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ARTICLE INFO ABSTRACT

Keywords: The hemispherical pattern of seismic velocities in the uppermost inner core has been described at the global scale
ICB in many studies. In this paper, we investigate shorter scale heterogeneities in the vicinity of the Inner Core

Inner core Boundary (ICB) using differential travel time and amplitude measurements between the pair of core phases PKP

iEPIEPDF) (DF) and PKiKP. Seismic events occurring close to Sumatra and recorded at USArray stations in the distance

F 11 range 132-142° are used to investigate the velocity and attenuation structure at the ICB and in the uppermost
-layer

100 km of the inner core beneath Eastern Russia.

In this distance range, PKP(DF) and PKiKP are difficult to separate due to their proximity in travel time. We
present a new method based on the envelope of the seismic signal to identify them, following which we measure
differential travel time residuals and amplitude ratios by comparison with synthetics computed using the Direct
Solution Method, which allows us to take into account the correct phase shift of the PKiKP. We found that, in our
region of study, the compressional velocity is slower in the uppermost inner core than the AK135 model.
However, the sampled region is located in the Eastern hemisphere generally considered as faster and more
attenuating than the AK135 model. This suggests significant regional departures from the simple hemispherical
pattern reported in the literature.

We also deduce from the amplitude ratios that the attenuation is stronger than the global average at the top of
the inner core in this region, as expected from its location in the eastern hemisphere. Our results confirm the
presence of a low attenuation zone at the top of the inner core, followed by a highly attenuating layer centered
around 35km depth in the inner core, as found in the eastern hemisphere in previous studies. This zone is

however thinner (15 km) and more attenuating, Q. reaching values less than 50.

1. Introduction

The Inner Core Boundary (ICB) is a dynamic region which is the
locus of the inner core growth as a result of iron crystallization induced
by progressive earth cooling (e.g. Shimizu et al., 2005). As the inner
core grows, light elements are expelled into the liquid outer core,
driving chemical convection in the outer core. This is thought to be the
main mechanism currently fueling the Earth's geodynamo (Jacobs,
1953; Loper, 1978; Loper and Roberts, 1981; Fearn et al., 1981).

The process of inner core growth is likely complex, and its further
understanding relies on the ability of seismological studies to provide
detailed information on several key parameters, among which: the
density jump across the ICB, the P-velocity (V;) and its gradient, the
bulk attenuation structure above and below the ICB, as well as the at-
tenuation in shear below the ICB. A combination of body wave phases
reflected, refracted or diffracted on the ICB have been used to constrain
these parameters (Fig. 1).
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It has been known for a long time that the V, gradient across the
outer core presents a flattening in the last ~150-200 km above the ICB.
This region of the outer core was introduced by Bullen (1947) as the F
layer to identify the negative velocity gradient detected by Jeffreys
(1939), initially thought to produce the PKP precursors. Although these
precursors were later attributed to the lowermost mantle (Cleary and
Haddon, 1972; Doornbos and Husebye, 1972; Hedlin et al., 1997), the
existence of a low-velocity gradient in the lowermost outer core has
been confirmed in studies of core phases sensitive to this region
(Souriau and Poupinet, 1991; Song and Helmberger, 1992).

The zone of reduced gradient is present in current reference seis-
mological models based on body wave travel times, such as AK135
(Kennett et al., 1995). Geodynamically, this has been explained by a
transition from neutral density stratification in the bulk of the outer
core to a stable stratification at its base (Gubbins et al., 2008).

Many seismological studies have documented lateral variations in
structure in the vicinity of the ICB, both at the base of the outer core
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Fig. 1. Ray paths (top) and travel time as a function of epicentral distance (bottom) of the PKiKP and PKP(DF) phases in the AK135 model, for a source located at
100 km depth. In the top panel, the source is represented by a yellow star and the station, located at 135° of epicentral distance, by a red triangle. The colored band

indicates the epicentral distance range of our study.

and at the top of the inner core. At the global scale, Tanaka and
Hamaguchi (1997) first documented hemispherical differences in the
top 500km of the inner core, from measurements of differential
PKPg—PKPpr travel times. More recent studies used differential mea-
surements between the ICB reflected phase PKiKP at post-critical dis-
tances and the inner core refracted phase PKPpr, the paths of which
differ only in the immediate vicinity of the ICB, confirming faster ve-
locities in the Eastern hemisphere than in the Western hemisphere (e.g.
Garcia, 2002; Niu and Wen, 2001; Cao and Romanowicz, 2004; Yu,
2006; Waszek and Deuss, 2011; Ivan and He, 2017). Boundaries be-
tween hemispheres vary among different studies (e.g. Fig. 2).

