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Abstract

Earthdéds inner core anisotropy is widely wused

Many compressionalvave anisotropy modelsavebeen proposed based on seismological observations.

In contrast, innecore sheawave(J-wave)anisotropyi on a par with the compressionaéve anisotropy
T has been elusive. Here we present a new class &fthge anisotroppbservations utilizing earthquake
codacorrelation wavefield. We establish that the cedearelation feature K, sensitive td-wave speed,
exhibits time and amplitude changes when sampling the innerddéeeently. J-waves traversing the

i nner core near its center travel faster for
axis by at least ~5. The simplst explanation is thé-wave cylindrical anisotropy with aminimum
strength 0of~0.8% formed through the lattice-preferredorientationmechanismof iron. Although we
cannot uniquely determinits stable ironphasethe new observationsile out oneof the body-centered

cubiciron modesk.

Plain Language Summary

Eart hds i nner the drecegonabhdepersdenter ob geigmic wave speed in the innef cor

contains essenti al i nformation of deep Earthos:s

alignment of iron crystals related to tfigmationand postformation dynamics of the inner core. Many

studies have investigated the inner core anisotropy observed for compressional waves. In contrast, possible

anisotropy for the innecore shear waves remains elusive. This study presents a new class-cbnener
shearwave anisotropy observations based on recent advances in earthquakeroceldéion wavefield.
We find that the codaorrelation feature K, sensitive to the inn@ore sheawave speed, exhibits
variable timing and amplitude for sampling tin@eer core in different directions. Quantitatively, inner
coreshear waves r av e | faster for at | east ~5 s in

directions parallel to the equatorial plane. Thienplest and most plausible explanation four

e
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t
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44  observations is the inn@ore sheawave anisotropy with a strength of ~0.8% or higher. We can rule out
45 at least onef thebody-centereecubiciron modes in the inner core, although the other models are not

46 distinguishable.
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1 Introduction

thasbeen eight and a half decades gIC)fLehemann,i386)di s c

Understandinghe IC structure and dynamics is of high priority to geoscientists, given its active role in
the Eart h@Bk alvloil This inc@uees Zoppling with the liquid outer core, which sustains
the geodynamdBraginsky, 1963; Buffett et al., 199&nd possibly affects the lowermost mantle
dynamics(Aubert et al., 2008; Gubbinsetal.,,2011) and even t he pr ¢Biggirses e s
al., 2015) One direction inC studies is its elastic anisotropy. The anisotropy strength and volumetric
dependence may help decipher iBeevolution and its current stateT k a | | i. This is Beduse’the
anisotropic properties reveal a preferred alignment of iron cry@@algude & Cohen, 1995; Steinle
Neumann et al., 200Belonoshko et al., 2008)rmed during the solidificatiofKarato 1993Bergman,
1997)or postsolidification deformation progregdeanloz & Wenk, 1988yoshida et al., 19968)Nenk et

al., 2000)coupled with the geodynan{&arato, 1999Buffett & Wenk, 2001) However, it is uncertain
which type of iron crystal, hexagorelbsepacked (hcpjStixrude & Cohen, 199%5teinleNeumann et

al., 2001)or bodycentereecubic (bccXV o | ad | o eBelonashko et al22D@;3alvet & Margerin,

2008)structure, is stabilized in tHE.

Pioneeringstudies characterideghe anisotropy based on fastcompressional waves traversing theriC
directionsquasp ar al | el t o t he HnaeguatbridlgirectiangPaupinetetral, 20&B;i s
Morelli et al., 1986 \Woodhouse et al., 1986¢ee als&Ghearer et al., 1988; Creager, 1992; Tromp, L1993
However,subsequent observationsveaéd more complex anisotropic properties of the Kigre 1),
such as a quassotropic thin layer in the upper I@.g.,Shearer, 1994; Song & Helmberger, 1986)la
hemispherical dichotomy of the (€.g.,Tanaka & Hamaguchi, 199Riu & Wen, 2001Waszek & Deuss,

2011) Notably, the innermost part of thé (IMIC) was found to present distinct anisotropic behavior

t

a

F
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from the outer IC (OIC) (e.g.,| s hi i & Dz i BageEs KlramperR200B Zprmier &
Stroujkova, 2005; Stephenson et al., 203t)idies in the last two decades reveal that the slowestidire

of compressionavave propagation in the I MIC is tilted
OIC, it is equatorial. But this contrast is not well constrained due to limited observations for IC central

part that require souraeceiverpairs close to 180°.

