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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 a radius of 400 km, while S-wave anisotropy is small 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 ���	��
 to ���	�

 . 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 phase in the center.

The conceptof inner coreanisotropy is generallyacceptedasan explanationfor both the

directionaldependenceof PKIKP travel times and the anomaloussplitting of core-sensitive

freeoscillations(1,2). Severalmodelshave tried to explain bothkindsof data,but amplitude

anddepthdependenceof theanisotropy is still a matterof debate(1–7). In particular, models

derivedfrom theinversionof normalmodedatacannotexplain thelargetravel time anomalies

observed for body wavestraveling at high epicentraldistances(8–10). Even joint inversions
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of normalmodeand travel time datafail to reconcileall observations(4,5,11). Outercore

structurewaseven suggestedto explain all existing databut couldn’t accountfor the strong

splitting of modeshighly sensitive to inner corestructure(6). The inner core is believed to

bemainly composedof solid iron, with someunknown light elements(12–16). Althoughthe

stablephaseof iron at innercoreconditionsis not known, mineralogicalstudiestendto favor a

hexagonalclose-packed(h.c.p.)structure.Nevertheless,thepossibilityof anotherstablephase

is not excluded,especiallyin the presenceof lighter elements(15). Estimatesof the elastic

propertiesof h.c.p. iron at high pressureandtemperature(17) suggestthat the basalplaneof

onethird of the crystalswould have to bealignedwith Earth’s spinaxis to matchtravel time

observations.

Theinnercoreis generallymodeledasa cylindrical mediumwith a symmetryaxisparallel

to Earth’s rotation axis (1,2). Normal modetheory (18) shows that zonal structurecoeffi-

cientsatdegreestwo andfour arethenlinearly relatedto threeparametersthatdescribeseismic

anisotropy :

������� �������
� ��� �"!$#&%('�*),+ �"!$#&%(-�.),/ �"!$#&%(0�2143 ! (1)

where 5 is the sphericalharmonicdegree, 687:9<; standsfor the radiusof the inner coreand �����
is the measuredstructurecoefficient at degree 5 andorderzeroof a givenmode.

�
, + and /

arethe threeanisotropicparametersdescribingP-wave anisotropy, S-wave anisotropy andthe

anisotropy of wavesthatdo not travel alongtheverticalor horizontaldirections,respectively.

They are relatedto the well-known Love coefficients = , > , ? , @ and A (19) as follows :
� � � >CBC= #ED = � , + � � ?FBC@ #&D = � and / � � =GBCH	?FBCA #ED = � , with = � the value of

= at the centerof Earth. > and = ( @ and ? ) arerelatedto the speedof P-waves(S-waves)

traveling parallelandperpendicularto Earth’s rotationaxis,respectively.
% '� ,

% -� and
% 0� are

thesensitivity kernelsof a givenmodeto Earth’s structure.The threemodelparameterswere

expandedona seriesof fivecubicsplinefunctionswith knotsequallyspacedthroughtheinner
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core.Theanistropicmodelsarefoundby invertingor solvingEq. (1) for thesplinecoefficients.

Weestablishedthatdiscrepanciesamongexistingseismologicalmodelsof innercoreanisotropy

aremainlydueto regularizationwhichstabilizestheinverseproblemdefinedby Eq. (1). Regu-

larizationor dampingis neededto forcea solutionin thepresenceof non-uniqueness,because

of badmodelsamplingor contradictionsin thedata.Sincenormalmodedataarenot only sen-

sitive to thecore,but alsoto theoverlyingmantle,anotherpossiblesourceof uncertaintyis the

three-dimensionalmantlemodelusedto correctthemeasurements.Frominversionsby singu-

lar valuedecomposition(20), we found that regularizationanddataquality hada significant

influenceon thefinal model,while thechosenmantlemodelwaslesscrucial(Fig. 1). Weused

differentlevelsof dampingandtwo setsof data,consistingof zonaldegreetwo anddegreefour

structurecoefficientsandtheirerrorestimates(21). Thefirstdatasetconsistedof oldermeasure-

ments(22,23), whereastheseconddatasetresultedfromthemostrecentsplittingmeasurements

that followedthe greatBolivia andKuril Islandsearthquakesin 1994(24–26). All datawere

correctedwith crustalmodelCRUST5.1(27). Variousmantlemodels(28–35) weretested(21).

