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Abstract

The Earth’s core—mantle boundary (CMB) marks the boundary between the hot, molten iron core and the silicate
mantle and is a thermal, chemical, and flow boundary. Previous observations of very slow compressional wavespeeds
suggest that thin ultra-low-velocity zones (ULVZs), possibly composed of a mixture of molten iron and silicates, exist at
the base of the mantle. A molten or partially molten layer would cause a large shear wavespeed decrease; however this
velocity drop has not been observed. Here, we use core reflected ScP phases to investigate the shear properties of
ULVZs. These phases reveal at least two distinct regions: one region under Central America which is distinctly average
(PREM and iasp91-like) and a second region under the entire Gulf of Alaska that produces large ScP reflections with
amplitudes of up to 30 times larger than calculated with average Earth models. The large amplitudes suggest a
combination of focusing by CMB topography, high shear wavespeeds at the bottom of the mantle, and low attenuation
(high Q) along the ScP path; high shear wavespeeds and low attenuation are opposite from what would be expected
from a shear wave ULVZ. A ULVZ in compressional wavespeeds (ultra-low V7;) has previously been observed in this
region; however, in addition to the large amplitudes, the short-period ScP waveforms show no complexity that can be
related to a ULVZ. Thus, either there is not a ULVZ under the Gulf of Alaska or, if it does exist, it is restricted to
compressional wavespeed changes, precluding interpretation as partial melt but rather suggesting a chemical
origin. © 2000 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The core-mantle boundary (CMB), where the
solid mantle silicates meet the molten iron core,
is a thermal boundary where wavespeeds and elec-
trical properties are discontinuous [1]. At this
boundary anomalous seismic observations suggest

* Corresponding author. E-mail: castle@mit.edu

the existence of thin, regional ultra-low-velocity
zones (ULVZs) (e.g. [2,3]) which may contain par-
tial melt [4,5]. The implications of a partially mol-
ten zone are large: for example, it may be related
to the origin of hotspots and may influence the
direction of magnetic reversal paths (see [2,3] for
comprehensive reviews).

Enigmatically, there is no evidence for the exis-
tence of the large drop in shear wavespeeds that
would accompany a ULVZ with partial melt. This
may be due partially to the limitations of earth-
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quake/receiver distribution. Two regions that can
be investigated for shear and compressional wave
ULVZs (we introduce the terms ULV;Z and
ULVyZ for a Vs ULVZ and a V,, ULVZ, respec-
tively) are beneath the Gulf of Alaska in the
northwest Pacific and beneath northern Central
American. In these regions, compressional wave
studies find that the CMB beneath northern Cen-
tral America appears devoid of ULV,Zs [2] while
a ULV,Z exists beneath the Gulf of Alaska [6].

The core reflected ScP phase (Fig. 1) can be
used to search for ULVZ structure because the
changes in shear wavespeed expected at a partial
melt ULVZ would create observable pre- and
post-cursors to ScP [7]. Previously, ScP wave-
forms from two earthquakes show that one point
at the CMB beneath the Gulf of Alaska near
205°E and 55°N is ‘sharp’ and without structure
[8]. However, extending this work globally is dif-
ficult as ScP is most often a small amplitude
phase buried in the noise, thus limiting ScP wave-
form studies.

In this study, we expand on the Vidale and
Benz (1992) [8] study by collecting and stacking
data from many earthquakes recorded at a dense
seismic network. Similar to their study, we model
ScP and P waveform complexities. Extending be-
yond their work, the inclusion of more earth-
quakes allows us to investigate larger regions. Ad-
ditionally, we observe and attempt to explain
large variations of ScP amplitude. Finally, we in-
terpret our results in the context of possible
ULVZ structures. We find that the ScP ampli-
tudes from Central American earthquakes are
comparable to predicted amplitudes while ScP
amplitudes from Alaskan earthquakes are much
larger than expected compared to synthetics, op-
posite from what is expected from a ULVZ. Fur-
thermore, the large ScP amplitudes facilitate
waveform analysis which we exploit to investigate
whether the kind of waveform complexities that
would be produced by an ULV,Z can be detected
in the data.

