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Abstract. We reportresultsfrom studyinga region underthenorthPacific using46 ray

pathsalongeast-westandnorth-southdirectionsto studythenatureof innercoreanisotropy,

andfind ananisotropy signalin differentialPKPBC-PKPDF atabouttheresolutionof thedata,

with north-southpathsfasterthaneast-west,but no dependenceof attenuationon wavespeed

or depthin thispartof theinnercore.InnercoreQ is 130
�

255� 52 between140–340km depth.The

observationsalsoprovide constraintson thedegreeof homogeneousmeridionalanisotropy

possiblypresentin thecore,to between0.1and0.6%velocitydifferencesin thefastandslow

directions,significantlysmallerthanthe2-4%axi-symmetricanisotropy in the innercore.

Thesmallmeridionalcomponentto anisotropy arguesagainstsignificantcontributionsto

anisotropy from low-orderinnercoreconvectionor stressesimposedon theinnercoreby the

outercorefield.
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Introduction

Heterogeneityin innercorestructure,superimposedin its large-scaleanisotropy, is

well-documentedby variousstudies[Su and Dziewonski, 1995;Kaneshima, 1996;Creager,

1997;Tanaka and Hamaguchi, 1997;Creager, 1999;Song, 2000;Niu and Wen, 2001]. The

innercoreis alsonotablefor its attenuationof high-frequency bodywaves,but evidence

for radialandlateralvariationin this propertyis moreelusive,with someworkersreporting

radialvariations[Sacks, 1971;Doornbos, 1974;Tseng et al., 2001],andothersnot [Niazi and

Johnson, 1992;Bhattacharyya et al., 1993].Radialor lateralheterogeneityin attenuationmay

be linkedto anisotropy througha commonphysicalprocesssuchaspropagationthrougha

textured,compositemedium.Theanisotropicattenuationresultsfrom scatteringfrom oriented

inclusionsandtheanisotropy dueto thedifferentpolarizationsinteractingdifferentlywith the

fabricthat inclusionsimpose[Doornbos, 1974;Peacock and Hudson, 1990;Cormier et al.,

1998;Kendall and Silver, 1996]. Souriau and Romanowicz [1997] alsocite theexampleof

theanisotropicattenuationin sheet-silicatemineralcomposites,which,while not expectedto

exist in the innercore,providesanexampleof a materialpropertythatmayalsoact in the

solidcore’s iron alloy to link attenuationandanisotropy.

Thejoint variationin attenuationandanisotropy thusconstrainsthenatureof theinner

core.Oneattractive modelamongthemany proposedto explain theinnercore’s anisotropy

that alsoaffectsattenuationis liquid inclusionstrappedin solid media[Doornbos, 1974;

Peacock and Hudson, 1990]. Inefficient expulsionof outercoreliquid asthe innercore

crystallizesis a viableway to producethis this texture[Fearn et al., 1981;Loper and Fearn,
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1983]. Despiteits allure, it is not supportedby the existing travel time andattenuation

observations.Souriau and Romanowicz [1996,1997]foundthatP wavespeedvariationwas

fastwhereattenuationwaslargest,the oppositerelationto the orientedinclusionmodel

predictions.Souriau and Romanowicz [1997] proposedthat intrinsic attenuationin theinner

core’s crystallites,orientedby convection,wasoperatingin theinnercore.

Low-orderconvectionof theinnercoreor crystallitealignmentdueto themagneticfield

in theinneror outercore[Jeanloz and Wenk, 1988;Weber and Machetel, 1992;Karato, 1993;

Romanowicz et al., 1996;Bergman, 1997;Souriau and Romanowicz, 1997;Karato, 1999]may

contributeto the innercore’s anisotropy. Eitherof thesemechanismsorient thecrystallites

in the innercorealongmeridiansof longitude. Averagedglobally over all longitudes,a

meridionalform wouldbecylindrically symmetric,theform adoptedatpresentfor describing

thecore’sanisotropy (see,e.g.,Creager [1999]). Unlike thedependenceof wavespeedsonray

anglewith respectto thespinaxisof the innercorein axisymmetricanisotropy, meridional

anisotropy yieldsa wavespeeddependenceon thelocal bottomingazimuthin theinnercore.

Thustheazimuthaldependenceof wavespeedvariationsin the innercoreat high anglesto

thespinaxisprovidesa way to assessthe relative strengthof axisymmetricanisotropy to

meridionalanisotropy, andthemechanismsby whichanisotropy arisesin theinnercore.

