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Abstract.

A knowledgeof ageasa function of depthin glacial ice is importantfor both glaciologyandpa-

leoclimatology. For sitesneara ridge or dome,an ice flow model togetherwith information on

accumulationrateprovidesa first approximation.If the accumulationrate is high enough,annual

layeringof isotopesanddustmeasuredin a solid corecanprovide a preciseagevs depthrelation-

ship. For SouthPole, the flow geometryis not simpleandno deepcoreexists. Nevertheless,by

remotelysensingpeaksin scatteringandabsorptionof light from pulsedsourcesburied at depths

down to 2200m, we have beenableto determineagevs depthfor agesup to 65,000years.Radar

isochronsof SiegertandHodgkins(this issue)provide a crudeextensionof theagevs depthmodel

to � 140,000years.

Intr oduction

Thereis amplemotivation for wantingto obtaina deepice coreat or neartheSouthPole. First is

the accumulationrate,which during the last 2000yearshasbeenaboutthreetimesashigh asat

VostokStation.If thehighaccumulationratewereto beshown to persistthroughoutthelastglacial-

interglacialcycle,onecouldcarryoutanumberof palaeochemicalstudieswith higherresolutionthan

at Vostok,wherethemostdetailedpalaeoclimatologicalstudiesin Antarcticahavebeencarriedout.

Furthermore,aeolianvolatilessuchasnitric acid,which tendto escapefrom thefirn at a sitewith a

low accumulationrate,areretainedmorecompletelyatSouthPole.Secondis its geographiclocation



� fartherinland thanany other ice coresitesand fed by air from several oceansandcontinents.

Third is the likely synergismwith a varietyof otherexisting andproposedprojectsthatexploit the

deepice at SouthPole: theAMANDA andIceCubeneutrinoobservatories;a proposedVery Large

SeismicArray; andproposedstudyof asubglaciallakewithin a few kilometersof thePole.Finally,

thereis its proximity to thesuperbinfrastructureof theSouthPoleStation � whichwouldreducethe

expenseof settingup a field camp.Clearly it would bedesirable,in planningexperiments,to know

agevs depthin SouthPoleice.

Two upstreamsourcesof the ice that reachesthe SouthPolehave beenproposed,basedon topog-

raphyandbedrockelevations: the high plateauat the westernedgeof the Gamburtsev Subglacial

Mountains980km fromSouthPole,at82
�
S71

�
E,andTitanDome, � 200km to thesouth[McInnes

andRadok,1984]. The only factswe have aboutthe accumulationratearean old measurement,

basedon annuallayering,of anageof � 2000yr for a shallow coreto a depthof 202.4m [Kuivinen

et al., 1982], anda recentmeasurement,calibratedwith volcanicreferencelayers,of 0.082m ice

equivalentperyearover thelast730years[LegrandandKirchner, 1990].Becauseof thelargehori-

zontalflow rate � about9 m/yr at thesurface � to calculateagevs depthat greaterdepthswouldbe

nontrivial: it would requireobtainingandanalyzinga deepsolid core,makingfield measurements

of ice particlepathswith shallow coresalongthe two flowlines,andestimatingaccumulationrates

in the pastalong the flowlines. Previous estimatesof accumulationrateasa function of distance

upstreamdiffer markedly. To matchthepresent-dayaccumulationrateandsidewaysflow velocityat

Pole,McInnesandRadok[1984] derivedhorizontalbalancevelocitiesthatdroppedgraduallyfrom

thevalueof 9 m/yr atPoleto 0.1m/yr at theorigin of theflowline on thehighplateau,anaccumula-

tion valueof 0.02m ice/yratall distancesgreaterthan300m upstream(whichis surelyin error),and



a setof particlepathsbasedon anassumptionthattheverticalvelocity in theice decreasedlinearly

with depth.They neglectedflow from TitanDometo theSouthPole.

At our request,M. Giovinettocarriedout interpolationsof accumulationratesbetweenisoplethson

the mapof Giovinetto andBentley [1985]. He inferred1.5 to 2 timeshighervaluesthanthoseof

McInnesandRadokat all upstreamdistancesgreaterthan200km.

