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Compressional seismic wave reflected off the Earth’s inner core
boundary (ICB) from earthquakes occurring in the Banda Sea
and recorded at the Hi-net stations in Japan exhibits significant var-
iations in travel time (from -2 to 2.5 s) and amplitude (with a factor
of more than 4) across the seismic array. Such variations indicate
that Earth’s ICB is irregular, with a combination of at least two
scales of topography: a height variation of 14 km changing within
a lateral distance of no more than 6 km, and a height variation of
4-8 km with a lateral length scale of 2-4 km. The characteristics of
the ICB topography indicate that small-scale variations of tempera-
ture and/or core composition exist near the ICB, and/or the ICB to-
pographic surface is being deformed by small-scale forces out of its
thermocompositional equilibrium position and is metastable.

inner core growth | geodynamo | outer core convection

he Earth’s inner core grows from the solidification of the li-

quid outer core (1). The solidification process releases latent
heat and expels light elements, providing driving forces for the
thermocompositional convection in the outer core (2, 3) and
the geodynamo that is responsible for the Earth’s magnetic field
(4-6). Information about the inner core boundary (ICB) is thus
the key to the understanding of driving forces in outer core con-
vection. The ICB has always been thought to be flat, simple, and
smooth, due to the presumed extremely small variation in tem-
perature in the outer core (7). Although recent seismic observa-
tions provide indirect evidence for the existence of topography at
the ICB based on the localized temporal changes of the inner
core surface (8-10), direct seismic observations about the exis-
tence of inner core topography are still nonexistent. Here, we
used PKiKP (a seismic compressional wave reflected from the
ICB, Fig. 14) recorded in precritical distances to study inner core
topography.

Results

In the precritical distances, PKiKP travel times and amplitudes
are sensitive to topography, geometry, and property contrast
across the ICB (11-16). We adopted PcP waves [a compressional
wave that is reflected off the core-mantle boundary (CMB)] as a
reference phase and used PKiKP-PcP differential travel time and
relative amplitude to study the ICB property. The use of differ-
ential PKiKP-PcP travel time and relative PKiKP/PcP amplitude
ratio minimizes the effects of shallow Earth’s structure and un-
certainties in source origin time, location, magnitude, and radia-
tion pattern (refs. 17-22; Fig. 14).

We collected all available PKiKP-PcP data from earthquakes
occurring in the Banda Sea and recorded at the Hi-net stations in
Japan during 2004-2010. The selected earthquakes have a depth
range from 100 to 650 km, with magnitudes ranging between 5.8
and 7.6 (Table 1). We measured PKiKP-PcP differential times on
the vertical components of seismic data. The seismic data were
filtered with a two-pole causal Butterworth band-pass filter of
1-3 Hz and the worldwide standard seismic network short-period
instrument response. These filtering procedures were adopted
after extensive testing of various filters for the best observability
of the PKiKP phases. We visually checked PKiKP and PcP phases
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for quality; only those with high signal-to-noise ratios were
retained for further analyses. To ensure the reliability of phase
selection, we adopted the following procedures in travel time se-
lection. We first handpicked the seismic phases and stacked seis-
mic waveforms along the handpicked seismic phases; we then
reselected the seismic phase in each seismic observation based
on its cross-correlation with the stacked seismic waveform.
The stacking and reselection procedures were repeated until ex-
cellent cross-correlation values were obtained and travel time se-
lections no longer changed. The seismic waveforms were aligned
according to the cross-correlation selections and were further
checked for possible cycle skipping. The data with any possibility
of cycle skipping were discarded. Following these procedures, we
retained a total of 128 high-quality PKiKP-PcP waveforms pairs
from three earthquakes: January 27, 2006, August 4, 2008, and
August 28, 2009 (Fig. 1B). The selected PKiKP waves sample a
7° by 10° region at the ICB between 12-19°N and 126-136°E
(Fig. 1B). The selected data exhibit high-quality PKiKP and
PcP waveforms and have excellent correlations with their stacked
waveforms. One example of PKiKP and PcP seismogram profiles
from event January 27, 2006 is shown in Fig. 1 C and D.
PKiKP-PcP differential time residuals exhibit large variations
across the seismic array, varying from -2 to 2.5 s (Fig. 24). The
relative PKiKP/PcP amplitudes also vary considerably across the
array, changing by at least a factor of 4 from 0.2 to 0.05, very dif-
ferent from the predictions based on Preliminary Reference
Earth Model (PREM) (ref. 23; Fig. 2B). Both the differential tra-
vel times and amplitude ratios show a spatially complicated pat-
tern, varying at a small length scale (less than 1°, Fig. 2 4 and B).
The use of differential travel times and relative amplitudes of
the PKiKP and PcP phases minimizes many uncertainties as we
mentioned above; however, the differential signals could still be
attributed to the seismic structures either at the CMB or at the
ICB, or both. Several lines of evidence indicate that the observed
PKiKP-PcP differential signals are mainly caused by the ICB
structures, rather than the seismic structures in the mantle. (i)
The PKiKP-PcP differential travel time residuals positively cor-
relate with the PKiKP travel time residuals (Fig. 3 4, C, and
E), whereas no correlation is observed with the PcP travel time
residuals (Fig. 3 B, D, and F). In addition, the variations of PcP
travel time residuals are on an order of about 1.5 s (Fig. 3 B, D,
and F), much less than the magnitude of the observed PKiKP-PcP
differential travel time residuals. These observations suggest that
the PKiKP-PcP differential travel time residuals are most likely
contributed by the PKiKP phases, rather than the PcP phases.
(i) We calculated the effects of mantle heterogeneities on the
PKiKP-PcP differential times based on various global compres-
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Fig. 1. (A) Ray paths of PKiKP (red) and PcP (blue) waves at epicentral dis-
tances of 40° and 48°. CMB and ICB represent the core-mantle boundary and
the inner core boundary, respectively. (B) Map view of great-circle ray paths
(gray lines) for the PKiKP waves from earthquakes occurring in the Banda Sea
(red stars) to the Hi-net stations (blue triangles) in Japan. Red circles indicate
the PKiKP bouncing points at the ICB, and light blue crosses and green
squares represent PKiKP entrance and exit points across the CMB. Only those
ray paths with both high-quality PcP and PKiKP waveforms are plotted. Boxes
A, B, C correspond to the CMB regions studied in Fig. 4 A-C, respectively.
(C and D) Waveforms of PKiKP (C) and PcP (D) waves observed for event Jan-
uary 27, 2006. The dashed lines indicate the theoretical PKiKP and PcP arrival
times with respect to PREM (23). Waveforms are band-pass filtered from
1-3 Hz and with the worldwide standard seismic network short-period instru-
ment response.

