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Seismic evidence is presented for a high shear wave velocity, an apparent discontinuity near ~100 km depth within Earth’s solid
inner core. Antipodally (>179°) focused data are stacked for five source—receiver diametric ray paths traversing the inner core.
Two antipodal paths follow ray surfaces which are aligned with diameters between Tamanrasset (TAM), Algeria and Tonga
earthquakes and Pitinga (PTGA), Brazil and Sulawesi earthquakes, providing clear examples of precursors to PKIIKP (an
underside reflection at the inner core boundary). Waveform and stacked data (T>4 seconds) were modeled via the Earth
Simulator—testing more than 16 inner core model series with varying compressional and shear wave velocities in upper inner
core structures. The precursory seismic phases are successfully modelled as reflecting beneath a core liquid/solid interface at 100
km depth below the inner core boundary. This interface is highly reflective, and sensitive to a shear wave velocity contrast > 5
km/s. An earlier precursory phase is observed at TAM and PTGA which may be modeled as an apparent discontinuity near ~250
km depth.

Keywords: Antipodal seismic observation, Inner core structure, Spectral-element Method

1. Introduction

Complementing the body wave and normal mode research
on Earth’s core structure and properties, antipodal studies
provide unique constraints. In propagating through the core
to the earthquake’s antipode at A = 180°, the focusing of
waves near the antipode amplifies seismic energy [1-8].
Near the antipode (>179°) of an earthquake, the seismic
energy from all azimuths about the earthquake source
coalesces together, and the individual ray paths merge into a
ray surface. The ray surfaces comprising the antipodal

Earthquake

Outer Core

propagation circumscribe the Earth about the diameter Figure 1. Maps show the locations of earthquakes (red
between earthquake source and receiving antipodal station. symbols) and corresponding antipodal stations (red outlined).
Although only PKIKP propagates along this diameter Locations of the antipodal seismic stations are labeled
(Figure 1) and is not antipodally amplified, we find it (yellow pins). Inset figure shows the antipodal ray paths for
convenient to review and discuss antipodal data PKIKP (Cyan)’ PKIIKP (green) and the Suggested paths for
diametrically as designated by their unique diameters. At the central core phases, PKlioo-IKP (red) and PKlaso-IKP
distances less than antipodal where ray paths (e.g., PKIIKP, (blue) . Path segments propagating in the Mantle, Outer Core,
Figure 1) may sample a wavelength-size “patch” on the inner and Inner Core, are designated P, K, and I, respectively.
core boundary (ICB), the antipodal phase PKIIKP samples a Whereas PKIIKP (green) reflects beneath the ICB,
great circle region encompassing the 1CB orthogonal to that PKl100-IKP (red) reflects beneath an interface in the upper
diameter. Furthermore, for a PKIIKP wavelength of 50 km inner core, demarcated by dotted red circle at 100 km depth.
on the ICB the antipodal phase samples about two orders of Similar, PKlzsoIKP (blue) reflects beneath an interface in
magnitude more of the ICB than the non-antipodal wave. the upper inner core, demarcated by dotted blue circle at 250
km depth. Although ray paths are shown in this cross-section,
2 Data set the antipodal energy converges from all azimuths as a ray
Seismic data from five diameters are examined (Figure 1)— surface. The abridged names for PKl100-IKP and PKl2so-IKP
Tonga to Algeria, Sulawesi to Amazon, northern Chile to in the text are PKI-IKP and PKIIKP, respectively.
1
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Hainan Island, and two between central Chile and the
mainland China. We collected available earthquake data
antipodal to the stations TAM, PTGA, QIZ, ENH, and XAN.
Selected waveforms for each antipodal station are plotted in
Figure 2, which are used in synthetically modeling features
highlighted from stackingmthe antig)sogal dataB](Figure 2). The
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Figure 2.  (left) Antipodal data selected for analysis and
waveform modeling, noting the station, distance, and
earthquake origin date. (right) Amplitude (AC) and phase
(BD) stacks of antipodal data are plotted, noting distance
range and numbers of events. The waveform and stacked
data are normalized to PKIKP and the PREM travel time for
PKIIKP is indicated. The heterogeneity of the data
traversing the inner core is significant. The data for TAM
and PTGA show complex arrivals (labeled “?” and »??”)
between PKIKP and PKIIKP—tentatively labeled PKI?IKP
and PKI??IKP and aligned (violet) between TAM and
PTGA—whereas for Q1Z, ENH, and XAN the near-source
surface reflection pPKIKP dominates.

