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Abstract. We reportresultsfrom studyinga region underthe north Pacific using46 ray
pathsalongeast-wesandnorth-southdirectionsto studythe natureof innercoreanisotrop,
andfind ananisotroy signalin differentialPKPsc-PKPor atabouttheresolutionof thedata,
with north-southpathsfasterthaneast-westbut no dependencef attenuatioron wavespeed
or depthin this partof theinnercore.InnercoreQ is 130" 25° betweerl40-34km depth.The
obsenationsalsoprovide constrainton the degreeof homogeneoumeridionalanisotroy
possiblypresenin the core,to betweerD.1and0.6%velocity differencesn thefastandslow
directions,significantlysmallerthanthe 2-4% axi-symmetricanisotroy in the inner core.
The small meridionalcomponento anisotroy arguesagainstsignificantcontributionsto
anisotroy from low-orderinnercorecorvectionor stressegmposedon theinnercoreby the

outercorefield.



I ntroduction

Heterogeneityn inner core structure ,superimposedh its large-scaleanisotrop, is
well-documentedby variousstudie Su and Dziewonski, 1995; Kaneshima, 1996;Creager,
1997; Tanaka and Hamaguchi, 1997;Creager, 1999; Song, 2000;Niu and Wen, 2001]. The
inner coreis alsonotablefor its attenuatiorof high-frequeng body waves, but evidence
for radialandlateralvariationin this propertyis moreelusive, with someworkersreporting
radialvariations[Sacks, 1971;Doornbos, 1974;Tseng et al., 2001],andothersnot[Niaz and
Johnson, 1992;Bhattacharyya et al., 1993]. Radialor lateralheterogeneityn attenuatiormay
be linkedto anisotroy througha commonphysicalprocesssuchaspropagatiorthrougha
textured,compositemedium.Theanisotropicattenuationmesultsfrom scatteringrom oriented
inclusionsandtheanisotroy dueto the differentpolarizationsanteractingdifferentlywith the
fabricthatinclusionsimpose[Doornbos, 1974;Peacock and Hudson, 1990;Cormier et al.,
1998;Kendall and Slver, 1996]. Souriau and Romanowicz [1997] alsocite the exampleof
theanisotropicattenuatiorin sheet-silicatenineralcompositesywhich, while not expectedo
exist in theinnercore,providesan exampleof a materialpropertythatmay alsoactin the
solid coresiron alloy to link attenuatiorandanisotropy.

Thejoint variationin attenuatiorandanisotroy thusconstrainghe natureof theinner
core. Oneattractve modelamongthe mary proposedo explain theinnercores anisotroy
thatalsoaffectsattenuatioris liquid inclusionstrappedin solid media[Doornbos, 1974;
Peacock and Hudson, 1990]. Inefficient expulsionof outercoreliquid asthe inner core

crystallizess a viableway to producethis this texture[Fearn et al., 1981;Loper and Fearn,



1983]. Despiteits allure, it is not supportedby the existing travel time andattenuation
obsenations. Souriau and Romanowicz [1996,1997]foundthat P wavespeedariationwas
fastwhereattenuationvaslargest,the oppositerelationto the orientedinclusionmodel
predictions.Souriau and Romanowicz [1997] proposedhatintrinsic attenuationin theinner
cores crystallites,orientedby corvection,wasoperatingn theinnercore.

Low-ordercorvectionof theinnercoreor crystallitealignmentdueto the magnetidield
in theinneror outercore[Jeanloz and Wenk, 1988;Weber and Machetel, 1992;Karato, 1993;
Romanowiczet al., 1996;Bergman, 1997;Souriau and Romanowicz, 1997;Karato, 1999]may
contribute to the inner core’s anisotropy. Eitherof thesemechanismerientthe crystallites
in the inner corealong meridiansof longitude. Averagedglobally over all longitudes,a
meridionalform would be cylindrically symmetric theform adoptedat presenfor describing
thecoresanisotroy (seee.g.,Creager [1999]). Unlike thedependencef wavespeedsnray
anglewith respecto the spinaxis of theinnercorein axisymmetricanisotropy, meridional
anisotroy yieldsa wavespeediependencen thelocal bottomingazimuthin theinnercore.
Thusthe azimuthaldependencef wavespeediariationsin the inner coreat high anglesto
the spin axis providesa way to assesshe relative strengthof axisymmetricanisotroy to
meridionalanisotropy, andthe mechanismby which anisotropy arisesin theinnercore.