Determining peaksin dust concentrationby light scattering and absorption

Since1994the Antarctic Muon andNeutrinoDetectorArray collaboration(AMANDA) hasbeen

usingintenselight sourcesincludingpulsedlasers,pulsedblueLEDs,andD. C. sourcesof tunable

wavelengthsto measurescatteringandabsorptionof light asa functionof wavelengthanddepthin

SouthPoleice [Askebjeret al., 1995;AMANDA Collaboration,1999].They concludedthatscatter-

ing of visible light is duealmostentirelyto thepresencein theice of insolublemineraldustgrains,

seasalt grains,andpossiblyliquid acid dropletsdepositedin snow asaerosolsandsubsequently

compressedinto thegrowing icesheet;andabsorptionof visible light is dueto thesumof absorption

by pureice andby insolublemineraldustgrains. In a seriesof papers[AMAND A collaboration,

1995,1997,1999;PriceandBergstrm,1997;He andPrice,1998]we andour colleaguesusedMie

theoryto give a semi-quantitativeaccountof themeasuredscatteringandabsorptioncoefficientsas

a functionof wavelengthandat two distinctdepthintervals:800 � 1000m and1600 � 1850m. As

inputparametersweusedthesameconcentrationsof dust,salts,andacidsthatweremeasuredin the

Vostokice core[Legrandet al., 1988;Legrand,1999],togetherwith tabulationsof their sizedistri-

butionsasaerosols[He andPrice,1998],andrelatedthedepthdependenceof theconcentrationsof

dust,saltsandacidsat Vostokto that at the SouthPolethroughan assumedone-parameteragevs



depthrelationshipat theSouthPole.Until now we have hadno way to checkon thevalidity of that

agevs depthrelationship.

We now show thatby matchingfive peaksin light scatteringandabsorptionasa functionof depth,

obtainedby theAMANDA collaboration[1999], with correspondingpeaksin theconcentrationof

dust at known depthsand agesat Vostok [Legrandet al., 1988; Legrand,1999] and Dome Fuji

[Watanabeet al., 1999],wecanderivetheagevs depthrelationshipfor SouthPoleiceatdepthsfrom

1300to 2100m, correspondingto agesfrom 23,000to 65,000years.As describedin Askebjeret

al. [1995], themethodinvolvesmeasuringarrival timedistributionsfor nanosecondlight pulsesthat

propagatefrom eachof many sourcesfrozenatvariousdepthsin theice to receiving photomultiplier

tubesfrozenat otherlocationsat known distancesfrom thosesources.Both theeffective scattering

coefficient,
���

, and the absorptioncoefficient, a, wereextractedfrom suchtime distributions. (In

theabsenceof scattering,all photonswould arrive at a phototubeat thesametime; in theabsence

of absorption,thefluencewould fall off as ���
	 ; in dustyice the time distribution is broadenedand

delayed,asdiscussedquantitatively by Askebjeret al. [1995].) To determinevariationswith depth

of concentrationsof grainsof dust,salts,andacids,we usedsetsof datafor pairsof sourcesand

receiversatnearlythesamedepthsandseparatedby horizontaldistancesof 30 to 100meters.As an

example,Fig. 1 shows data[AMAND A collaboration,1999] for
���
���

anda asa functionof depth,

derivedusingpulsesof laserlight atawavelengthof 532nm. In Fig. 1athemonotonicallydecreasing

valuesof
�������

at depthsfrom 800to � 1200m areduemainly to scatteringfrom air bubbles,which

graduallyundergoaphasetransformationinto air hydrateclathratecrystalsasdepthincreases[Price,

1995]. In contrastto air bubbles,which scatterstrongly, air hydratecrystalsundergo essentiallyno

scattering,becausetheirrefractiveindex is almostthesameasthatof ice. Figure1bshowsabsorption



at 532nm asa functionof depth.Neitherbubblesnor air hydratecrystalscontribute to absorption.