waveform data for TAM and PTGA show significant arrivals
between PKIKP and PKIIKP. arriving ~7 and ~17 seconds
before PKIIKP. For the Chinese stations—QIZ, ENH, and
XAN—the dichotomy with TAM and PTGA is striking. For
ENH, XAN, and QIZ the evidence is subdued. Given that
wave propagation paths for the five diameters do not share
common paths in the crust, mantle, or outer core, we
employed data stacking for each of the five diameters to
improve their signal-to-noise ratios. These methods include
amplitude and phase-weighted stacking [9] plus slant-
stacking along ray parameter [3]. The amplitude and phase-
weighted stacks in Figure 2 show a rough demarcation
between stations where seismic arrivals between PKIKP and
PKIIKP are large (TAM and PTGA) and small/negligible
(XAN, ENH, and QIZ) excepting only the near-source,
depth phase pPKIKP. The stacked data authenticate findings
of the waveform data in Figure 2, that there are two distinct
groups—TAM and PTGA with clear PKIIKP precursors and
QIZ, ENH, and XAN where evidence is subdued.
Hypothesizing that the energy between PKIKP and PKIIKP
propagates deeper and earlier through the inner core than
PKIIKP (which is a maximum time phase), the precursor
phases are tentatively designated PKI-IKP and PKI»IKP,
reflecting their uncertain origin in the inner core. Figure 2
clearly shows these parallel (in time) arrivals observed at
TAM and PTGA.
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Figure 3. Amplitude of the inner core phase PKI100-IKP
grows as VS increases below an apparent solid-liquid
discontinuity at 100 km depth for synthetic TAM
seismograms (blue), generated with successive shear wave
velocities from 2.5 to 5.5 km/s, and (red) for 6.0 km/s. The
relative timing of the core phase PKI100-IKP is indicated
and shaded in gray, as observed near the antipode of TAM
from earthquakes in 1992 and 2011. Data are plotted in black,
with +2¢ pre-event noise shown in green. Amplitudes and
times are normalized to PKIKP.

3. Simulations: 3D Spectral Element Modeling

In modeling the antipodal data set, we approached the
problem synthetically using the 3D spectral element method
(3DSEM) [10-13] as previously applied [4,7,8]. The initial
model used incorporates a simple PREM mode for the Core,
a 3D tomographic model—s362wmani—for Earth’s Mantle
[14], crustal model CRUST2.0 [15], and ellipticity. In
synthesizing the antipodal observations, global CMT
mechanisms and locations [16] are used in modeling the
earthquake sources. Incorporating a 3D mantle and crust,
we include within the 3DSEM synthetics the energy
scattered from structure above the core (e.g., upper mantle,
D” and the core-mantle boundary). Since the 3DSEM
synthetics are correct for periods T>3.5 seconds, we
employed a two-pass elliptical filter (low-pass corner at %
Hz) identically on the data and the 3DSEM synthetic to
permit direct comparison.

3.1 Models tested
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Waveform studies of the upper inner core show little
evidence for compressional wave discontinuities near 100
km depth in the propagation bands 0.1-3 Hz [17] and ~1 Hz
[18-20]. At ~0.5 Hz, Cormier and Attanayake [21] have
found a 1% Vp discontinuity 140 km below the ICB centered
beneath the Atlantic Ocean—yet not evident elsewhere. We
approached the study of the PKIIKP precursors from the
perspective of the compressional velocity Ve, casting a wide
net of ten possible Ve models to capture the features of the
precursors—oprincipally relative time and amplitude—with
respect to PKIKP and PKIIKP. Models were limited to
isotropic changes to inner core radial velocities in this paper.
The series of models with a solid-liquid boundary at ~100
km depth met the timing of PKI-IKP, but not the amplitude.
Whereas most details of the inner core shear wave structure
are unresolved, complexities such as 3D structures and
anisotropy clearly are expressed in prior P-wave studies, e.g.,
[22-24]. We finally considered the effect of Vs on PKI-IKP.
Changing the value of Vs below a solid-liquid interface
directly changed the amplitude of PKI-IKP without altering
its travel time relative to PKIKP and PKIIKP.
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Figure 4. (upper) PTGA data (black) are stacked for two