Lateral variations in attenuation at the top of the inner core have
also been found, with higher attenuation correlating with higher velo-
city (Cao and Romanowicz, 2004; Yu, 2006). This particular correlation
between attenuation and velocity is the opposite of that found in the
upper mantle. Proposed explanations include the presence of melt in-
clusions (Singh et al., 2000), the different size of crystals between the
two hemispheres or variable concentration of impurities (Coté et al.,
2008). The positive correlation could also arise from the alignment of
anisotropic crystals, which could generate anisotropic scattering at the
origin of energy loss (Cormier, 2007).

While the top 100 km of the inner core are thought to be isotropic,
this hemispherical pattern extends deeper into the inner core, where it
is manifested by differences in the strength of anisotropy, with weak
anisotropy in the Eastern hemisphere and stronger anisotropy in the

Western hemisphere in the top 600-700 km of the inner core (Creager,
1999; Garcia and Souriau, 2000; Souriau, 2007; Sun and Song, 2008;
Irving and Deuss, 2011).

Several models have been proposed to explain the hemispherical
dichotomy. One of them (Alboussiere et al., 2012; Monnereau et al.,
2010) implies a translation of the inner core due to thermal convection
within the solid inner core. The shift from its equilibrium position
would induce an asymmetry between a melting and a crystallising
hemisphere. This model also suggests an explanation for the formation
of the F layer, since enough melting and crystallisation could be pro-
duced on each side, to form a dense layer above the ICB, variably en-
riched or depleted in iron.

An alternative model (Sumita and Olson, 1999; Aubert et al., 2008;
Gubbins et al., 2011) involves lateral variations in heat flow at the core-
mantle boundary (CMB), due to the presence of cold slabs sinking down
to the CMB. The temperature anomaly thus produced in the outer core
would propagate down to the ICB to generate this degree-one pat-
tern. However, neither of these models is able to explain the sharp
hemisphere boundaries observed by seismologists (Geballe et al.,
2013). More detailed regional studies comparing PKiKP and PKP(DF)
waveforms have also found differences in structure within the same
hemisphere (Stroujkova and Cormier, 2004; Attanayake et al., 2014).

While the depth extent of the F-layer and the velocity structure
within it are not yet well constrained, there are also indications of
lateral variations in correspondence with the hemispherical structure in
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Fig. 2. Map showing the positions (red stars) and focal mechanisms of the seismic events used in this study. The bounce points at the ICB of the different earthquakes
are plotted with squares color-coded by event. The stations that recorded the events within the USarray are shown by yellow triangles. Vertical lines show eastern

boundary of the Eastern hemisphere from several studies.

the inner core (Kaneshima et al., 1994; Yu et al., 2005; Souriau, 2015;
Ohtaki and Kaneshima, 2015).

Finally, observations of amplitude anomalies in reflected PKiKP
phases indicate the possible presence of short wavelength topography
on the ICB (Cao et al., 2007; Zou et al., 2008; Dai et al., 2012; Tanaka
and Tkalci¢, 2015), with possible detection of temporal changes (Wen,
2006; Yao et al., 2015). Evidence for small scale scattering due to
heterogeneities in the vicinity of the ICB have also been proposed from
studies of the coda of core-sensitive phases (Vidale and Earle, 2000;
Koper et al., 2004; Koper and Dombrovskaya, 2005; Cormier, 2007;
Leyton and Koper, 2007; Adam and Romanowicz, 2015). Their presence
was also confirmed by the broadening of the PKP(DF) with respect to P
and short-scale variations in the residual times and amplitude ratios
(Leyton and Koper, 2007; Cormier et al., 1998).

Here we describe the results of a regional study, aimed at doc-
umenting lateral variations of structure near the ICB at higher resolu-
tion. We considered ten earthquakes located around Sumatra and re-
corded in north America by the US Array (http://www.usarray.org) in
the 132-142° distance range, to investigate a region located beneath
northeast Asia, using differential measurements of travel times and
amplitude ratios of PKP(DF) and PKiKP. These two phases are well
suited to investigate structure in the vicinity of the ICB, as their paths
throughout the mantle and the outer core are very close, allowing us to
eliminate many of the uncertainties related to heterogeneity in the
traversed mantle. Using this pair of phases is challenging, because they
are difficult to separate on the record in the distance range considered.
We here present a new method to automate the identification of the
PKP(DF) and PKiKP arrivals using the envelope of the signal.

In the next section, we describe the dataset and the method devel-
oped in this study. The following section presents the resulting mea-
surements of differential travel times and amplitude ratios as well as
their geographical patterns. Finally, we discuss the origin of these lat-
eral variations and the relation between velocity and attenuation in the
uppermost inner core.

2. Data and method

Because the body wave phases PKP(DF) and PKiKP travel along very

similar paths except in the vicinity of the ICB, they have been widely
used to study this region. However, they arrive closely in time (Fig. 1),
so that their waveforms are difficult to separate on seismograms for the
shorter distances. Current approches to address this rely on the cross-
correlation of the PKP(DF) and PKiKP waveforms (Waszek and Deuss,
2011; Cao and Romanowicz, 2004) or on manual picking of the max-
imum of each phase (Niu and Wen, 2001; Niu and Wen, 2002; Wen and
Niu, 2002; Yu, 2006; Yu, 2006; Ohtaki et al., 2012; Ohtaki and
Kaneshima, 2015).

