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Earth’sinner core acquires texture as it solidifies within the fluid outer core. The size,
shape and orientation of the mostly iron grains making up the texture record the
growth of the inner core and may evolve over geologic time in response to
geodynamical forces and torques’. Seismic waves from earthquakes can be used to
image the texture, or fabric, of the inner core and gain insight into the history and
evolution of Earth’s core* 6. Here, we observe and model seismic energy backscattered
from the fine-scale (less than 10 km) heterogeneities’ that constitute inner core fabric
atlarger scales. We use a novel dataset created froma global array of small-aperture
seismic arrays—designed to detect tiny signals from underground nuclear explosions—
to create a three-dimensional model of inner core fine-scale heterogeneity. Our model

shows thatinner core scattering is ubiquitous, existing across all sampled longitudes
and latitudes, and that it substantially increases in strength 500-800 km beneath the
inner core boundary. The enhanced scattering in the deeper inner core is compatible
withanera of rapid growth following delayed nucleation.

Earth’s solid inner core acquires a texture, or fabric, as the mostlyiron
grains solidify, lithify and age. The fabric imparts seismic anisotropy
through the alignment of intrinsically anisotropic crystal lattices,
iron grains with preferred shapes or both'?. Studies of seismic waves
transmitted through theinner core (PKPy;) show a surprising amount
of complexity in inner core fabric®. The current standard model of
theinner core comprises a nearly isotropic outer layer with thickness
variations between quasieastern (qEH) and quasiwestern (QWH) hemi-
spheres of approximately 50-200 km underlain by a layer reaching a
depthof approximately 600-700 km beneath the inner core boundary
(ICB) that has strong cylindrical anisotropy about Earth’s rotation axis,
surrounding aninnermostinner core thathasadistinct orientation of
anisotropy and is slightly offset from the centre of Earth*¢. Continued
seismic mapping of inner core fabric is important because the fabric
records the history and evolution of Earth’s core, which in turn, bear
on the history and evolution of Earth’s magnetic field, convectionin
the fluid outer core and heat flow into the base of the mantle.

The fine-scale structure that createsinner core fabric scatters high-
frequency seismic waves, creating a long train of coda waves that
follow precritical reflections from the ICB (PKiKP), known as inner
corescattered (ICS) energy’ (Fig.1). The duration, shape and intensity
of ICS depend on the properties of the inner core fabric, such as the
size, shape, alignmentand orientation of the solid iron grains*®, While
numerous studies have observed regional variationsin the properties
ofwaves transmitted through Earth’s inner core®, relatively few address
regional variation in ICS, which provides a complementary picture
of inner core fabric'°'2, Furthermore, because of the difficulties in
observingICS energy, the geographical sampling in previous inner core

scattering studies has often been spatially limited: forinstance, to data
fromasingle seismicarray™ or tolocalized patches of the inner core!*”,

Inthis study, we use seismograms from 2,455 earthquakes recorded
by a global array of 20 small-aperture seismic arrays to observe ICS
energy across anearly complete range of longitudes, at equatorial and
midrange latitudes and in both polar regions (Fig.1). Most of the seismic
arrays are part of the International Monitoring System (IMS), which
is operated by the Preparatory Commission for the Comprehensive
Nuclear-Test-Ban Treaty Organization for the purpose of monitoring
the globe for underground nuclear explosions. The arrays consist of
high-quality sensors deployed in boreholes for optimal detection of
short-period P waves at regional-to-teleseismic distances. We supple-
ment the 18 IMS arrays with data from two temporary seismic deploy-
mentsinAntarcticatoenhance coverage inthe Southern Hemisphere.
The overall geometry provides unprecedented global sampling of
ICS energy with corridors of crossing ray paths that promote robust
observations. We use amultiple-scattering phonon approach’® to model
the observations and create a series of one-dimensional profiles of
scattering strength in the inner core, which are stitched together to
create a quasiglobal three-dimensional (3D) map of inner core scat-
tering strength. The new Earth model provides fresh insight into the
growth history of the inner core.

ICS energy observations

We created the ICS dataset using seismograms of moment magnitude
(M,) = 5.7 earthquakes located 50°-75° away from an array. In this dis-
tance range, almost all the energy incident on the ICB is transmitted
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Fig.1|Example of ICS and map of arrays. a, Schematic cross-section
illustrating the ray paths of PKiKP (solid lines) and the ICS energy (dashed lines).
b, Example delay-and-sumbeamat the ILAR seismicarray in central Alaska.