The major featurein Fig. 1b is a broadabsorptionpeakcenteredat 1300m, superimposedon a

nearlyfeaturelessbackgroundthatslowly increaseswith depth.As discussedelsewhere[AMAND A

collaboration,1999],thepeakat 1300m is dueto thevery largeconcentrationof insolublemineral

dustcorrespondingto theLastGlacialMaximum(LGM). In bothVostokice [Petit et al., 1990]and

Greenlandice [De Angeliset al., 1997] thehugedustpeakhasbeenfoundto correspondto anage

of � 23,000years.Noneof thepeaksin dustconcentrationat greaterdepthscontributesenoughto

absorptionat532nmto standoutabovebackground.

It hasbeenshown elsewhere[WoschnaggandPrice,1999]thatintrinsicabsorptionby perfectlypure

ice increaseswith temperatureatarateof 1 % perKelvin, andthatthispropertyexplainsthegradual

increasewith depth. No dependenceof absorptionof visible light on temperaturehaspreviously

beenreportedfor ice. Nevertheless,the interpretationof the smoothincreasewith temperatureis

consistentwith measurementsby othersof a temperaturedependenceof absorptivity of � 1 % per

Kelvin in both the ultraviolet andthe infrared,andwe regard this explanationof the trend in the

visible asestablished.

In Fig. 1a the contribution by dust to scatteringat 1300 m is concealedby the contribution by

bubbles,which falls to zeroat a depthof � 1400m. We identify thefour scatteringpeaksat greater

depths,labeledA, B, C, andD, with dustpeaksseenin VostokandDomeFuji data,shown in Fig. 2

andlabeledA, B, C, andD. In Fig. 2, theconcentrationof Ca	�� ionsservesasaproxyfor dust.Also

labeledin Fig. 2 arethepeaksat theLGM for VostokandDomeFuji. Independentmeasurements

of concentrationsof insolubledustparticlesin VostokandDomeFuji show thesamefive peaksbut

with differencesin substructures.Theagesat which thedustpeaksat VostokandDomeFuji occur



are38,000yr (A), 46,500yr (B), 53,500yr (C), and65,000yr (D). Significantvariationsin theCa	��

anddustconcentrationoccuronadepthscaleof meters,whereasourresolutionof peaksin scattering

andabsorptionis only sometensof meters.It is notsurprising,therefore,thattheopticaldatain Fig.

1 donot trackall thesubstructurein Fig. 2.

Measurementsatwavelengthsof 470and337nm,thoughnotascompleteastheonesin Figs.1aand

b, supportour assignmentof ages.Themaindifferenceis thatat 532nm absorptionis featureless,

except for the peakat the LGM, whereasat 470 and 337 nm the contribution from dust grains

dominatesover intrinsic absorptionby ice. Theanalysisat thosewavelengthswill bereportedin a

laterpaper.

Age vs depth in SouthPole ice fr om 1300to 2100m

Figure3 shows our assignmentsof ageasa function of depthfor the five peakslabeledLGM, A,

B, C, andD. The solid curve is a smoothfit to the five pointsandto the measurementof agefor

the 200-mcore. We derived the dashedcurve usingthe simplemodelof DansgaardandJohnsen

[1969], which appliesbestto flow neara divide. The curve is for a constantaccumulationrateof

0.08m ice/yr andfor a verticalstrainratethat is uniform from thesurfacedown to a depth430m

above bedrockandthat thendecreaseslinearly to zeroat bedrock. The Dansgaard-Johnsencurve

shouldnot be expectedto representwell the actualagevs depth: the SouthPole ice is far from a

divide,theaccumulationratewasnotconstantin timeor locationof upstreamparcelsof ice,andthe

juxtapositionof flow from both thehigh plateauandTitan Domeno doubtcreatesturbulence.The

inflectionof thesolid curve is evidenceof thecomplexity of iceflow into theSouthPoleregion.



Estimatesof ageusing radar isochrons

In theaccompanying paper, SiegertandHodgkins[1999]succeededin tracingthreeprominentradar

isochronsall the way from Vostok Stationto Titan Dome, which is � 200 km from SouthPole.

