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The structure of the base of the outer core inferred from seismic
waves diffracted around the inner core
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[1] We systematically searched for seismograms of waves diffracted around the inner core
(PKP g from all the temporary seismic arrays with data currently available at the IRIS
DMC, as well as some permanent regional seismic arrays including F-NET in Japan
and GRF in Germany, to assemble the largest high-quality PKP,;; database ever created.
PKP gy waves preferentially sample the base of the outer core and so contain important
clues about Earth structure in this region. We measured PKPpr—PKP ¢y differential
traveltimes and PKP ¢,/ PKPpr amplitude ratios in the distance range of 154°~160° and
modeled the observations using grid searches and full wave theory synthetic seismograms.
The optimum model found by fitting the differential traveltimes has relatively low
velocity at the base of the outer core as in AK135, which is consistent with many previous

traveltime studies. However, the optimum model found by fitting the amplitude ratios
(PKPcqi/ PKPpr) does not exhibit this feature, and instead is closer to PREM. The
discrepancy may be explained by two likely causes. One is that small-scale topography or
roughness on the ICB tends to scatter energy away from PKPc,; waves by generating
trailing coda waves. The other is that there exists a thin layer with relatively low Q at the
base of the outer core. This might be expected if there are suspended solid particles at
the base of the outer core, as proposed decades ago. Both mechanisms could generate
smaller PKP ¢4y amplitudes without significantly affecting PKPq; traveltimes.

Citation: Zou, Z., K. D. Koper, and V. F. Cormier (2008), The structure of the base of the outer core inferred from seismic waves
diffracted around the inner core, J. Geophys. Res., 113, B05314, doi:10.1029/2007JB005316.

1. Introduction

[2] A large number of seismological studies have sug-
gested that the region just above the inner core boundary
(ICB) is distinct from the rest of the outer core. The layer
about 400 km above the ICB was originally termed the
F-layer and was characterized by a strong low velocity zone
[Jeffreys, 1939]. Later Earth models, constructed with more
accurate traveltime data, instead defined this as a region of
increased velocity, and often included one or more first
order discontinuities above the ICB [Bolt, 1962, 1964,
Adams and Randall, 1964; Sacks and Saa, 1969]. Ulti-
mately though, these model types were also discarded, as
PKP precursors were reinterpreted as energy scattered from
mantle heterogeneities near the core mantle boundary
(CMB) [Doornbos and Husebye, 1972; Cleary and Haddon,
1972; Haddon and Cleary, 1974]. Hence modern reference
Earth models universally have smoothly increasing velocities
at the base of the outer core.

[3] There is still some uncertainty, however, about the
steepness of the velocity gradient at the base of the outer core.
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This is important because the velocity gradient strongly
constrains the density gradient in the Earth’s core. If we
assume the pressure derivative of the bulk modulus is
constant (~3.5) in the outer core [Anderson and Ahrens,
1994], then the Bullen parameter 7 [Bullen, 1963], which is
the ratio between the actual density gradient and the
gradient corresponding to uniform composition, only
depends on the velocity gradient. The widely used reference
Earth model PREM [Dziewonski and Anderson, 1981] has
the Bullen parameter 77 ~ 1 through the outer core, which
implies a homogeneous, adiabatic medium.

[4] More recent reference Earth models, such as PREM2
[Song and Helmberger, 1995] and AK135 [Kennett et al.,
1995], have significantly lower velocity gradients at the
base of the outer core, corresponding to Bullen parameters
significantly higher than 1 (Figure 1). In other words, these
models imply that near the base of the outer core density
increases too quickly to be explained solely by compres-
sion, and some sort of change in chemistry or phase must
occur. Interestingly, core dynamical studies suggested a
slurry layer occupied by free-floating broken dendrites just
above the ICB several decades ago [Loper and Roberts,
1978, 1981; Loper, 1978]. However, more recent studies
consider a slurry of suspended particles unlikely to exist in
the Earth and instead suggest that a thin mushy zone is more
probable [Bergman, 2003; Shimizu et al., 2005].

