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Knowledge of the seismic structure of the innermost inner core is
important for understanding the formation of the inner core1–3.
It has been suggested recently that this region may exhibit
distinct seismic anisotropy4,5. Here, we use the difference in
travel times between seismic waves reflected at the underside
of the inner core boundary and those traversing the inner
core to constrain the seismic anisotropy. We calculated travel-
time residuals for waves generated by two deep earthquakes
that occurred in Indonesia and Argentina respectively, recorded
by seismic arrays in Venezuela and China. The travel-time
residuals are systematically larger, by about 1.8 s, for waves
that travel roughly along the equatorial plane of the inner core
(Indonesia–Venezuela) than for those travelling in a direction
at an angle of ∼28◦ to the equatorial plane (from Argentina to
China). The difference in travel times is arguably most sensitive
to the structure near the centre of the Earth, and thus provides
evidence for deep layering within the inner core. Our results
are consistent with models invoking seismic anisotropy of the
innermost inner core with the slowest direction tilted at an angle
of ∼45◦ to the equatorial plane4.

Seismic studies of the inner core using body waves,
such as PKIKP, are always hindered by contamination from
mantle heterogeneities. An effective way to eliminate mantle
contamination is to use differential travel time or relative amplitude
between PKIKP and a reference phase that travels along a very
close ray path to PKIKP in the mantle. Waves reflected at or
refracted above the inner-core boundary (ICB), PKiKP and PKPbc,
have frequently been used to study the top ∼400 km of the inner
core6–8. On the other hand, no appropriate reference phase has
been identified for modelling the deeper part of the inner core9. As
a result, the seismic structure of the inner ∼800 km of inner core is
less constrained as compared with the outer ∼400 km.

We found that PKIIKP is an ideal reference phase to PKIKP for
deciphering seismic structure at the centre of the Earth. PKIIKP
traverses the inner core from either the minor-arc or the major-arc
direction. Following the naming convention of surface waves,
hereafter we refer to them as PKIIKP1 and PKIIKP2 for the
minor- and major-arc phase, respectively. Ray paths of PKIIKPs
are very close to those of PKIKP in the mantle (Fig. 1a). The
maximum separation between the two phases is about 50 km
in the upper mantle. In addition, both PKIIKPs and PKIKP
propagate almost vertically across the D′′ layer, and subsequently
experience the minimum influence from seismic structure within
the D′′ layer (Fig. 1a).

In general, it is difficult to observe PKIIKP because of the weak
reflection at the ICB (ref. 10). For deep earthquakes, however,

CMB

ICB

PKPab

PKIKP

PKIIKP2

PKIIKP1

a

PKIIKP1

PKIKP PKIIKP2

–10 0 10 20 30
Time relative to PKIKP (s)

Ep
ic

en
tra

l d
is

ta
nc

e 
(°)

40 50 60

178°

176°

174°

172°

170°b

Figure 1 Ray paths and synthetic seismograms of the core phases. a, Ray paths
of the core phases: PKIKP (blue), PKPab (black), PKIIKP1 (green) and PKIIKP2 (red) at
an epicentral distance of 178◦ . ICB: inner-core boundary; CMB: core-mantle
boundary. b, Synthetic seismograms calculated by the direct-solution method13.
PREM and the Harvard CMT solution were used in the calculation. A single azimuth
was assumed for all of the stations. Waveforms after 10 s indicated by the vertical
dashed line are amplified by a factor of 10. The PREM arrival time is indicated by
green and red squares for PKIIKP1 and PKIIKP2, respectively.
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Table 1 Source parameters and the estimated differential travel times.

Origin time Epicentre Depth Mw Array Distance∗ PKIIKP1–PKIKP† PKIIKP2–PKIKP†

Date Time Lat. (◦) Lon. (◦) (km) (deg) C(s) O(s) O–C(s) C(s) O(s) O–C(s)

06/06/2004 09:38:07.3 −6.04 113.11 579 5.9 BOLIVAR 176.05 27.3 29.2 1.9 41.7 43.5 1.8
21/03/2005 12:23:54.1 −24.98 −63.47 579 6.9 CDSN 177.94 30.4 30.3 −0.1 37.8 37.8 0
∗Distance is measured from the epicentre to the centre of the array.
†C(s): calculated differential travel time in seconds based on PREM; O(s): measured differential travel time in seconds; O-C(s): differential travel-time residual.
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Figure 2 Map of the earthquakes and the arrays. a, Map showing inner-core ray segment of PKIIKP1/2. S-wave velocity variations of the D′′ layer from Grand30 are shown
in colour. Crosses and open circles indicate the entrance and exit points at the CMB of PKIIKP1/2 and PKIKP. The inset shows the exit points of PKIKP (blue) and PKIIKP (green)
of the Indonesia–Venezuela ray paths. The stars indicate the epicentres of the two earthquakes. b,c, Map of the CDSN (b) and BOLIVAR (c) stations. The insets show their
geographic locations. Stars indicate the antipodes of the earthquakes. Red triangles show stations with visible PKIIKP2. Stations marked by open triangles were not used in
stacking owing to a low SNR.

