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Constraining the topography of the ICB is important for stud ies of
core-mantle coupling and the generation of the geodynamo. W e
present evidence for significant temporal variability in th e ampli-
tude of the inner core reflected phase PKiKP for an exceptiona Iy

high quality earthquake doublet, observed post-criticall y at the
short period Yellowknife seismic array (YK), which occurre din
the South Sandwich Islands within a ten year interval (1993/ 2003).

This observation, complemented by data from several other d ou-
blets, indicates the presence of topography at the inner-co re
boundary, with a horizontal wavelength on the order of 10 km.
Such topography could be sustained by small scale convectio nat
the top of the inner core, and is compatible with a rate of supe r-
rotation of the inner core of ~0.1-0.15 degl/year. In the absence
of inner core rotation, decadal scale temporal changes in th eICB
topography would provide an upper bound on the viscosity at t he
top of the inner core.

Inner Core | Topography | PKiKP | Super Rotation

T he ICB separates the liquid outer core from the solid innee co

which is located in an optimal position for the study of mamthases
PP as well as both refracted (PKIKP) and post-criticallyeretd
(PKiKP) core phases. Indeed, these phases are emittecheeapk-
imum in the lobe of the doublet’s radiation pattern (Fig. af),an
epicentral distance df37.8°, where the two core phases are well sep-
arated and where the PKiKP undergoes total reflection. Highat
to-noise seismic waveforms were recorded for both evertiglateen
of the nineteen YK stations. In a 50-second time window adoun
the PP phases of the doublet, unfiltered waveforms are vghiyhi
similar at all stations of the array, with cross-correlatamefficients
larger than 0.97 (Fig.2, see also Fig. 7,&8upporting Information).
The amplitudes of PP for both events differ only by a factol @6.
This provides strong additional confirmation of the high lgyaf
this doublet. We therefore expect the waveforms of othes@hao
be very similar in shape and amplitude for this special detbl
However, the first two arrivals (PKIKP and PKiKP) in the indi-
vidual unfiltered YK seismograms, which are well separatedbth

and is the site of important dynamical processes, as the cofvents, have significantly different waveforms (Fig. 3AJr the 2003

freezes and light elements are expelled to power conveatidthe
outer core (1-3). Significant long wavelength topographtheflCB
is ruled out by dynamical considerations (4). While hemésptal
variations in the seismic properties at the top of the inmee have
been documented (5-7), seismological investigationsatdithat the
ICB is, to a good approximation, quite spherical (8). Howgetiee
observation of significant PKiKP coda, likely due to muléigicatter-
ing (9) (10) indicates that the structure of the ICB is morenptex
at short wavelengths. There is also evidence for signifisaatter-
ing near the top of the inner core (11) (12). Recently, in aof
amplitudes of ICB reflected phases (PKiKP), Krasnoshchedtal.
(13) have proposed that the ICB is “patchy” in its reflectivegerties
at scales of 10-200km laterally. Because their data werairodod
at sub-critical distances, these authors could not cdngtra precise
nature of the variability in the measured PKiKP amplitud@ghile
short wavelength topography has been proposed for thercantle
boundary (14), there has not been any such evidence for e IC
In their efforts to constrain the rate of differential ratet of
the inner core previously estimated using PKP(DF-BC) diffitial
travel times on paths to Alaska stations in the epicentrstiadice

rangel47 — 155° (15) , Zhang et al. (16) found several high quality

earthquake doublets in the South-Sandwich region, seghiratime
by a decade or more. The high waveform similarity at manyasiat
indicates that the two sources are located within a wavéhefay

compressional waves. One of the earthquake doublets egparthe
Zhang et al. (16) study is of exceptional quality (Dec 1, 19%p 6,
2003, see als@upporting Information). Highly similar waveforms
for both events were recorded at 102 stations with a broadrage
of epicentral distances and azimuths, and the hypocenparation

of the two events was inferred to be 100 m vertically and lbas t

1.0 km horizontally.