More observational evidence is requiredeconcile these properties and the different mechanisms behind
them However, the existing observations are limited to IC compresswanad anisotropy. Possible
anisotropy for IC shear was€J waves) that constrains the central part of the IC remains ellisigar

best knowledge, there are minindiectobservations adwaves (Julian et al., 1972; Okal & Cangi998;
Deuss et al., 2000; Cao et al., 200mokey & Helffrich, 2008)likely because of the very weak amplitude

of Jwaves(Shearer et al., 2011)

Here we present a new observation of IC slwgare anisotropy based on recent advances in global coda
correlation wavefield PhUm etWamng , & 2D &I; [Tkia) | 2 §.2Vv@ obseavé staple 2 0 2
time and amplitude variations for the cectarrelation feature K3( Tk al | i | & seRsitivémod 201
wave speeat the periods 1550 swhen its constituents sample the IC in different directidine 12J is
formedby pars of seismic wavesgFigures 1b an@a-c). We argue that the observed variations are due to

IC sheafwave anisotropypased oranalyzingand eliminatingmultiple possible cause$Ve thenevaluate

the Jwave anisotropy strengtimdexaminevarious iron crystal modglwvhich cancauseanisotropy We

show that) wavestravelingi n di rections oblique to the Earth

travelingin the equatorial planélthoughwe cannot utilizel wavesn planegparallel to theotation axis

I
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92 anddetermine whethahehcpor bcec ironmodeldominates théC from our observations alopee show

93 that wecanrule out one bcc model from many candidate models

(a) Seismic wavefield observations (b) Coda-correlation wavefield observations

— -

—— Compressional waves
=== Inner-core shear waves

@IMIC(;S) vs. OIC (f. s)
o4 @ Quasi-isotropic thin layer @ Hemispherical dichotomy @ LPO iron of hep ([1) or bee((y)?
95 Figure 1. Complex anisotropic IC sampled by seismic wavefield and -codalation wavefield. The
96 observed complexities shown in the insets are explained in the mairajdxay( path for a PKIJKP wave
97 from an event (star) to a receiver (triangle). The dashedndieates the IC shear wave (J wavé). A
98 diagram for correlation feature -[l2 formed due to the similarity between two seismic waves:
9 xPKI KPPKIKP (xI12) and xPKJKP (xJ) recorded at
100 nomenclature represemany common combination of ray legs for the two seismic waves and is not shown.
101 The dashed line indicates the J wave for the paixdlZther pairs of seismic waves contributing ta 12
102 and theesultantdiverse dwave directions are explained in the main text and shown in Figure 2.
103

104 2 The Observatiors and Confirmation of J-wave Anisotropy from Codacorrelation Wavefield

105 We compute earthquake cedarrelation wavefields for K features followind® h 4 mal. €018)and

106 Wang and Tk Bhelp-Jidfornje@ @ué 10 dhe similarity of seismic waves in a plane proximal

107 to the greatircle plane defined by a receiver p&rT k a |l | i | & PhUm, 2018; Wa
108 Multiple seismic wavegan contribute tdorming PKIKPPKIKP-PKJIKP (12-J) in a greafircle plane

109 such as xPKIKPPKIKPxPKJIKP (x12xJ) andxPKIKPPKIKPPKIKP-xPKJKPPKIKP (xI3xJI) (Figures

110 2ac), in which fAx0 represents the common camgt | eg
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uniquely define the direction for an individualwéve ray patHor the feature I12). Accordingly, webin
greatcircle planedased orthe angles for whichw 11 J* is the angldetweenhe plane sormal and
t he Ear t h 0.sFigures Rebshawaasequasbequatorial(e* 90J), oblique (¢ ~50QJ), andquast
polar (+ ~0°) planes In eachof the planes, J-wave directionyary. In the quastequatorial planelJ-wave
directionsareexclusivelyquastequatorial.JJwavedirectionscanrange fromequatoriako obliquein the
oblique plangand he more oblique the plane gets, the more versatitavedirectionsbecome. In the

guastpolar plane,) wavesantakearbitrarydirections

We then selecthe events with hypocesis proximal to the greatircle planes (Figure2g-i). We

empirically selectevents close to the greaircle path for a spherical distance smaller than 15°, and

exclude those farther than 13Véng& T k a | | )i After th@ Sel2ction, for specific, the 12J is
predominantly sensitive to the Earth structure proximal to the-gnede plangl Wang & Tkal
We consider global events regardless of their epicentral distances. Anglegerto the greatircle plane
can contribute to forming the correlation featurelJIPFigures 2&). Subsequently, we compute ceda
correlation stacks for different ranges, with a step of 10° (Figure ;e Methods section in the
supporting informatin), and we conclude that42is not prominently visible in all ranges. We, therefore,

compute stacks for 26Ride bins (Figures 3h).