Some authors have also developed waveform modeling approaches
(Cormier et al., 2011; Attanayake et al., 2014; Garcia, 2002).

Here we restrict our data collection to the 132-142° epicentral
distance range in which the PKiKP-PKP(DF) differential time exceeds
1s. The upper bound is set at 142° to avoid contamination from the PKP
(AB) and PKP(BC) phases (Fig. 1). In this distance range, the PKP(DF)
waves samples the top 100 km of the inner core beneath Eastern Russia,
which is in the faster and more attenuating Eastern hemisphere (Fig. 2).

We collected and processed waveforms for 10 earthquakes of
5.5 < Mw < 7 and depth greater than 30 km located in the Sumatra
region, Indonesia (Table 1), and recorded on the USArray broadband
stations ( http://www.usarray.org). Such a large and dense array pro-
vides an opportunity to investigate small-scale heterogeneities near the
ICB. We limited the range of magnitude to avoid source complexity and
inspected records to only keep those events for which a sufficient
number of simple PKP(DF) and PKiKP waveforms were found. Source
parameters presented in Table 1 are those provided in the Harvard CMT
catalog (http://globalcmt.org).

The frequency content of the PKiKP and PKP(DF) phases is con-
centrated around 1 Hz. A 0.4-1.8 Hz filter is therefore applied before a
visual check to make sure the PKP(DF) arrival is not masked by pre-
cursors which are abundant in the distance range considered (e.g.
Cleary and Haddon, 1972; Doornbos and Husebye, 1972; Hedlin et al.,
1997; Margerin and Nolet, 2003; Mancinelli and Shearer, 2013). Those
PKP(DF) data that are polluted by precursors are removed from our
database. Records are also corrected for instrument response and con-
verted to velocity.

Because of their close arrival times, the PKiKP and PKP(DF) phases
often require manual picking (Niu and Wen, 2001; Niu and Wen, 2002;
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Table 1

List of the seismic events and hypocentral coordinates according to the Harvard CMT/global CMT catalog considered in this study.
Event Date Origin Time (UT) Latitude, °N Longitude, °E Depth, km Magnitude
201005 2010.05.31 19:51:49.9 11.16 93.70 127.9 6.5
201109 2011.09.05 17:55:14.8 2.88 97.86 94.6 6.7
201206 2012.06.23 4:34:54.9 2.98 97.77 104.5 6.1
201301 2013.01.10 13:47: 6.0 4.54 95.03 45.2 5.7
201505 2015.05.15 20:26:58.3 —2.61 102.14 158.4 6.0
201509 2015.09.13 1:13:14.2 0.12 123.58 146.5 5.5
201511 2015.11.08 9:34:59.0 0.78 98.78 87.4 5.7
201604 2016.04.10 2:14:37.8 —4.42 102.05 48.5 5.7
201605 2016.05.02 4:21:25.2 —5.26 104.49 125.4 5.7
201707 2017.07.15 12:12:22.5 0.44 121.95 125.8 5.9

Wen and Niu, 2002; Yu, 2006; Yu, 2006; Ohtaki et al., 2012; Ohtaki and

Kaneshima, 2015) or visual checking (Waszek and Deuss, 2011; Cao

and Romanowicz, 2004) to be distinguished. A new method relying on

the envelope of the seismic signal and its first and second derivatives is

developed here to automate the detection of these phases, as follows.
The envelope of a seismic signal u(t) is defined as:

env(t) = Ju()? + H[u(@)? @

where H(u(t)) is its Hilbert transform.

The envelope is commonly used in seismology to monitor volcanic
activity (De Siena et al., 2013), measure the seismic energy released by
rockfalls (Hibert et al., 2011), infer the parameters of a seismic source
(Mayeda and Walter, 1996) or describe the scattering effect in the coda
of a seismic statien (Sato, 1984).

This tool is here extended to the detection of the PKP(DF) and PKiKP
waveforms. A phase arrival is indicated by a sharp increase in the en-
velope (Fig. 3) which can be precisely located through its derivatives.
Indeed, its first derivative contains information on the envelope ten-
dency, i.e. whether the envelope increases or decreases with time,
whereas impulses in the second derivative emphasize changes in the
envelope behavior. The PKP(DF) and PKiKP arrivals are thus identified
by two conditions applied on the envelope derivatives and one on the
seismic signal:

® (i) a positive first derivative that indicates an increase in the en-
velope and

® (ii) a maximum in the second derivative that implies a sharp onset in
the envelope and

o (iii) PKP(DF) and PKiKP have opposite polarity in the seismic signal
as expected.

The conditions (i), (ii) and (iii) are jointly used to identify the two
phases. In the following, the theoretical travel times predicted by TauP
(Crotwell et al., 1999) in model AK135 (Kennett et al., 1995) are la-
belled TEXP®F) and THKKE for PKP(DF) and PKiKP, respectively.