The beam was formed at the PKiKP slowness in a 2- to 4-Hz passband. The
earthquake (M,, 6.9, 8 November 2011 02:59:08 coordinated universal time

across the interface”. The amplitude of the reflected PKiKP phase
is near zero, and heterogeneity within the body of the inner core is
required to generate significant PKiKP coda®. The arrays are appro-
priately sized (9-24 elements with apertures of 2-40 km) (Extended
Data Fig. 1and Extended Data Table 1) to enhance energy at the high
frequencies (greater thanor equalto1Hz) inwhichICSis observed.ICS
isidentified at the arrays by its steep arrival direction, which is similar
to the PKiKP direction of arrival. The arrays significantly enhance the
signal-to-noise ratio of ICS, allowing it to be observed for hundreds
of seconds (Fig. 1b).

Most of the arrays used in this study are part of the IMS, which
operates in support of the Commission for the Comprehensive
Nuclear-Test-Ban Treaty Organization, and meet rigorous siting and
reliability requirements. IMS seismometers are commonly emplaced
inboreholesin regions with low cultural noise to enhance the observ-
ability of small seismic signals produced by underground nuclear weap-
ons tests. Many of the arrays in our study have not previously been
used to study deep Earth structure. Notable examples include PS25
in Songino, Mongolia; PS26 in Torodi, Niger; PS45 in Malin, Ukraine
(AKASG) and PS36 in Petropavlovsk-Kamchatskiy, Russia. The broad
longitudinal coverage of the IMS arrays is important because of the
quasihemispherical dichotomy in inner core structure'®, To enhance
coverage in the Southern Hemisphere, we collected data from two
temporary seismometer deploymentsin Antarctica with small-enough
aperture and high-enough station coherence to be used as teleseismic
arrays (Fig. 1c).

We followed the framework presented in Wu et al.” for identify-
ing and extracting ICS energy (Methods). After beamforming and
slowness analysis to identify ICS, we constructed envelopes of the
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(UTC),27.32°N,125.62° E, 225-km depth, United States Geological Survey—
National Earthquake Information Center (USGS-NEIC)) occurred northeast of
Taiwan, about 64.6° away fromILAR. ¢, Map of seismic arrays and earthquakes
used inthis study.

delay-and-sum PKiKP beams (Fig. 1b and Extended Data Fig. 2), removed
the background energy corresponding to the low-slowness compo-
nent of P+ PcP + PP energy and stacked the denoised ICS envelopes
from similar inner core geographic regions to obtain characteristic
ICS envelopes (Fig.2a). Source and receiver effects are mitigated by the
beamforming, denoising, normalization and stacking procedures®. We
find similar envelope shapes for paths that sample the same patch of the
inner core with distinct source-receiver combinations (Extended Data
Fig. 3), reinforcing the idea that the denoised PKiKP coda envelopes
are primarily sensitive to the inner core.

We observe robust ICS envelopes for all 20 geographic regions of the
inner core that were well sampled (Extended DataFig.4), indicating that
fine-scale heterogeneity inthe inner coreis ubiquitous. The scattered
energy initially grows for tens of seconds after the predicted PKiKP
arrival before fading back into the background noise over hundreds of
seconds, resulting in spindle-shaped envelopes (Fig. 2 and Extended
DataFig.5). We characterized the envelopes with agrowth time (£,0,n),
defined asthe time taken from the predicted PKiKP arrival to the maxi-
mum amplitude, and a decay time (¢4.,,), defined as the time taken to
decay to 1/e (approximately 0.37) of the maximum amplitude (Fig. 2a
and Methods). Growth times ranged from 30 to 80 s, and decay times
ranged from 60 to150 s (Fig. 2). The ICS envelopes have total durations
0f100-250 sif we define the duration, £ o, as the sum of t,,q,,, and £ecay
(Fig. 2). We emphasize that our definition of duration is designed to
be independent of the background noise level and so, is necessarily
conservative;itiscommonto observe ICS energy for 25-75 s after ¢,
(Fig. 2 and Extended Data Fig. 5).