As shown in Figre 3, 12-J exhibits a variation in time for differentranges We find that the 12 timing
for the bin « =40°60° (oblique planes)ags ~5s behindthe bine =60°-80° (quastequatorial planes)
(Figures3a-d) via slantstack analysesséeMethodssection in the supporting informatiprrhis time
variation is robust given that the-IRis astacked crossorrelation feature based on tg@ar recordings

for globally distributed events and receiveRsgure S). We test the stability of time variations by
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analyses with denser bins (Eigs3g-i, S6 and ST and bootstrap experimentSigure 8 andMethods

section in the supporting informatipn

(a) (b)

- XPKJKPPKIKP

- xPKJKP

— Compressional waves
--- Jwaves

The Earth’s
rotation axis

= = Great-circle path ¥r Selected events
V Receivers vt Not-selected events

Figure 2. The raypath geometry of the codaprrelation feature K. @) The 12J can be formed by the
interference between two seismic waves: XPKIKPPKIKP (x12) and xPKJKP (xJ), recorded at two
recevers (triangl es), respectively. The AXO0 repr e
The dashed line represents the IC shear waves (J wave3hd 12J formed by another two seismic
waves: XPKIKPPKIKPPKIKP (xI3) and xPKIJKPPKIKP (xJIx) Combined (a), (b) plus other pairs not
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143 shown in a) and b) (xHJI2, xI15xJI3, x16-xJI4, xI7-xJI5) that contribute to the correlation featuredl2

144  (d) 12-J ray paths inside a quasguatorial greatircle plane € ~90°). The plane passes through two

145 receivers (black balls). The angle between the
146 is defined aso 1t J* . All J-wave ray paths in the quasguatorial plane are in quasguatorial directions

147 (relativet o t he Ear t h é Same asi) lbut for amobligue plang 50 ). The Jwave ray

148 paths exhibit a range of equatorial anfdSamddsi que
149 d) butfor aquaspolar plane{~0°). Thedwaver ay pat hs are in arbitrary
150 rotation axis.g) An example showing a selection of events (stars) for a-@aasitorial greatircle plane

151 for two receivers (black triangles). We seleatnts within the spherical distanoE15° to the greatircle

152 path and exclude those farther than 185.i] Similar to (g) but for oblique and qugsblar planes,

153 respectively.

154
155
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Figure 3. Observations of IC sheaiwave anisotropy in codacorrelation wavefield. (a, b) Coda
correlogramsand frequency histograms of receiver pairs in different-rgeeiver distance bins for two

* ranges: (a) 4060°, (b) 60280°.¢ is defined in Figure 2; yellow ellipses and black arrows indicate the
codacorrelation feature K sensitive to the IC shearave speed; dotted lines indicate the feature PcP*.
Positive correlation amplitudes are in white shades, and negative arekirshdaes; the intensity of the
black or white indicates the amplitude strength. Thd Maveform stacks are shown alongside the
correlograms.d, d) Slant stacks of kJ for the two different ranges, 4060°, and 6080°, respectively.
The yellow dotscorrespond to the lower branch of theJlZusp. Each slant stack is normalized with
respect to the maximal amplitude. TheJl2vaveform stacks are shown alongside the slant stagk. (
Similar to (c, d) but for PcP*g( h) 12-J and PcP* waveform staglbased on slant stacks for different
ranges. Colored areas correspond to stack amplitudes greater than 80% of the maxippuiimeé
measurementsofthe-® and PcP* waveform stacks. Dots corr e

Vertical bars orrespond to the time range of the colored area in (g, h).

To explain the time variation, we consider multiple possibilities, similar in the scope to analyses of IC
compressionalvave travel timege.g.,Poupinet et al., 198 Morelli et al., 1986; Shearest al., 1988;
Creager, 1992)The possible explanations for our observations are 1) mantle structurenate
boundary (CMB) topography, and ellipticity of the Earth, 2) catme (OC) heterogeneity, 3) IC
heterogeneity, 4)C compressionalvave ansotropy, and 5)C shearwave anisotropy. In short, these
considerations show thtdteshearwave anisotropy is the simplest and most likely cause for the observed

travel time variations.

Considering the first cause, the correlation stacks for ea@mge correspond to a lateralyeraged

mantle due to the mixture of raypaths at diverse directionsifg). Hence, the signature from mantle
heterogeneity, CMB tpocgyosqavermgethout, Thiais eliddbtaia thehcorrelation |
feature PcP*, sensitive to the mantle structur

differente , PcP* is nearly invariant compared teJZFigures3g-j), thatthe measuredrtie variation for
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PcP* is less than 0.5 (Figures 3e-f). Il n conclusi on, mantl e struct

ellipticity cannot reconcile such a difference betweed #hd PcP*.

As far as th@©C heterogeneity is considered, effects due to pes@ structure are mitigated due to the
diverse 12J ray paths in th®C (Figure2). Notably, the bulk of th®C is well-mixed and homogeneous
due to vigorous convectidstevenson, 1987Romanowicz et al. (2@) showed thaDCtangenicylinder
structurecould explainrPKP observationslthough this was later disputed (e.g., Sauegal., 2003; Ishii
andD z i e w,®2@BY.Hherefore, the possibility of a complex structure in@@affecting 12J is even

smaller than 1) to explain the-Rvariations.

IC heterogeneity requires significant structural anomalies in the bulk of the IC. If such anomaly
distribution indeed exists, there should also be evidence in compresseretravel time observans.
However, that has not been observed for the bulk of ti{8h€arer, 1994)The observed lateral variation

in travel times for the waves sampling the upper parts of tiféd@aka & Hamaguchi, 199Riu & Wen,

2001; Yee et al., 20149 not sufficiertly large to explain our observations. In conclusion, IC heterogeneity
would have to be more complex than the IC siveare anisotropy.