event, the waveforms of PKiKP are simply reversed in polaith
respect to those of PKIKP, as theoretically predicted fatmoitical
reflections (Fig. 3D) (7). Forthe 1993 event, the amplituaf&KiKP
are much reduced (by a factor of 3.0). The later part of thekiKI
waveform also shows some change. In the frequency range4,-2 H
PKIKP and PKiKP waveforms of both events are simpler (Fig),3B
that reversed waveforms of PKiKP are similar to those of PKIigr
both events (Fig. 3B,3C). In this frequency range, whereatheli-
tude ratios can be determined more robustly, the amplitoffleKikKP
for 2003 and 1993 events differ by a factor of 7.2. Given thi&isg
similarity of the PP waveforms and their coda in the freqyaange
0.5to2Hz (Fig. 7,8 irsupporting Information) and the other evidence
for the quality of the doublet (15), we infer that both phagespe-
cially the PKiKP phase) have undergone temporal changdsnyio
years.

PKIKP/PKiKP amplitude ratios, which are not affected by the
slight difference in magnitude, are 2.3 and 0.7 for the 19882003
events, respectively (Fig. 3C). This amplitude ratio isthiso signifi-
cantly different for the two events. Further analysis of RRIPKiKP
amplitude ratios indicates that the anomaly is primarilythie am-
plitude of the PKiKP phase for the 1993 everstq Materials and
Methods). In addition, our wavelet analysis demonstrates thatén th
frequency range of 0.2-3 Hz there is not any interfering ph&sg.
4). We now discuss possible causes for this anomaly. Appteen
poral changes in the waveforms could be due to small diffeyein 1)
the earthquake source mechanism and time function, 2Yénezice
with another local, regional or teleseismic event, 3) gligtifferent
paths causing different scattering from local heterog@enear the
stations or the sources or along the path. The PP wavefoerexar

We found that this doublet was also well recorded on the shortyg confiict of interest

period Yellowknife Seismograph Array (YK) in northern Caaa
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tremely similar, so we rule out possible differences in thgrse time
functions. We also verified that PKiKP waveforms for the 1898nt
were not affected by any local, regional, or teleseismimevédlalf
an hour before and after the origin times of the doublet,ethvesre
no teleseismic events of;, > 3.0 reported in the composite ANSS
catalog (17). If, on the other hand, there was an interfddoagl or re-
gional event, there would be a time delay of atleast 1.5 sicaoross
the YK seismic array, which would cause detectable chamyeave-
form. An undetected, but large enough teleseismic eveiragrat

Materials and Methods), compatible with scattered wave and normal
mode based estimates (11) (21). The viscosity at the topedhtier
core would have to be large enough to sustain such topogmamry

a timescale of decades (4), or it could be sustained by srale s
convection in the top layers of the inner core (22).

The presence of corrugations at the ICB not only explains our
observations, but also the variability in the PKP(DF) cotavipusly
observed (16), and may also account for the PKiKP coda pusiyio
reported (9) (10), the amplitude variability observed di-stitical

YK simultaneously with PKiKP for the 1993 event would have andistances (13), as well as the changes in the envelope of PG

effect on the waveforms within 50 sec of the PP arrivals, wismot
seen (Fig. 2, see also Fig. 7,8%apporting Information). We note
that the raypaths of PKIKP and PKiKP are very close near thibldo
sources and throughout the upper mantle, where they renigiima
wavelength of the P wave at the period of observatiarsgm). The
difference of their take-off angles is only 0.8° and both phases are
emitted near the maxima of the lobe of the source radiatidtepa
(Fig. 1A). In order to investigate whether hidden scattgrhdses

decadal time scales (27). An alternative explanation, mvie cannot
completely rule out, involves time varying topography, efhcould
be due to dynamic processes related to inner core growth i28)is
scenario, the viscosity at the top of the inner core wouldirteebe
lower than10' Pas (4), to allow time variability on the time scale of
a decade.