Since the PKP(DF) is predicted to arrive before the PKiKP, we first
concentrate on its arrival. We start by searching for an increase in
signal-to-noise ratio + 5 s around the predicted T;Xr ™) to allow errors
in the source parameters and make a preliminary detection of the PKP
(DF) arrival.

To refine this arrival time, we then consider the (i) and (ii) condi-
tions. The time windows on which the (i) condition is satisfied are filled
in red in the first derivative plot presented in Fig. 3(a) whereas the (ii)
condition imposed on the second derivative of the envelope is high-
lighted by a maximum, also filled in red in Fig. 3(a). The time at which
both of these conditions are fulfilled arg finally identified as the PKP
(DF) arrival time, hereafter labelled Ty, ”™ for the data and T}, "
for the synthetics.

We then look for the PKiKP arrival around the arrival time expected
after the determination of the PKP(DF) arrival, i.e.

TPKKP = TPKP(DF) 4 (THKIKE_TPKPDE)Y \where TPKP(OF) refers to T1KL (OF)

or T;’,fﬁfDF ). This phase is also identified by the (i) and (ii) conditions
and the expectation that the PKP(DF) and PKiKP waveforms have op-
posite polarity in the seismic signal, i.e. the (iii) condition. This last
condition is essential to pick the PKiKP onset time correctly. Fig. 3(a)
compares the PKiKP arrival times before (green dashed line, D2-PKiKP)
and after (red dashed line) applying this condition on the waveforms
polarity. This arrival time used in the next sections takes into account
the requirement on the PKiKP-PKP(DF) inverse polarity.

The search of the PKiKP starts 0.7 s after the PKP(DF) arrival to
allow any reasonable departure from the reference 1D model. This time
window ensures that the PKiKP does not interfere with the PKP(DF)
waveform. At the lowest epicentral distance considered, i.e. 132°, the
PKiKP is detected if arriving no later than 0.3s before its predicted
arrival time. As the epicentral distance and thus the PKiKP-PKP(DF)
differential travel time increase, the PKiKP search starts earlier, al-
lowing for stronger departure from the 1D model. For instance, at 133°,
the search window begins 0.5 s before the PKiKP arrival predicted by
Taup.

An example of the picking procedure is given in Fig. 3, which shows
a vertical component velocity record, its envelope and the first and
second derivatives of the envelope as well as the relationship of the
second derivative of the envelope with the signal itself, its envelope,
and the first derivative of the envelope, illustrating the power of using
the derivatives of the envelope.

Unlike methods relying on cross-correlation, our approach is free of
any assumptions on the precise phase difference between PKP(DF) and
PKiKP. It also does not require any corrections for possible broadening
of the two phases due to differential attenuation.

The main purpose of the procedure described in the-previeusisection
is the identification of the PKiKP arrival, so that the portions of record
containing the PKP(DF) and PKiKP waveforms can be separated for
subsequent differential measurements of travel times and amplitudes.
This is illustrated in Figs. 4 and 5, which show synthetic and observed
record sections, respectively, of the seismic signals and their envelopes,
aligned on the PKiKP arrival time determined by our method. In the
data plot (Fig. 5), the picked PKP(DF) arrival time oscillates due to an
interplay between the rate of increase of the envelope at the PKP(DF)
onset and the noise level. A PKP(DF) signal stronger than the noise
exhibits a sharp envelope increase and provides a precise arrival time
for this phase. The presence of precursors smoothes the envelope trend,
resulting in a less precise pick of PKP(DF). However, this pick is not
used further, as it is only considered for determining the time window
in which the PKiKP arrival is sought.

3. Differential travel times and amplitude ratios

In the previous section, we described the method which allows us to
separate time windows corresponding to the arrivals of PKP(DF) and
PKiKP. Here we proceed to describe the measurement of differential
travel times and amplitude ratios.
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3.1. Differential travel times

In previous work, such measurements often relied on the cross-
correlation of the waveforms of the two phases, assuming that PKP(DF)
and PKiKP waveforms have similar shapes but opposite polarity (e.g.
McSweeney et al., 1997; Creager, 1999; Engdahl et al., 1974; Koper
et al., 2003; Waszek and Deuss, 2011).

However, we note that the phase shift between these PKP(DF) and
PKiKP phases increases with epicentral distance between 132 and 142°
(e.g. Fig. S1). Cross-correlating the PKP(DF) and PKiKP waveforms
could therefore produce an error as a function of the distance in the
residual differential travel times.