2. Seismic data and absolute ScP amplitudes

The Pacific northwest seismic network (PNSN)
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Fig. 1. (A) The P, PcS, and ScP waves from an earthquake
at 200 km depth and a station at 30° distance. (B) The S-to-
P conversion and reflection coefficient versus distance. The
middle dashed line shows the iasp91 model. The upper/lower
dashed line is for AV, =+/—10% at the CMB with an iasp91
Vs contrast. The solid/dotted lines are for AVg=+/—30%,
with the upper/lower line in each group a 10% V), increase/
decrease.

in Washington and Oregon is a large aperture,
triggered, short-period, vertical component seis-
mic network that routinely records local seismic
activity in the western United States. PNSN also
records teleseismic events when amplitudes are
large enough to ‘trigger’ the network. The trigger-
ing mechanism activates when several seismic sta-
tions measure large amplitudes at similar times
and the length of the time window saved is pro-
portional to the amplitude of the triggering signal.
These data are made publicly available at the In-
corporated Research Institutions for Seismology
Data Management Center (IRIS DMC). The
ScP phase arrives roughly 7 min after the P
wave and usually has an amplitude <10% of
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the P amplitude that does not trigger the net-
work; therefore ScP is usually recorded only if
the recorded P window is long enough.

We searched for ScP arrivals from earthquakes
at depths greater than 100 km, with magnitudes
larger than my, 5.6, and at distances less than 50
from PNSN. From shallower earthquakes ScP
must travel through the highly shear wave attenu-
ating region directly below the crust. At greater
distances the incident S angle at the CMB is over-
critical for S-to-P conversion/reflections (Fig. 1).
For ScP to be recorded at PNSN, these require-
ments limit earthquakes to regions beneath Cen-
tral America and Alaska. Note that PcS arrives
after ScP from deep earthquakes; additionally,
the vertical component instruments further reduce
any possibility of interference from PcS.

Unfortunately, most PNSN recordings of Cen-
tral American earthquakes do not include the ScP
time window (Table 1). Only for earthquakes 17
and 18 was the ScP time window saved (Fig. 2).
The radiation patterns for these events suggest
that ScP is not nodal (Table 1, ScP/P amplitude,
synthetic), however, while the P wave signal-to-
noise ratio for both events is clearly large, ScP
is not visible in either recording. We also analyzed
broadband records of a Central American earth-
quake recorded at the terrascope and northern
California seismic networks. While these networks
are much sparser than the short-period networks,
they do record continuously. Nevertheless, these
broadband records show no signs of ScP.

These observations contrast sharply to PNSN
recordings of earthquakes occurring beneath
Alaska and the Aleutian Islands. For all but
two (events 3 and 10) of the earthquakes for
which the P wave was recorded, the ScP phase
was also large enough to trigger the network, even
if the intermediate PcP time window was not
saved. The ScP amplitudes from these earth-
quakes are comparable to P amplitudes. Fig. 2
shows six unfiltered seismograms from three Alas-
kan earthquakes recorded at PNSN. In these raw
data, the ScP phase arrives within one second of
the iasp91 predicted arrival time but the ampli-
tude of ScP is an order of magnitude larger
than expected from synthetic seismograms incor-
porating focal mechanisms. We also investigated

Central American earthquakes
A p PcP no ScP

B. p no PcP no ScP

Alaskan earthquakes

C. p ScP
38° PcP not saved
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Fig. 2. A subset of unfiltered short-period vertical component
seismograms from events 17 (A) and 18 (B), where no ScP is
seen, and events 1 (C), 4 (D), and 6 (E), where ScP is seen.
All traces are normalized to the P amplitude.

two Alaskan earthquakes recorded at the Califor-
nia broadband networks. These broadband data
show similarly large ScP amplitudes.

Fig. 3 maps the region we have investigated.
Yellow diamonds and red circles mark the ScP
reflection points: red circles indicate that ScP
was saved while yellow diamonds indicate that
ScP was not saved by PNSN. No systematic de-
pendence of ScP amplitude on earthquake mag-
nitude or distance can be identified in the data.
However, we note the markedly large amplitudes
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of ScP from Alaskan earthquakes: these absolute
amplitudes are consistently large enough to trig-
ger the PNSN network.

