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Abstract
The Earth's inner core is thought to have been formed by the precipitation of iron from the �uid outer
core1. It is considered that a part of the inner core surface where iron in the �uid outer core is precipitated
may be melted and formed a mushy region2-4, but its position is not well understood seismologically. We
recently analyzed seismic waveforms observed at the antipodal station of the seismic source and
showed that there may be a clear precursor of lower re�ections at the inner core boundary5. It has been
found that this precursor wave can be successfully modeled as a re�ection under the liquid / solid
interface at a depth of 100 km below the inner core boundary. In this study, we use these precursor waves
of the lower re�ection at the inner core boundary observed at the antipodal station (> 179°). The
sensitivity kernel for the shear wave velocity structure on the inner core surface was calculated by the
adjoint method corresponding to these precursor waves, using theoretical seismic waveforms. The
location of the �uid region was identi�ed using the obtained sensitivity kernel. Our results show two
regions of the inner core surface where the shear wave velocity is close to zero and is considered �uid.
These regions are consistent with the westward shifts of geomagnetic anomalies observed on the Earth's
surface and the regions of upwellings expected from geomagnetic dynamo simulations in the outer
core3. These results may provide a seismological evidence that the inner core is locked to the mantle
through the geodynamic motion in the outer core and provide new insights to the origin of the earth's
magnetic �eld. 

Full Text
When the seismic wave is recorded at the antipodal point of an earthquake ( Δ ≃ 180°), this seismic wave
is focused near the antipodal point where the seismic energy is ampli�ed, excepting only paths traversing
a diameter through the earth, i.e., the PKIKP wave. The surface of the wave �eld that makes up the
seismic propagation to the antipodal point surrounds the earth in an annular region around the diameter
between the epicenter and the antipodal point. Various studies have been conducted on the Earth's inner
core structure using these characteristic properties6–13.

Antipodal seismic observation

In this study, we use data from earthquake in Tonga to station in Algeria (TAM), Sulawesi to Amazon
(PTGA), northern Chile to Hainan Island (QIZ), and central Chile to mainland China (ENH, and XAN),
studied in Butler and Tsuboi (2021)5. In addition to these earthquake-receiver pairs, we also examined
Spanish data (ECAL) from an earthquake in New Zealand. Figure 1 shows raypaths of PKIKP and PKIIKP
waves, each epicenter, and the antipodal observation point, and Table S1 shows the hypocenter
information of the earthquake used. Figure 2 shows each of the seismic waveform data used to derive
sensitivity kernels. Waveform data from TAM and PTGA show that there is a signi�cant arrival between
PKIIKP and PKIIKP, about 7 and 17 seconds before PKIIKP. In contrast to TAM and PTGA data, for Chinese
stations (QIZ, ENH, XAN), no arrival of this waveform is seen . Taking into account that the propagation
paths of these waves do not share a common path in the crust, mantle, and outer core, Butler and Tsuboi
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(2021)5  applied stacking to these observations to improve the signal-to-noise ratio, which includes
amplitude and phase weighted stacking14 as well as slant stacking along ray parameters8. Figure 2
indicates approximate boundaries between observation points with large seismic arrivals (TAM, PTGA,
and ECAL) between PKIKP and PKIIKP and small ones (XAN, ENH, and QIZ). These results show two
groups: TAM, PTGA, and ECAL with a clear PKIIKP precursor, and QIZ, ENH, XAN with no visible precursor.

  Butler and Tsuboi (2021)5 show that the precursors of PKIIKP waves observed at these antipodal
stations can be successfully modeled as re�ected below a liquid/solid interface at a depth of 100 km
below the inner core boundary. The boundaries we have shown are highly re�ective and sensitive to shear
wave velocity contrasts above 5 km/s. Butler and Tsuboi (2021)5 show that the earlier precursory waves
observed by TAM and PTGA may be modeled as a clear discontinuity near the depth of about 250 km
below the inner core surface. Assuming that the energy between PKIIKP and PKIKP propagates deeper
and faster through the inner core than PKIIKP, the precursor wave is tentatively called PKI100-IKP, re�ecting
the uncertain origin in the inner core. The PKI100-IKP boundary proposed here needs to consider the three
dimensional structure at the top of the inner core in order to match the orthogonal paths of the TAM and
ENH  data at the same time.