ThelC has been hypothesized to be cylindrically anisotropic for compressional waves based on seismic
travel timegMorelli et al., 1986; Shearer et al., 1988; Creager, 1282)normal mode@Voodhouse et

al., 1986; Tromp, 1993)PKIKP waves propagate faster along the rotation axis than along equatorial
directions.However the IC compressionalave anisotropgannot explem the observed time difference

for 12-J. The IC compression wavekwavelegs)contribuing to 12-J do not penetrate deep into IC. The

| wavessample theopmostiC ata maximal deptHess tharl0 km below théC boundary(ICB) (Figure

S11), and the total travel timéor the Ilegsis less tharb0 s Therefore, ifthe IC compressionatave
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anisotropywerethe causdor our observationst would have to be at lead0%in the topmosiLO km of
thelC, whichhas not been observeQuite to the contrarya thin layerin the upper IC is revealed to be

guastisotropic(e.g.,Shearer, 1994; Song & Helmberger, 1995)

ThelC can be anisotropy for shear waves duattae-preferred orientation (LPO) of iron crystal in either
hcp (SteinleNeumann et al., 2001; Stixrude & Cohen, 1986hcc (Belonoshko et al., 2008; Calvet &
Mar geri n, 2008 ; mbodekia the IGhymothesizdlfor explabifgOtti )compressional
wave anisotropyBy invoking these models, theoreticahgautations predict travgime difference up to

a few tens of seconds for J wawesnpling the whole bulk of th€ in different direction{Song, 1997;
Stixrude & Cohen, 1 9 JHat; is sMffciend t explainetiie olasérved s-Er@ed 0 9 )
difference via invoking a portion of LPO of iron inside the The J-waveanisotropymight bedifferent

in the OIC and the IMIMecause the same is true for thev#/e anisotropye.g.,Ishii & DziewoEs Kk i ,
2002;Beghein & Trampert 200B; Cormier & Stroujkova, 2005; Stephenson et al., 20bwever,from

the observations of2-J, we cannotdistinguish between the OIC and the IMI&s shown in Figure 81,

theJ wavescontributing to 12J samplethe bulk of the IGrom theICB to depth ~81%m below the ICB

and that is similafor all 12-J at differem inter-receiver distancesTherefore,the observed~5 s time

differencefor 12-J correspondto an aggregaid Jwave anisotropfor the whole bulk of théC.

Jwave anisotropy is also supported by the varied strength of theu8p for different angke ranges.
The 12J cusp presents weaker amplitudesfan the range 4060° than in 6080° (Figures3a-b), and
loses its visibility when approaches 0° although there are still a large number ofcoosdation pairs
(Figure $1). Whene is close to 0°, the J waves contributing teJI2ample the IC at varying angles relative

t o the EarxsliFoge?2f) and lzebce loame natable different travel times due to anisotropy.
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Namely, the time difference due to sheave anisotropy can be up to tens of seconds, as pre(fdrg,
1997; Stixrude & Coh e nThetime @iffeence\betweand wavesedn dexrease 2
the amplitude of their stacks when formingd@ Wa n g & T k &b fest the effe2t @f2fisptropy

on the strength of K, we perform a synthetic experimese¢ Methods sectionin the supporting
information). As stown in Figure S10J waves interferdestructively for polar and polasblique planes,

yielding a decrease in the amplitude ofJI8tacksThe observations confirm that.

In contrast, since all J waves have sufficiently similar travel times for the equatorial anéquetsirial
planes, they constructively interfere to form a clead lf2ature. That is evident by the strongJi2
amplitude fore in 60°-80° although the maber of receiver pairs is less than daeth of those at other
 ranges (Figres3a-b and$4). We cannot rule out attenuation anisotropy in théM@&kinen et al., 2014;
Souriau & Romanowicz, 1998)hichwould also contribute to explaining the uncleadifeature. Strong
attenuation in polar directions would weaken a portion of J waves constitutinfpi2 close to 0°. But

for  close to 90°the constituents of 4 do not suffer from the strong attenuation effects, and their stacks

result in visble 12-J features.