sional wave models. Mantle effects on the PKiKP-PcP differential
travel times are on an order of 0.2 s. These variations are an order
of magnitude smaller than the observed PKiKP-PcP differential
travel time variations and the corrected PKiKP-PcP differential
travel times change little from the observed values (see two ex-
amples after the corrections using two compressional models in
Fig. S1). (iii) Further quantification of the effects of the CMB
structures on the PcP travel times indicates that the CMB struc-
tures in the PcP reflected region indeed contribute little to the
lateral variation of the PKiKP-PcP differential travel times. We
analyzed the difference of PcP travel time residuals recorded
at the same stations between the neighboring events in the Banda
Sea. Because event separations were small (within 2°, Table 1),
the difference of PcP travel time residuals recorded at a same
station between two neighboring events reflect the lateral varia-
tions of the seismic structures between their respective CMB
reflected points of the event pair and difference of seismic
structures in their source lags (see an example of PcP ray paths
for two neighboring events in the top left inset in Fig. 44). The
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Table 1. Event parameters

Event

date Time Latitude. °N Longitude, °E Depth, km Magnitude
03/02/05 10:42:12 —-6.54 129.99 196 71
01/15/06  11:58:29 -7.88 122.58 262 6.2
01/27/06* 16:58:54 -5.45 128.19 404 7.6
07/15/06  07:10:48 -4.39 126.31 385 5.8
09/09/06  04:13:12 -7.23 120.27 583 6.3
11/14/06  14:21:02 -6.34 127.99 353 6.1
07/01/07 14:34:12 -5.97 130.55 142 5.9
12/15/07  08:03:17 -7.78 127.54 190 6.0
04/29/08 19:10:03 -6.22 127.56 428 5.8
06/06/08 13:42:48 -7.49 127.89 122 6.0
08/04/08* 20:45:13 -5.92 130.20 174 6.1
12/06/08 10:55:26 -7.39 124.75 398 6.4
07/06/09 22:35:04 24.87 128.03 7 6.0
08/28/09* 01:51:20 -7.15 123.43 642 6.9
10/24/09 14:40:43 -6.13 130.39 130 6.9
02/15/10  21:51:47 -7.22 128.72 126 6.2
02/26/10  20:31:26 25.93 128.43 25 7.0
05/26/10  08:53:08 25.77 129.94 10 6.2
06/27/11" 16:47:14 -8.93 122.47 120 5.8