[s] Several other seismic studies have also reported
velocity gradients at the base of the outer core that are

B05314 1 of 13



B05314

112 L L L L L

110

|
|
|
T
s
m
<
T

108 -

106 -

Velocity(km/s)

104 -

102

100 T T T T
1200 1300 1400 1500

Radius(km)

T T T
800 900 1000 1100 1600

Figure 1. P wave velocity structure near the ICB. The
radius of ICB in AK135 is shifted to be the same as PREM
and PREM2. Dashed curve is for PREM, solid one is for
PREM2 and dotted curve is for AK135. AK135 is nearly
identical to PREM2 at the base of the outer core.

more similar to AK135 than to PREM. Qamar [1973]
obtained a P wave velocity model named KORS with a
very small gradient in the F-layer, and derived an 7 of 3—4.
Souriau and Poupinet [1991] examined the PKP(BC +
Cdiff) traveltime data collected by the International Seis-
mological Centre (ISC) and suggested the velocity in the
lowermost 150 km of the outer core is significantly lower
than that in PREM and that the gradient is nearly flat (zero).
Song and Helmberger [1992] suggested a smaller velocity
gradient about 400 km above the ICB than PREM by fitting
the amplitude of long-period PKP phases recorded at
WWSSN stations. Recently, the largest ever data set of
PKP waveforms was assembled and the authors found that
AK135 provided the best overall fit to the observations
[Garcia et al., 2006].

[s] But not all seismic studies support a relatively low
velocity gradient at the base of the outer core. Choy and
Cormier [1983] found that KORS5 predicts too large
PKP ¢4y amplitudes compared to the observations and ruled
out the low velocity gradient zone above the ICB, which is
consistent with their previous results [Rial and Cormier,
1980; Cormier, 1981]. Both Huang [1996] and Kaneshima
et al. [1994] investigated the ICB velocity structure beneath
North America’s Pacific seashore and they obtained a
slightly smaller P wave velocity than that in PREM, but
significantly larger than that in AK135 at the base of the
outer core. Most recently Yu et al. [2005] re-examined the
outer core velocity structure by analyzing differential trav-
eltimes, amplitude ratios and waveforms of various PKP
waves recorded at Global Seismograph Network (GSN) and
several regional networks and they found out that the
velocity structure at the base of the outer core exhibited a
strong hemispherical difference. The data sampling the
quasi-eastern hemisphere (40°W—180°E) can be explained
by a PREM-type outer core velocity structure, while those
sampling the quasi-western hemisphere (180°W—40°E) can
be best explained by their preferred model OW, which has
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velocity closer to PREM2 than PREM at the base of the
outer core.

[7] In this study, we focus on studying the structure of
the base of the outer core by analyzing PKPc,;r waves,
which are waves diffracted around the ICB and are more
sensitive to the base of the outer core than any other phase.
Although ray theory predicts zero amplitude after the C-
cusp (Figure 2), which occurs at a distance of ~152.5° in
PREM or ~155.5° in AK135 for a source at 100 km depth,
both theoretical calculations [Cormier and Richards, 1977,
Cormier, 1981] and observations [Huang, 1996] indicate
that PKP ¢ has significant energy for several degrees into
the inner core shadow zone. At these distances the ampli-
tude decay of PKPcuy is mainly controlled by diffraction
and is extremely sensitive to the velocity gradient just above
the ICB and the period of PKP ¢y

[8] Systematic study of PKPcuyat distances greater than
154° has been somewhat neglected because it is difficult to
observe. Small earthquakes do not generate PKPcyyy
waves large enough to be observed above the background
noise, and large earthquakes usually have long source
durations, which makes PKPpy interfere with PKPcgy
(the time separation between them is less than 10 s).
Similarly, shallow earthquakes sometimes generate PKP
depth phases that interfere with PKPcyy; though with
careful modeling of the source time functions this problem
can often be overcome.

[v9] The proliferation of regional broadband arrays over
the last decade has made the observations of PKP ¢ ; waves
less difficult, and has enabled us to assemble a large, high-
quality set of PKPcgy waveforms. In order to reduce
shallow structure effects, we use PKPpr as a reference
phase since it has a raypath very similar to PKP ¢y in the
crust and mantle. Although the top of the inner core always
has an effect on the traveltime and amplitude of PKPp; our
synthetic tests show that this effect is small compared with
the effect of the base of the outer core on PKPcgy
Therefore the differential traveltimes and amplitude ratios
between PKPpp and PKPcgy measured from the high-
quality record sections provide an excellent opportunity to
explore the structure at the base of the outer core.