Material and Methods. Which phase is the most anomalous?

may be present within the 1993 PKiKP waveform, we performed A&MPplitude ratios are measured by peak-to-peak amplituties xp,

wavelet decomposition of the waveforms (18). This analghiswns

PKiKP and PP, respectively, between two linearly stackadets of

that the phases of both PKIKP and PKIKP are very stable from onthe doublet. For the 1993 event, the PKiKP amplitude is 3

event to the other in the band pass of sensitivity of the Y Kwvoek,
and that the only detectable differences are in the am@#Big. 4,
see also further discussion S8upporting Information). Since differ-
ential travel times measured with respect to PP are notfgigntly
different, given measurement uncertainty (0.05 sec forki®s§ and
0.1 sec for PKIKP's), we infer that the cause of the anomatous
plitudes is defocusing or attenuation by a heterogenedgtir most
likely near the ICB reflection point of the 1993 PKiKP phase.
Because the PKIiKP phase is post-critically reflected at the d

tance considered (Fig. 3C), the large amplitude differenegighin
the doublet are most likely due to short wavelength topdyyamn
the ICB. As shown in Fig. 9 ifupporting Information, the presence
of an anomalous laterally varying layer above the ICB (13uMto
not affect the reflection coefficient at the post-criticatence of our
observations. A laterally varying, highly attenuatingdagbove the
ICB would be incompatible with the absence of significantéféime
differences in PKiKP within the doublet. However, defocgscan be
produced by a “bump” on the ICB (Fig. 6). The amplitude deficie
of the 1993 PKiKP phase is most clear in the frequency range4.-
(Fig. 4, see also Fig. 9 iBupporting Information). Based on the
width of the corresponding fresnel zone, we therefore egénthe

smaller than that for the 2003 event in the raw records. Tidagity

of filtered waveforms of PKIKP and reversed PKiKP is compatib
with the theoretical prediction for post-critically refted phases at
the ICB (Fig. 3D) (7). This implies that the reflection codtfiuts
of PKIKP at the ICB for both events are not significantly diéat
from 1. According to current reference 1D seismic modelsEFR
(24), IASPEI (25), and AK135 (26)), the amplitude ratio of IRIR

to PKIKP cannot be larger than 1.9 even if we assume that theie
attenuation@Q. = oo) inthe inner core (Fig. 3E). Based on the com-
pressional quality factorf, = 445) in the PREM reference model,
the theoretical amplitude ratio of PKIKP to PKiKP 4s 1.0; based
on our recent estimate@), =~ 370) (7), the predicted amplitude
ratio is~ 0.8, which is very compatible with the observed amplitude
ratio for the 2003 event. Therefore, we infer that the PKikKPhe
1993 event is the most anomalous phase. We note howevethéhat
amplitude ratio of the two PKIKP phases (1.5) is slightlygkrthan
that of PP (1.05), indicating that some changes are alsateeitén
the amplitudes of PKIKP, although much more subtle than KiKIP.
Differential travel times, referenced to the phase PRediff/ less than
0.05 sec for the PKiKP’s and 0.1 sec for the PKIKP’s, whichihim
the uncertainty of the location of the two events. Furthenaxation

wavelength of an anomalous “bump” on the ICB to be on the ordeff these phases in the field of slowness and back-azimuth (Fig

of 10 km. Because there is no significant difference in thatired
PKiKP travel times for the doublet, and no other study hasctetl to-
pography on the ICB using travel times, these considersipioovide
a conservative upper bound on the height of the topograp®ki®.
However, since an aspect ratio of 0.02 is enough to genexfigeted
wave amplitude ratios of a factor of 2 (19) (20),we estimbat the
height of the detected topography could be as small as 30050
compatible with dynamical considerations.

in Supporting Information) indicates that they do not significan tly
depart from the theoretical predictions.

Constraints on possible rate of super-rotation of the inner core.
Let us assume that the ICB can sustain short scale topogeauhy
that the inner core is rotating eastward with respect to thetha (Fig.
6). For the 1997/99 doublet, which is located at a distanee &km
(projected in the direction of rotation) west from the 1@¥8doublet,
the PKIKP/PKiKP amplitude ratios are not anomalous (0.9 arid

Two other high quality South Sandwich Islands doublets werd€Spectively for the two events, Fig. 5). On the other haad{ife

found in the study of Zhang et al. (16) (s&apporting Informa-
tion). For one of these doublets (1997/1998), there is no sigmific
anomaly in the amplitude ratio PKIKP/PKiKP, whereas for ttieer
(1993/2001), this amplitude ratio is anomalous for botméevéFig.
5A,5B). Considering the time separation and the locatiothefthe-
oretical PKiKP reflection points at the ICB of the three datblcon-
sidered (Fig. 5C), and the 10 km wavelength of the topograminy
observations are in agreement with an eastward rotatiomeohiner
core with respect to the mantle at a rate-00.12 — 0.15° /year (see

