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We analyze the inner-outer core boundary (IOCB) with antipodal waveform data to test the hypothesis whether propagation
at the base of the outer core is commensurate with diffraction and/or refraction. Seismic data from seven diameters
are examined—Tonga to Algeria, Sulawesi to Amazon, northern Chile to Hainan Island, two between central Chile
and the mainland China, and two diameters from New Zealand to both Portugal and Spain. We have performed global
seismic wave propagation calculations for these stations using the spectral element method. In this calculation, the
theoretical seismic waveform propagating globally with an accuracy of 1.6 seconds was calculated by using 41,334 cores,
which corresponds 5168 ES4 vector engines (VE). We found that the waveforms are modeled by a thin low velocity

zone with a velocity of approximately 10.0 km/s
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1. Introduction

The fluid nature of Earth's outer core was determined by
Jeffreys (1926)[1], followed in 1936 with Lehmann's (1936)[2]
discovery of the solid inner core. Birch (1952)[3] summarized
available data and concluded the core is an iron alloy with a small
component of lighter elements. This inner-outer core boundary
(IOCB) separates the freezing, growing inner core from the
convecting outer core which drives the dynamo generating
Earth's magnetic field. Verhoogen (1961)[4] invoked latent heat
of freezing of iron in the core as the main source of energy,
whereas Braginsky  (1963)[5]
convection driven by separation of the lighter component(s) of

proposed  compositional
the outer core alloy by freezing. Chemical heterogeneity at the
base of the outer core is directly coupled to density heterogeneity,
which induces convection in the outer core (Gubbins, 1977;
Loper, 1978)[6,7]. Butler and Anderson (1978)[8] determined
that the top and bottom of the outer core appear inhomogeneous
or non-adiabatic or both. Stevenson (1987)[9] proposed that that
“there are negligible lateral variations in the outer core” due to its
low viscosity. More recently, Melting and freezing of the inner
core at the IOCB has been reviewed Cormier et al. (2011),
Monnereau et al. (2010), and Alboussiére et al., (2010)[10-12].

2. Data

We approach this analysis of the inner-outer core boundary
(IOCB) with antipodal waveform data in the distance range
179.0°-180° to test the hypothesis whether propagation at the
base of the outer core is commensurate with diffraction and/or
refraction. The propagation paths observed cover about two-
thirds of the IOCB surface. Seismic data from seven diameters

are examined—Tonga to Algeria (station code TAM), Sulawesi
to Amazon (PTGA), northern Chile to Hainan Island (QIZ), two
between central Chile and the mainland China (XAN, ENH), and
two diameters from New Zealand to both Portugal (PTO) and
Spain (ECAL). The adequacy of Global earth models in fitting
the antipodal observations is found to be deficient.

Lateral heterogeneity among the propagation paths are
mapped and projected to the Earth’s surface for context. We stack
data to increase signal-to-noise, and model waveform data via the
3D spectral element method on the EarthSimulator4. With the
possible exception of one path to China, none of the global Earth
models match amplitudes of diffracted waves or the stacked
amplitudes relative to PKIKP, which travels along the antipodal
diameter. Energetic arrivals observed in the waveform data set
are modeled as a combination of refraction within a low velocity
zone (LVZ) at the base of the outer core, and diffraction around
this structure.

The observations at the base of the outer core may be further
subdivided between paths with a thicker, slower low velocity
zone (TAM), and those with a with a thin, somewhat faster LVZ
(QIZ, XAN, PTGA), The latter paths are characterized by a thin
LVZ (20-50 km thick, layer—gradient, respectively) with a
velocity of approximately 10.0 km/s. Synthetic modeling of the
thin, low velocity structures requires higher resolution (1.6 sec)
parametrization to achieve necessary detail. We discuss this
methodology and show examples considered. A parallel report
focuses upon the thicker structures modeled at 3.5 sec.