Unfortunately, betweenTitan DomeandSouthPolethe isochronswereindistinct,anda direct link

from Vostokto Polecouldnot beestablished.Following a suggestionby Siegert,we assumedthat

the ratio betweenthe depth-ageof ice andtotal ice thicknessis constantbetweenSouthPoleand

Titan Dome,andscaledthedepthsof thethreeisochronsfrom 1400,1800,and2050m at Titan by

theratio of 2900m (depthof SouthPoleice) to 2180m (depthof Titan ice). Theresultingvalues,

representedby triangularpoints correspondingto agesof 70, 105, and142 kyr basedon Vostok

depthchronology, areshown in Fig. 3. Thepointslie rathercloseto anextensionof our curve. For

comparison,thedot-dashedcurveshows theagevs depthcurve for Vostok[Salamatinet al., 1998].

Error barsareabsentfrom thedepth-agepointsderivedfrom internalradarlayeringtracedfrom the

Vostokicecoreto TitanDome.AlthoughthelayersaroundSouthPolearecontinuousin thetop1000

m, at greaterdepthsthe layersbecomeincreasinglybuckled. Suchlayeringis not possibleto trace

acrosstheice sheet.It is clearthat,in contrastto theratherorderlyflow of icenearVostok,theflow

increasesneartheSouthPole,probablydueto theconfluenceof icefrom theGamburtsev Mountains

andfrom Titan Dome. The layer buckling, which mayberelatedto this flow of ice, precludesthe

evaluationof reliableerrorsin the radar-layeringdepth-agerelationshipbetweenTitan Domeand

SouthPole.However, thegeneralpatternof layeringin othercentralregionsof theice sheetshows

that the relationshipbetweenthedepthof known isochronsis relatedlinearly to total ice thickness

(acrossshortdistancesasafirst orderapproximation).



Significanceof the SouthPoleagevs depth relationship

Themainconclusion,which canbeseenby comparingthesolid curve for SouthPolewith thedot-

dashedcurve for Vostokin Fig. 3, is thatat any givendepththe ice at SouthPoleis muchyounger

thanthatatVostok:by afactorfiveatdepthsupto � 1 km, afactor3.3at1.5km, andafactor2.4at2

km. As a consequence,annuallayerswill bemuchbetterresolvable.For example,for Holoceneice

theannuallayersare � 3 to 4 timesasthick at SouthPoleasat Vostok,andfor ice at a depthof 2.1

km, annuallayersare � 2 cm thick at SouthPolecomparedwith � 1 cm at Vostok.Thesignificance

of thisdepthvs agerelationshipfor AMANDA is thatatdepthsbelow 2200m thedustconcentration

is extremely low, which meansthat the optical propertiesof the ice are outstandingfor neutrino

astrophysics.
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Figure Captions

1. Effectivescatteringcoefficient,
�������

, andabsorptioncoefficient,a,asa functionof depthin South

Poleice, measuredin situ with a pulsedlaserat a wavelengthof 532nm. Thelabelingof thepeaks

is thesameasin Fig. 2.

2. Dustconcentration(usingCa	�� concentrationasa proxy) asa functionof depthin coresat Vos-

tok Stationandat DomeFuji. Total mineraldustis estimatedby dividing the non-marinecalcium

concentrationby its relativeabundance,0.0415.

3. Age vs depthrelationshipsfor SouthPoleice (this work) andfor Vostok[Salamatinet al., 1998].

Seetext for adiscussionof theradardataandtheDansgaard-Johnsenmodel(dashedcurve). Bedrock

is at 2900m.
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1. Effectivescatteringcoefficient,
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, andabsorptioncoefficient,a,asa functionof depthin South

Poleice, measuredin situ with a pulsedlaserat a wavelengthof 532nm. Thelabelingof thepeaks

is thesameasin Fig. 2.
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2. Dustconcentration(usingCa	�� concentrationasa proxy) asa functionof depthin coresat Vos-

tok Stationandat DomeFuji. Total mineraldustis estimatedby dividing the non-marinecalcium

concentrationby its relativeabundance,0.0415.
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3. Age vs depthrelationshipsfor SouthPoleice (this work) andfor Vostok[Salamatinet al., 1998].

Seetext for adiscussionof theradardataandtheDansgaard-Johnsenmodel(dashedcurve). Bedrock

is at 2900m.