To avoid this problem, instead of directly comparing the waveforms
of the two phases in the observed records, we first compute synthetic
waveforms for each event in model AK135, using the Direct Solution
Method which takes into account the focal mechanism of the seismic
event (DSM, Cummins et al., 1994; Geller and Takeuchi, 1995) and
filter them in the same frequency band as the data. The PKP(DF) and
PKiKP arrivals for the data and synthetics are then determined using the

envelope and its derivatives and labelled Tjx: P, TiAKP, TPXE(PF) and
TPKIKP
synth *

We then cross-correlate the observed waveform with the corre-
sponding synthetic waveform, for each of the two phases. For PKP(DF),
the time window used for this cross-correlation is 1.2 s except in the
case where the PKiKP-PKP(DF) differential travel time is lower than this
duration, which is observed at low epicentral distance. In such a case,

the window duration is reduced to the PKiKP-PKP(DF) differential
travel time. For PKiKP, the same 1.2s window length is kept for all the
records. The cross-correlation eliminates the error in the PKP(DF) ar-
rival time.

For each phase, the synthetic and observed waveforms are allowed
to shift by less than 0.6s in order to detect any departure from the re-
ference model. Larger time shifts indicate a misidentification of the
PKiKP or PKP(DF) phases either in the synthetics or the data.

We then obtain absolute PKP(DF) and absolute PKiKP travel time
residuals defined as:

PKP (DF PKP (DF
5[PKP(DF) = Tdata( )_Tsynth( ) (2)
i PKiKP 'PKiKP
St PKIKP — Tdaulz _Tsym{h 3

The differential travel time residual is computed by taking the differ-
ence between these absolute residuals:

STICB = §tPKiKP_§¢PKP(DF) — (TPKKP_TPKP(DF)), =~ (TPKKP_TPKP(DF) Dopnt

C)

3.2. Amplitude ratios

Similarly, we used the PKP(DF) and PKiKP arrival times determined
earlier to compute the peak-to-peak amplitude ratios between syn-
thetics and data for each phase. These arrival times mark the onset of
the PKP(DF) and PKiKP waveforms in which the peak-to-peak
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computed for event 201005 (Table 1). The red and blue lines correspond respectively to the PKiKP and PKP(DF) arrivals identified with our method.
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amplitude of each phase is measured with the extrema satisfying the
following conditions:

® (j) the PKP(DF) and PKiKP waveforms have an opposite polarity in
both data and synthetics and

® (jj) the data and synthetics present similar waveform shapes for each
phase.

That is, we check that, for example, if the first peak of the PKP(DF) is a
maximum in the synthetics, the corresponding first peak in the PKiKP
waveform is a minimum. On the other hand, the data are required to
present the same behavior, i.e. the PKP(DF) starts by a maximum and
the PKiKP by a minimum. These polarities have to be similar for all the
records of the same event.

Applying these conditions to the PKP(DF) and PKiKP waveforms
allows us to retrieve the phase amplitude ratio for the PKiKP and the
PKP(DF), between the data and synthetics:

Adaia s
ALEET (s)

A PKP(DF)
APKP(DF) — data
PKP(DF
Asynth( ) (6)

The relative amplitude ratios are then evaluated as:

APKIKP _

) i PKP(DF
AICB — APKIKP _ AC{ZZKP Asynth( )
~ APKP(DF) ~ 4 PKP(DF) A PKIKP

A Adata synth (7)

These amplitude ratios and travel time residuals, initially determined
automatically, are later visually inspected to finally obtain 627 residual
differential travel times and 538 amplitude ratios.

4. Results

We first present the results derived from the residual travel times
and then concentrate on the amplitude ratios.

4.1. Differential travel time residuals

In this study, we cross-correlate observed and synthetic waveforms
calculated for model AK135 in order to evaluate the residual travel
times.

The right panel of Fig. 6 presents the residual travel times measured
with our method (black squares). Negative residual travel times suggest
that the uppermost inner core is slower than in the AK135 model. Since
these results disagree with the well-documented global hemispherical
pattern, we compared our results with papers measuring the PKiKP-PKP
(DF) residual travel times in our study area.

Ivan et al. (2018) calculated the PKiKP-PKP(DF) residual differential
arrival times with respect to the AK135 model and reported slightly
negative values in Eastern Russia, which agree with our results. Our
measurements also agree with Yu et al. (2017), who analysed the
hemispheric boundary around 180° and found PKiKP-PKP(DF) residual
differential travel times fluctuating around zero beneath Eastern Russia.
Recently, Godwin et al., 2018 proposed a velocity model beneath the
North Pacific in which Vp is lower than in AK135 beneath 16.3 km in
the inner core. Such a model could explain our observations.

The regional average in differential travel time residuals is pre-
sented in the form of a cumulative histogram binned in 0.1s steps be-
tween —0.6 and 0.6s, the measurement error is estimated to be less
than 0.05s (Fig. 7). Most of our measurements are comprised in a
narrow range extending from —0.4 to Os with an approximately
gaussian distribution. If interpreted in terms of structure at the top of
the inner core, negative residuals describe a structure that is slower
than AK135 in this part of the Eastern Hemisphere.