3. Data analysis and ScP modeling

In order to model the amplitudes of the ScP
phase relative to the P wave, we created complete
2 s period direct solution method (DSM) synthetic
seismograms [9] using the iasp91l velocity model
[10], the PREM attenuation model [11], and the
USGS radiation patterns [12]. We employ the
iasp91 velocity model to calculate travel times as
it is most frequently used for 1 Hz body waves;
however, using the PREM velocity model would
change the ScP-P differential travel time by a
negligible 0.01 s. Table 1 (ScP/P synthetic ampli-
tude) lists the relative ScP/P amplitudes in the
synthetic data, computed by taking the median
ratio of the ScP peak absolute amplitude to the
P peak absolute amplitude in each synthetic seis-
mogram. The Central American and Alaskan syn-
thetic amplitudes are equally large, suggesting
that radiation patterns cannot explain the differ-
ences in observed amplitudes. Note that the dou-
ble-couple radiation patterns suggest that nodal
lines, directions at which no energy is emitted
from the earthquake, pass through PNSN for
four events (Table 1). While the use of the com-
plete moment tensor and non-ray synthetics par-
tially mitigate this complexity, relative amplitudes
for events 3, 4, 8, and 13 should therefore be
viewed somewhat tenuously.

Insofar that we have only three measurements,
that the synthetic reproduce the three measured
Central American ScP/P amplitudes fairly well
(in comparison to the Alaskan observations) sug-
gests that the PREM attenuation model and the
iasp91 velocity model provide a reasonable de-
scription of the Earth beneath Central American.
However, for Alaskan earthquakes the synthetic
ScP signals are roughly one order of magnitude
smaller than the observed ScP amplitudes: these
models poorly describe the Earth under the Gulf
of Alaska. These large ScP amplitudes could be
due to several mechanisms: topography on the
CMB to focus ScP, an increase in the S-to-P con-

version/reflection coefficient at the CMB, less at-
tenuation of ScP, and more attenuation of the P.

Kirchoff synthetic calculations of 1 s period
PcP amplitudes reflecting of off a CMB with si-
nusoidal topography similar to an ‘egg-crate’ yield
two observations [13]: small-scale topography at
horizontal length scales less than 50 km decreases
PcP amplitudes for all take-off angles and large-
scale topography alternately focuses and defo-
cuses energy reflecting at the topographic lows
and highs, respectively. In the latter case, the
peak amplitude enhancement is ~50% and oc-
curs when the topography length scale equals
the Fresnel zone, with radius ~200 km for 2 s
period ScP (Fig. 3). The maximum focusing of
ScP occurs when the CMB topography coincides
with the ScP isochron shape, which is approxi-
mately the shape of an elongated ‘bowl’ with ver-
tical topography of ~ 1.4 km over a span of 100
km horizontally.

If one large bowl-shaped depression focused
energy for all of the Alaskan events, it would
span over 20° horizontally and thus, to remain
roughly bowl-shaped, include an unreasonable
amount (over 30 km) of CMB topography. More-
over, while four Alaskan earthquakes with little
or no ScP signal (events 3, 9, 10, and 11) suggest
some small-scale topography, the overall large
amplitudes argue against a dominant ‘egg-crate’
variation of the CMB depth but instead suggest
an east/west oriented trough-like CMB depres-
sion. In any case, the analysis of PcP amplitudes
[13] suggests that topography can only increase
PcP or ScP amplitudes by up to 50% and not
by the order of magnitude inferred from the data.