2. Assembly of PKP,;; Waveform Database

[10] Because PKPcuy is only observable over a very
limited range of source-receiver distances and has relatively
small amplitude, a closely-spaced seismic array is important
to identify the phase and to generate a high-quality PKP ¢y
data set. An array allows small coherent phases to be
identified and isolated, and slowness estimates can be made
to verify the identity of prospective phases. Another advan-
tage is that the differential traveltimes (PKPcy;—PKPpr)
can be measured more accurately by cross-correlating wave-
forms in the PKPcgy time window and the PKPpp time
window respectively, instead of cross-correlating the
PKPcyr window with the PKPpr window for a single
station. This is especially important because diffracted
waves undergo some shape change as they arrive at larger
distances, and so they have shapes dissimilar with PKPp.

[11] We systematically examined the waveforms of earth-
quakes with depth greater than 60 km and magnitude
greater than 5.5 M,, from all the temporary PASSCAL
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Figure 2. (Left) Raypath for PKP waves at the C-cusp for an event at 400 km depth. Black curve
represents the raypath of PKPp at a distance of 156°. Gray curves indicate the raypaths of PKP waves
diffracted along the ICB. (Right) Standard traveltime curve for PKP waves in PREM. The dashed line

indicates propagation of PKP ¢y

networks with data open to public researchers at the IRIS
DMC, as well as some permanent regional seismic arrays
such as F-NET (Full Range Seismograph Network of Japan)
and GRF (Grdfenberg) array in Germany. Deep earthquakes
have relatively short source durations, which enables us to
separate PKPpp and PKPc ;> more easily since the differ-
ential time between these two phases is about 10 s. Also,
deep sources avoid the potential interference of the depth
phase pPKPpp with PKP¢qyp:

[12] All the record sections in the distance range 154°—
160° were checked by eye for quality. We picked those
events that have high signal-to-noise ratios (SNRs) records
and show clear PKP - and PKPcqyy phases (Figure 3). The
amplitudes of PKP ¢4y waves decay with distance and are
almost at the noise level after a few degrees. In our data
selection criteria, we choose all the traces with high SNRs
after 154° until the one at which the PKPc;; phase is no
longer identifiable. We discuss the possible bias caused by
choosing only the “best” data in a later section of this
manuscript.

[13] As expected, the PKPcy;7 waves are very difficult to
observe. We examined 111 record sections from F-net, 110
record sections from GRF, and more than 300 record
sections from the temporary networks at IRIS DMC in the
distance range 154°—160°. The total number of seismo-
grams inspected was about 11,000. We obtained only 21
record sections, corresponding to 370 individual seismo-
grams, which show high-quality PKP 4y waves. Table 1
lists all the events and the corresponding seismic arrays
used in this study. Among the 21 events in Table 1,
10 events were recorded at F-NET, 3 events were recorded
at GRF, 2 events were recorded by the BANJO/SEDA
(Broadband Andean Joint and Seismic Exploration of the
Deep Altiplano) experiment, 2 events were recorded from
INDEPTH-II (International Deep Profiling of Tibet and
Himalayas, Phase II) experiment and 4 events were

recorded by the INDEPTH-III experiment. Because of the
small number of high quality seismograms, the geographical
sampling of the core by the PKPyy data set is limited
(Figure 4). Most of our data sample the quasi-western
hemisphere (180°W—40°E) with limited sampling points
in the quasi-eastern hemisphere (40°E—180°E).

3. Analysis of Differential Traveltimes
(PKP iy —PKPpr)
3.1. Data Processing

[14] Differential PKPcy;—PKPpf traveltimes from our
data set are measured as follows. First for each record
section, we filter velocity seismograms with a 3-pole Butter-
worth bandpass filter around 3 s with a one octave band.
Although in theory filtering the seismograms at different
frequency bands can provide us a separate constraint about
the velocity structure at the base of the outer core, unfor-
tunately, we found that it is difficult to get accurate
measurements of PKP¢y;—PKPpy traveltimes at higher or
lower frequencies. At longer periods, the short time interval
between PKPpr and PKPcgy makes them interfere with
each other [Souriau and Roudil, 1995]. At higher frequen-
cies, noise and complicated waveforms prohibit cross-
correlation from working properly to get accurate traveltime
estimates. Around 3 s, PKPcgy and PKPpy are well
separated, and we can obtain the most accurate measure-
ments for the differential times and the amplitude ratios.

[15] After filtering, we use the multichannel cross-
correlation method (mccc) [van Decar and Crosson, 1990]
to align the record section within the PKPp time window
to get relative time shifts. Then we stack the aligned record
section to get the time of the peak amplitude. By using those
relative time shifts and the time of the peak amplitude, we
can get the arrival times of PKPpy as described by van
Decar and Crosson [1990]. Repeating the same procedure
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