According to elastic scattering theory, existing models of inner
core heterogeneity”?'* have mean free paths longer than 2,000 km;
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Fig.2|ICS energy characteristics. a, Example of astacked PKiKP codaenvelope
fromILAR. Thexaxisistimerelative to the predicted PKiKP arrival time. The
coloured arrowsindicate the duration (¢..), growth (¢g,o) and decay (¢gecay)
times.b-d, These measures are also shown as afunction of longitudeinb, cand
d, respectively. Thegrey areasillustrate the variation in published hemispherical

therefore, single scatteringis agood approximation, and the extraor-
dinarily long ICS durations cannot be explained by a thin, crust-like
scattering layer just beneath the ICB. The long ICS durations require
that heterogeneity exists deep withinthe inner core. Because of the rela-
tively high attenuationin theinner core, the scattering deep within the
inner coreislikely stronger than that near the ICB such that substantial
ICS energy can be recorded at the surface. There is weak evidence for
the qWH (greater than or equal to 240° E) having shorter-duration ICS
thanthe qEH (60° Eto160° E) (Fig.2); however, aStudent’s t test shows
no significant difference in the means of o, faecay aNd 1o Etween
the two hemispheres. The intrahemispherical variationsinduration are
comparable with theinterhemispherical variations (Fig.2 and Extended
DataFig.5).Itisalsopossible that geographical averaging, owingto the
broad Fresnel-like sensitivity zones of hundreds of kilometres for the
coda energy, would obscure a sharp boundary in our dataset if such a
boundary exists in Earth™>",

Models of inner core heterogeneity

We modelled the ICS observations using a multiple-scattering phonon
technique' that simulates PKiKP coda envelopes for stochastically
defined distributions of inner core heterogeneity (Methods). This
approach parametrizes the scattering medium using an autocorrela-
tion function with two free parameters—the root-mean-square (RMS)
variation from a reference velocity model and the spatial correlation
length. These two parametersjointly determine the elastic diffusivity,
D, whichis the key parameter for quantifying the scattering strength
of a heterogeneous medium?®?* (Methods and Extended Data Fig. 6).
Based on elastic scattering theory, the level of backscattered energy
is typically proportional to D5, such that smaller D means stronger
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boundaries, whichrange from10°Eto 60° Eand 160° Eto 240° Ebeneath Africa
and the Pacific Ocean, respectively’>". The mean and the standard error are
reported for gEH and qWH, which are based onthe measurements sampling
60°Eto160° Efor the qEH and greater than or equal to 240° E for qWH.

backscattering®. We generated a suite of 79 Earth models character-
ized by different diffusivities in up to three distinct inner core layers
using AK135 (ref. 22) as the reference velocity model. Our simulations
account for mantle scattering as well as inner core scattering, and we
used the same denoising, stacking and normalization procedure on
the synthetic coda envelopes as we used with the data.

We ssearched for the best-fitting inner core scattering model for each
observed ICS envelope stack using a modified L2 norm that explicitly
accounts for the growth and decay rates of the ICS envelope (Extended
DataFig.7). We combined the elastic wave diffusivities in the uppermost
800 km of the inner core from the 20 best-fitting one-dimensional
scattering models (Extended Data Fig. 5) into a 3D map of inner core
heterogeneity using D™ as a proxy of scattering strength (Fig. 3). Our
resultsindicate that fine-scale heterogeneity exists globally to depths
of 500-800 km beneath the ICB (Fig. 3). Because of anelastic attenu-
ation, we lose resolution at greater depths. The scattering strength
inthe uppermost 150 km of the inner core exhibits substantial lateral
variations withrelatively strong scattering beneath southeastern Asia,
northern Latin Americaand south of New Zealand (Fig. 3a). Thereis also
strong scattering beneath the northeast of Eurasia, whichis consistent
with recent regional mapping of inner core fine-scale heterogene-
ity"®. The strong scattering beneath southeastern Asia is consistent
with predictions of fast inner core growth in the past 100-300 Myr
beneath the region®. Scattering strength 150-500 km below the ICB
shows similar lateral variations with increasing scattering strength
beneath the Gulf of Alaska and Atlantic Ocean (Fig. 3b,c). The regions
with strongscattering spread from the centre of the qEH to the central
qWH (Fig. 3), and there is only marginal evidence for a hemispherical
dichotomyinscattering strength. Student’s t tests show no significant
differencein the means of D between hemispheres, consistent with
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Fig.3|Inner core 3D scattering structure.a-d, Backscattering strength
inthe uppermost150-kminner core (a),150-300 km beneath the ICB (b),
300-500 kmbelow theICB (c) and 500-800 kmbelow the ICB (d). The scattering

what we observedin the raw datathat evidence for sharp hemispherical
boundaries is insignificant (Fig. 2).