Sensitivity kernels by adjoint method

  In this paper, we calculated the sensitivity kernel of shear wave velocity to be used in the waveform
inversion using the liquid/solid boundary of S wave velocity 100 km below the surface of the inner core
as an initial model, and tried to identify the position of the �uid region on the surface of the inner core.
Although the number of earthquakes used is not large, the raypaths of PKIIKP phase covers the surface
of the inner core in annulus manner. Each of the earthquake-receiver pairs used in this study covers a ray‐
surface encompassing nearly 60% of the inner core surface—the orthogonal, antipodal propagation
surfaces of TAM and ENH together encompass the whole of the top of the inner core (Butler and Tsuboi,
2010)9.

To calculate the sensitivity kernels, we use the 3D spectral element method (3DSEM) 15–18, as in our
previous studies9,12,13. The Earth's internal structure model used incorporates a 3D tomography model
(s362wmani)19 for the Earth's mantle, a crustal model CRUST2.020, and ellipticity. By incorporating the 3D
mantle and crust, the energy scattered from the structure above the core (e.g., the upper mantle, D″ and
the boundary between the core and mantle) is included in the 3DSEM simulation. We calculate the
sensitivity kernel of the inner core shear wave structure for the amplitude of precursor waves. In order to
do so, we have included a spherically symmetric shear wave structure as: Vs = 0.5 km/s from the inner
core surface to a depth of 100 km, Vs = 5.0 km/s from 100 km to 250 km, and a spherically symmetric
structure with a PREM model below the depth 250 km (Fig. 1). The spectral element method program,
specfem3d_globe, is used, and the 9600 cores of the Earth simulator were utilized to calculate the
theoretical seismic waveform with an accuracy of about 8 seconds.
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This starting model is derived from Butler and Tsuboi, 2021)5, who measured highly-re�ective regions
below the Inner Core Boundary. The waveforms of observed phases precursory to PKIIKP are best
matched with a liquid layer overlying a fast shear wave region where Vs ≥ 5 km/s, which signi�cantly
exceeds PREM at 3.5 km/s. This high shear wave speed is consistent with ab initio calculations (Vočadlo,
2007; Deuss, 2008)21, 22 and experimental results (Mao et al., 1998)23 for iron and its alloys at inner core
pressure and temperature that can reach Vs > 6 km/s.

The calculation of the �nite frequency sensitivity kernel of the inner core shear wave velocity structure
was performed by the adjoint method24-30. The �nite frequency sensitivity kernel calculation is done in
two steps (see method for details). First, for the earthquakes shown in Table S1, the hypocenter of the
global CMT mechanism31 is used to calculate the theoretical seismic waveform for the seismic station of
the antipodal point corresponding to each earthquake. At this time, the global wave �eld at the end of the
time step in which the theoretical seismic waveform is calculated is saved in the disk. We apply the same
band pass �lter with a period of 8 seconds and 50 seconds to both theoretical seismograms and
observed seismograms. From the calculated seismic waveforms and observed waveforms, we set the
time window of arrival of PKIIKP waves and PKI100-IKP waves, and cut out these waveforms
(approximately the blue interval in Figure 2). We calculate the adjoint source for the amplitude of the
seismic waveform from the difference between the observed waveform and the theoretical waveform.
Since the accuracy of the theoretical seismic waveform used here is about 8 seconds, it is not possible to
identify the PKIIKP wave and the PKI100-IKP wave independently, so when cutting out the waveform, we
set the window to include both of these phases. Then, using the adjoint source obtained in this way, the
theoretical seismic waveform that propagates backward from the observation station to the seismic
source is calculated by reversing the time. We calculate the �nite-frequency kernel of the shear wave
velocity for the amplitude of the PKIIKP wave and the PKI100-IKP wave for the path combining the
propagation of the seismic waves from the source to the observation station used from the theoretical
seismic waveform calculated beforehand.