In order to investigate shorter wavelength variations in the vicinity

where ds ?éz]];ace missing)
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of the ICB, we present the travel time residuals in map view, plotted at
the bounce point location of the PKiKP on the ICB (Fig. 8). At this la-
titude and radius of the ICB, 1° roughly corresponds to 10-15 km. The
map of the differential travel time residuals exhibits patches that are
coherent over distances on the order of 100 km.

4.2. Amplitude ratios

We now consider the amplitude ratios in the same way as for the
differential travel time residuals. The cumulative histogram of the
amplitude ratios (Fig. 9a) is broader and less Gaussian than in the case
of the travel time residuals, spanning from 0.1 to 1.9, with a mean
around 1.3. Interpreted in terms of attenuation at the top of the inner
core, this indicates a more attenuating structure than in the AK135
model, which agrees with the characteristics of the Eastern hemisphere.

Expressed in terms of properties at the top of the inner core, the
distribution of amplitude ratios and travel time residuals, on average,
do not support the positive correlation between the compressional ve-
locity and attenuation found at the global scale (Tanaka and
Hamaguchi, 1997; Cao and Romanowicz, 2004).

We further investigate the evolution of the amplitude ratios as a
function of epicentral distance in Fig. 10b. We note a regular increase in
the relative amplitude ratios between 132 and 136° whereas the data
are more dispersed at larger epicentral distances (Fig. 10b). The in-
crease in the amplitude ratios between 132 and 136° suggests that this
parameter may be very sensitive to the attenuation profile within the
uppermost the inner core. This trend is not observed at greater epi-
central distance, which limits it to the uppermost 50 km of the inner
core.

The 1D model entered in DSM to compute synthetics assumes that
Qy and Q, are fixed at 628 and 85.03 respectively within the inner core,
corresponding to Q, = 339. Q, can be calculated with the followin

expression:
P expression: » by « In order to find the

Apkp(DF) _ exp_[;[*

Apxixp
replace « exp » by «e » for Qa using the following expression: »
with Apgppry and Apgixp the peak-to-peak amplitude of the PKP(DF)

and PKiKP phases respectively, w the angular velocity and f the fre-
quency so that f = 1 Hz and

Ay
©)
whereds refers to the PKP(DF) ray path within the inner core, Q, the
quality factor and v the compressional velocity.

To investigate the attenuation of the uppermost inner core, we in-
vert for the Q, structure in the inner core after dividing the uppermost
100 km of the inner core into 3 or 4 layers of varying thicknesses.

For each model, the residual is calculated and we present here the
model having the lowest residual (shown in red in Fig. 10a), that cor-
responds to a 3 layers model with boundaries close to those proposed by
Waszek and Deuss (2013) (blue lines in Fig. 10a). At depths greater
than 106 km below the ICB, we fix the model to the value entered in
DSM (Q,, = 339, shown in black in Fig. 10a).

We find that the uppermost 27.5km of the inner core is weakly
attenuating with Q, ~ 453. The transition between the non-attenuating
outer core and the inner core could partly explain this large value of Q,,
especially if Q, decreases slowly between the liquid and solid core in-
stead of abruptly jumping as imposed by the parametrization in our
model. Between 27.5 and 42.5km below the ICB, we find that Q, is
particularly low, around 30 and then increases to ~420 at greater
depths. The strongly attenuating layer is similar to that of Waszek and
Deuss (2013) although somewhat thinner (15km instead of 27.5 km)
and more attenuating. Cao and Romanowicz (2004) proposed a smooth
increase from Q, = 100-200 between 32 and 85 km beneath the ICB in
the Eastern hemisphere. Our results indicate that the region of high
attenuation, at least in this part of the eastern hemisphere, may be

replace «Qa. can be calculated with the following

attenuation structure within the uppermost inner
core explaining our amplitude ratios(8) inverted


replace « exp » by « e »

where ds (space missing)

replace «Qα can be calculated with the following expression: » by « In order to find the attenuation structure within the uppermost inner core explaining our amplitude ratios, we inverted for Qα using the following expression: »
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Fig. 6. Left panel: Record section of the 20120623 event showing the observed (black) and synthetics (gray) seismograms aligned on the PKiKP. Right panel: residual
PKiKP-PKP(DF) differential travel times measured for the traces shown on the left panel.

thinner and more attenuating, suggesting the presence of mush (e.g. the scope of this paper.
Cormier and Li, 2011; Roberts et al., 2003; Cao and Romanowicz, 2004) Our model has a residual variance of about 0.58 (compared to 0.72
or slurry (e.g. Shimizu et al., 2005; Zou et al., 2008). However, the for the Waszek and Deuss (2013) model and fits the trend in the data
actual boundaries between high and low attenuation layers may not be better (Fig. 10b), especially in the distance range 134-139°). The
sharp and the low Q, values somewhat less extreme. A more compre- comparison between our measured relative amplitude ratios and the
hensive sampling of model space to investigate this further is beyond ones predicted by our model and that of Waszek and Deuss (2013) is
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Fig. 7. Cumulative histogram of the PKiKP-PKP(DF) residual differential travel times for all the seismic events.
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Fig. 8. Map of the PKiKP-PKIKP differential travel time residuals for the seismic events considered. Residuals with respect to AK135 are plotted at the reflection point

of the PKiKP phase and color-coded by value.
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Fig. 9. (a) Cumulative histogram of the amplitude ratios for all the seismic events. (b) Cumulative histogram of the amplitude ratios calculated in the inverted model

for all the seismic events (e.g. Fig. 10a).

presented in Fig. 10b. In particular, the increase between 132 and 136
degrees we previously discussed is correctly predicted as well as the
slow decrease observed at greater epicentral distances.