earthquakes on 1996/2/7 and 1996/7/28 in the upper trace—
3DSEM synthetics (blue) are individually computed and
stacked for PREM. The traces normalized to PKIKP.
Although there are evident arrivals matching the timing of
PKI100 IKP, PKI250-1KP, and PKIIKP in the stacked data,
these phases are not evident in the PREM 3DSEM synthetic
waveform (blue). (lower) Two traces compare PTGA data
(black) from the 1996/7/28 event only, computed for two
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models which differ only above 100 depth, where VS =0
(liquid) or VS = PREM (solid). Common model features
include: (1) apparent discontinuities at 100 km and 250 km
depth bounding an inner core region where shear velocity
VS =5 km/s; and (2) VS = PREM below 250 km depth. Two
arrivals shaded in gray are clearly evident in the stacked data,
and indicate the times of PKIIKP precursors from Figure 2.
For PKI100 IKP observed 7 seconds before PKIIKP, the
(upper) larger amplitude is consistent with a liquid/solid
interface. Determined from modeling the same structure
below 100 km depth, PKI250-1KP exhibits a self-consistent
arrival for both models.

3.1.1 TAMand PTGA

Two earthquakes antipodal to TAM are modelled in Figure
3—a normal faulting event in 2011 and a thrust earthquake
source from 1992. In these models Vp and density are
unchanged from PREM values in the inner core, and Vs is
modified in steps between 2.5-6.0 km/s. Decreasing Vs
below that for PREM decreases the amplitude of PKI-IKP,
whereas increasing Vs effectively increased its amplitude. To
attain the relative amplitudes observed for PKI-IKP/PKIKP,
we found that Vs must be >5 km/s. Having a candidate phase
that has an appropriate amplitude and arrival time, we
recognize that PKI-IKP has a standard seismic phase name
of PKlo-IKP (Schweitzer, et al., 2019) as an underside
reflection from an interface at z = 100 km deep below the
ICB. The PTGA stacked observation of PKlwoo-IKP (Figure
2B) is most similar to TAM, both in the stacked amplitude
and phase-weighted ratios ( >50% of PKIKP), and relative
timing. The PTGA stacked data corroborate the TAM
observations (Figure 2). TAM and PTGA do not share
common near-source, near-receiver, mantle, or outer-core
propagation paths, and therefore the commonalities seen in
the TAM and PTGA stacks then resides in shared inner core
structure. However, this shared structure must thereby exist
over two substantially different sections of the inner core.
Given the corroboration of TAM and PTGA observations of
PKI-IKP, we have proceeded within the framework applied
to PKl100'IKP, but deeper within the central core. To model
the observation of PKl»IKP at PTGA we synthesize two
models (Figure 4) to test for a deeper, shear wave interface
below PKlio0-IKP. Figure 4 shows that PTGA is not well fit
by PREM. By timing considerations, an apparent
discontinuity near a depth of 250 km (150 km thickness, with
a Vs > 5 km/s) overlying PREM structure presents a
reasonable fit to the PTGA data. In Figure 4, the two end-
member models considered differ (liquid vs solid) only
above z=100 km. We see PKl2so-IKP in Figure 4 expressed
nearly identically—e.g., the structure above 250 km does not
contribute substantially to PKl2so-IKP. However, note that
for a P wavelength of ~50 km, we cannot easily distinguish
a sharp interface—whether at 100 or 250 km depth— from
a narrow transition gradient. These models are not unique
but do capture the essence of the data.

3.1.2 QIlZ, ENH, and XAN

The antipodal stacks for Q1Z, ENH, and XAN in China and
PTGA in Brazil (Figure 2B) show the substantial diversity
of the observations of PKlioo-IKP for paths between South
America and Southeast Asia (Figure 1). The PTGA stack
differs significantly from those for Q1Z, ENH, and XAN—



where there is no firm evidence of a PKl100-IKP arrival in the
stacked data in the Chinese station data. The neighboring
Chinese stations—QIZ, ENH, XAN—fit the PREM model
better, in marked contrast to TAM and PTGA.