To investigatedhe anisotropy-attenuationmelationshipgfurtherandto assesary meridional
contrikution to anisotroyy, we analyzebroadbandecordingsf the corephase®KPyr and
PKPsc in arestrictedregion of theinnercore. Like Souriau and Romanowicz [1996], we use
crossingray pathsandsimultaneouslyanalyzethe attenuatiorandanisotropy of eachrecord

to establisithejoint dependencef attenuatioroninnercorewavespeedOnesetof directions



is north-southandthe otheris east-westhroughthe studyregion in theinnercore. We seea
weaksignatureof anisotroy in theobsenations,ataboutthe detectionevel, with north-south
PKPsc-PKPoe timesslightly larger thaneast-westimes, supportinganisotroly models
derivedfrom global datadistributions. Evidencefor a correlationbetweenanisotroly and
attenuations weakin the datassetandprobablynoneistent. Within uncertaintyattenuation

appeardo be constantindependentf depthin thisregion of theinnercore.

Data and M ethods

Thedataarebroadbandecordingsof PKRbr andPKPsc from the SPICeDarrayin the
UK andWesternEurope,the Freesianetwork in Japanandthe Global SeismicNetwork
stationTATO (Taiwan). SPICeDis a nine-statiorarrayoperatedor two yearsto studythe
coreandthe core-mantleboundary{Kendall and Helffrich, 2001]. Freesias a permanent
network of 30 stationsoperatedvy the National Researchnstitute of Earth Scienceand
DisasterPrevention. Figurel shavs amapof stationlocationsandray paths.

We measurd’KPsc-PKPor differentialtimesby hand-pickingcorrespondingpeaksand
troughsin therespectre waveforms[Creager, 1997]. While individual pick errorsare< 0.05
s (the datas samplerate),we estimatethe differentialtime uncertaintyto be the standard
deviation of the meanof the pick differencesn a singlewaveform,whichis on average0.25s.
We correcttheresidualdor ellipticity andreducethemto residualdt with respecto AK135
[Kennett et al., 1995].

Theattenuatiormeasuremennethodfollows Niazi and Johnson [1992], via the spectral

decayof PKPor relative to PKPsc. We window thetwo phasesandassessvhetherscattering



from the CMB region contaminatethe waveforms[Bowers et al., 2000]. Within thewindows
chosenwe calculatemultitaperspectralestimategPark et al., 1987]usingfive 41t prolate
tapers.Thetime window immediatelyprecedinghe PKPor arrival providesa noiseestimate.
Thespectraaresmoothednddivided point-wise retainingonly pointswherebothsignalslie

abovethenoiselevel. Theresultingsetof pointsis fit to the model

In[ﬁ';z((:))} = a — bf | (2)

wheref is frequeng. The constanta representslifferencesn sourceamplitudefor PKPsc
and PKPog andis not of interest,but the valueof b is relatedto the inner cores t* via

t* = b/m To estimateb, we usea robustline fitting methodthat minimizesthe average
absolutedeviation of the pointsfrom the best-fitline [Press et al., 1992],andusejackknifing
to estimatethe uncertaintyin b, andthust* [Efron and Tibishrani, 1991]. Q"1 = t*/T,
whereT is thetravel time acrosgheinnercore. Following Widmer et al. [1991], we report
g = 10000 Q ratherthanQ becauseheuncertaintyin b propagatetinearly into this value,

andfor typographicakase.

Results

To simplify the discussiorof theresults,we will call the Tonga-Fijito SPICeDarray
obsenationsthe“SPICeDdata; andtherestthe“Asiandata’ The SPICeDdatapathsthread
theinnercorealongnortherlyazimuthswhereaghe Asiandatapathstravel east-wes{Figure
1). Both bottomin the sameregion of theinnercore,andthussamplesimilar partsof thecore

but alongorthogonalazimuths.This providesanideal geometryto assesshe existenceof



eitheraxi-symmetricor meridionalinnercoreanisotrop.