*Earthquakes used for PKiKP-PcP analysis.
'Earthquake used for PKP precursory energy analysis.
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Fig. 2. (A) PKiKP-PcP differential travel time residuals with respect to PREM,
plotted at the PKiKP bouncing points of the ICB. (B) PKiKP/PcP amplitude ra-
tios, plotted at PKiKP bouncing points of the ICB; circles denote the ampli-
tude ratios of the reliably observed PKiKP and PcP phases; plus symbols show
the amplitude ratios of invisible PKiKP and clear PcP, which should be con-
sidered as a lower bound of the amplitude ratio. The data are color-coded
as earthquakes: January 27, 2006 (red), August 4, 2008 (green), and August
28,2009 (blue). The amplitude ratios are also plotted in the inset as a function
of epicentral distance, along with the predictions based on PREM (thick line).
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Fig. 3. Relationship between PKiKP-PcP differential travel time residuals
and PKiKP travel time residuals (both with respect to PREM) for events Jan-
uary 27, 2006 (A), August 4, 2008 (C), and August 28, 2009 (E). (B, D, and F)
Same as A, C, and E, except for the relationship between differential PKiKP-
PcP travel time residuals and PcP travel time residuals.

differences of PcP travel time residuals for four event pairs in the
Banda Sea exhibit little difference in their PcP travel time resi-
duals, ranging from —0.2 to 0.2 s (Fig. 44). These variations are
an order of magnitude smaller than those observed in the PKiKP-
PcP differential travel time residuals, indicating that the observed
PKiKP-PcP differential travel time residuals are contributed little
by the seismic structures in the PcP reflected area of the CMB.
(iv) We studied the effects of the seismic heterogeneities in the
CMB region near the PKiKP exit points on the PKiKP travel time
residuals by analyzing the travel time residuals of the PcP phases
sampling the same region. We were able to find several events
whose PcP reflected points partially overlay with the PKiKP exit
points (Fig. 4B). Note that a variation of —0.4 to 0.4 s is observed
in the PcP travel time residuals (with respect to PREM) across
the array (Fig. 4B), similar to what is observed for the PcP phases
recorded for the Banda Sea events. As the PcP phases sample the
CMB region twice, the observed magnitude of the PcP travel time
variations sampling the same region indicate that the contribu-
tions from the receiver-side CMB region is also at least an order
of magnitude smaller than the observed PKiKP-PcP differential
travel time residuals. (v) We studied the effects of small-scale
seismic heterogeneities in the CMB region near the PKiKP
entrance points by analyzing the PKP (a compressional wave
traveling inside the Earth’s inner core) precursory energy from
a seismic event in the region recorded in the United States

Dai et al.
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Fig. 4. Analyses of small-scale seismic heterogeneities in the CMB regions
near the PcP reflected points (A4), PKiKP exit points (B), and PKiKP entrance
points (C) for the seismic phases from the Banda Sea events to the Hi-net sta-
tions. A, B, and C correspond to the boxed regions labeled as A, B, Cin Fig. 1B.
(A) Difference between PcP travel time residuals (with respect to PREM)
between neighboring events, plotted at the PcP reflected points of the
CMB. Red symbols are for event pair of January 15, 2006 and August 28, 2009,
green symbols for event pair January 27, 2006 and February 15, 2010, blue
symbols for event pair July 1, 2007 and August 4, 2008, and black symbols for
event pair December 15, 2007 and June 6, 2008. The top left inset shows PcP
ray paths for an event pair whose distance separation is 2°. (B) Variations of
PcP travel time residual with respect to PREM, plotted at the PcP reflected
points at the CMB. Symbols are color-coded with different events (Table 1).
Green squares represent PKiKP exit points at the CMB from the Banda Sea
events. (C) PKP precursory amplitudes with respect (w.r.s.) to the main PKP
phases (the ratio between the two amplitudes) obtained from migration
of the observations recorded in 12 high-quality stations in the United States
(Table S1) from an event in the region (star labeled June 27, 2011 and Table 1).
The light-blue crosses represent the PKiKP entrance points at the CMB of the
three events in the Banda Sea to the Hi-Net stations.
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Fig. 5. (A) Synthetic vertical component of PKiKP seismograms at the distance range from 35° to 55° for PREM (red traces) and a model with ICB topography
shown in C (black traces). The black traces are normalized with respect to (wrt) the amplitudes of PKiKP synthetics based on PREM. Traces are band-passed
filtered with the same filtering procedures applied to the data and aligned along the predicted PKiKP arrival times based on PREM (t = 0). (B) PKiKP travel time
residuals (red dots, left scale) and amplitudes (blue stars, right scale) with respect to the PREM predictions at various epicentral distances. (C) ICB topographic
model plotted as a function of distances from the seismic source, which also correspond to the PKiKP reflected points for the distances of the synthetics at A and
B. (D-F) Same as A-C, except that the ICB topographic model has a superimposed small-scale topography with a height variation of 4 km repeated with a

horizontal length scale of 3 km. Note the amplitude differences in the distance range of 43° to 52° between the synthetics in A and D.