  Figure 3 shows both the theoretical seismic waveform and the observed waveform for the August 16,
2013 earthquake in New Zealand observed at the ECAL station in Spain, and the adjoint source of the
amplitude for the PKIIKP and PKI100-IKP waves. A cross-sectional view of the sensitivity kernel of the
shear wave velocity structure of the amplitude with respect to the PKI100-IKP wave is shown. From this
�gure, it can be seen that the amplitudes of the PKIIKP and PKI100-IKP waves are sensitive to the shear
wave velocity structure of the incident point and exit point of the inner core surface as these waves pass
through the inner core. The adjoint kernel calculated for such an earthquake and its antipodal observation
point is called an event kernel. For the twelve seismic source-receiver pairs used here, the event kernel for
the shear wave velocity structure was calculated, and the event kernel for the inner core shear wave
structure was extracted. By adding the event kernels calculated in this way, the gradient of the mis�t
function to improve the initial model was calculated.

Location of �uid region at the surface of the inner core
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Using the gradient of mis�t function, we can �nd the change δm that updates the model. Here, assuming
that the initial model is updated with a step length of 10%, the amount of modi�cation of the model for
the shear wave structure of the inner core was calculated. Figure 4 shows the amount of modi�cation of
the shear wave velocity structure in the upper 100 km of the inner core. Figure 4 shows that the west
coast of South America and the vicinity of Indonesia need to be modi�ed to slow down the shear wave
velocity structure near the inner core surface by up to 2% from the initial model. Since the shear wave
velocity of the initial model is 0.5 km/s, these locations can be considered as regions of �uid where the
shear wave velocity is close to zero. In addition, it has been shown that surrounding these regions
construed as �uid there are alterations increasing the shear wave velocity, which may be construed as a
region closer to a solid. In full waveform inversion using the sensitivity kernel, once the updates to the
initial model are obtained, the inner core shear wave structure is calculated by modifying the model. Then
we calculate the sensitivity kernel again, and repeating this process until the difference between the
observed waveform and the theoretical waveform is minimized. By iterating this process repeatedly, the
3D variation of the shear wave velocity structure of the inner core can be obtained. However, the amount
of modi�cation to the inner core shear wave velocity structure is small in this case, and the initial model
used is not very realistic assuming that the inner core surface is almost �uid. Therefore, here, we do not
repeat the procedure but we discuss the location of the �uid region at the surface of the inner core
surface layer estimated from this modi�cation.

Previous studies have shown little evidence of P-wave discontinuities near depths of 100 km in the inner
core32-35. Cormier and Attanayake36 found a 1% Vp discontinuity under 140 km of the ICB, centered under
the Atlantic Ocean, but not elsewhere. Complexities such as 3D structure and anisotropy have been
clearly expressed in previous P-wave studies37–39, but the details of the inner core S-wave structure
remain unsolved. Butler and Tsuboi (2021)5  have shown that the precursors of PKIIKP waves observed at
the antipodal point can be successfully modeled as re�ected below the liquid/solid interface at a depth of
100 km below the inner core boundary. This boundary has high re�ectivity and is sensitive to shear wave
velocity contrasts of 5 km/s and above. It is suggested that the newly proposed PKI100-IKP boundary is
not the same everywhere at the surface of the inner core, because the precursors of PKIIKP wave do not
appear for the Chinese stations. Therefore, in order to match both TAM and ENH at the same time, it is
necessary to consider the heterogenous shear wave velocity structure at the top of the inner core and it is
suggested that the �uid region at the top of the inner core should be localized. The two regions where
there are possibilities of �uid shown in Fig. 4 coincide with the positions of the upwelling basins localized
on the inner core surface shown by Gubbins et al (2011)3 in the Earth's dynamo simulation. Their
geodynamo simulation is assumed to be related to the seismic velocity anomalies at the Core-Mantle
Boundary, which are supposed to be linked to the mantle convection. It is intriguing that the completely
independent analysis of the seismic waves re�ected from the inner core surface, which we proposed in
the present paper, yields results suggesting the same regions. Because the �ow pattern at the inner core
surface derived by the geodynamo simulation is linked to the core mantle boundary through outer core
�uid motion, our results suggest that the inner core is locked to the mantle through the geodynamo �uid
motion in the outer core. One of the suggested �uid regions at the surface of the inner core also
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corresponds to the geomagnetic anomaly observed at the surface of the Earth40, which was thought to be
linked to the anomaly at the core mantle boundary. If the geomagnetic anomaly is also linked to the
seismic velocity anomaly at the surface of the inner core, it also may provide an evidence that the inner
core is locked to the mantle. The geodynamo simulation shows that there are  relatively large areas of
negative (melting) and low-positive heat �ux on the ICB, and relatively small areas of strong-positive heat
�ux (freezing). Therefore, the dynamo simulation suggests that the possible �uid region suggested by our
study corresponds to a solidi�ed part, which is inconsistent with our results. This may require a different
interpretation of the Earth's dynamo mechanism.

