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A full model space search technique applied to measurements of anomalously
split normal modes show a robust pattern of P-wave and S-wave anisotropy
in the inner core. The parameter describing P-wave anisotropy changes sign
around aradius of 400 km, while S-wave anisotropy issmall in the upper two-
thirds of the inner core and becomes negative at greater depths. Our results
agree with observed travel time anomalies of rays traveling at epicentral dis-
tances varying from 150° to 180°. The models may be explained by progres-
sively tilted hexagonal close-packed iron in the upper half of the inner core,

but could suggest a different iron phasein the center.

The conceptof inner coreanisotroy is generallyacceptedasan explanationfor boththe
directionaldependencef PKIKP travel times and the anomaloussplitting of core-sensitie
free oscillations(1,2). Severalmodelshave tried to explain bothkinds of data,but amplitude
anddepthdependencef the anisotropy is still a matterof debate(1-7). In particular models
derivedfrom theinversionof normalmodedatacannotexplain thelargetravel time anomalies

obsenred for body wavestraveling at high epicentraldistanceg8-10. Evenjoint inversions
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of normalmodeandtravel time datafail to reconcileall obserations(4,5,11). Outercore
structurewas even suggestedo explain all existing databut couldnt accountfor the strong
splitting of modeshighly sensitve to inner core structure(6). The inner coreis believed to

be mainly composedf solid iron, with someunknawn light elementg12-16. Althoughthe

stablephaseof iron atinnercoreconditionsis not known, mineralogicaktudiesendto favor a

hexagonalclose-packd (h.c.p.) structure.Neverthelessthe possibility of anotherstablephase
Is not excluded, especiallyin the presenceof lighter elementg15). Estimatesof the elastic
propertiesof h.c.p. iron at high pressureandtemperaturg17) suggesthatthe basalplaneof

onethird of the crystalswould have to be alignedwith Earth’s spinaxisto matchtravel time

obsenrations.

Theinnercoreis generallymodeledasa cylindrical mediumwith a symmetryaxis parallel
to Earth’s rotation axis (1,2). Normal modetheory (18) shaws that zonal structurecoefi-
cientsatdegreeswo andfour arethenlinearly relatedto threeparametershatdescribeseismic
anisotropy :

Co = /O'Rid’ [a(r) K¢ + B(r) K] +~(r)K]] dr (1)

wheres is the sphericalharmonicdegree, R, standsfor the radiusof the inner coreandc,
is the measuredstructurecoeficient at degrees andorderzeroof a givenmode. «, 5 and~y
arethethreeanisotropicparametersiescribingP-wave anisotropy, S-wave anisotroy andthe
anisotroy of wavesthatdo not travel alongthe vertical or horizontaldirections,respecitrely.
They are relatedto the well-known Love coeficients A, C, N, L and F' (19) asfollows :
a = (C—A)/Ay, 8 = (N—-L)/Ay andy = (A — 2N — F)/Ay, with A, the value of
A atthe centerof Earth. C' and A (L and V) arerelatedto the speedof P-waves (S-waves)
traveling parallelandperpendiculato Earths rotationaxis, respectiely. K¢, K” and K} are
the sensitvity kernelsof a given modeto Earths structure. The threemodelparametersvere