3. Theoretical seismograms
We have performed global seismic wave propagation
calculations using the spectral element method, which is a type
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of finite element method, for a realistic earth model—
(Komatitsch and Vilotte, 1998; Komatitsch et al., 2002; Tsuboi et
al., 2003; Komatitsch et al., 2005)[13-16] as previously applied
(Butler and Tsuboi, 2010; Tsuboi and Butler, 2020; Butler and
Tsuboi, 2020, Butler and Tsuboi, 2021)[17-20]. In 2016, we used
the K computer's 82,134 nodes (99% of all nodes) by dividing
the earth model into 665.2 billion grid points to perform
theoretical seismic waveform recording calculations with an
accuracy of about 1.2 seconds. (Tsuboi et al., 2016)[21]. This
time, we report that the same scale of calculation was performed
by the Earth
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Figure 1. The models shown here are based upon PREM +

3D mantle, with modifications (light blue) at the IOCB. Model
LVZ 10/40 (red) was initially calculated at 3.5 sec resolution. For
a velocity of 10 km/s this wavelength is about 50 km, which is
larger than the modeled structure. To achieve the requisite
resolution, the 3DSEM were synthesized at 1.6 s resolution. The
models tested considered discontinuous velocity changes at the
base of the outer core in layers 20 to 50 km thick with Vp = 10
kmy/s, as well as negative gradients to Vp = 10 and 10.15 km/s at
the bottom 50-100 km of the IOCB.

Simulator (ES4) system, which started operation in March 2021.

In the calculation of the spectral element method, the division
of the earth model divides the entire earth into six quadrangular
pyramids, and each quadrangular pyramid is divided into finer
quadrangular pyramids and assigned to individual CPUs of the
supercomputer to perform the calculation. In this calculation, the
theoretical seismic waveform propagating globally with an
accuracy of 1.6 seconds was calculated by dividing it into 244.7
billion grid points. The parameters NEX and NPROC indicating
the division of the spectral element method in this case are 2656

and 83, respectively, and the total number of cores used in the

calculation is 41,334 and the ES4 vector engine (VE) is 5168.
The grid point spacing in this mesh is 0.94 km on average. For
this scale of calculation, it took about 30 minutes CPU time to
calculate the mesh and 4 hours 40 minutes CPU time to calculate
the theoretical seismic waveform for 23 minutes. The size of the
mesh is about 41 Tbyte. The calculation used NEC's MPI as a flat
MPI, and the effective performance according to the MPI
Program Information was 1.13 PFLOPS, and the vectorization
rate was 99%. This effective performance is about 8.8% of the
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The model series plots the 3DSEM fits to QIZ

2009 for models in Fig. 1. The model in red was synthesized at a

Figure 2.

resolution of 3.5 sec, whereas the models in blue are computed at
a 1.6 s resolution. The waveforms are aligned on PKPab, which
unlike PKIKP does not interact with the IOCB. The dashed line
is the PREM theoretical Cdiff arrival time, whereas the gray line
is aligned on the timing of slant stacked QIZ Cdiff. Note that
increasing the slow velocity from 10.0 to 10.15 (top two blue
traces), the primary change is a decrease in the amplitude.)

theoretical peak performance of S168VE.

The Earth's internal structure model used in the calculation is
transversely isotropic PREM (Dziewonski and Anderson,
1981)[22] for the radial symmetric structure model, and s362ani
(Kustowski et al., 2006)[23] for the mantle three-dimensional
structure. In addition, the ellipsoidal shape is adopted and
attenuation is taken into consideration, but the effects of gravity
and rotation are not taken into consideration. The combination of
the earthquake and the observation station was targeted at the
observation waveform at the earthquake and its antipodal point,
which was dealt with in Butler and Tsuboi (2010, 2020,
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2021)[17,18, 20]. In particular, we calculated the records at the
Qiongzhong (QIZ ) station in China due to the April 17, 2009
earthquake in northern Chile (Mw®6.1). This is to examine the
structure that reproduces the Cdiff diffracted phase discussed in
Butler and Tsuboi (2010)[17]. The models considered and the
calculated theoretical seismic waveforms are presented in
Figures 1-2.

The thin LVZ modeled at ~10.0 km/s is consistent with ab
initio molecular dynamics simulations of the properties of liquid
iron (10.19 km/s) at the pressure and temperature at the IOCB
(Ichikawa et al. 2014)[24]. The thin LVZ model is also consistent
with a stably stratified dense layer at the bottom of the outer core,
depleted in light elements relative to the bulk of the outer core
(Cormier et al. 2011)[10]. The essence is that the thin LVZ results
from depletion of lighter elements, leaving liquid iron as the
framework.

Finally, we note that there is an apparent correlation between
the evidence for thin LVZ at the bottom of the outer core with the
large low shear velocity provinces projected from the core-
mantle boundary (Chen, 2021)[25].
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