3 The Anisotropy Strength and Implications for the Stable Phase of Iron and Viscosity

Based on the above rationale, we evaluate the IC -star cylindrical anisotropy strength by defining

the angle as the angle between the individuakdhve raypath and t(Fgaeredaar t h
Shearer et al . ,ForlX aplanddefmdd byi, the angle® df Sojtributing J waves

are distributed in the interval fromto 90° (Figure 2). The observed #4 travel time corresponds to an
averaged J wave at those differeréngles We evaluate that the J waves are fakieat least ~5 at the

obliqgue angles ,(=40°-60°) than at the equatorial angles=60°80°) (see Methods section in the
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supporting information)The ~5s time difference sets a minimum bound of sheawe anisotropy
strength to ~0.8%. We do not hageough resolution for polar angles due to the uncledriiene
approaches OFgure 31). The ~0.8%-Ivave anisotropy is comparable to the ~1% based on direct seismic

body wave observatier{\Wookey & Helffrich, 2008)

Unlike some othetodacorrelation features (e.g., I2*WWa ng & (R®@))I2-Jicdnnot be separated
into unambiguous (timingvise) constituent¢ Wa ng & T k aHeice, lve canhd@ @etemine the
travel times of individual J waves along different raypaths. Thevgts us from observingwiave
splitting into two polarized shear waves (qu8% and quasBH) propagating at different speeds.
Furthermore, the quaSiH in the IC can be relatively weaker than the g&sbecause of its ineffective
conversion from antb the P waves at tHEB. Nevertheless, thewave observations derived from ceda

correlation stacks correspond to an aveage/o split shear waves.

Various crystalographic models have been suggested to explain the cylindrical anisotropy of el IC ba

on compressionalave observations, as summariziedmany studiege.g., Mattesini et al., 2010;
Romanowicz et al ., 2 Althdigh w¥ cahnatdlbtain are e¢valuation fewave 0 0 9 )
anisotropy based on the full range of angleswe can check each model's compatibility with our
observations. We consider the following models: hcp with @&sis quasp ar al | el to the E
axis (Figuire4a) and bcc with different crystal alignments (bcc001, bcc110, and beelll, shbiganes

4b-d). We calculate averageenhve velocities by assuming a single crystal for the wholsé@\Yethods

section in the supporting informatiprAs shown in Figre4e, the bcc001 model predicts slower J waves

at oblique (=40°60°) than equatorialirections (=60°90°). That is the opposite of our observation. In

contrast, the hcp, bccl110, and bcclll models predict faster J waves at oblique than equatorial directions
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in agreement with our observation. Therefore, bccO01 can be excluded fromdatari@ iron models.
However, we cannot distinguish between the hcp, bcc110, and bcclll models because they give similar
travel time curves (Figre 4e). This is somewhat similar to the conclusion drawn based on tioeigt
waveobservatios at shorter peads(Wookey & Helffrich, 2008)in which different models yield similar

Jwave anisotropy. Both this study awdbokey & Helffrich (2008)rely on theoretical computations of
elasticity for iron crystalsWookey & Helffrich(2008)prefers an hcp model with itsaxis perpendicular

to the Earthdés rotat i owavea atidisectian® pegpendicelaritontigaxis h e  f
(SteinleNeumann et al., 200,lhowever opposite anisotropic properties for the hcp iron were reported by
different studies, related to temperature and pressure uncefamtyntonangeli et al., 2006; Stixrude

& Cohen, 1995; Voladlo et al., 2009)

Furthermoe, the predictions for single crystals exhibit much stronger anisotropyhbatservationA
portion of the iron crystaldés LPO, related to
anisotropy strength. We set a model for imperfect crygighment (bccll15 in Figure 4e). We seta
Gaussian distributiomf t he cubic main diagonal or jamthltea t i o
Gaussiamlistributionhasits half maximum at 30°. This imperfect crystal alignment reduces the anisotropy
strength from 25.1% (bccl111) to 10.8% (bccIA) The crystal imperfections are also suggested to be a
reason for the lower rigidity of the IC in observations than in expriat predictiongBelonoshko et al.,

2007)
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(@) The Earth's (b) (c) (d)
f rotation axis E
J-wave
ray path
hcp bcc110 bcc111
Rotational average Rotational average Rotational average
Predictions for averaged J waves Observations
(e) - () 2
A — hep Minimum of ~5 sec
150 / '\ =+ bcc001 traveltime difference
/ \ bce110

@ ‘/ -\ bee111 E

o 100 1 / b - = bec111-G @

E 2 £

E 2

o o

2 2

k& ©

[T} [}

4 14

295 £() 6

296 Figure 4. Hcp and bcc models for IC sheaave anisotropy.a-d) Diagrams of hcp and bcc models for

297 ironcrystalin the IC, isthe angle betweernda ve r ay paths and the Eart h¢
298 hasitscaxi s parall el to the Earthés rotation axis.
299 face diagonal, and main diagonal parallel to the rotation axipectgely. € Jwave travel time

300 predictions as a function of the angldor the models shown ina{d). bcc111G corresponds to an

301 imperfect crystal alignment for bcc111 (see main text). Elastic properties for different models are listed in
302 Table S1.1) lllustration of the observed relative travel times in this study. The curves indicatenshesar

303 anisotropy models of different strengths.