2 | www.pnas.org ——

1993/01 doublet, which is located at a distance-o20km west of
the 1993/03 doublet, both amplitude ratios are anomala@s(gl 2.4
respectively, Fig. 5). A wavelength ef 10km for the topography is
compatible with the projected distance between the 93/@198/03
doublets of aboutv 20km, both of which need to be near a topo-
graphic maximum in 1993. In order for the 93/01 doublet to barn
a topographic maximum in 2001, the rotation rates should(sg, 1
20/8, 30/8 km/yr... The 1997/99 reflection point is near agypphic
minimum in 1993, and needs to be near one in 1997/99. Thisespl
rotation rates of 10/4, 20/4, 30/4 km/yr... The 93/03 reftecpoint

Footline Author



is near a topographic maximum in 1993 and minimum in 2003s Thiexcluded.
implies rotation rates of 5/10 km/yr, 15/10 km/yr, 25/10km/ The

minimum compatible rate for all these conditions to be iatisis  we thank the operators of Yellowknife Seismic Array and Glara National
therefore~ 2.5km /yr or 0.12° /yr. Multiples of this rate cannot be Seismograph Network. This work was supported by NSF grant.
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Fig. 1. (A) Yellowknife Seismic Array (YK) and the doublet. The 19 stations of the array form two arms, one along a lake (shore indicated) and one orthogonal to it.
Its aperture is 25 km with a station interval of 2.5 km (upper-right inset). The doublet consists of two South Sandwich Islands (SSI) events at an epicentral distance
of 137.8° : Dec 1, 1993, m;,=5.5, depth=33 km according to the PDE catalog; and Sept. 6, 2003, m=5.6, depth=33 km according to the PDE catalog. According
to Harvard CMT (http://www.seismology.harvard.edu), scalar moments and depths are (M ,=3.53x1024 dyne-cm, h= 45 km) and (M ,=4.02x1024dyne-cm, h= 44km),
respectively. The lower-left inset is the P-wave radiation pattern of the doublet based Harvard CMT moment tensors. Black triangles and dots are entry (exit) points of
PKIKP at the ICB and the CMB, respectively. (B) Ray paths of PP, PKIKP(df), and PKiKP(cd) phases used in this study.

PP

=T L =T * =T L B
1320 1330 1340 1350 1360
(second)

Fig. 2. Original waveform profile of PP phases, for the 1993 event (red) and for the 2003 event (blue). The station YKR8 did not work correctly for the 1993 event,
and so we removed this station in this study. We choose YKR7 as the reference station to align individual PP waveforms. The last trace is the linearly stacked trace
after the alignment. Cross-correlation coefficients of waveforms in this time window are larger than 0.97. The amplitudes of the PP phase are nearly identical (less
than 5% difference).
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Fig. 3. (A) Original waveform profile of PKIKP and PKiKP phases. For each event, waveforms are highly similar at most of stations except YKR1, YKR2, and YKR3
stations. These three stations are close to the lake (Fig. 1A) and they have a common feature for both events: site-related filtering of higher frequencies. (B) Bandpass
filtered waveform profile of PKIKP and PKiKP phases (from 1.0 to 2.0 Hz). In this frequency range, waveforms of PKIKP and PKiKP are highly similar at all stations
(including YKR1, YKR2, and YKR3) for each event. Also, waveform shapes of PKIKP and PKiKP for the 1993 event are more similar to those of the 2003 event. In
this profile, it is obvious that phase shifts between PKiKP and PKIKP are close to 180° as predicted theoretically (7). (C) Linearly stacked waveforms of PKIKP and
the reversed PKiKP phases after bandpass filtering (1-2Hz) showing the similarity of shape. Vertical broken line indicates place where the PKiKP waveform has been
cut and reversed. The amplitude of PKIKP for 2003 event is 1.5 times larger than that for 1993 event; the amplitude of PKiKP for 2003 event is 7.2 times larger than
that for 1993 event. Amplitude ratios of PKIKP to PKiKP are 2.3 (1993 )and 0.7(2003) event. (D) Theoretical phase shifts of PKiKP with respect to PKIKP based on
PREM (red), IASPEI91 (blue), and AK135 (green) reference models (24-26). In this study, the phase shift is ~ 145°. (E) Theoretical amplitude ratios of PKIKP to
PKiKP. Dashed lines are assuming that the inner core Qo = oo (i.e., no seismic attenuation in the inner core) based on the above three reference models. Solid lines
are using Qo = 445 provided in PREM model. The black dot and square are observed amplitude ratios of PKIKP to PKiKP (Fig. 3C) for the 1993 and 2003 events,
respectively.