For all datasets,we observed that the choiceof the mantlemodeldoesnot have a profound

effect on thesolution: it affectstheamplitudeof theanisotropy, but not thedepthpattern.The

regularization,however, changesthemodelssignificantly. In general,ahigherdampingpushes

theanisotropicsignalinto shallowerpartsof theinnercore.Wefurtherobservedthatinversions

of theoldermeasurementsproducedmodelswith themaximumof P-wave anisotropy situated

at thetop of theinnercore,whereasincludingmorerecentdatashiftsthis maximumto greater

depths.All modelsobtainedby dampedinversionsshowedsmallamplitudesin the innermost

innercorebecauseof the natureof the sensitivity kernels.Therefore,they cannotpredictthe

largetravel timeanomaliesobservedfor wavestraveling in aNorth-Southdirection(8–10).

Thestrongdependenceof theobtainedanisotropicmodelupondampingindicatesthepres-

enceof a largemodelnull-space(thepartof themodelspacenot constrainedby thedata). In
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addition,inversionsdo not provide realisticposteriormodeluncertainties,becauseof a com-

pletetrade-off betweenvarianceandresolution(36). To obtainall possiblemodelsof innercore

anisotropy compatiblewith freeoscillationdata,we employeda forward modelingapproach,

theneighbourhoodalgorithm(NA) (37,38). With sucha method,theentiremodelspaceis ex-

plored,no regularizationis introduced,andthemodelparameteruncertaintiesandcorrelations

canbeobtained.TheNA hasrecentlybeenmadeavailableandsuccessfullyusedin smallsize

tomographicstudies(29,30,39). We employed the NA to survey the entiremodelspaceand

found the ensembleof innercoremodelsthat fit the selectedsplitting data(21). Becausethe

free oscillationswerebestexcited by the Bolivia andKuril Islandsearthquakesof 1994,we

appliedtheNA to themostrecentanomaloussplitting measurementsonly (21). Theresulting

modelsof innercoreanisotropy fit thedatawith a I -misfit lowerthan3, regardlessof themantle

correctionapplied(21). Theresultspresentseveral robustcharacteristics(Fig. 2). Firstly, for

mostmodels,
�

is positivein theupperhalf of theinnercore(radius
! � �	�	�JBK��HL�	�NMPO ), with

amplitudeincreasingdown to the middle of the inner coreandbecomingnegative at greater

depths.Thefastdirectionfor P-wavesis thusalongtherotationalaxisin themiddleof theinner

core,but becomesparallelto the equatorialplaneat greaterdepths.Secondly, + is small and

slightly positive in the uppertwo-thirdsof the inner coreandbecomesnegative in the lower

400 km of the core. Thus, shearwaves samplingthe innermostinner core are expectedto

move fasteralongtherotationalaxis thanalongtheequatorialplane.Thirdly, / is negative at

the innercoreboundaryandundergoestwo successive changesof sign around
! � �	���	�QMRO

and
! �TS �	�UMRO . All thesefeaturesarerobustandindependentof themantlecorrection(21).

Themostinterestingfinding is thatmany modelsshow ananisotropicsignalat largedepths,as

opposedto inversionresultswherethe dampingdrivesthe innermostcoreanisotropy to zero.

Therearesomefeaturesthatarenot aswell-constrained:
�

and / have muchlargererrorbars

at theverybottomof theinnercoreandtheirsignis not robust.Theirvaluesat largedepthsare

4



not independentlyconstrainedby ourdata,ascanbeseenon thecorrelationmatrix (Fig. 3).

To testthecompatibilityof thisfamily of innercoremodelswith observeddifferentialtravel

time anomalies,we generatedrandomsamples,accordingto the posteriorprobablitydensity

functionsassociatedwith eachmodelparameter(21). P-wave velocity anomaliesassociated

with innercoreanisotropy aregivenby (1)

VXW
WLY[Z � � H + B / #]\_^	`�a2b ) � �

H
� BcH +d)e/ #]\_^	`gf]b (2)

where
b

is theanglebetweentherayandEarth’s rotationaxisand
WLY[Z

is theequatorialvelocity.