The S-to-P conversion/reflection coefficient de-
pends on the velocity and density contrasts across
the boundary between the solid mantle and liquid
outer core. The mantle density and outer core
compressional wavespeed (V,,) and density have
a minor effect on the coefficient: increasing core
density or velocity would slightly decrease the co-
efficient and increasing mantle density would
slightly increase the coefficient. Increasing either
Vp or Vs at the base of the mantle increases the
coefficient; decreasing either V, or V; decreases
the coefficient (Fig. 1). Most of the Alaskan earth-
quakes occurred near 26°. At these distances a
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Fig. 3. Map of earthquake locations (crosses), mean station locations (triangles), and ScP reflection points (yellow diamonds and
red circles). Yellow diamonds indicate that the ScP time window was not saved while red circles show recorded ScP phases.
Circle sizes are proportional to the observed ScP versus P amplitude ratio relative to the synthetic ratio. The star marks the
Bowie seamount and the magenta square marks the ScP reflection point of Vidale and Benz (1992) [8] (square size is not propor-
tional to amplitude). Black lines mark the bottoming location and orientation of the P waves; long thin black line shows the
cross-section path for Fig. 4; the thick gray line marks the Pgr path of SP4KS across the CMB [6]. Lower left: the blue circle
shows the Fresnel zone for the ScP travel time at a frequency of 0.5 Hz; black crosses schematically mark the ScP reflection
points for one earthquake recorded at PNSN, and the red circles show the ScP/P scale.

30% increase in mantle ¥V increases the coefficient
by ~25%. Conversely, a 30% decrease in Vs de-
creases the coefficient by ~40%, regardless of the
V', change. Indeed, most tomographic models of
the lower mantle suggest fast V5 and moderate to
slow V,, wavespeeds beneath the Gulf of Alaska
(e.g. [14,15]); however the increases in V; wave-
speed are of order 2-3%, suggesting only minor
increases in the S-to-P conversion/reflection coef-
ficient.

Varying the attenuation along the ScP and P
paths can account for some of the large ampli-
tudes. In the PREM model, the quality factor
O, attenuation™!, starts at 600 in the crust, drops
to 80 beneath the crust, and increases to 143 and

312 in the upper and lower mantles. Setting Qs to
either 312 or 600 throughout the entire mantle
results in ScP amplitude increases of 50% and
300%, respectively. While low attenuation with
Q5 =600 or higher is plausible at 1 Hz frequencies
in the lower mantle [16,17], Qs values above 600
are likely too large for the upper mantle, espe-
cially considering that long-period maps of upper
mantle attenuation show higher than average at-
tenuation in the upper mantle beneath both Mex-
ico and the Gulf of Alaska [18,19].

Higher attenuation of the P wave would result
in smaller P amplitudes and thus larger ScP/P
amplitudes. The P waves bottom beneath the
Bowie seamount (Fig. 3, blue star). Slow velocities
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Fig. 4. The ScP wave and P wave for event 4 superimposed on the S wavespeed model of [21], left of 7.5°, and the P wavespeed
model of [14]. Amplitudes greater than 1% are cropped. Travel time calculations through these models predict a 0.4 s late P and
a 0.7 s early ScP for a —1.1 s residual. This compares favorably to the observed residual of —1.5 s.

below the transition zone suggest localized pond-
ing of hot plume material near the seamount [20],
which would increase P attenuation. Examina-
tions of cross-sections through Vs [21] and V)
[14] mantle topography models show that most
of the ScP phases travel through faster material
while the P paths lie dominantly in slower mate-
rial (Fig. 4). Indeed, the average differential ScP—
P residual is —1.5 s, with early ScP arrivals and
late P arrivals. Thus it is likely that some of the
large ScP/P amplitude ratios, but not large abso-
lute ScP amplitude, is due to small amplitude P
waves.

It is unlikely that any of the factors discussed
can by themselves increase the ScP amplitude an
order of magnitude over the expected value. In-
stead we suggest that a combination of focusing
from CMB topography, a larger S-to-P conver-
sion/reflection coefficient due to fast V, wave-
speeds at the base of the mantle, high attenuation
along the P path, and low attenuation along the

ScP path can together create the anomalous ScP
amplitudes.

4. ULV,Z but not ULV Z beneath the Gulf of
Alaska

Tectonically, the Kula Plate has subducted be-
neath Alaska, suggesting that paleoslab material
in the lower mantle may be responsible for the
above mentioned scenario. However, although
the amplitudes and lateral extent of the wave-
speed variations are not well constrained by the
data used, travel time tomography has revealed
slower than average compressional wavespeeds
in a large region at the base of the mantle beneath
Alaska (e.g. [14,22,23]). Conversely, tomography
has imaged faster than average S wave propaga-
tion in the same region (e.g. [15,21]). Indeed, joint
tomographic inversions of bulk and shear wave-
speeds show very anomalous (d In Ve/d In V5)
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ratios in this region, which suggest compositional
variations [23,24].