Mother A1993 A2003 Isophases : ¢ = 0
Wavelet 0 5000 10% 15x10' 0 5000 10% 1.5%10 1993
T 2003
sy B z z
02 f : B ERER " z
Paul O(‘) 3 I\ 38 2 g
m=4 _o bt Y 2 05 Bos BE
-02 §, . 2 ik £ 2
Real part 1160 1162 1164 1160 1162 1164 1160 1162 1164
Imaginary Part Time (second) Time (second) Time (second)
T T T =) z g
02 ERER g 2 Z .
Morlet 0(') 3 | g D
W, =5 _o; 2 o5 Bos os§ f
-0.2 L8 o Y £ 5 ablA
_ Real part 1160 1162 1164 1160 1162 1164 1160 1162 1164
Imaginary Part Time (second) Time (second) Time (second)
02 fTTTTTT ERER PR
Morlet  °! M R
I
@ =7 o1 WY 308 - 2
0.2 5 PKIKP PKIKP 5
L e~ a a
___ Real part 1160 1162 1164 1160 1162 1164 1160 1162 1164
Imaginary Part Time (second) Time (second) Time (second)

Fig. 4. Wavelet analysis of the seismograms of the 1993 and 2003 earthquakes. Both records have been analysed three times using different mother wavelets. Each
line in the figure corresponds to the analysis performed with one of the three mother wavelets. Left panels : real and imaginary parts of the mother wavelet used for the
analysis. Two central panels : wavelet amplitude spectrum of the 1993 (left) and 2003 (right) seismograms. Color intensity corresponds to the coefficient magnitude
of a wavelet with a particular period at a particular time. The x-axis is the wavelet location in time. The y-axis is the wavelet time period corresponding to the wavelet
scale. Left panels : Comparaison between the wavelet phases of both time series. Solid lines corresponds to the times where the phase takes the value zero (i.e :
each time the phase has completed a 27 radian cycle). Blue and red lines have been computed from the 1993 and 2003 seismograms respectively. The x-axis is the
wavelet location in time. The y-axis is the wavelet period in seconds.
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Fig. 5. (A) PKIKP and PKiKP waveforms for 04/04/1997 (m;=4.8, A = 138.1°) and 05/14/1999 (m;=4.7, A = 138.2°) doublet at SSI. Amplitude ratios of PKIKP
to PKiKP are 0.9 and 1.1, respectively, which is not incompatible with theoretical predictions. PKIKP phases for the doublet completely match after normalisation. (B)
PKIKP and PKiKP waveforms for 12/30/1993 (m;=5.0, A = 139.0°) and 01/29/2001 (my=4.8, A = 138.9°) doublet at SSI. Amplitude ratios are 3.2 and 2.4,
respectively. Both of them are anomalous (e.g. Fig. 3E). The beginning parts of PKIKP phases are identical after normalization. (C) Reflection points of three doublets
at the ICB. Black thin lines are the raypaths of PKiKP phases. The distance between 93-03 and 97-99 reflection points is ~ 8km; the distance between 93-03 and
93-01 reflecting points is ~ 30km.

Fig. 6. Cartoon illustrating how bumps on the ICB may interact with PKiKP, as a function of time, assuming inner core super rotation. (A) The PKiKP phase from the
1993 event encounters a bump and its energy is dispersed, resulting in reduced amplitude observed at the YK seismic array. (B) By 2003 the bump has rotated away
from the PKIKP reflection point, so all of the energy is reflected towards the YK. The size of the bumps is grossly exaggerated both laterally and vertically.
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