PKIIKP waves arrive ∼18–55 s after the first arrival which lies in the
quiet time window that has no primary arrivals (Fig. 1b). There are
only three places on continents that are located at the opposite sides
of deep earthquakes: northern Africa, northern South America
and eastern central China. Seismic array data are available at
the last two locations. We found clear PKIIKP arrivals from two
deep-focus earthquakes that occurred in Indonesia and Argentina,
respectively (Table 1, Fig. 2a). The Indonesia event was recorded by
61 stations of a PASSCAL deployment in Venezuela known as the
BOLIVAR array (Fig. 2c), whereas the Argentina earthquake was
recorded by 40 short-period and broadband mixed stations that
belong to the China Digital Seismic Network (CDSN) (Fig. 2b). The
Indonesia-BOLIVAR and the Argentina-CDSN ray paths inside the

inner core are ∼8◦ and ∼28◦ from the equatorial plane. Thus, a
comparison of the two directions can offer a decisive diagnosis of
deep inner-core anisotropy.

Owing to a favourable source mechanism to antipodal
stations11, the BOLIVAR recordings of the Indonesia event show a
clearly identifiable PKIIKP2 that has a reversed polarity to PKIKP
(red arrows in Fig. 3a). PKIIKP1 is also visible with a polarity
similar to PKIKP (green arrow in Fig. 3a) at the farthest station.
These observations are consistent with Preliminary Reference Earth
Model12 (PREM) synthetic seismograms (Fig. 1b)13. The PKIIKP1
polarity reflects a combination of the effects of a negative reflection
at the ICB (ref. 10) and a π/2 phase shift produced by the internal
caustic surface for underside reflection waves14. Another π/2 phase
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Figure 3 Examples of seismograms recorded by the two arrays. a, BOLIVAR seismograms, aligned according to the hand-picked PKIIKP2 arrival times. b, CDSN
seismograms, aligned based on the PREM-predicted PKIIKP2 arrival times. Observed PKIIKP1 and PKIIKP2 arrivals are indicated by green and red arrows, respectively. PREM
predictions of PKIKP and PKIIKP1 are shown by straight lines. All of the seismograms are filtered with the WWSSN short-period instrument response. The data are further
filtered with a 2 s low-pass filter for stacking. The raw short-period BOLIVAR data are shown only for presentation purposes. The CDSN data shown here are the low-pass
filtered ones.

shift is further added to the major-arc PKIIKP2 phase for crossing
the antipode15,16. The Argentina earthquake, on the other hand,
exhibits no obvious PKIIKP arrivals in the CDSN records except
for the three stations near its antipode where the convergence of the
PKIIKP waves from all back azimuths leads to a significant increase
of their amplitude (green arrow in Fig. 3b).

To detect the PKIIKP phases and to better determine the
PKIIKP–PKIKP time, we applied a second-order phase-weight
slant stacking technique17 to the data (see Methods section). Both
PKIIKP phases are clearly identifiable in the vespagrams of the two
events with a positive and a negative slowness relative to PKIKP.
Except for PKIIKP1 of the Indonesia event, the observed slowness
is in good agreement with the PREM prediction (Fig. 4a,b).
The measured differential travel times of PKIIKP1–PKIKP and
PKIIKP2–PKIKP and their residuals with respect to PREM are
listed in Table 1. For each event, estimates of PKIIKP1–PKIKP
and PKIIKP2–PKIKP residual time agree very well with each
other. The Indonesia-BOLIVAR path exhibits a ∼1.8 s positive
travel-time residual, whereas the Argentina-CDSN path shows no
anomaly with respect to PREM (Table 1, Fig. 4). Beam-forming
analysis10(see Methods section) indicates that the two PKIIKP
phases were received by the two arrays in the great-circle ray-path
direction (Fig. 4c–f).

It is unlikely that the differential travel-time residuals can be
explained with heterogeneities near the core–mantle boundary
(CMB). In Fig. 2a, inset we plot the exit points of PKIKP and
PKIIKP at the CMB of the Indonesia earthquake using different
colours, with blue (PKIKP) and green (PKIIKP) circles centred at
the exit points. The size of the circles is similar to the Fresnel zone
of PKIKP and PKIIKP at the CMB, which is approximately 210 km
for a 0.5 Hz vertically propagating P wave. The separation between
the PKIIKP and PKIKP is around 400 km at the CMB, resulting
in an overlap of the Fresnel zone of the two phases. Large-scale

heterogeneities (a few hundreds of kilometres) near the CMB would
thus affect both phases similarly and are expected to have little effect
on the differential travel time.