To investigatetheanisotropy-attenuationrelationshipfurtherandto assessany meridional

contribution to anisotropy, we analyzebroadbandrecordingsof thecorephasesPKPDF and

PKPBC in a restrictedregion of theinnercore.Like Souriau and Romanowicz [1996],we use

crossingray pathsandsimultaneouslyanalyzetheattenuationandanisotropy of eachrecord

to establishthejoint dependenceof attenuationon innercorewavespeed.Onesetof directions
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is north-southandtheotheris east-westthroughthestudyregion in theinnercore.We seea

weaksignatureof anisotropy in theobservations,ataboutthedetectionlevel, with north-south

PKPBC-PKPDF timesslightly larger thaneast-westtimes,supportinganisotropy models

derivedfrom globaldatadistributions. Evidencefor a correlationbetweenanisotropy and

attenuationis weakin thedatasset,andprobablynonexistent.Within uncertainty, attenuation

appearsto beconstant,independentof depthin this regionof theinnercore.

Data and Methods

Thedataarebroadbandrecordingsof PKPDF andPKPBC from theSPICeDarrayin the

UK andWesternEurope,the Freesianetwork in Japan,andthe GlobalSeismicNetwork

stationTATO (Taiwan). SPICeDis a nine-stationarrayoperatedfor two yearsto studythe

coreandthecore-mantleboundary[Kendall and Helffrich, 2001]. Freesiais a permanent

network of 30 stationsoperatedby the NationalResearchInstituteof EarthScienceand

DisasterPrevention.Figure1 showsamapof stationlocationsandraypaths.

We measurePKPBC-PKPDF differentialtimesby hand-pickingcorrespondingpeaksand

troughsin therespectivewaveforms[Creager, 1997].While individualpick errorsare � 0.05

s (thedata’s samplerate),we estimatethedifferentialtime uncertaintyto be thestandard

deviationof themeanof thepick differencesin asinglewaveform,which is onaverage0.25s.

We correcttheresidualsfor ellipticity andreducethemto residualsδt with respectto AK135

[Kennett et al., 1995].

TheattenuationmeasurementmethodfollowsNiazi and Johnson [1992],via thespectral

decayof PKPDF relative to PKPBC. Wewindow thetwo phasesandassesswhetherscattering
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from theCMB regioncontaminatesthewaveforms[Bowers et al., 2000].Within thewindows

chosen,we calculatemultitaperspectralestimates[Park et al., 1987]usingfive 4π prolate

tapers.Thetime window immediatelyprecedingthePKPDF arrival providesa noiseestimate.

Thespectraaresmoothedanddividedpoint-wise,retainingonly pointswherebothsignalslie

above thenoiselevel. Theresultingsetof pointsis fit to themodel

ln

�
ADF � f �
ABC � f ��� � a 	 b f 
 (1)

where f is frequency. Theconstanta representsdifferencesin sourceamplitudefor PKPBC

andPKPDF andis not of interest,but the valueof b is relatedto the inner core’s t � via

t � � b � π. To estimateb, we usea robust line fitting methodthatminimizestheaverage

absolutedeviation of thepointsfrom thebest-fitline [Press et al., 1992],andusejackknifing

to estimatetheuncertaintyin b, andthust � [Efron and Tibishrani, 1991]. Q
� 1 � t �
� T ,

whereT is thetravel time acrosstheinnercore. Following Widmer et al. [1991],we report

q � 10000� Q ratherthanQ becausetheuncertaintyin b propagateslinearly into thisvalue,

andfor typographicalease.

Results

To simplify thediscussionof theresults,we will call theTonga-Fiji to SPICeDarray

observationsthe“SPICeDdata,” andtherestthe“Asiandata.” TheSPICeDdatapathsthread

theinnercorealongnortherlyazimuths,whereastheAsiandatapathstravel east-west(Figure

1). Bothbottomin thesameregionof theinnercore,andthussamplesimilarpartsof thecore

but alongorthogonalazimuths.This providesan idealgeometryto assesstheexistenceof
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eitheraxi-symmetricor meridionalinnercoreanisotropy.