expandedn a seriesof five cubic splinefunctionswith knotsequallyspacedhroughtheinner
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core.Theanistropicmodelsarefoundby invertingor solvingEq. (1) for thesplinecoeficients.
We establishethatdiscrepancieamongexistingseismologicamodelsof innercoreanisotropy
aremainly dueto regularizationwhich stabilizegheinverseproblemdefinedby Eq. (1). Regu-
larizationor dampingis neededo forcea solutionin the presencef non-uniquenesgecause
of badmodelsamplingor contradictionsn the data.Sincenormalmodedataarenotonly sen-
sitive to the core,but alsoto the overlying mantle,anothermpossiblesourceof uncertaintyis the
three-dimensionahantlemodelusedto correctthe measurementdzrominversionsby singu-
lar value decompositior(20), we found that regularizationand dataquality had a significant
influenceon thefinal model,while the chosemrmantlemodelwaslesscrucial (Fig. 1). We used
differentlevelsof dampingandtwo setsof data,consistingof zonaldegreetwo anddegreefour
structurecoeficientsandtheirerrorestimate$21). Thefirst datasetconsisteaf oldermeasure-
mentg(22,23), whereashesecondlatasetresultedrom themostrecentsplittingmeasurements
thatfollowedthe greatBolivia andKuril Islandsearthquaksin 1994 (24-29. All datawere
correctedwvith crustalmodelCRUST5.1(27). Variousmantlemodels(28—35 weretested21).
For all datasets,we obsened thatthe choiceof the mantlemodeldoesnot have a profound
effectonthe solution:it affectsthe amplitudeof the anisotropy, but notthe depthpattern.The
regularization however, changeshe modelssignificantly In generala higherdampingpushes
theanisotropicsignalinto shallaver partsof theinnercore.We furtherobsenredthatinversions
of the older measurementsroducednodelswith the maximumof P-wave anisotroyy situated
atthetop of theinnercore,whereasncludingmorerecentdatashifts this maximumto greater
depths.All modelsobtainedoy dampednversionsshaved smallamplitudesn theinnermost
inner core becausef the natureof the sensitvity kernels. Therefore they cannotpredictthe
large travel time anomalieobseredfor wavestravelingin a North-Southdirection(8—10.
Thestrongdependencef the obtainedanisotropianodelupondampingindicateshe pres-

enceof a large modelnull-spacethe part of the modelspacenot constrainedy the data). In



addition, inversionsdo not provide realistic posteriormodeluncertaintieshecausef a com-
pletetrade-of betweernvarianceandresolution(36). To obtainall possiblenodelsof innercore
anisotroy compatiblewith free oscillationdata,we employed a forward modelingapproach,
the neighbourhoodlgorithm(NA) (37,38). With sucha method the entiremodelspaces ex-
plored,no regularizationis introduced andthe modelparameteuncertaintiesandcorrelations
canbeobtained.The NA hasrecentlybeenmadeavailableandsuccessfullyusedin smallsize
tomographicstudies(29,30,39). We employed the NA to suney the entire modelspaceand
foundthe ensembleof inner coremodelsthatfit the selectedsplitting data(21). Becausehe
free oscillationswere bestexcited by the Bolivia and Kuril Islandsearthquaks of 1994, we
appliedthe NA to the mostrecentanomaloussplitting measurementsnly (21). Theresulting
modelsof innercoreanisotropy fit thedatawith a y-misfit lowerthan3, regardles®f themantle
correctionapplied(21). Theresultspresenseveralrobustcharacteristic§Fig. 2). Firstly, for
mostmodels is positive in theupperhalf of theinnercore(radiusr = 500 — 1200 £m), with
amplitudeincreasingdown to the middle of the inner core and becomingnegative at greater
depths.Thefastdirectionfor P-wavesis thusalongtherotationalaxisin themiddleof theinner
core,but becomegarallelto the equatorialplaneat greaterdepths. Secondly 3 is smalland
slightly positive in the uppertwo-thirds of the inner core and becomesegative in the lower
400 km of the core. Thus, shearwaves samplingthe innermostinner core are expectedto
move fasteralongthe rotationalaxis thanalongthe equatorialplane. Thirdly, v is negative at
theinner coreboundaryand undegoestwo successie changef signaroundr = 1100 km
andr = 600 km. All thesefeaturesarerobustandindependendf the mantlecorrection(21).
Themostinterestingiinding is thatmary modelsshov ananisotropicsignalat large depthsas
opposedo inversionresultswherethe dampingdrivesthe innermostcore anisotropy to zero.
Therearesomefeatureghatarenot aswell-constrained « and~ have muchlargererrorbars

atthevery bottomof theinnercoreandtheir signis notrobust. Theirvaluesatlarge depthsare



notindependentlgonstrainedy our data,ascanbe seenon thecorrelationmatrix (Fig. 3).