Figure2 shaws the differentialtravel timesfor the SPICeDandAsiandata,andmean
residualsaretalulatedin Tablel. Themeanfor the SPICeDdatais -0.12s, andfor the Asian
datais -0.31s. Creager [1999]reportssimilar, small(<0.4 sin magnitudeyesidualdor these
pathswith poorercoverage.Theresidualsarein the correctrelative sensef PKPyg arrives
earlydueto innercoreanisotroy, andthey shav aweakdependencenray anglewith respect
to the spinaxisalsosuggestie of axisymmetridnnercoreanisotroy. To explorethis effect
further, we additionallycorrecttheresidualdor anisotroy usingpublishedmodels|Creager,
1992;Song and Richards, 1996;Creager, 1999]. Anglesto the spinaxisrangefrom 45—-60
for the SPICeDdataand61-79 for the Asiandata(Fig. 2), which yield correctiondarger
thanour measuremenincertaintyfor the SPICeDdata.All modelsexceptoneseneto reduce
thetravel time discrepang betweenthe two setsof obsenations. The bestreduction,66%,
resultsfrom Creagers [1999] easterrhemispherenodel. We thusfind supportve evidencefor
innercoreanisotrop, eventhoughit is atthe detectionimit of thedata.

Theattenuatiormeasurementshawn in Figure3 againstottomingdepth,do notreveal
ary trendwith depth,nor do they shav ary significantdifferencein their meanvalues.A
smoothedestimateof the trendsuggests depthvariation,but it lies within the datascatter
The meansareequalwithin their respectre uncertaintiesq is 103+53 for the SPICeDdata
andis 67+47for the Asiandata. Themeanof all thedata,andthebestestimatdor qis 77+51.
This leadsto a valuefor Q of 130723 for the bottomingrangeof the data,140-340km into
theinnercore. Our resultscomparegavorablywith Niazi and Johnson [1992], who founda

Q ~ 175for asimilar depthrange,and,within the broaduncertaintybounds Bhattacharyya



et al. [1993]andTseng et al. [2001]. It differssignificantlyfrom Souriau and Roudil [1995]
andDoornbos[1974], bothof whomfoundQ > 450deepethan225km into theinnercore.
Souriau and Romanowicz [1996,1997]foundaninverserelationbetweeranisotroy and
attenuationyith moreattenuatiorassociateavith fastraypathghroughtheinnercore. The
trendwasbestdisplayedn regionswhereraypathgarallelthe symmetryaxis(in mostmodels
the Earth’s spinaxis). The patchof theinnercoresampledn this studyis at high latitude,so
thenearestapproacho axi-parallelisms 45°. Onthis accounttheanisotroy signalis small,
about+0.4 s [Creager, 1999]. Our own data,shaovn in Figure4, do notrequirea g increase

with ot.

Discussion

The insightsof Souriau and Romanowicz [1996, 1997] promptedthis study of the
connectionbetweenanisotroy andattenuatiorto obtainconstrainton the inner cores
physicalstate. Thoughwe candetectthe influenceof anisotroy on the differentialtravel
times,we cannot detectary correlationwith attenuatiorwithin the limited resolutionof the
anisotroy signalin thedatasetThusourresultsaresimilarto theglobalstudyof Souriau and
Romanowicz [1997], wherethey alsofoundno relationbetweeranisotroy andattenuatiorat
high latitudes.

The crossing-pathdesignof our study however, andthe obsenationaldensity(46 paths
samplingthe sameregion) providesa meando assess$herelative contribution of meridional
andaxisymmetricanisotroly. Becausdhe anglewith respecto the spinaxisis large,and

the axisymmetricanisotroy contritution small, our obsenationsalsoprovide a strongtest