304

305 The analyses above are based on thendke speed variation between oblique and equatorial directions.
306 We lack consaints in polar directions due to unclearJdiih polar planes( close to 0°). In polar planes,
307 J waves contributing to 12 sample the IC at varying angles=0°-90°) and thus have highly variable

308 travel times due to cylindrical anisotropy, which deges 12) amplitude via nowonstructive stacking
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& T k .@Almbre dompleg a&yaninetric IC model departing from the cylindrical anisotropy

(Romanowicz et al., 199@jan increase travel time variability and further decrease the amplitude of 12

The anisotropy asymmetry may imply a slow translation in addition to the preferential equatorial growth

of the IC(Romanowicz et al., 19967ost et al., 2021 Currently, the codaorrelation observations cannot

provide constraints on some proposed plax modelsbut they do not rule out models of asymmetric

anisotropy and largscale loworder convection in the ICRomanowicz et al., 199&irost et al., 2021)

A delicate grouping of kJ with respect to longitude may shed light on the asymmetriotamy;

however, care should be taken due to the unequal distribution ofciypdatplanes as a function of

longitude (Figire S3).

The IC sheawave anisotropy can bias estimation of the attenuation structure, which is an essential

parameter iinderstanding the viscosity and the related mineral physics and dynamics o{Suwaiti@u

& Romanowi cz,

1 9 9 6 ;. FoF éxarple, thé atté@nuafidm Strength @a0 b Bverestimated

from the codacorrelation wavefield observations if anisotrdpynot considered, as noteg Tk a | | i |

P h 4(@018) The amplitude of a correlation feature can decrease due to the stacking contributions

affected by anisotropic travel timésWa n g

& T k @Ak $howin in a &/@tH2t pxperimeRidure

S10), the anisotropy for a simple hcp model in the IC can result in amplitude redue80% for 12J

stacks fronr =85° toe =5° without adding any attenuation effect.

4 Conclusion

We observe travel time and amplitude variations for amuteelation feature kEJ, which confirms the

existence okhearwave anisotropy in the bulk of the IC. The shear waves traverse the IC near its center

fasterind i
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time difference is-5 s, which translates to the apparent anisotropy strength of ~0.8%. However, given the
increasing versatility in-wave raypath directions for the planes progressing from equatorial to polar
angleswe cannot utilize the quapblar planes, and.8% is the lower estimate of the anisotropy strength.
The anisotropy can be explained by invoking a portion of LPO of iron either in hcp or bcc structure.
Currently, our observations rule out the bcc001 structure, but other iron structures are noiststibe

A delicate grouping of codeorrelation stacks may help reveal a complex IC anisotropy. Further
proliferation of seismographs worldwide, including the ocean floor, will provide uniform coverage of

codacorrelation observations and resolve traffe between anisotropic and attenuative structures.
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Methods

Computation of earthguake codarrelation wavefield

We compute earthquake cedarrelation wavefield followin® h UYm et amdWa n(g2 Galn&) Tk a
(2020) First, for global events and receivers (Figure S1), we seleetddi recordings in-9 h after
eventso6é origin time. We perform tempor al nor mal
to balance energy acrosse entire frequency band Ph Um et . Thén, we ca@npute8cyoss

correlation functions for recordings at each pair of receivers. We select the events close to-threlgreat
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plane passing through the two receivers due to their dominant and constructive conttatoia
correlati onWandg o& mak aWdnempirically2di@f@ the events being spherically
farther than 15° from the greaircle plane (Figures 2c,e,g). For two receivarshe same location, the
greatcircle plane passes through the receivers and an event. Finally, we bin and stack the correlation
functions with respect to the intezceiver distance and filter the stacked correlograms with-201%

(0.020.067 Hz), semnd-order, zerephase bandpass filter.

Grouping codacorrelation functions for different 3 stacks

We group correlation functions based on the geometry of events and receiver pairs. As shown in Figures
2 and S2, we can define a greatle plane passing through the two receivers for each receiver pair. For
two receivers at the same location, the gor@ie plane passes through the receivers and an event. For
each greatircle plane, we can define an angldor whichwmJe i s t he angle bet we
nor mal and the Earthodés rotat ¢ iothe sammeibs (Figangs), aneé | e c t
then we use those receiver pairs to compuie 3facks. For varied, we get different I2) correlograms

(Figures 3 and S4), and they sample the IC differently (Figure 2).

Figure S5 shows the histograms for the number of receiver pairs relative t®@ aarglenterreceiver

distance. There is a cliffke change fos crossing ~56°. That is because there is a limited number of
stations close to the equator. Most stati@specially the USArray stations, the stations in East Asia and
Europe, are at medium and high latitudes (Figure S1). Thegrekst plane defined by any two

receivers cannot be close to the equator plam®Q°). Specifically, the southernmost statiofshe

USArray are at latitudes ~30°N (Figure S1), and hence the lardestgreatcircle-planes defined by

any two USArray stations is ~60°. Given the dominance of USArray stations, there is a sharp reduction
near 56° in Figure S5. The column spike€8r69° and interreceiver distance ~15° correspaitd the
crosscorrelations between two networks. The two networks are at ~20° N and are ~15° away from each
other. Several locadcale networks match such criteria, such a®\tabianPeninsula and Eagtfrica

networks or Central America and t@aribbean Sz networks.
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Slantstack analysis