Small-scale (a few tens of kilometres) velocity perturbations
could affect the differential travel times differently, resulting in
positive and negative mixed residuals among stations within
the arrays, which were not observed. There is little difference
in PKIIKP2–PKIKP times picked from individual seismograms
(Fig. 3a). Mixed residuals could also cause destructive stacking,
resulting in weak PKIIKPs that are contradictory to the large
amplitudes observed in the vespagrams.

PKIKP and PKIIKP waves propagate nearly vertically across
the D′′ layer; the total travel times of the two phases within the
lowermost 200 km of the mantle are ∼28 and ∼31 s, respectively.
If the observed 1.8 s differential travel-time residual is accumulated
solely in the D′′ layer along either the PKIKP or PKIIKP ray path,
then a D′′ model with a 6% P-wave velocity anomaly across the
entire 200 km depth is required. Otherwise, models that have a
3% anomaly across the entire D′′ layer near both the entrance and
exit points of PKIKP and another 3% anomaly with an opposite
sign near those of the PKIIKP ray paths are needed. The entrance
(or exit) regions of the two waves actually overlap with each
other when their Fresnel zone size is taken into account. Thus,
models requiring mixed anomalies can in principle be ruled out.
Current three-dimensional P-wave velocity models18 predict that
the mantle contribution to the differential travel time is less than
0.2 s, much smaller than the observed 1.8 s. Ultralow velocity zones
are observed to have a P-wave velocity reduction of ∼10% with a
maximum thickness of 50 km (ref. 19). The maximum travel-time
anomaly they can introduce is ∼0.4 s, not sufficient to explain the
observed anomaly.

The PKIIKP–PKIKP differential travel time is also insensitive to
Earth’s ellipticity20 (see Methods section) and changes in inner-core
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Figure 4 Results of stacking and beam-forming analyses. a,b, Vespagrams of the BOLIVAR (a) and the CDSN (b) data. ‘Hotter’ colour clusters represent greater energy.
PKIKP and PKIIKP1/2 are identified by arrows with crosses denoting the theoretical arrival time and slowness calculated from the PREM model. Time and slowness are
relative to PKIIKP2. Note the earlier arrival of PKIKP in a. The observed slowness of PKIIKP1 in a is slightly lower than the PREM prediction, which could be caused by ICB
topography, interference with other phases and the constant slowness assumption in the slant stacking. c–f, Beam power showing the arrival slowness and back azimuth of
the two PKIIKP phases.

radius (Fig. 1). Our ray tracing indicated that a 1 km increase in the
inner-core radius results in only a 0.04 s change in the differential
travel time, and consequently the observed large residual time is
unlikely to be caused by variations in inner-core radius21. It is also
difficult to explain the observed residual times with a possible error
in source location. A 10 km error in the hypocentre depth results in
a change of differential travel time by only 0.01 s, whereas a 10 km
error in the epicentral location could lead to a change of differential
travel time by as much as 0.17 s. Because of the wide distribution in
station azimuth (Fig. 2a), a large error in the epicentral location will
result in positive and negative mixed travel-time residuals among
the stations within the arrays, which is not observed in the data.

Thus, the observed differential travel-time residuals can be
attributed only to the heterogeneity and/or anisotropy within the
inner core. Here, we further argue that the origin of the differential
travel-time residuals lies in the centre of the Earth. PKIIKPs travel
through only the top ∼80 km of the inner core and half of their
ray paths in the inner core falls roughly in the ‘eastern hemisphere’
and the other half in the ‘western hemisphere’. The degree-one
heterogeneity in the uppermost inner core thus has little effect
on the travel time of PKIIKPs, which is estimated to be <0.1 s
based on the E1/W1 models22. The inner-core ray segments of the

PKIIKP phases in our data set have a global coverage of almost
70% (Fig. 2a), which makes it hard to argue for any small-scale
velocity anomalies near the ICB (ref. 23) as plausible origins of
the observed residuals. In fact, there is also a significant amount
of crossing and overlap of PKIIKP rays between the two events; any
anomalies along the PKIIKP rays will show up in the data of both
events. Thus, the observed travel-time residuals are best explained
by earlier PKIKP arrivals.