of theideathatflow in the inner core,causedy thetoroidalfield, orientstheinnercores
crystallites[Karato, 1999;Buffett and Bloxham, 2000]. In particular Maxwell stressesn the
innercoreshouldbe greatesat middlelatitudesin theinnercore,whereour ray pathscross.
Thebottomingazimuthsof the Asiandatalie in anextremelynarrov rangeof 296+7°, while
the SPICeDdataazimuthsare 10+4°, roughly orthogonal. The differencerepresentsearly
the maximumexpectedamountof anisotropy if thefastaxisparallelsmeridiansof longitude.
Thedifferencein meanraw travel timesis 0.19secondsandthe averagetravel time across
theinnercoreis 128sin thesedata,which limits the anisotropy to 0.1%,or 0.6%within the
widestlimits representedy the uncertaintyin the means.The smallanisotroy we obsere
suggestshateitherthe antisymmetriccomponenbf thetoroidalfield is small (in contrasto
recentgeodynamaimulationsthatyield strongfieldsin the cores interior [Glatzmaier and
Roberts, 1995,1996;Kuang and Bloxham, 1997,1999]) or thatthe coresiron alloy doesnot
have a sufficiently anisotropianagneticsusceptibilityto orientit or to induceflow via thefield
[Karato, 1993,1999]. The studyregion straddlegshe hemispheridoundaryin theinnercore
separatinghe fast,easterrhemispherdrom the slow, westernrhemispheresothereis some
contribution in the east-wespathsfrom this factor Thusthe estimateshouldbeviewedas
upperboundson meridionalanisotropy.

Creagers [1999] datasetandthe Souriau and Romanowicz [1997] non-equatoriatiata
provide a complementargstimateof the amountof meridionalanisotropy throughthe spread
in the dataat ray angles> 50°. The spreadgstimatedy eye, is about+1 s, andis larger
thanwhatwe obsenein our studyregion. If thisrepresentthe maximumeffect of meridional

anisotrop, it correspondso aboutl.5% anisotroy. Our denseraypathsamplingyields
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lower, possiblymuchlower values,andin combinationwith the global data,suggestshat

meridionalanisotropy is smallin comparisorwith cylindrical, spin-axis-parallehnisotropy.

Conclusions

Froma crossing-patistudyof PKPsc andPKPor differentialtravel timesin arestricted
areaof theinner corelying underAlaska,we find a differencein 0.19sin east-west/s
north-southpathresidualsnearthe resolutionlimit of the data. Applying correctionsfor
globalinner coreanisotroy decreasethe pathdifferencedy up to 50%, consistentith
it beingan anisotroy signal. We alsomeasuredttenuatiorin the inner corealongthese
differentdirectionsbut found no differencedn the east-wesandnorth-southdirections,
andan averagevaluefor Q of of 130725 betweenl40-340km depth. The datashav no
correlationbetweenattenuatiorandtravel time residuals.The small differenceetween
travel time residualsalongnorth-southandeast-wespathsboundmeridionalanisotropy to
smallvalues betweer0.1and0.6%. The smallmeridionalcomponento anisotroy argues
againssignificantcontributionsto anisotroy from low-orderinnercorecornvectionor stresses

imposedontheinnercoreby theoutercorefield.
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Table 1. AveragedPKPsc-PKPor travel times,reducedo AK135

Anisotropy corrections

#obs Rav® Cre92 S&R96 Cre9% Cre9d

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]; P~Song and Richards [1996], time invariant;
°_Creager [1999], westernhem.;%—Creager [1999], easterrhem.-Times

correctedor ellipticity [Dziewonski and Gilbert, 1976].
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Figure 1. Map of ray pathsof PKPor throughthe inner core. Trianglesindicate stations,
crossesndicatesources.Northerly pathsare Tonga-Fijito the UK andwesternEurope,and
east-wespathsareS. Americato eastAsia. S. Americansourceregionsarebetween18.917
and 3.823 lat. and-77.995and-69.147 lon., and Tonga-Fiji eventsbetween-31.511and

-15.948 lat. and179.725182.562 lon. andoccurredn 1995-2001.
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axis (right). SPICeDdataindicateTonga-Fijito the UK andwesternEurope,andAsiandata
east-wespathsfrom S. Americato eastermAsia. Trendto positive residualswith decreasing
anglesuggestaxi-symmetrianner coreanisotropy is responsibldor the differencein means

for thetwo paths.
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