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Abstract.

A knowledgeof ageasa function of depthin glacialice is importantfor both glaciologyand pa-
leoclimatology For sitesneara ridge or dome, an ice flow modeltogetherwith informationon
accumulatiorrate providesa first approximation.If the accumulatiorrateis high enough,annual
layeringof isotopesanddustmeasuredn a solid core canprovide a preciseagevs depthrelation-
ship. For SouthPole,the flow geometryis not simple andno deepcore exists. Neverthelesspy
remotelysensingpeaksin scatteringand absorptionof 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 the agevs depthmodel

to ~140,000years.

Intr oduction

Thereis amplemotivation for wantingto obtaina deepice coreat or nearthe SouthPole. Firstis
the accumulatiorrate, which during the last 2000 yearshasbeenaboutthreetimes as high as at
VostokStation.If thehigh accumulatiorratewereto be shown to persisthroughouthelastglacial-
interglacialcycle,onecouldcarryoutanumberof palaeochemicatudieswith higherresolutiorthan
at Vostok,wherethe mostdetailedpalaeoclimatologicadtudiesn Antarcticahave beencarriedout.
Furthermoregaeolianvolatilessuchasnitric acid, which tendto escapdrom thefirn atasitewith a

low accumulatiorrate,areretainedmorecompletelyat SouthPole.Secondk its geographidocation



— fartherinland thanary otherice core sitesandfed by air from several oceansand continents.
Third is thelikely synegismwith a variety of otherexisting andproposedrojectsthat exploit the
deepice at SouthPole: the AMAND A andlceCubeneutrinoobsenatories;a proposedvery Large
SeismicArray; andproposedstudyof a subglacialake within afew kilometersof the Pole.Finally,
thereis its proximity to the superhinfrastructureof the SouthPoleStation— whichwould reducethe
expenseof settingup afield camp.Clearlyit would be desirablejn planningexperimentsto know

agevs depthin SouthPoleice.

Two upstreansourcesof theice thatreacheghe SouthPole have beenproposedbasedon topog-
raphy and bedrockelevations: the high plateauat the westernedgeof the Gamhurtser Subglacial
Mountains980km from SouthPole,at82°S 71 °E, andTitan Dome,~200km to thesouth[McInnes
and Radok,1984]. The only factswe have aboutthe accumulatiorrate are an old measurement,
basedon annuallayering,of anageof ~2000yr for a shallonv coreto a depthof 202.4m [Kuivinen
et al., 1982], anda recentmeasurementalibratedwith volcanicreferencdayers,of 0.082m ice
equialentperyearoverthelast730years[LegrandandKirchner, 1990]. Becausef thelarge hori-
zontalflow rate— about9 m/yr atthe surface— to calculateagevs depthat greaterdepthswould be
nontrivial: it would requireobtainingandanalyzinga deepsolid core,makingfield measurements
of ice particlepathswith shallov coresalongthe two flowlines, andestimatingaccumulatiorrates
in the pastalongthe flowlines. Previous estimatesof accumulatiorrate asa function of distance
upstreandiffer markedly. To matchthe present-dayaccumulatiomateandsidevaysflow velocity at
Pole,McinnesandRadok[1984] derived horizontalbalancevelocitiesthatdroppedgraduallyfrom
thevalueof 9 m/yr atPoleto 0.1 m/yr attheorigin of theflowline on the high plateauanaccumula-

tion valueof 0.02m ice/yratall distancegreateithan300m upstrean{whichis surelyin error),and



a setof particle pathsbhasedon anassumptiorthatthe vertical velocity in theice decreasedinearly

with depth.They neglectedflow from Titan Dometo the SouthPole.

At ourrequestM. Giovinetto carriedout interpolationsof accumulatiorratesbetweenisoplethson
the map of Giovinetto andBentley [1985]. He inferred 1.5 to 2 times highervaluesthanthoseof

MclnnesandRadokat all upstreandistancegreaterthan200km.