The scattering strength 500-800 km below the ICB is stronger
than thatin the uppermost 500 km but with weaker lateral variations
(Fig.3d).For16 ofthe 20 well-sampled regions of the inner core, increas-
ing heterogeneity strength with depthisrequired to matchthe observa-
tions. There are some small underpredictions of late coda energy for
many ICS envelopes, suggesting that our models may underestimate
the deeper scattering. The average elastic diffusivity (D) is approxi-
mately 1.4 x 10* m?s™ at 700 km below the ICB, only about one third
of the average value of approximately 4.9 x 10* m? s at 200 km below
the ICB. The average scattering strength (D) 700 km below the ICB
is about six times larger than the average scattering strength 200 km
below the ICB (Fig. 4a). It is well known that coda decay rates depend
onanelastic attenuation®; therefore, we experimented with increasing
intrinsic attenuation (Q,) from the AK135 value of 360 to 600, whichis
the maximum value observedinregional studies of transmitted waves.
Our modelling results remained similar in the sense that stronger het-
erogeneity deeper in the inner core was required to match the obser-
vations. While the stronger heterogeneity deeper in the inner core is
required, the sharpness of theincrease is less well resolved. Smoother
models involving a strong radial gradient in scattering strength can-
not be excluded.

The enhanced heterogeneity can arise from changes in the size,
shape, alignment or orientation of the iron grains and suggests a dis-
tinct texture within the deeper inner core?®’, Previous studies have
proposed the existence of a distinct innermost inner core based ona
change in the orientation of seismic anisotropy in transmitted waves®?,
Our observation of increased scattering 500-800 km beneath the

strengthis represented by D%, where Dis the seismic diffusivity. Larger values

of D*meanstronger backscattered energy.

ICB is consistent with the most recent transmitted wave study, which
used aregularization-free global search methodology to estimate a
depth of approximately 570 km beneath the ICB for the boundary of
the innermost inner core?”. This consistency suggests that changes in
the shape, orientation or size of iron grains’®, rather than a change in
lattice-preferred orientation of iron crystals, may be responsible for
radial variations of anisotropy within the inner core.

Inner core nucleation and growth

Solidification texturing is the most likely micromechanism for generat-
ing fine-scale heterogeneity inthe inner core. The alternative interpre-
tation, deformational texturing, is likely too slow? to generate abrupt
changes in seismic heterogeneity. The lateral variations of seismic
heterogeneity in the uppermost 150 km of the inner core are likely
imprinted by mantle-induced lateral variationsin the inner core growth
rate in the past 100-300 Myr (ref. 23). The deeper inner core exhibits
a fossil texture? such that the heterogeneity structure in the deeper
inner core records the history of inner core growth. The significantly
enhanced fine-scale heterogeneity we observein the deeperinner core
canbeinterpreted asevidence for an abrupt change in the growth his-
tory of the inner core* 2,

Aplausible scenario for two-stage inner core growth involves super-
cooling of the primordial fluid core such that inner core formation is
delayed until the nucleation barrier is overcome®*., After surpassing
the nucleation barrier, the inner core would initially grow very rapidly
before transitioning to asteady growth regime® (Extended DataFig. 8).
The delayed nucleation would increase the porosity in the central part
of the inner core®, changing the volume fraction of trapped fluid and
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Fig.4 |Variation of scattering strength and porosity in the equatorial plane
viewed from Earth’s pole. a, Global scattering variation along the inner core
radius onthe equatorial plane. The depths below ICB are marked as dashed
circlesandarelabelledinb. Thescattering strengthis averaged over latitude.
Thegrey patchesindicate unconstrained portions of theinner core, either no

light elements. The trapped fluid would freeze later in time, presum-
ably leading to a distinct texture compared with the upper part of the
inner core®, which might in principle be observed in ICS energy. We
cannarrow thetiming ofinner core nucleation by comparing our radial
heterogeneity profile with the evolution of inner core porosity structure
based onasimplified two-phase system driven by the density difference
betweenliquid and solid®. Applying this model (Methods), the increase
in heterogeneity 500-800 km below the ICB suggests that the timing
ofthe delayed nucleationis approximately 0.07-0.12 7;, where 7,.is the
presumed inner core age in the canonical growthmodel, whichignores
the nucleation barrier** (Fig. 4 and Extended Data Fig. 9). The corre-
sponding initial inner core radius at the end of the fast-growth stage is
between 0.35and 0.43 R,;;, corresponding to asupercoolingtempera-
ture of 20-33 K during inner core nucleation®® (Extended Data Fig. 8).
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