Predictionsof differentialtravel timeanomaliesarecomputedfor wavestravelingatabout ���	h


epicentraldistance,which sampletheupper290km of theinnercore,andfor raystraveling at

��i	�

 epicentraldistance,which turn at a radiusof about350km (Fig. 4). We alsocomputed

predictionsin theepicentralrange� S � 
 Bj���L� 
 . All modelsproduced,irrespectiveof themantle

correction,arecompatiblewith theobservedtravel time anomaliesof rayssamplingtheupper

quarterof thecore,andmostof thempredictanomaliesbetweenfour andsix secondsfor rays

traveling in a N-S direction,which confirmsthe estimatesmadefrom mantlecorrectedtravel

timedata(10).

Our resultsarerobust andindependentof the mantlemodelusedto correctthe data. The

full modelspacesearchindentifiedsolutionspreviouslyunknown from dampedinversionsand

producedmodelsusing normal modedataalonewhich agreewith the observed differential

travel time anomaliesof raystraveling throughthe inner coreat epicentraldistancesvarying

between���	�

 and ���	��
 . More detailedthana division betweenbulk andinnermostinnercore

(11), a simple modelof radially varying cylindrical anisotropy is sufficient to explain both,

splittingandtravel timedata,withouttheneedof outercorestructure(6). A comparisonwith the

latestdeterminationof theelasticityof h.c.p.iron at innercoreconditions(17) showsthatsome

of our modelscanbeexplainedby progressively tilted h.c.p.iron in theupperhalf of theinner
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core,with their symmetryaxisorientedat k	�

 from Earth’s rotationaxisat radius
! �ml �	�nMRO

andat l ��
 in themiddleof theinnercore.In thedeepestinnercore(
! � �oBpk	�	�nMRO ), noneof

ourmodelsis compatiblewith publisheddataof h.c.p.iron. Thismightsuggestthepresenceof

anotherphasefrom thesedepths.Suchaphaseof iron couldindeedbestablein thepresenceof

impurities(15).
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6. B. Romanowicz, L. Bréger, J. Geophys.Res.105, 21,559(2000).

7. K. Creager, Earth’s DeepInterior: Mineral PhysicsandTomographyFromtheAtomicto

theGlobal Scale, Seismology andMineral Physics,Geophys.Monogr. Ser., S. Karato,ed.

(AGU, Washington,D.C.,2000),vol. 117,pp.63–87.