(Fig. 4C). The PKP data are band-passed filtered with the same
frequencies used for analyzing the PKiKP data recorded in the
Hi-net stations to probe possible existence of small-scale seismic
structures in the same wavelengths. The energy proceeding the
PKP phases was mapped onto the CMB regions based on a mi-
gration method (24). The amplitude preceding the PKP phases
exhibited less than 5% of the amplitude of the main phases, si-
milar to that of the background noise. The lack of proceeding
energy before the PKP phases indicates that the CMB region ex-
hibits little small-scale variations of seismic structure (Fig. 4C)
and the PKiKP-PcP differential travel times observed in the
Hi-net stations were not caused by the seismic structures in the
PKiKP entrance points of the CMB region. With all these possi-
ble mantle effects examined, we concluded that the observed
PKiKP-PcP differential travel time residuals and amplitude ratios
from the Banda Sea events to the Hi-net stations were mostly
caused by the seismic structures at the ICB.

The observed PKiKP travel time variations indicate that the
ICB possesses topography in the PKiKP reflected region. The ob-
served PKiKP amplitude variations and rapid changes of PKiKP
travel time and amplitude across the seismic array further indi-
cate that the ICB topography is irregular and varies at a small
length scale. We tested a series of ICB models to place quanti-
tative bounds on the characteristics of the ICB topography, using
a hybrid method (Materials and Methods) (25). We tested ICB
topographic models with various geometries (Gaussian-shaped,
dome-shaped, step), heights, horizontal scales, and spatially re-
peated patterns. A change of topographic height of 14 km is re-
quired to explain the observed 2.5-s variation of PKiKP travel
time (Fig. 5). A change of topographic height in a horizontal dis-
tance of no more than 6 km is required to explain the rapid spatial
variation of PKiKP travel time in the observations. The magni-
tude of the PKiKP amplitude change and its frequency content

40of5 | www.pnas.org/cgi/doi/10.1073/pnas.1116342109

require a superposition of small-scale topography with a height
variation of 4-8 km and a horizontal spacing of about 2-4 km
to reduce the PKiKP amplitude by a factor of 4 (Fig. 5).

Discussion

PKiKP phase has been enigmatic in its observability in the precri-
tical distances (16-22, 26-29). Although its observability was pre-
dicted based on the elastic parameters of Earth’s models, it was
only occasionally observed when the seismic station coverage was
sparse, which can be explained by the characteristics of the ICB
topography inferred here. A mosaic structure of the inner core’s
surface was also invoked to explain the strong PKiKP amplitude
variations observed in the precritical distance ranges (16). Our re-
sults indicate that the existence of small-scale topography at the
ICB, as required by the observed PKiKP travel time variations in
the precritical distances, could also provide an explanation to the
observed strong variability of the PKiKP amplitudes in the precri-
tical distances without invoking a mosaic ICB structure. The mag-
nitude of the ICB topography was inferred to be at least in an
order of from 0.98-3 km based on the magnitude of the observed
temporal change (8, 9), and the horizontal length-scale of the ICB
topography was estimated to be about 10 km based on the Fresnel
zone associated with the seismic frequencies of the ICB reflections
(9). Our results not only provide direct seismic evidence confirm-
ing those inferences, but also reveal a more complete picture
about the irregularities of the ICB. However, this study region oc-
cupies only a small patch of the ICB surface; a global survey of the
characteristics of the inner core surface is needed.

The existence of irregular topography at the ICB indicates two
possible scenarios of dynamic and thermochemical conditions
near the ICB. (i) The ICB represents a phase boundary in equi-
librium with local temperature and core compositions. In this sce-
nario, the existence of ICB topography would require existence of
small-scale variations of temperature and/or core composition

Dai et al.



!
e,

near the ICB. (ii) Small-scale dynamic forces deform the phase
boundary that is in equilibrium with temperature and core com-
positions out of the equilibrium position and form the irregular
topography, and the timescales of dynamic deformation are smal-
ler than what is required for the deformed boundary to adjust to
thermochemical equilibrium with local temperature and core
compositions (i.e., melting or solidifying). In this scenario, the
ICB topographic surface is metastable.

Materials and Methods

We use the hybrid method developed by Wen and Helmberger (25) to cal-
culate synthetic seismograms. The hybrid method is a combination of analytic
methods (the generalized ray theory and the Kirchhoff method) and a finite-
difference (FD) method, with the FD calculations applied to the heteroge-
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neous media in the deep mantle. In this case, the FD region encompasses por-
tions of the bottom of the outer core and the top of the inner core. The
Kirchhoff theory is applied to the upper FD region to bring the wavefields
back to the surface.

Seismic data are obtained from the Hi-net stations (http:/www.hinet
.bosai.go.jp/). Seismic data are deconvolved with their respective instrumen-
tal responses.
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