4. Results and analysis
The PKlo0-IKP interface is not manifested in the same form
everywhere. However, to match both TAM and ENH
simultaneously, three-dimensional, uppermost inner-core
structure must be considered. The TAM-Tonga annulus is
nearly orthogonal to the annuli between Chile and the
Chinese stations. Whereas the timing of PKlioo-IKP
integrates over the propagation surface within the upper
inner core, the amplitude constraint on PKl100-IKP depends
principally on the midpoint reflection, wherein the ray
surface effectively coalesces to a great circle around the
upper central core, orthogonal to the propagation direction
midway between source and receiver.

i ‘
Figure 5. The great circles show the projection (AB) to the
Earth’s surface of the PKIIKP and PKI100 IKP midpoint
reflection, great-circle arcs within the upper core. For scale
at the ICB, the small green circle in (A) centered on Hawai‘i
Island has a projected diameter of 1 wavelength on the inner-
outer core boundary. TAM (yellow) and PTGA (orange)
both observe PKI100 IKP and PKI250-IKP, though
propagating over substantially differing paths. For the
neighboring paths of XAN, ENH, and QIZ (red, white, blue,
respectively) within the upper central core, evidence for
PKI100 IKP reflecting from a mushy liquid—solid interface
at 100 km is absent, though a solid-solid interface cannot be
rejected in every respect.

4.1 Reflection great circles

The location of the reflection great circle for TAM is shown
in yellow in Figures 5 where PKIIKP reflects from the ICB
and PKloo-IKP reflects from the apparent discontinuity (Vs
> 5 km/s) at 100 km depth below the ICB. surface. TAM
shows little overlap with the nearly orthogonal coverage by
QIZ, ENH, and XAN, whose great circle paths differ by no
more than six wavelengths between QIZ and XAN. For
TAM the overlap with QIZ, ENH, and XAN is essentially
two wavelengths, where their arcs cross over TAM’s arc. For
PTGA (orange) which shares the observations of PKl1oo-IKP
with TAM, its reflection great circle is within about A = 20°
of the QIZ, ENH, and XAN neighborhood. The coverage of
PKlio-IKP by TAM and PTGA display very similar
characteristics, although their propagation paths differ
broadly. Hence, common inner core structures include not
only proximal stations (QI1Z, ENH, and XAN), but also
broadly distinct propagation surfaces (TAM and PTGA).
Comparing the narrow, great-circle reflection coverage of
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the QIZ, ENH, and XAN with the wider, great-circle
reflection coverage of the TAM and PTGA suggests that the
latter coverage of the inner core is more extensive than the
former and therefore may be more representative of the inner
core.

5. Summary

In this study of the inner core of Earth we have successfully
employed the 3D Spectral Element Method on the Earth
Simulator to model seismic structures within the upper inner
core detected from antipodally amplified energy traversing
the inner core. That two sets of data are presented—TAM
(Algeria) and PTGA (Brazil) both show clear seismic
arrivals, whereas the Chinese stations (XAN, ENH, QIZ) do
not—indicates a significant shear wave velocity
heterogeneity within the upper inner core. We have
determined through synthetic modeling that two seismic
precursors observed —PKl100-IKP and PKl2s0-|KP—are due
to underside reflections from apparent discontinuities near
100 and 250 km beneath the ICB. In contrast to the Chinese
stations which fit a PREM-like structure in the inner core,
for PTGA and TAM the only inner core model found
matching the seismic data constraints approximates a Vs
solid-liquid discontinuity near 100 km depth where Vs > 5
for the solid. However, waveform data cannot resolve
differences between liquid and “mushy” region. The PREM
model has guided mineral physicists in their quest for
understanding the low shear wave velocity within the inner
core. Nonetheless, we now see body-wave reflection
evidence for shear wave velocities > 5 km/s from an upper
core interface that comports with high shear wave velocity,
iron-nickel alloyed compositions. Whereas we have
antipodally interrogated the inner core with compressional
body waves, our results are specifically derived from
measured reflection amplitudes and times dependent upon
shear wave velocity contrasts at apparent discontinuities
100-250 km beneath the traditional ICB. Where a
discontinuity is not observed, the inner core structure more
closely approximates PREM.
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