Determining peaksin dust concentration by light scattering and absomtion

Since 1994 the Antarctic Muon and Neutrino DetectorArray collaboration(AMAND A) hasbeen
usingintenselight sourcesncluding pulsedlasers pulsedblue LEDs, andD. C. sourcesof tunable
wavelengthgo measurescatteringandabsorptiornof light asa function of wavelengthanddepthin
SouthPoleice [Askebjeret al., 1995;AMAND A Collaboration,1999]. They concludedhatscatter
ing of visible light is duealmostentirelyto the presencen theice of insolublemineraldustgrains,
seasalt grains,and possiblyliquid acid dropletsdepositedn snov as aerosolsand subsequently
compressehto thegrowing ice sheetandabsorptiorof visible light is dueto the sumof absorption
by pureice andby insolublemineraldustgrains. In a seriesof paperdAMAND A collaboration,
1995,1997,1999; PriceandBergstrm,1997;He andPrice,1998]we andour colleaguesisedMie
theoryto give a semi-quantitatie accountof the measuredcatteringandabsorptioncoeficientsas
afunctionof wavelengthandat two distinctdepthintervals: 800 — 1000m and1600— 1850m. As
input parametersve usedthe sameconcentrationsf dust,salts,andacidsthatweremeasuredn the
Vostokice core[Legrandet al., 1988;Legrand,1999],togetherwith takulationsof their sizedistri-
butionsasaerosolg§He andPrice,1998],andrelatedthe depthdependencef the concentrationef

dust, saltsand acidsat Vostokto that at the SouthPole throughan assumedne-parameteagevs



depthrelationshipat the SouthPole. Until now we have hadno way to checkon the validity of that

agevs depthrelationship.

We now show thatby matchingfive peaksin light scatteringandabsorptionasa function of depth,
obtainedby the AMAND A collaboration[1999], with correspondingpeaksin the concentratiorof
dustat known depthsand agesat Vostok [Legrandet al., 1988; Legrand, 1999] and Dome Fuiji
[Watanabet al., 1999],we canderive theagevs depthrelationshipfor SouthPoleice atdepthsrom
1300to 2100m, correspondindo agesfrom 23,000to 65,000years. As describedn Askebjeret
al. [1995], themethodinvolvesmeasuringarrival time distributionsfor nanosecondght pulsesthat
propagatdérom eachof mary sourcedrozenatvariousdepthsn theice to receving photomultiplier
tubesfrozenat otherlocationsat known distancesgrom thosesources Both the effective scattering
coeficient, b,, andthe absorptioncoeficient, a, were extractedfrom suchtime distributions. (In
the absencef scatteringall photonswould arrive at a phototubeat the sametime; in the absence
of absorptionthe fluencewould fall off asr~2; in dustyice the time distribution is broadenednd
delayedasdiscussedjuantitatvely by Askebjeret al. [1995].) To determinevariationswith depth
of concentration®f grainsof dust, salts,and acids,we usedsetsof datafor pairsof sourcesand
receversatnearlythe samedepthsandseparatedby horizontaldistance®f 30to 100meters.As an
example,Fig. 1 showvs datalJAMAND A collaboration,1999]for b.;; anda asa function of depth,
dervedusingpulsesf laseright atawavelengthof 532nm. In Fig. 1athemonotonicallydecreasing
valuesof b, s, atdepthsfrom 800to ~1200m areduemainly to scatteringrom air bubbles,which
graduallyundego a phasdransformationnto air hydrateclathratecrystalsasdepthincrease$Price,
1995]. In contrastto air bubbles,which scatterstrongly air hydratecrystalsundego essentiallyno

scatteringbecaus¢heirrefractveindex is almostthesameasthatof ice. Figurelb shavsabsorption



at532nm asafunction of depth. Neitherbubblesnor air hydratecrystalscontribute to absorption.
The major featurein Fig. 1bis a broadabsorptionpeakcenteredat 1300 m, superimposedn a
nearlyfeatureles®ackgroundhatslowly increasesvith depth.As discusse@lsevhere[AMAND A

collaboration,1999], the peakat 1300m is dueto the very large concentratiorof insolublemineral
dustcorrespondingdo the LastGlacialMaximum (LGM). In bothVostokice [Petit et al., 1990]and
Greenlandce [De Angeliset al., 1997]the hugedustpeakhasbeenfoundto correspondo anage
of ~23,000years.Noneof the peaksin dustconcentratiorat greaterdepthscontributesenoughto

absorptiorat 532 nmto standout above background.