Both the Indonesia–Venezuela and Argentina–China paths
belong to the so-called equatorial paths in which the ray angles
are less than 30◦ from the equatorial plane, making it hard to
explain the difference by existing anisotropic models with the fast
direction parallel to the rotation axis24,25. The uppermost ∼400 km
of the inner core, which is well constrained from differential
travel-time studies, is also expected to produce no significant
travel-time anomalies to PKIKP according to current inner-core
models26. Thus, the observed differential travel-time residuals must
originate from the deeper portion of the inner core. Within this
deeper region, PKIKP rays of the two paths are separated by
<280 km, smaller than the Fresnel zone of the 0.5 Hz PKIKP
wave. Consequently, any localized heterogeneity centred along one
PKIKP ray path will affect the other path as well. Thus, the
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observed 1.8 s travel-time residual along the Indonesia–Venezuela
PKIKP ray path can be explained only by seismic anisotropy
with the slowest propagation direction being tilted away from
the equator.

Our data have no resolution on the depth distribution of
the distinct anisotropy and nature of the transition between the
two anisotropic regimes. Our observation here is consistent with
the innermost inner core (IMIC) model4 derived from catalogue
PKIKP travel-time data. The IMIC has a radius of 300 km with
the slowest direction ∼45◦ from the equatorial plane. Transition
between the IMIC and the rest of the inner core is observed to be
gradual27. Thus, the tilted anisotropy could be distributed smoothly
over a wide range of depth in the innermost ∼800 km of the inner
core. Both hexagonal close-packed and body-centred-cubic crystal
aggregates are found to be able to produce anisotropy that matches
seismic observations28,29. Thus, the two anisotropic regimes may be
caused by different crystal structure or different proportions of the
hexagonal close-packed and body-centred cubic crystals at different
depths. It could also reflect a change of fabric alignment with depth,
suggesting that different episodes may have existed in the growth
history of the inner core.

METHODS

PHASE-WEIGHT SLANT STACKING
Let sn,m represent the amplitude at the mth station at the nth time for the case
with M stations. For a given slowness of p, the phase-weighted stack17 an(p) is
given by

an(p) =
1

M

M∑
m=1

sn+τm ,m

∣∣∣∣∣ 1

M

M∑
m=1

exp{iϕn+τm ,m}

∣∣∣∣∣
N

,

where ϕn,m is the instantaneous phase calculated from sn,m and its Hilbert
transform H[sn,m]:

ϕn,m = atan{H[sn,m]/sn,m}.

τm is the time lag of the mth station and is related to slowness p by τm = Dm ·p,
where Dm is the epicentral distance for the mth station minus the epicentral
distance of the centre of the array. N is the power index of the phase-weight
stacking and we used N = 2. We pre-processed the broadband data first with
a deconvolution of instrument response, and then a convolution with the
WorldWide Standardized Seismograph Network (WWSSN) short-period
instrument response. The WWSSN short-period data seemed to possess the
best signal-to-noise ratio (SNR) for the PKIKP and PKIIKP phases. We further
filtered the data with a 2 s low-pass filter. A SNR > 2 was used to select the
data for the final processing. We then manually picked the first peak of the
PKIKP waves and aligned them at the picked times. The slowness assumed for
each stack is varied with respect to that of the PKIKP arrivals (defined as zero)
in increments of 0.1 s deg−1 within the range of ±3 s deg−1. The resulting 61
stacked waveforms are subsequently converted to amplitude envelopes using
the Hilbert transform. The maximum amplitude is chosen from all 61 stacked
traces and is used to normalize the traces in units of decibels.

BEAM-FORMING ANALYSIS
The slant stacking analysis described above assumes that the later phases arrive
from the same back azimuth as that of PKIKP. To check this assumption, we
used another array analysis technique, the so-called beam-forming method.
In a beam-forming analysis, all of the seismograms are linearly stacked after a
time correction calculated from the assumed slowness and back azimuth. The
best slowness and back azimuth were determined when the summed amplitude
reaches a maximum. More specifically, we first aligned the seismograms so that
PKIKP arrivals coincide with the PREM arrival time. We varied the slowness
from 0 to 3 s deg−1 for PKIIKP1 and −3 to 0 s deg−1 for PKIIKP2 in increments
of 0.1 s deg−1. The azimuth was deviated from the great circle within the range
of ±90 at increments of 1◦. A 2 s time window centred on the peak PKIIKP
arrival times was used to calculate the beam power.

ELLIPTICITY CORRECTION
We used the method of Kennett & Gudmundsson20 to calculate the ellipticity
corrections. PKIIKP was not included in the phase list of Kennett &
Gudmundsson20, and was computed by a combination of two PKIKP legs with
the subtraction of a PKiKP segment:

TPKIIKP(zs ,∆) = TPKIKP(zs ,∆a)+TPKIKP(0,∆b)−TPKiKP(0,∆c ),

where zs is the source depth and ∆a , ∆b and ∆c are the arc lengths of the two
PKIKP legs and the PKiKP leg, respectively. They were calculated by matching
the ray parameter of the PKIIKP phase.
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