Fig. 9b presents the cumulative histogram of the A’ amplitude
ratios once corrected for the Q, structure inverted. The cumulative
histogram of the corrected amplitude ratios (Fig. 9b) presents a tighter
distribution around a value of 1, that is also closer to a Gaussian.

The lateral variations in amplitude ratios, after correction for the 1D
trend, are presented in map view in Fig. 11. There is no particular
pattern in the fuuetwations, which can vary by a factor of two over
length scales of ~10km across the entire region sampled. These
uuctuations suggest either a rough ICB with possible topography or

ggl%geneities at very short wavelengths within the inner core.

5. Relation between amplitude ratios and differential travel time
residuals

In order to further analyze the relation between velocity and am-
plitude at the regional scale, the amplitude ratios are plotted with re-
spect to the travel time residuals for events 201206 and 201301 in
Fig. 12.

The amplitude ratios and travel time residuals are not correlated for
the two events. The velocity/attenuation relation does not seem to be
valid at regional scale.
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Fig. 10. (a) Evolution of Q, with depth in the up-

Our model 20100531 permost inner core. The model inverted from the
ek e Deussi2013l 20110905 | relative amplitude ratig is presented in red and the
10 20120623 light red bands represent the error on this model. The
;8138;12 Q. quality factor predicted by the reference 1D
20150913 model used to compute the relative amplitude ratios
20 140 20151108 is shown in black and the model proposed by Waszek
20160410 and Deuss (2013) is indicated in blue. (b) Relative
O e igisg:;’g amplitude ratios as a function of the epicentral dis-
. tance (color-coded by seismic event). The black
g > squares refer to the mean of the relative amplitude
o 40 v 138 ratios over one degree of epicentral distance and the
O  TTITTTTITTTy T < standard deviations are indicated by the black lines.
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% g the model of Waszek and Deuss (2013) are shown in
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6. Origin of our observation

The variations observed in the travel time residuals or amplitude
ratio maps could either originate from the uppermost inner core (i.e.
PKP(DF)) or at the ICB itself (PKiKP reflection) since we rule out het-
erogeneities located in the crust and/or mantle on either the source or
the station side (Supplementary Info, Section 3).

The method developed in this paper independently processes the

«g%

0.0 0.5 10
Relative amplitude ratio

PKP(DF) and PKiKP which allows us to separate the contribution of
each phase to the residual travel times and amplitude ratios. We
therefore try to identify which of the PKP(DF) or PKiKP controls the
lateral variations detected with the residual travel times and amplitude
ratios.

For the residual travel times, we compare the evolution in the

StPKIKP and §tPKP(PF) 10 the residual travel times (Fig. 13). The absolute
6tPKiKP

and §tPKP(OF) differential times refer to the time shift required to

Fig. 11. Map of the relative amplitude ratios corrected for the Q structure inverted.
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Fig. 12. Differential travel time residuals plotted with respect to relative amplitude ratios for events 201206 (left panel) and 201301 (right panel).

align the synthetic and observed waveforms of each phase. However,
the two phases contribute to the residual travel times, meaning that the
lateral variations detected are more likely caused by the combined ef-
fect of the ICB and uppermost inner core.

We now consider the absolute PKiKP and PKP(DF) amplitude ratios
referred to AK135 as a function of the relative amplitude ratios to try
and see if we can distinguish contributions from the inner core and the
ICB. The PKP(DF) has also been corrected for the epicentral distance
effect reported between 132 and 136°. Fig. 14 shows that both phases
contribute to the amplitude ratios, which therefore represents the
combined effect of heterogeneities at the ICB and within the inner core.

7. Discussion and conclusion

We have investigated lateral variations of structure in the vicinity of
the ICB beneath North-Eastern Russia, using differential travel time
residuals and amplitude ratios of the pair of phases PKP(DF) and PKiKP
in the 132-142° epicentral distance range, where PKP(DF) samples the
inner core between 30 and 100 km depth below the ICB. A new method
based on the envelope was developed to distinguish the PKP(DF) and
PKiKP waveforms. The residual times and amplitude ratios could then
be evaluated on a large network in order to map the short-wavelength
variations beneath Eastern Russia.