It hasbeenshown elsevhere[Woschnag@ndPrice,1999]thatintrinsic absorptiorby perfectlypure
iceincreasesvith temperaturatarateof 1 % perKelvin, andthatthis propertyexplainsthegradual
increasewith depth. No dependencef absorptionof visible light on temperaturéhaspreviously
beenreportedfor ice. Neverthelessthe interpretationof the smoothincreasewith temperatures
consistenwith measurementy othersof a temperaturelependencef absorptvity of ~1 % per
Kelvin in both the ultraviolet andthe infrared, and we regard this explanationof the trendin the

visible asestablished.

In Fig. lathe contribution by dustto scatteringat 1300 m is concealedoy the contribution by
bubbleswhichfalls to zeroat a depthof ~1400m. We identify the four scatteringpeaksat greater
depthsjabeledA, B, C, andD, with dustpeaksseenin VostokandDomeFuji data,shovn in Fig. 2
andlabeledA, B, C,andD. In Fig. 2, theconcentratiorof Ca&* ionssenesasa proxy for dust.Also
labeledin Fig. 2 arethe peaksatthe LGM for VostokandDome Fuji. Independenimeasurements
of concentrationsf insolubledustparticlesin VostokandDomeFuji shav the samefive peaksbut

with differencesn substructuresThe agesat which the dustpeaksat Vostokand Dome Fuji occur



are38,000yr (A), 46,500yr (B), 53,500yr (C), and65,000yr (D). Significantvariationsin the Ca*
anddustconcentratiorccuronadepthscaleof meterswhereaourresolutionof peakdn scattering
andabsorptioris only sometensof meters.lt is notsurprising thereforethatthe opticaldatain Fig.

1 donottrackall the substructuren Fig. 2.

Measurementatwavelengthsof 470and337nm,thoughnotascompleteastheonesin Figs. 1aand
b, supportour assignmenbf ages.The main differenceis thatat 532 nm absorptions featureless,
exceptfor the peakat the LGM, whereasat 470 and 337 nm the contribution from dust grains
dominatesover intrinsic absorptiorby ice. The analysisat thosewavelengthswill be reportedin a

laterpaper

Age vsdepth in South Poleice from 1300to 2100m

Figure 3 shaws our assignmentsf ageasa function of depthfor the five peakslabeledLGM, A,
B, C, andD. The solid curve is a smoothfit to the five pointsandto the measurementf agefor
the 200-mcore. We derived the dashedcurve usingthe simple model of Dansgaarcand Johnsen
[1969], which appliesbestto flow neara divide. The curve is for a constantaccumulatiorrate of
0.08 m icelyr andfor a vertical strainratethatis uniform from the surfacedown to a depth430 m
above bedrockandthat thendecrease$inearly to zeroat bedrock. The Dansgaard-Johnsemurve
shouldnot be expectedto representvell the actualagevs depth: the SouthPoleice is far from a
divide, theaccumulatiorratewasnot constanin time or locationof upstreanparcelsof ice,andthe
juxtapositionof flow from boththe high plateauand Titan Domeno doubtcreategurbulence.The

inflectionof the solid curve is evidenceof the compleity of ice flow into the SouthPoleregion.