To testthecompatibilityof thisfamily of innercoremodelswith obsereddifferentialtravel
time anomalieswe generatedandomsamplesaccordingto the posteriorprobablity density
functionsassociatedvith eachmodelparametel(21). P-wave velocity anomaliesassociated

with innercoreanisotropy aregivenby (1)

% (28— 7)cos + (a— 28+ 1) cos' € @

eq
where¢ is theanglebetweertheray andEarths rotationaxisandv,, is the equatorialvelocity.
Predictionsof differentialtravel time anomaliesarecomputedor wavestraveling ataboutl 53°
epicentraldistancewhich samplethe upper290km of theinnercore,andfor raystraveling at
170° epicentraldistancewhich turn at a radiusof about350 km (Fig. 4). We alsocomputed
predictiongn theepicentrarangel 68° — 180°. All modelsproducedjrrespectve of themantle
correction,arecompatiblewith the obseredtravel time anomalieof rayssamplingthe upper
quarterof the core,andmostof thempredictanomaliedetweerfour andsix secondgor rays
traveling in a N-S direction,which confirmsthe estimatesnadefrom mantlecorrectedravel
time data(10).

Our resultsarerobust andindependenbf the mantlemodelusedto correctthe data. The
full modelspacesearchindentifiedsolutionspreviously unknovn from dampednversionsand
producedmodelsusing normal mode dataalonewhich agreewith the obsened differential
travel time anomaliesof raystraveling throughthe inner core at epicentraldistances/arying
betweenl50° and180°. More detailedthana division betweerbulk andinnermostinnercore
(12), a simple model of radially varying cylindrical anisotroy is sufficient to explain both,
splittingandtravel time data,withouttheneedof outercorestructurg6). A comparisorwith the
latestdeterminatiorof the elasticityof h.c.p.iron atinnercoreconditions(17) shovsthatsome

of our modelscanbe explainedby progressiely tilted h.c.p.iron in the upperhalf of theinner



core,with their symmetryaxisorientedat 45° from Earth’s rotationaxisat radiusr = 900 km
andat90° in themiddleof theinnercore.In thedeepesinnercore(r = 0 — 400 km), noneof
ourmodelsis compatiblewith publisheddataof h.c.p.iron. This mightsuggesthe presencef
anothemphasdrom thesedepths.Sucha phaseof iron couldindeedbe stablein the presencef

impurities(15).
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Fig. 1. Modelsresultingfrom the inversionof older dataare shavn in panels(A) and(B),
thoseresultingfrom theinversionof recentdataareshovn in panelgC) and(D). Two levelsof
dampingwereapplied.Theupperpanelscorrespondo highly dampednodelsthelowerpanels
aremodelsfor whichthe constrainbf thedampingwaslower. ThesolidlinesrepresenP-wave
anisotropy, the dottedlines S-wave anisotroy andthe dashedines parametery. Different
mantlemodels(21) wereusedto correctthedata,yieldingtheinnercoremodelsin colorandin
thegrey areas.

Fig. 2. Modelsresultingfrom the applicationof the neighbourhoodlgorithm,usingmantle
(29). Thethin dottedline representthemeanmodelandthethick surroundindinescorrespond
to two standardieviationstakenfrom the posteriomprobabilitydensityfunctionsobtainedrom
theNA. A, is thevalueof elasticparameterd atthe centerof the Earth.

Fig. 3. Correlatiormatrixcorrespondingp thefamily of modelsin Fig. (2). Indicescorrespond
to theradiusof thedifferentsplineknots. Theoff-diagonalelementsn thematrix describenow
thedatalink thedifferentmodelparameters.

Fig. 4. Predictionsof differentialtravel time anomaliePKP(BC)-PKP(DF)at epicentraldis-
tancesf 153° (A) andPKP(AB)-PKP(DF)at170° (B) andin therangel 68° —180° (C). £ isthe
anglebetweenEarth’s rotationaxis andthe directionof propagatiorof the wave. The dotsin
theupperandlower panelsaredatapointsfor wavestravelling in the epicentradistancerange
147° — 153° and 167° — 173°, respectrely (7). The diamondsof the third panelare binned
AB-DF databetween1 68 and 180°, with two standarddeviations(10). Theseestimationsare
basedn randompredictionfrom thefamily of modelsshavn in Fig. 2. Thesolid verticallines

representwo standardieviationsof our predictiong21).
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