8. W.-J.Su,R. Woodward,A. Dziewonski,J. Geophys.Res.100, 9,831(1995).

9. X. Song,J. Geophys.Res.101, 16,089(1996).

10. X. Sun,X. Song,Earthplanet.Sci.Lett.199, 429(2002).

11. M. Ishii, A. Dziewonski,Proc.Natl. Acad.Sci.USA99, 14026(2002).

6



12. F. Birch, J. Geophys.Res.69, 4,377(1964).

13. L. Stixrude,E. Wasserman,R. Cohen,J. Geophys.Res.102, 24,729(1997).

14. H. Mao,etal., Science292, 914(2001).

15. J.Lin, D. L. Heinz,A. Campbell,J.Devine,G. Shen,Science295, 313(2002).

16. C. Gessman,B. Wood,Earthplanet.Sci.Lett.200, 63 (2002).

17. G. Steinle-Neumann,L. Stixrude,R. Cohen,O. Gülseren,Nature 413, 57 (2001).

18. J.Tromp,Geophys.J. Int. 121, 963(1995).

19. A. Love,A Treatiseon theTheoryof Elasticity(CambridgeUniv. Press,1927).

20. M. Matsu’ura,N. Hirata,J. Phys.Earth30, 451(1982).

21. MaterialsandmethodsareavailableassupportingmaterialonScienceOnline.

22. M. Ritzwoller, G. Masters,F. Gilbert,J. Geophys.Res.93, 6,369(1988).

23. R. Widmer, G. Masters,F. Gilbert,Geophys.J. Int. 111, 559(1992).

24. J.Tromp,E. Zanzerkia,Geophys.Res.Lett.22, 2,297(1995).

25. X. He,J.Tromp,J. Geophys.Res.101, 20,053(1996).

26. J.Resovsky, M. Ritzwoller, J. Geophys.Res.103, 783(1998).

27. W. Mooney, G. Laske,G. Masters,J. Geophys.Res.103, 727(1998).

28. J.Resovsky, M. Ritzwoller, J. Geophys.Res.104, 993(1999).

29. J.Resovsky, T. Trampert,Nature (2002).Submitted.

7



30. C. Beghein,J.Resovsky, J.Trampert,Geophys.J. Int. 149, 646(2002).

31. G.Masters,S.Johnson,G.Laske,H. Bolton,Phil. Trans.R.Soc.London354, 1,385(1996).

32. J.Ritsema,H.-J.vanHeijst,Science83, 243(2000).

33. X. Li, B. Romanovwicz, J. Geophys.Res.101, 22,245(1996).

34. G. Masters,G. Laske, H. Bolton,A. Dziewonski,Earth’s DeepInterior: Mineral Physics

andTomographyFromthe Atomicto the Global Scale, Seismology and Mineral Physics,

Geophys.Monogr. Ser., S.Karato,ed.(AGU,Washington,D.C.,2000),vol. 117,pp.63–87.

35. W.-J.Su,R. Woodward,A. Dziewonski,J. Geophys.Res.99, 6,945(1994).

36. G. Backus,F. Gilbert,Phil. Trans.R.Soc.LondonA266, 123(1970).

37. M. Sambridge,Geophys.J. Int. 138, 479(1999).

38. M. Sambridge,Geophys.J. Int. 138, 727(1999).

39. J.Resovsky, T. Trampert,Geophys.J. Int. 150, 665(2002).

40. M. Sambridgegenerouslyprovidedthecodesof theneighbourhoodalgorithm. We wish to

thankK.C. Creagerwho provided the PKP(BC)-PKP((DF)andPKP(AB)-PKP((DF)data

andthecodegiving travel time anomaliesasa functionof theray angle,andX. Songwho

sentus the differentialtravel time datafor the epicentraldistancerange � S �

qBr���L�

 . We

aregrateful to H. Paulssenfor the numerousdiscussionsconcerningbody-wavesand for

computingthereferencetravel timesfor P-wavesinsidetheinnercore.WethankJ.Resovsky

for his adviceon thenormalmodedata. We alsoappreciatedthe discussionwith M. Ishii

concerningherwork on theinnercore.Finally, wewish to thankall peoplewhomadetheir

normalmodemeasurementsandmantlemodelsavailablein variouspublications.

8



Supporting Online Material

www.sciencemag.org

1 file containingMethods(5 notes)

9



Fig. 1. Modelsresultingfrom the inversionof older dataareshown in panels(A) and(B),

thoseresultingfrom theinversionof recentdataareshown in panels(C) and(D). Two levelsof

dampingwereapplied.Theupperpanelscorrespondto highlydampedmodels,thelowerpanels

aremodelsfor whichtheconstraintof thedampingwaslower. Thesolid linesrepresentP-wave

anisotropy, the dottedlines S-wave anisotropy and the dashedlines parameter/ . Different

mantlemodels(21) wereusedto correctthedata,yieldingtheinnercoremodelsin colorandin

thegrey areas.

Fig. 2. Modelsresultingfrom the applicationof the neighbourhoodalgorithm,usingmantle

(29). Thethin dottedline representsthemeanmodelandthethick surroundinglinescorrespond

to two standarddeviationstakenfrom theposteriorprobabilitydensityfunctionsobtainedfrom

theNA. = � is thevalueof elasticparameter= at thecenterof theEarth.

Fig. 3. Correlationmatrixcorrespondingto thefamily of modelsin Fig. (2). Indicescorrespond

to theradiusof thedifferentsplineknots.Theoff-diagonalelementsin thematrixdescribehow

thedatalink thedifferentmodelparameters.

Fig. 4. Predictionsof differentialtravel time anomaliesPKP(BC)-PKP(DF)at epicentraldis-

tancesof ���	h 
 (A) andPKP(AB)-PKP(DF)at ��i	� 
 (B) andin therange� S � 
 B,���	� 
 (C).
b

is the

anglebetweenEarth’s rotationaxisandthedirectionof propagationof thewave. Thedotsin

theupperandlowerpanelsaredatapointsfor wavestravelling in theepicentraldistancerange

��k	i 
 Bs���	h 
 and � S i 
 Bt��i	h 
 , respectively (7). The diamondsof the third panelarebinned

AB-DF databetween� S � and ���L� 
 , with two standarddeviations(10). Theseestimationsare

basedonrandompredictionfrom thefamily of modelsshown in Fig. 2. Thesolidverticallines

representtwo standarddeviationsof ourpredictions(21).
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