Observations of anomalous SP4KS phases [6],
PcP precursors [25], and PKP precursors [26,27]
suggest a thin layer of ultra-low V}, (AV, = —10%)
directly above the CMB with thickness up to 40
km. One interpretation of this dramatic drop in
V, is that ULVZs are regions of partial melt.
Partial melt further implies a 3:1 V; to V, drop
(i.e. AVy=-30% for AV,=—10%) [4,5]. Large
trade-offs exist between layer thickness and veloc-
ity and density changes [28] and range from
AVs=0% (no ULVZ and no partial melt) to
AVs=—50% under Iceland [29]. One model of a
partial melt zone at the base of the mantle that
fits the data is 15-20 km thick and contains a
—10% AV,, —30% AV, and a 20% density (p)
increase [28].

While seemingly the most obvious, the large
Vs drop has not been observed anywhere.
ScP signals should be an excellent probe as a
ULV Z would produce two ScP precursors from
S-to-P conversions at the topside of the ULV, Z
(SuwvzP(up) and Syy,PcP) and one coda phase
from S-to-P conversions at the underside of the
ULV,Z (ScSun:P) [7]. Previous investigations
have been hampered by small ScP amplitudes;
two successful studies have found either a weak
signal possibly originating at an UlV,Z under the
southwestern Pacific [7] and a large ScP signal
indicating no partial melt at one point northwest
in the Gulf of Alaska [8] (Fig. 3).

Single SP3KS raypaths showing a ULV,Z can
be modeled with an ULV,Z above the CMB ei-
ther beneath the source or beneath the receiver.
For example, an SP4KS raypath from a Indone-
sian earthquake recorded in North America
shows signs of a ULV,Z. This could be due to
a ULVZ beneath either the northern Java Sea or
the Gulf of Alaska. However, the analysis of mul-
tiple SP4KS raypaths with similar source side
paths (within 10-100 km) showing no signs of a
ULV,Z suggests that the ULV, Z exists under the
Gulf of Alaska (thick gray line, Fig. 3) [2,6]. Thus
the Alaskan ScP data recorded at PNSN, which
reflect at points ranging across the entire Gulf of
Alaska, provide good coverage to probe for the
ULVZ and any partial melt ULV Z.

P (data)
#3 A;\\p/\/\/—'“ ScP (data)
V_/\ /\/;_' ScP (ulvz syn.)

4 2 0 2 4
Time (sec)

Fig. 5. Stacked data from nine earthquakes. In each group:
top, the stack of the observed P wave; middle, the stack of
the observed ScP; and bottom, the stacked WKBJ ULVZ
ScP synthetics. Each individual WKBJ synthetic is convolved
with the source time function (the stacked P wave) before
stacking. In the ULVZ synthetics, AV, =—30% and the am-
plitude of the ScP post-cursor is directly proportional to
AV;. Synthetic ScP waveforms in an earth without a ULVZ
would look like the P waveform.

To compare P and ScP waveforms we band-
pass filter the data at 1-4 s periods, align on P
(for P stacks) or ScP phase (for ScP stacks), and
stack the data using phase-weighting stacking
[30]. At lower frequencies, the arrivals are even
more coherent than presented here while at higher
frequencies, it becomes increasingly difficult to
align the data due to varying near-receiver crustal
reverberations. The P wave from closer events
could be ‘contaminated’ by triplicated phases
turning just below the transition zone. However,
similar to previous work in this region (T. Mel-
bourne, personal communication), we see very
few signs of triplicated phases along these paths.
Fig. 5 shows the stacked P waves and ScP waves
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for the Alaskan earthquakes, except for events 3
and 10 (no data) and 5 and 8 (emergent P waves
that we could not align). The P and ScP wave-
forms are strikingly similar, suggesting a simple
CMB without a ULVZ.