Previous works on the hemispherical pattern (Tanaka and
Hamaguchi, 1997; Cao and Romanowicz, 2004; Yu, 2006; Irving and
Deuss, 2011) reported a higher velocity and stronger attenuation than
the AK135 model in the Eastern hemisphere, which is sampled in our
study. However, the residual travel times inferred with our method
favor a lower velocity than in the AK135 model within the uppermost
inner core. Although it disagrees with the previous descriptions of the
hemispherical pattern, our results are more consistent with several
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papers focusing on the North-Western Pacific (Ivan et al., 2018; Yu
et al., 2017)3 which-both—found-PKiKP-PKP(DF)-residual-travel-times
oscillating-around-zero: Iemove « which .... around zero »

The seismic velocity of the top ten kilometers beneath the ICB is not
well constrained. Godwin et al. (2018) recently proposed a velocity
model in the very top of the inner core close to the region studied in this
paper and suggested a velocity faster than AK135 within the uppermost
15 km of the inner core and a slower Vp than AK135 at greater depths.
Our data are obtained between 132 and 142° and are therefore more
sensitive to the 30-100 km layer below the ICB. The low-velocity layer
documented by Godwin et al. (2018) could therefore explain our ob-
servations. We t-hefefefe e hemlspherlcal boundary
around 180°W is not wel? cons{ralneﬁn t ?ngh latitudes of the Pacific
and could follow a more complex pattern instead of having a North—
South orientation (Ivan et al., 2018).

We note Waszek et al. (2011) and Waszek and Deuss (2013) con-
sidered the same phase pair as in our study, and estimated differential
travel time residuals and amplitude ratios for a global database. The
differential travel time residuals map they obtained confirmed the East/
West dichotomy pattern with a faster Eastern hemisphere. However,
their amplitude ratios map presents some variability. Several regions
where fast velocity corresponds to low attenuation or the opposite in-
dicate that, at shorter wavelengths, the velocity/attenuation correlation
is not systematically respected. Likewise, Attanayake et al. (2014) re-
ported two regions presenting a positive correlation between attenua-
tion and velocity, but also found a zone where attenuation and velocity
were anti-correlated in the Pacific, slightly to the West of our study
area. However, no data sampling the high latitudes of the Western
Pacific were used in this study so that this region of negative correlation
might extend beneath Eastern Russia.

In 2005, Krasnoshchekov et al. (2005) proposed that the ICB is a
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Fig. 13. Absolute PKiKP (left panel) and PKP(DF) (right panel) differential travel times plotted with respect to the residual travel times for event 201206.
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mosaic of patches with different melt content. Fhe residual travel times
and amplitude ratios mapindicate that these features are 100 km wide,
which is coherent with the heterogeneities reported by Ivan et al.
(2018).

The Q. increase observed between 132° and 136° followed by a
gentle decrease between 136° and 142° reflects the attenuation struc-
ture within the uppermost inner core. The corresponding Q. versus
depth profile exhibits a region of high Q, within the outermost ~ 30 km
of the inner core, overlying a depth interval where attenuation is
strong. The presence of the high Q, zone at the top of the inner core is
in agreement with previous studies that reported the detection of such a
zone at the global scale (Cao and Romanowicz, 2004; Waszek and
Deuss, 2013). The deeper, low Q. layer has also been previously
documented but only in the eastern hemisphere (Cao and Romanowicz,
2004; Waszek and Deuss, 2013). The thickness of this layer (15 km) is
smaller, and the very low corresponding Q, (~30) more extreme than
in these previous studies, but seems to be required to fit the trend in the
amplitude ratio data. It is likely that the transitions from high Q, to low
Qg and back to high Q, values at depths greater than ~40-45 km are
more gradual.

The presence of a weakly attenuating zone followed by a highly
attenuating layer at the top of the inner core in our region of study
suggests that it reflects processes at play in the progressive solidifica-
tion of the inner core, involving gradients in both melt fraction and
viscosity (e.g. Singh et al., 2000). The high Q, at the top of the inner
core could indicate the presence of a mushy (Roberts et al., 2003;
Bergman, 2003; Cao and Romanowicz, 2004) or slurry zone, rich in
fluids. The presence of the underlying thin low Q. layer followed by
high Q, is suggestive of a solid with a melt fraction that rapidly de-
creases with depth (Singh et al., 2000; Bergman, 2003). The varying
thickness of the low Q. zone within the eastern hemisphere and its
apparent absence in the western hemisphere (Waszek and Deuss, 2013)
may be signifieative of subtle lateral variations in temperature at the
top of the inner core.

An interesting point of the method developed is the independent
processing of the PKiKP and PKP(DF) waveforms which allows us to
preferentially ascribe our observations to one phase and thereafter to a
certain region of the core. We found that both phases were affected by
the causative structure, which implies that both the ICB (or the F layer)
and the structure at the top of inner core contribute to our observations.
We also provided evidence that the attenuation-velocity correlation is
negative beneath Eastern Russia. Therefore, the documented anti-cor-
relation between velocity and attenuation does not hold everywhere,
when looking at the regional scale.
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