Estimatesof ageusing radar isochrons

In theaccompawing paper SiegertandHodgkins[1999] succeedeth tracingthreeprominentradar
isochronsall the way from Vostok Stationto Titan Dome, which is ~200 km from SouthPole.
Unfortunately betweenTitan Domeand SouthPoletheisochronswereindistinct,anda directlink

from Vostokto Polecould not be establishedFollowing a suggestiorby Siegert, we assumedhat
the ratio betweenthe depth-ageof ice andtotal ice thicknessis constantbetweenSouthPole and
Titan Dome,andscaledthe depthsof the threeisochrondrom 1400,1800,and2050m at Titan by
theratio of 2900m (depthof SouthPoleice) to 2180m (depthof Titanice). Theresultingvalues,
representedby triangularpoints correspondingo agesof 70, 105, and 142 kyr basedon Vostok
depthchronology areshowvn in Fig. 3. The pointslie rathercloseto an extensionof our curve. For

comparisonthedot-dashedurve shovs theagevs depthcurve for Vostok[Salamatinet al., 1998].

Error barsareabsenfrom the depth-ageointsderivedfrom internalradarlayeringtracedfrom the
Vostokice coreto TitanDome. AlthoughthelayersaroundSouthPolearecontinuousn thetop 1000
m, at greaterdepthsthe layersbecomeincreasinglybuckled. Suchlayeringis not possibleto trace
acrosgheice sheet.lt is clearthat,in contrasto theratherorderlyflow of ice nearVostok,the flow
increasesearthe SouthPole,probablydueto theconfluenceof ice from the Gamhurtses Mountains
andfrom Titan Dome. The layer buckling, which may be relatedto this flow of ice, precludeghe
evaluationof reliable errorsin the radarlayering depth-ageelationshipbetweenTitan Dome and
SouthPole. However, the generalpatternof layeringin othercentralregionsof theice sheetshavs
thatthe relationshipbetweenthe depthof known isochronss relatedlinearly to total ice thickness

(acrossshortdistancessalfirst orderapproximation).



Significanceof the South Pole agevs depth relationship

Themain conclusionwhich canbe seenby comparingthe solid curve for SouthPolewith the dot-
dashecturve for Vostokin Fig. 3, is thatat any givendepththeice at SouthPoleis muchyounger
thanthatat Vostok: by afactorfive atdepthsupto ~1 km, afactor3.3at1.5km, andafactor2.4at2
km. As aconsequencgnnuallayerswill bemuchbetterresohable.For example,for Holoceneice
theannuallayersare~3 to 4 timesasthick at SouthPoleasat Vostok,andfor ice ata depthof 2.1
km, annuallayersare~2 cmthick at SouthPolecomparedvith ~1 cm at Vostok. The significance
of thisdepthvs agerelationshigior AMAND A is thatatdepthsbelon 2200m thedustconcentration
is extremely low, which meansthat the optical propertiesof the ice are outstandingfor neutrino

astrophysics.
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Figure Captions

1. Effective scatteringcoeficient, b, r, andabsorptiorcoeficient, a, asafunctionof depthin South
Poleice, measuredn situ with a pulsedlaserat a wavelengthof 532nm. Thelabelingof the peaks

is thesameasin Fig. 2.

2. Dustconcentratior{usingCa&* concentratiorasa proxy) asa functionof depthin coresat Vos-
tok Stationandat Dome Fuji. Total mineraldustis estimatedby dividing the non-marinecalcium

concentratiorby its relative abundance.0415.

3. Age vsdepthrelationshipdor SouthPoleice (this work) andfor Vostok[Salamatinet al., 1998].
Seetext for adiscussiorof theradardataandtheDansgaard-Johnsemodel(dasheaturve). Bedrock

isat2900m.
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1. Effective scatteringcoeficient, b, ¢ s, andabsorptiorcoeficient, a, asafunctionof depthin South
Poleice, measuredn situ with a pulsedlaserat a wavelengthof 532nm. Thelabelingof the peaks

is thesameasin Fig. 2.
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Figure 2

2. Dustconcentratior{(usingCa* concentratiorasa proxy) asa function of depthin coresat Vos-
tok Stationandat Dome Fuji. Total mineraldustis estimatedby dividing the non-marinecalcium

concentratiorby its relative abundance.0415.
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3. Age vsdepthrelationshipdor SouthPoleice (this work) andfor Vostok[Salamatinet al., 1998].

Seetext for adiscussiorof theradardataandtheDansgaard-Johnsemodel(dasheaturve). Bedrock

isat2900m.