Figure2 shows thedifferentialtravel timesfor theSPICeDandAsiandata,andmean

residualsaretabulatedin Table1. Themeanfor theSPICeDdatais -0.12s,andfor theAsian

datais -0.31s. Creager [1999] reportssimilar, small( � 0.4s in magnitude)residualsfor these

pathswith poorercoverage.Theresidualsarein thecorrectrelative senseif PKPDF arrives

earlydueto innercoreanisotropy, andthey show aweakdependenceonrayanglewith respect

to thespinaxisalsosuggestiveof axisymmetricinnercoreanisotropy. To explorethis effect

further, we additionallycorrecttheresidualsfor anisotropy usingpublishedmodels[Creager,

1992;Song and Richards, 1996;Creager, 1999]. Anglesto thespinaxisrangefrom 45–60�
for theSPICeDdataand61–79� for theAsiandata(Fig. 2), which yield correctionslarger

thanourmeasurementuncertaintyfor theSPICeDdata.All modelsexceptoneserve to reduce

thetravel time discrepancy betweenthetwo setsof observations.Thebestreduction,66%,

resultsfrom Creager’s [1999]easternhemispheremodel.Wethusfind supportiveevidencefor

innercoreanisotropy, eventhoughit is at thedetectionlimit of thedata.

Theattenuationmeasurements,shown in Figure3 againstbottomingdepth,donot reveal

any trendwith depth,nor do they show any significantdifferencein their meanvalues.A

smoothedestimateof thetrendsuggestsa depthvariation,but it lies within thedatascatter.

Themeansareequalwithin their respective uncertainties:q is 103� 53 for theSPICeDdata

andis 67� 47for theAsiandata.Themeanof all thedata,andthebestestimatefor q is 77� 51.

This leadsto a valuefor Q of 130
�

255� 52 for thebottomingrangeof thedata,140–340km into

theinnercore.Our resultscomparefavorablywith Niazi and Johnson [1992],who founda

Q � 175for a similar depthrange,and,within thebroaduncertaintybounds,Bhattacharyya
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et al. [1993] andTseng et al. [2001]. It differssignificantlyfrom Souriau and Roudil [1995]

andDoornbos [1974],bothof whomfoundQ � 450deeperthan225km into theinnercore.

Souriau and Romanowicz [1996,1997]foundaninverserelationbetweenanisotropy and

attenuation,with moreattenuationassociatedwith fastraypathsthroughtheinnercore.The

trendwasbestdisplayedin regionswhereraypathsparallelthesymmetryaxis(in mostmodels

theEarth’s spinaxis). Thepatchof theinnercoresampledin this studyis at high latitude,so

thenearestapproachto axi-parallelismis 45� . On this account,theanisotropy signalis small,

about+0.4s [Creager, 1999]. Our own data,shown in Figure4, do not requirea q increase

with δt.

Discussion

The insightsof Souriau and Romanowicz [1996,1997] promptedthis studyof the

connectionbetweenanisotropy andattenuationto obtainconstraintson the inner core’s

physicalstate.Thoughwe candetectthe influenceof anisotropy on thedifferentialtravel

times,we cannot detectany correlationwith attenuationwithin thelimited resolutionof the

anisotropy signalin thedataset.Thusourresultsaresimilar to theglobalstudyof Souriau and

Romanowicz [1997],wherethey alsofoundno relationbetweenanisotropy andattenuationat

high latitudes.

Thecrossing-pathdesignof our study, however, andtheobservationaldensity(46 paths

samplingthesameregion) providesa meansto assesstherelative contribution of meridional

andaxisymmetricanisotropy. Becausetheanglewith respectto thespinaxis is large,and

theaxisymmetricanisotropy contribution small,our observationsalsoprovide a strongtest
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of the ideathatflow in the innercore,causedby the toroidalfield, orientsthe innercore’s

crystallites[Karato, 1999;Buffett and Bloxham, 2000]. In particular, Maxwell stresseson the

innercoreshouldbegreatestat middlelatitudesin theinnercore,whereour ray pathscross.

Thebottomingazimuthsof theAsiandatalie in anextremelynarrow rangeof 296� 7� , while

theSPICeDdataazimuthsare10� 4� , roughlyorthogonal.Thedifferencerepresentsnearly

themaximumexpectedamountof anisotropy if thefastaxisparallelsmeridiansof longitude.

Thedifferencein meanraw travel timesis 0.19seconds,andtheaveragetravel time across

theinnercoreis 128s in thesedata,which limits theanisotropy to 0.1%,or 0.6%within the

widestlimits representedby theuncertaintyin themeans.Thesmallanisotropy we observe

suggeststhateithertheantisymmetriccomponentof thetoroidalfield is small(in contrastto

recentgeodynamosimulationsthatyield strongfieldsin thecore’s interior [Glatzmaier and

Roberts, 1995,1996;Kuang and Bloxham, 1997,1999])or thatthecore’s iron alloy doesnot

haveasufficiently anisotropicmagneticsusceptibilityto orientit or to induceflow via thefield

[Karato, 1993,1999]. Thestudyregion straddlesthehemisphericboundaryin theinnercore

separatingthefast,easternhemispherefrom theslow, westernhemisphere,sothereis some

contribution in theeast-westpathsfrom this factor. Thustheestimatesshouldbeviewedas

upperboundsonmeridionalanisotropy.

