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1. Introduction

Earth's fluid outer core and inner core was studied by Jeffries
(1926)[1], Lehmann (1936)[2] and Birch (1952)[3]. 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] proposed
compositional convection driven by separation of the lighter
component(s) of 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 by Cormier et al. (2011)[10], Monnereau et al.
(2010)[11], and Alboussiére et al., (2010)[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 (Figure 1). 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
(Figure 2).

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 these
thin, low velocity structures requires higher resolution (1.6 sec)
parametrization to achieve necessary detail, discussed in parallel
report. This report focuses explicitly on models for TAM and QIZ

which were synthesized at a lower resolution ( 3.5 sec).

3. Theoretical seismograms

In modeling the antipodal data set, we approached the problem
synthetically using the 3D spectral element method 3DSEM—
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]. The initial model
(Figure 2) incorporates a simple PREM [21] model for the core,
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a 3D tomographic model—s362wmani—for Earth's Mantle
(Kustowski et al., 2008)[22], crustal model CRUST2.0 (Bassin
et al., 2000)[23], and ellipticity.

In the calculation of the spectral element method, the framing
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 analysis, we
employed SEM synthetics with a resolution of 3.5 s. Identical

Mantle

Earthquake

Figure 1. Seismic stations (yellow) antipodal to earthquakes
(red) measure waves traversing Earth’s core. The analysis
focuses upon seismic waves (Cdiff) diffracting or (CLVZ)

refracting around the inner core.

PKIKP PKP-Caitf QIZ179.36°A

1

PKIKP =
=)

QIZ + 20 noise
PREM (no ocean)
PREM + 3D mantle

~ PREM + PREM2 10CB
AK135

1180 1200 1220 1240 1260 1280 1300 1320

Time, sec

Figure 2.  QIZ 2009 data are compared with SEMs computed
for standard global Earth models, which poorly match the QIZ
observational data. The theoretical arrival time of Cdiffis plotted.
For QIZ the Cdiff arrival exceeds the apparent Cdiff amplitude
of each global model. PREM (Dziewonski and Anderson,
1981)[21] is the whole Earth model without an ocean. PREM +
3D mantle replaces the PREM mantle with the 3D mantle of
Kustowski et al. (2005)[22]. PREM + PREM2 IOCB replaces
the bottom of the outer core with the PREM2 model of Song and
Helmberger (1995)[27]. AK135 is the global model of Kennett et
al. (1995)[28].

filtering permits direct comparison of the 3DSEM and data. In
CMT
mechanisms and locations (Ekstrém et al., 2012)[24] are used in

synthesizing the antipodal observations, global

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).

4. Station QIZ and low velocity layer

Key features of the TAM data can be matched by a relatively
simple model (Figure 3). For an LVZ 50 km wide at its base [A],
the 3DSEM broadly fits the first half of the TAM observations.
For the 75 km wide base [B], the 3DSEM broadly fits the second
half of the TAM observations. This model [C] is non-unique. The
fit to the broad features with two widths may suggest that
different propagation regions (or azimuths) that arrive together at
the antipode have varying widths.

PREM

TAM

10.3
50 km wide LVZ 10
PKP-BCjfr

—

PKl; 00 IKPKP
PKIIKP
PKIIIKP+

[=]
©

8.8~ som = 75km

TAM

75 km wideLvz 1000 1500

1 1 \ 1 1 |
1180 1200 1220 1240 1260 1280 1300 1320

Time from origin, sec
The TAM data for the 1992 event are phase-
weighted, slant stacked for a Cdiff ray parameter p=2.07 sec/°.
To the right of the Cdiff theoretical arrival, Cdiff are time-aligned,;
to the left the ray parameter is < 2.07 sec/°. Although not time-

Core radius, km

Figure 3.

aligned, these earlier phases are shown for context. Two models
[C] are plotted in [A] and [B]. The models differ by the width of
the base of the low velocity zone (50 and 75 km) where the
velocity is 8.8 km/s; both LVZ models begin 100 km above the
IOCB. The fit of the 3DSEM synthetic to the stacked data is not
perfect or unique; rather the point is that a relatively simple model
can explain many of the TAM Cdiff features. In particular, [A]
fits the initial part of Cdiff (blue) , whereas [B] fits the later part
of TAM (violet).

Wze35n00 s
275 kmis
100,50 ket wide

Figure 4.  This model series starts with the TAM model (Fig.
3) maintaining the basic structure, and successively increases the
LVZ slow velocity in steps: 8.8, 9.25, 9.5, 9.75, and 10 km/s. The
width of the LVZ is 100 km, with a gradient to 50 km width

where the velocity is minimum to the IOCB.
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For 3DSEM modeling we chose QIZ as representative of the
Chinese stations, with its visible waveform arrival near the time
of Cdiff, as well as its significant stacked amplitude. We first
modeled QIZ with successive iterations on the TAM model at
low resolution to see whether an increasing velocity in the LVZ
within a fixed structure (100 to 50 km wide) would converge to
a model approximating QIZ. These models are shown in Fig. 4,
whereas 3DSEM fits are presented in Fig. 5. For each model
iteration, the C arrivals are proximally comparable to the stacked
QIZ ratio to PKIKP. However, the 3DSEM then grows larger
than the QIZ data, and subsequently declines.

With decreasing velocity, the relative window of energy does
not change substantially. Nonetheless, with decreasing velocity
the evolution of the TAM 3DSEM waveform may be observed

in the successive models.
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Figure 5. The model series plots the 3DSEM fits to QIZ 2009
for models in Fig. 4. The waveforms are aligned on PKPab (Fig.
1), which unlike PKIKP does not interact with the IOCB. The
slowest velocity step 8.8 km/s is shown for TAM in Fig. 3. The
dashed line is the PREM theoretical arrival time. The gray line is
aligned on the timing of slant stacked QIZ Cdiff. Each of the
models shows a substantial Cdiff arrival near the proper time;
nonetheless, the models rings for about 25 s too long. Note also
that the stepwise decrease in LVZ velocity (10 to 9.25 km/s)
illustrates the manner in which the more complex C arrival

shown (Fig. 3) for TAM is manifested in stages.

Having no success in modeling QIZ with a thicker structure
based on the TAM model, we focused on narrower structures to
match the observational constraints of amplitude, ringing
duration, and slowest velocities near the IOCB. However, to
achieve the correct solution for these narrower structures, we had
recourse to EarthSimulator4 for model synthesis at 1.6 sec
resolution. These results are discussed in a companion report.

It is significant that TAM presents substantial structure both

above and below the IOCB, where the actual connection across

- Earth Simulator JAMSTEC Proposed Project -

the IOCB may only be speculated. The TAM anomaly is also
immediately below a higher velocity region detected in PKPbc
data by Souriau (2015)[25] in a review of large scale, outer core
heterogeneity.

Finally, the apparent location of the TAM anomaly in the outer
core anti-correlates with the large low shear velocity provinces at
the base of the mantle (Chen, 2021)[26]. This may be the first
clear correlation between processes at the base of the mantle with

those at the base of the outer core and within the inner core.
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