Furthermore, Fig. 5 shows comparisons be-
tween the observed data and WKBIJ synthetic
seismograms [31] calculated with a 15 km thick
ULVZ with AV, =—10%, AVs=—30%, and Ap=
+20%. The Sy, and ScSyy, P amplitudes depend
almost entirely on AV at the top of the ULVZ
while the Sy, P(up) amplitude depends on both
AVs and Ap. Note, however, that the precursors
are almost not visible in the ULVZ synthetics and
thus we have no sensitivity to density changes.
Events 6 and 7 show some signs of a precursor
but neither precursor is present in the ULVZ syn-
thetics; these precursors would actually be better
modeled by an ultra-high Vs zone (UHVZ). Dis-
crepancies between the observed ScP and ULVZ
synthetic ScP waveforms are most acute in the
ScP codas, where the synthetics show a large ar-
rival where none is present in the data. The am-
plitude of this post-cursor S¢Sy, P is linearly pro-
portional to AV, such that a ULVZ with only a
10% Vs drop will be one third as large. However,
none of the observed ScP waveforms appear to
have this post-cursor. Instead all are more similar
to the P waveforms than to the ULVZ synthetic
waveforms, strongly suggesting that the CMB
under the entire Gulf of Alaska is sharp and sim-
ple, confirming Vidale and Benz’s (1992) localized
study [8].

At layer thicknesses less than 5 km the syn-
thetic ULVZ ScP waveforms are almost identical
to the P waveforms, precluding any conclusions
about thin layers based on waveform compari-
sons. However, regardless of thickness, a ULVZ
composed of partial melt would decrease Vs and
increase attenuation that would both cause small-
er ScP amplitudes, in stark contrast to the large
observed amplitudes.

5. Conclusion

How can we reconcile the SP4KS and ScP ob-
servations? Possibly the simplest explanation is

that no ULVZ exists under the Gulf of Alaska.
As the PcP waveforms we observed are generally
not visible at frequencies below 1 Hz, we did
not attempt to stack them. Other PcP observa-
tions to the west of the Gulf of Alaska suggest
either no ULVZ [8] or possibly an 11 km thick
ULVZ just south of the Aleutian Islands [5].
No ULVZ under the Gulf of Alaska would re-
quire an ULV,Z on the source side of the
SP4KS (Java Sea) rather than on the receiver
side (Gulf of Alaska). As other SPy4KS paths
within 100 km show no signs of ULVZ, this
would require small-scale ULVZ structures on
the order of 10-100 km. However, three-dimen-
sional synthetics [29] show that structures with
horizontal extents <100 km produce no discern-
ible effects on long-period waveforms such as
SP4KS.

If the SP4KS observation is robust and a
ULVZ exists below the Gulf of Alaska, one con-
clusion is that the ULVZ is an extremely localized
3-D structure [27] and the two data types sample
different regions. However, while the long-period
SP4KS observations require a finite sized
ULVZ >100 km in horizontal extent, none of
the ScP waveforms appear ‘ULVZ-like’ even
though the ScP reflections considered here span
the entire Gulf of Alaska region.

A second possibility is that the ULVZ is much
thicker and has a diffuse top-boundary. However,
while tomography models will overlook small-
scale structures, neither V}, tomography models
[14] nor Pgir studies [22] image anything greater
than a 1-2% slow anomaly near the CMB under
the Gulf of Alaska. Thus, if this is the case, we
can use the resolution of the tomography models
to limit the largest possible ULVZ thickness. Ad-
ditionally, while the diffuse top-boundary would
explain the lack of ScP waveform complications,
it would create smaller ScP amplitudes, opposite
of what we observe.

Possibly the SP4KS data image only an ex-
tremely thin layer less than 5 km thick that would
not be imaged by the ScP signal. The SP4KS data
do allow extremely thin layers; however, the
trade-offs between thickness and density require
even more drastic velocity drops [28] that would
make the large ScP amplitudes even more difficult
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to explain. Additionally, the Fréchet sensitivity
kernels (the region to which a waveform is most
sensitive) of long-period Pgir wWaves propagating
over the CMB are over 100 km thick [32], suggest-
ing that extremely thin layers will not contribute
substantially to the observed long-period SPy3KS
waveform.

One obvious but somewhat contradictory con-
clusion is that ULVZs neither have a sharp Vi
change nor are partial melt but are only ultra-
low compressional velocity zones (ULV,Z). If
this is the case, we would need to find a chemical
heterogeneity that decreases x(}},) but not u(Vs).
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