We perform slant stacking to transform the coderelation wavefield in distang@me (x-t) domain into
slownessdelay time {-p) domain(Chapman, 1981)

it Bot Ao o fh (1)
in which G oho represents codeorrelation correlograms, amdtfry the slant stacks. To form a slant
stack, each waveformpohc at a distance is shifted in time by) @ @ , and then all shifted
waveforms are stacked together. The time shift depends on the reference dist&cé2J slant stacks,
we choosey 11 JWe search for the maximal amplitude poihtif) ) that corresponds to the optimal
stack. Thet andr} correspond to the time and slowness ef I& 0°, respectively. We choose 20°
for PcP* slant stacks arderesultantf andr) correspond to the time and slowness of PcP* at 20°. Also,
from two-dimensional slant stacks/e can extract the waveform stdckiry that are time series with

the obtained . The waveform stacks for42and PcP* @ shown in Figures 3, S88.

The correlation feature 12 has two branches in correlograms (Figs¥i¢. We only use the lower branch

of the 12J cusp for slarstacking analysis. That brings better accuracy and reliability for several

reasons. As shown in Figure 3, the lower branch is visible in a larger distance range than the upper
branch. Second, tHewer branch is less contaminated by the strong feature PcP* than the upper branch.
Third, the 12J lower branch has a negative moveout while the PcP* presents a positive one, making

them distinctive in thé-p domain.

Bootstrap experiments

Due to thecomplex composition of J waves in formingJ&tacks, we perform bootstrap experiments to
test the stability of time measurements from the emmteelation wavefield. We reompute correlograms
200 times with random samples of receiver pairs, and thexafibr correlogram, we compute slant stacks
and waveform stacks for42 and PcP*. As shown in Figure S8, thelJI@me variation between=40°

60° ande =60°80° is stable. Similarly, the PcP* time is stable, and it is nearly invariant betwekt-
60°ande =60>80°.
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616 Evaluation of IC sheawave speed at different directions

617 We compute codaorrelation stacks for differemt ranges (Figure 2). We note that ferangles varying
618 from the equatorial to polar, 42 corresponds to J waves sampling tBénl fundamentally different ways
619 (Figures 2d,e,f). Namely, in a plane definecrhyd waves propagating at different angles the interval
620 frome to 90° (Figures 2 and S2) contribute to thelI&tack. The observed-Rtravel time corresponds
621 to an averaged J wave speed at diffeyesmgles.

622

623 Specifically, for the bin =40°60°, the 12J is a result of J waves fpr40°-90°, and for the bim =60°-
624 80°, the I12J is a result of =60°90°. Accordingly, the ~5 s time difference betweerd0°60° and
625 + =60°80° (Figure 3) representswhve traveltime difference between=40°90° and, =60>-90°. For
626 that, J waves must be faster for at leass &5, =406 0 A ( obl i que angles rel at
627 axis) than af =60>-90° (equatorial angles).

628

629

630 Calculation of IC sheawave speed

631 We calculate the shear wave speed for an anisotropic IC witkodd@r harmonics approximations
632 following Song (1997)

633 "® 6 1 0 wéj 6 6 ¢ co 1| QmE, (2)

634 "o —1 0 6 WE |, (3)

635 in whichw andw are IC shear waves with polarization parallel to meridians and the equator,

636 respectively; the density, the angle betweenave r ay paths enrads, andeg Ear

637 0 ,06 ,0 ,0 the elastic constants for a cylindrically anisotropic (or transversely isotropic) medium:

8 6 6 6 6 0 . ®w W W W W 0 .
oy w (14 114 114 114 l l ny I Il ~ ~ v I |
11 0 0 0 0 0 0ol (i) (,f.) (i) (i) 2
638 . ° o 9 2 n=n © oL e 9 . (4)
¥ 6 6 0 n 1 W w W
L 0 o n Il ) (f.) ¥
u 6 U u w U

639 inwhich @ )"@@0n phcho represents the tensor for elastic constants. We calculate the moduli for

640 models with differentrystal alignments using the coordinate transformation(favid, 1990)

641 @ G oo oo CGdd kM  phchoh (5)
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in which & is the matrix for coordinate transformation. The elastic constants for different IC iron

models are in Supplementary Table 1. We calculate the averaged shear wave speed fotiostiag,
(2010) and Mao et al., (2008)

R (6)

inwhichw andw are speed of J waves of the two polarizations. Calculation results for different models

are in Figure S9.