Creager’s [1999] datasetandtheSouriau and Romanowicz [1997] non-equatorialdata

providea complementaryestimateof theamountof meridionalanisotropy throughthespread

in thedataat ray angles� 50� . Thespread,estimatedby eye, is about � 1 s, andis larger

thanwhatweobserve in ourstudyregion. If this representsthemaximumeffectof meridional

anisotropy, it correspondsto about1.5%anisotropy. Our denserraypathsamplingyields
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lower, possiblymuchlower values,andin combinationwith theglobaldata,suggeststhat

meridionalanisotropy is smallin comparisonwith cylindrical, spin-axis-parallelanisotropy.

Conclusions

Froma crossing-pathstudyof PKPBC andPKPDF differentialtravel timesin a restricted

areaof the inner corelying underAlaska,we find a differencein 0.19s in east-westvs

north-southpathresiduals,nearthe resolutionlimit of thedata. Applying correctionsfor

global innercoreanisotropy decreasesthepathdifferencesby up to 50%,consistentwith

it beingananisotropy signal. We alsomeasuredattenuationin the innercorealongthese

differentdirectionsbut foundno differencesin the east-westandnorth-southdirections,

andanaveragevaluefor Q of of 130
�

255� 52 between140–340km depth. Thedatashow no

correlationbetweenattenuationandtravel time residuals.Thesmall differencesbetween

travel time residualsalongnorth-southandeast-westpathsboundmeridionalanisotropy to

smallvalues,between0.1and0.6%. Thesmallmeridionalcomponentto anisotropy argues

againstsignificantcontributionsto anisotropy from low-orderinnercoreconvectionor stresses

imposedon theinnercoreby theoutercorefield.
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Table 1. AveragedPKPBC-PKPDF travel times,reducedto AK135

Anisotropy corrections

#obs Rawe Cre92a S&R96b Cre99c Cre99d

SPICeD 13 -0.124 -0.592 -0.298 0.033 -0.527

� 0.220 � 0.281 � 0.226 � 0.251 � 0.215

Asian 33 -0.311 -0.396 -0.465 0.125 -0.590

� 0.373 � 0.372 � 0.377 � 0.352 � 0.387

diff. 0.187 -0.196 0.167 -0.092 0.063

a–Creager [1992]; b–Song and Richards [1996], time invariant;

c–Creager [1999],westernhem.;d–Creager [1999],easternhem.e–Times

correctedfor ellipticity [Dziewonski and Gilbert, 1976].
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Figure 1. Map of ray pathsof PKPDF throughthe inner core. Trianglesindicatestations,

crossesindicatesources.NortherlypathsareTonga-Fiji to the UK andwesternEurope,and

east-westpathsareS.Americato eastAsia. S.Americansourceregionsarebetween-18.917

and3.823� lat. and -77.995and-69.141� lon., andTonga-Fiji eventsbetween-31.511and

-15.948� lat. and179.725182.562� lon. andoccurredin 1995-2001.
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Figure 2. Raw PKPBC-PKPDF residualswith respectto the AK135 model,correctedfor el-

lipticity, againstbottomingdepthin the innercore(left) andanglewith respectto therotation

axis (right). SPICeDdataindicateTonga-Fiji to theUK andwesternEurope,andAsiandata

east-westpathsfrom S. Americato easternAsia. Trendto positive residualswith decreasing

anglesuggestsaxi-symmetricinnercoreanisotropy is responsiblefor thedifferencein means

for thetwo paths.
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Figure 3. Estimatedq � 10000� Q valuesfor the two datasetsagainstbottomingdepthin

the inner core. SPICeDdataindicateTonga-Fiji to the UK andwesternEurope,andAsian

dataeast-westpathsfrom S. Americato easternAsia. Meanvaluesareq � 105 � 53 and

q � 67 � 47 for SPICeDandAsiandata,respectively. Dashedline is a smoothedestimateof

thedepthvariation,but it doesnot vary outsidetheboundsof theaverageof thewholedata,

q � 77 � 51.
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Figure 4. Scatterplotof q valuesversusδt for individual seismogramsin the two datasets.

Dashedline is robust linearfit of thetrendof thedata,suggestingno correlationbetweenthe

widely-scatteredvalues.