In this study, we did not repeat the iteration to obtain 3D shear velocity structure in the inner core because
the number of seismic-observation combinations used was small and the amount of modi�cation of the
initial model by full waveform inversion was small. The possible �uid regions of the inner core surface
suggested in this study may depend on the distribution of seismic sources. Then we need to repeat the
iteration by increasing the source-receiver pairs in the future. It is desirable to estimate the shear wave
velocity structure of the inner core surface layer three-dimensionally by repeating the waveform inversion
using the �nite frequency sensitivity kernels.

Method
Computation of the sensitivity kernels based on the adjoint method

In tomographic inversion, we use observed seismograms and synthetic seismograms to compute the
mis�t between them to improve the Earth model iteratively. The mis�t function is
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where G is the Green’s tensor.While, computation of the kernels based on the adjoint\state method needs
one forward simulation and one adjoint �eld simulation, which requires huge amount of disk space and
the computational time. Instead, Tromp et al., (2008)25 and Peter et al (2011)30 proposed that three
simulations can be used to save the computational resources, i.e., perform the forward calculation twice,



Page 8/14

once to compute the adjoint sources and once again at the same time as the adjoint simulation to
correlate the two �elds and sum their interaction on the �y over all the time steps. We use the mesh
discretization parameter NEX=640, which generate synthetics with about 8 second accuracy by using
9600 cores of the Earth Simulator. It took about 2 hours computational time to perform the forward
simulation and about 3 hours for the backward simulation.
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Maps show the locations of earthquakes (red symbols) and corresponding antipodal stations (red
outlined). The white numeral at the earthquake symbol indicates the number of events analyzed for the
antipodal path. Locations of the antipodal seismic stations are labeled (yellow pins). Inset �gure shows
the antipodal ray paths (black) for PKIKP, PKIIKP and the paths for the central core phases, PKI100-IKP and
PKI250-IKP . Path segments propagating in a 3D Mantle, PREM Outer Core, and a PREM central Inner Core,
are designated P, K, and I, respectively. Whereas PKIIKP re�ects beneath the Inner Core Boundary, PKI100-

IKP re�ects beneath an interface in the upper inner core, demarcated by the blue circle above 100 km
depth. Similar, PKI250-IKP re�ects beneath an interface in the upper inner core, demarcated by the green
circle between 100 and 250 km depth within the Inner Core. The starting model replaces the PREM shear
velocity by a 0.5 km/s blue layer, and 5.0 km/s green layer. Although ray paths are shown in this cross-
section, the antipodal energy converges from all azimuths as a ray surface.
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Figure 2

Observed vertical antipodal broadband seismograms (> 179°) are shown for twelve earthquake-receiver
pairs, which are used to derive the sensitivity kernel for the shear wave velocity structure on the inner core
surface. Time and amplitude are normalized by the arrival of PKIKP. In the analysis both data and SEM
are identically bandpass �ltered between 50 and 8 sec. The timing of the inner core phase PKIIKP is
indicated (dashed green line). The light blue shading approximates the time interval used to calculate the
adjoint source. We note that the 1992/9/10 TAM event is one of three nearly identical events discussed in
Butler and Tsuboi (2010) and Tsuboi and Butler (2020).

Figure 3

(left) A cross-sectional view of the sensitivity kernel of the shear wave velocity structure of the amplitude
with respect to the PKIIKP and PKI100-IKP wave is shown.(upper right) The theoretical seismic waveform
(red) and the observed waveform (black) for the August 16, 2013 earthquake in New Zealand observed at
the ECAL station in Spain, and (lower right) the adjoint source of the amplitude for the PKIIKP and PKI100-

IKP waves. These traces are ground displacement and bandpass �ltered between periods 8 second and
50 second.
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Figure 4

Map of percentage of shear velocity modi�cation to be made to the initial model. This corresponds to the
modi�cation to the model from a depth of 100km to the surface of the inner core.
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