Svynthetic experiments for IC shear wave stacks at differamigles

We perform synth&t experiments to show how IC sheaave anisotropy can decrease the amplitude of

12-J stacks when approaches 0°. We set an IC model made of a single crystal of hcp structure (Figure 4
and Table S1). We then calculate the relative travel times andgeregathetic waveforms for J waves
propagating in different directions. We do not consider the compresswanal anisotropy in the IC,
because the compressional waves (I waves) contributing to thdel@ure sample the topmost IC at
maximal depths leghan 10 km below the ICB (Figure S11c). Apart from that, the thin layer (thickness

of a few tens of kilometers) in the upper IC was suggested to beigoi@spic or weakly anisotropic (less

than 1%) (e.g., Shearer, 1994; Song & Helmberger, 1995). Indlcalation, we take ellipticity into
account. We use Ricker wavelets to represent synthetic waveforms by shifting them with respect to the
calculated travel times. They are bandpass filtered in the inter $5which is the dominant frequency
range br codacorrelation wavefield. Then, for each anglewe calculate the composition of J waves for
varied angle (Figures S10d). The composition is described by the probability density function (PDF)
with respect to angle (the angle between J wavay paths and the rotation axis). Finally, we calculate
waveform stacks (Figures S10d,f,h) based on the synthetics and the PDFs. The stacking is weighted by
the PDFs. We perform the tests for J waves with polarization parallel to meridians (Figureh &ifc

the equator (Figures S1€48, and the averaged J waves (Figures S1)0g
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Figure S1.Global distributions of events (red stars) and stations (black triangles) used in this study.
Mw?2 6.8 earthquakes iR010 2019 from theNational Earthquake Information Center (NEIC) catalog
(https://pubs.er.usgs.gov/publication/7001604eused, as listed in Table S2eismic waveform data

are retrieved from IRIS DMChftps://ds.iris.edu/ds/nodes/dmatg. Stations are from networks

identified according to FDSNh{tps://www.fdsn.org/networks/1P, 2H, 2K, 3J, 4F, 5A, 6A, 6D, 6E,

7A, 7C, 8A, 9C, 9D, AC, AD, AE, AF, Al, AK, AT, AU, AV, AZ, BC, BE, BK, BL, BN, BX, C, C1,

CA, CB, CC, CH, CI, CK, CMCN, CU, CZ, DK, DR, EIl, EP, ER, ES, EV, G, GB, GE, GG, GR, GS,
GT, HK, HL, HT, HV, HW, IC, II, IM, IO, IP, IU, IW, JP, KC, KG, KN, KO, KP, KR, KS, KW, KZ,

LB, LD, LI, LM, LX, MB, MC, MG, MI, MM, MN, MS, MU, MX, MY, N4, NA, NE, NJ, NK, NL,

NM, NN, NO, NR,NU, OE, OH, OK, ON, OO, OV, PB, PE, PI, PL, PM, PN, PO, PP, PR, PS, PT, PY,
RB, RM, RO, RV, S1, SB, SC, SL, SS, SV, TA, TC, TM, TR, TS, TT, TW, TX, UK, UO, US, UU, UW,
VE, WC, WI, WM, WY, X1, X3, X5, X9, XB, XD, XE, XF, XH, XI, XN, XP, XR, XS, XU, XV, XW,
XZ,Y2,Y5,Y6, YB, YD, YE, YF, YG, YH, YL, YM, YN, YP, YS, YT, YW, YY, YZ, Z1, Z2, Z4, Z5,
Z6, ZC, ZM, ZN, ZP, ZT, ZV.
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687
688 Figure S2.(a) A greatcircle plane is described by its normal vector (black arrow) in three dimensions.

689 ¢ isthe angle betweendlgreatc i r c|l e pl ane and t heistheaangtelbdiveeenr ot at
690 the normal vector and the rotation axls) A greatcircle plane passing through two receivers (black

691 spheres) and events (white sphereg)Afother greatircle plane witithe same angle as in (b) but

692 with a different normal vector. The receiver pairs are binned in ranges with respggtiguire S3) to

693 form nine 12J stacks (Figure S4).

694
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®: 20°-30°

L G | o s s 1
Figure S3.Greatcircle planes (white lines) for different angleranges: (ap°-10°, (b) 10220°, (c) 202
30°, (d) 30240°, (e) 40°50°, (f) 50260°, (g) 60270°, (h) 70280°, (i) 80%90°. The angle is defined in
Figure 2 and Figure S2. See Methods for grouping of correlograms for the ayke plot randomly

downsampled greaircle planes instead of all planes to avoid intense overlapping.
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701

702
703 Figure S4.Earthquake Coda correlograms and histograms of receiver pair numbers for nire angle

704  ranges:4) 0°-10°, (b) 10°-20°, () 20>-30°, () 30>-40°, ) 40°50°, ) 50°-60°, @) 60>70°, (h) 70°*-

705 80° () 80%-90°.¢ is the angle between a greztcle planeandthBar t hés r ot ati on axi
706 Figures 2 and S2. The orange ellipse (shown only in (e) to avoid overlapping with the correlogram

707 features for the sakof clarity) indicates the 2 cusp sensitive to the IC sheeave speed. The feature

708 PcP*, sensitive to mantle structur e, CMB topogr
709 dotted line. Positive amplitudes are in white, and negativeitutes$ are in black shades. The intensity

710 of the black or white indicates the amplitude strengjhliteoretical 12J and PcP* time curves based

711 onTkall il & PhUm (2018).

712

713



