates,espe-

cially within the Older Dryasandthe Allerùd periods. Furthermore,this study

con�rms the�ndings of Johnsenandothers(2001)thatthedampingof theannual

amplitude,dueto diffusion in the �rn andice, is strongerfor
�

���

O thanfor
�

D.

This suggeststhat
�

D is bettersuitedfor datingthan
� ���

O whenworking on ice

wheretheannualsignalin thedatais weak.

That the annualamplitudesin the
�

D and
�

���

O pro�les aredetectable,suggests

that the annualaccumulationrateduring theBùlling-Allerùd periodwasat least

(or closeto) 0.20m iceper. year. With aloweraccumulationrate,it wouldbeless

likely that theannualsignalwould survive thediffusionprocessesin the�rn and

ice (Johnsen,1977).

The estimateddurationsof the Bùlling (GI 1e), Older Dryas (GI 1d) and the

Allerùd (GI 1abc)periodsbasedon the multi parameterlayer counting in the

GRIP ice coreare586� 17, 70� 4 and971� 31 years,respectively. The uncer-

taintiesre�ect thedif�culty of the interpretationof theavailabledataanddo not
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take into accountany biasin the dating. The estimatesareconsidered,aslower

limits for theseclimateperiods,assomeyearsmaynothavebeenresolvedby the

datain colderperiodswith loweraccumulation,especiallywithin OlderDryasand

Allerùd.

This studyunderlinesthe importanceof having high-resolutiondatawhenper-

forming stratigraphicaldatingof ice cores,andhaving a variety of independent

parametersshowing seasonalvariations.
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B Standardsusedduring
�

D analysis

Standard
�

D � ��
����

�

� � �
�

[‰]

InstaarFW1 -2.95

GV -57.69

Kbh-22 -168.80

InstaarWAIS -204.50

InstaarGW1 -300.90

Summit -320.32

DomeC -442.50

TableB.1:
�

D valuesof standardswhenmeasuredrelative to VSMOW (0½)

andSLAP (-428.00½).Controlof thestandardsduringanalysishasbeenper-

formedroutinelybyJesperOlsenattheAMS-14CDatingLaboratoryin ÊArhus.
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C Exampleof a chromatogram

The chromatogramon the next pagedisplaysthe referencepeakandthe sample

peakfor mass2 (H
�

�

) for sample“S5 Kbh-224”. Thenumbersalongthex-axis

representtheacquisitiontimein minutesandthethecurrentin percentof themax

value(peakheight)in thesamplepeakis givenalongthey-axis.Thepeakheight

of themass2 samplepeakis normallyin theorderof � 10-20nA. Simultaneously,

a chromatogramfor mass3 (HD
�

) is produced.The peakheightof the mass3

samplepeakis usuallyin theorderof � 0.005-0.01nA.
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D Runson the CF-IRMS

Period Run Samples Std1 Std2

Sep.02 Grip1 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 GW1

Grip10 3151-29- 3153-27 GW1

Grip11 3153-28- 3155-26 GW1

Grip12 3155-27- 3155-55 GW1

+ 3173-1- 3174-25

Danham2 Othersamples Kbh-22 GV

TableD.1 continueson thenext page.
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Period Run Samples Std1 Std2

Jan.03 No successfulruns

Feb. 03 No successfulruns

Apr. 03 S6Danham2h Othersamples Kbh-22 GV

S7Grip13 3174-26- 3176-24 GW1

S8Grip14 3176-25- 3178-22 FW1 GW1

Nov. 03 S2Grip15 3178-23- 3180-20 WAIS Summit

S3Grip16 3180-21- 3182-16 WAIS Summit

S4Grip17 3182-17- 3184-14 WAIS Summit

S4Grip17b 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

S10Grip14g 3176-25- 3178-22 WAIS Summit

S11Danham2i Othersamples Kbh-22 GV

S12Danham1 Othersamples Kbh-22 GV

S13Grip22 3191-53- 3191-55 WAIS Summit

+ Repetitions

TableD.1: Continuedfrom previouspage.Thetablespeci®eswhich samples

andstandardsthatweremeasuredin thedifferentrunson themassspectrome-

ter in at theAMS
�

�

C DatingCentre)in ÊArhus.Only runsthatweresuccessful

andrunsthatarerelevantfor this projectareincludedin thetable.



E Recommendationsfor futur e
�

D

analysis

Thelist beneathbrie�y summarizessomeof theexperiencefrom theexperimental

work thatmaybeof interestfor future
�

D measurementsat theAMS
�

�

C Dating

Centrein 	Arhus or in a laboratorywith a similar IRMS system. Someof the

following topicsaretreatedin Olsenetal. [In preparation].

• Injectionport liner with innerdiameterof 3.2mmanda lengthof 99mmis

recommendedcomparedto liner with innerdiameterof 2.1mm andlength

of 69 mm (SeeFigure E.1). The period of high memorywithin the
�

D

measurementscorrespondsto theperiodwherethelatter injectionport was

used.

• An injectionvolume
�

�


�� � l to keepa low memoryeffect.

• � 2 washcyclesof theneedleprior to injection.

• Quartzreactorwith thelongestneck,asthechromiumthenis locatedat the

hottestpartof theoven(SeeFigureE.2).

• ChemicalpackingC or D asillustratedin FigureE.2. Thechromiumpow-

derseemsto lastlongercomparedto packingA andB.

• Vial Supelco24750-U(2 ml, CLR BMV 11mmCR/SR)is recommended

comparedto Supelco27531,as the latter doesnot �t to the autosampler

andmaycausedamage.
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FigureE.1: Two differentinjectorport liners.Seetext. Photoby JesperOlsen

at theAMS �

�

C DatingCentrein ÊArhus.
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FigureE.2: Chemicalpackingof the furnacetubein thepyrolysisunit of the

elementalanalyser. Two differentquartztubes(TransparentReactor, E12509,

o.d. 18-6 mm, Eurovector)wereused:Onewith a 5 cm long neck(left) and

onewith a 13cmlong neck(right). Thediameterof thetubeis 18mm for the

upperpart and6 mm for theneckat thebottom. Total lengthis 45 cm. The

lower endof the tubeis ®lled with a thin layer of quartzwool (to avoid the

powderfrom falling out throughtheneck),silicachipsandchromiumpowder.

Theamountof thedifferentchemicalswerechanged(A-D) duringtheperiod

of measurements.The numbersare in centimetresand refer to the distance

from thebottomtip of the tubeto thespeci®edheightof thechemicals.The

drawing is not to scale.Safetyprecautionswastaken during thehandlingof

chromium.
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