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Abstract

Short-periodPcP phases from earthquakes in the western Aleutians recorded at the Canadian Yellowknife array (YKA)
sample the core-mantle boundary (CMB) beneath the Alaskan Kenai peninsula and the Cook irffeR-tdvé amplitude
ratios for these events show large variability with some amplitude ratios more than an order of magnitude larger than predicted
by radial Earth models such as IASP91 or PREM. The amplitude ratios vary lateralljaittore-mantle boundary reflection
points showing a-1° region with exceptionally large amplitude ratios. Itis likely that the variability in reld®sieamplitudes
is due in large part to CMB topography. Other mechanisms, such as radiation pattern; mantle attenuation; focusing and
defocusing; and core-mantle boundary velocity and density perturbations could cause variations on scale-lengths of less than
a degree as found in this study, but are unable to produce variations as large as those we observe.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 200Q for a recent review). In recent years, strong het-
erogeneities in the lowermost mantle covering a wide
It has long been known that the core-mantle bound- scale-length range were discovered. ™g0 km zone
ary (CMB) is a complicated compositional boundary surrounding the CMB is recognized as perhaps as
within the Earth(Gutenberg, 1913pnd character-  heterogeneous and dynamic as the crust Gaaero,
ized by strong lateral variations in physical properties 2000 for a review). The mantle-side structures atop
and composition that extend upwards so®®00 km the CMB are manifold, with scale-lengths from sev-
into the mantle (B, (Bullen, 1949) (see Garnero, eral thousands of kilometer@&Garnero et al., 1998)
to tens of kilometergRost and Revenaugh, 2003)
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Core reflected phases likecP and ScP provide
direct localized pictures of the structures at the CMB
and are well suited to resolving locally layered struc-
tures (Vidale and Benz, 1992; Garnero and Vidale,
1999) PcP is widely used to set constraints on the
depth of the CMB (e.gJeffreys, 1939; Buchbinder
and Poupinet, 1973; Engdahl and Johnson, 18nd
the radial changes of velocities and density across
the CMB (e.g.Kanamori, 1967a However, unex-
plained and substantial variations of the amplitude of
short-periodPcP preclude clear results and models
of the CMB from PcP amplitudes normally include
complicated transition zones from mantle to core
(Buchbinder, 1965; Ibrahim, 1971a,b; Dubroviskiy
and Pan’kov, 1972; Chowdury and Frasier, 1973;
Buchbinder and Poupinet, 1973; Frasier and
Chowdury, 1974; Schlittenhardt, 1986yhereas the
CMB is described to be sharp and flat in radial Earth
models like PREMDziewonski and Anderson, 1981)
and IASP91 (Kennett and Engdahl, 1991)Some
of these results are probably related to ULVZ, but
even ULVZ cannot explain the range of amplitude
variability (e.g.Castle and van der Hilst, 20p0

Some regions, in fact, show amplitudes that are as
much as or more than an order of magnitude larger
than predicted by radial Earth modd[Eibuleac and
Herrin, 1999; Castle and van der Hilst, 2000; Rost and
Revenaugh, 2001)

We study P and PcP for earthquakes from the
Aleutian subduction zone recorded at the Canadian
Yellowknife array (YKA) (Manchee and Somers,
1966) sampling a region of the north-east Pacific
nearby areas where previous studies find evidence
for partial melt at the CMB(Revenaugh and Meyer,
1997) ULVZ for P-waves(Garnero and Helmberger,
1996) but not for S-waves (Castle and van der
Hilst, 2000)and evidence for a sharp and flat CMB
(Vidale and Benz, 1992; Persh et al., 200Ihese
studies suggest that this region of the CMB is com-
plicated and will most likely show strong lateral
variations.

Examining a region to the north-east of these stud-
ies, we observecP-to-P amplitude ratios with an am-
plification of more than an order of magnitude over
theoretical ratios for radial Earth models like IASP91
(Kennett and Engdahl, 1990y PREM (Dziewonski
and Anderson, 198Hjfter correcting for source mech-
anism.
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We discuss parameters other than structure at the
CMB that affect the amplitude ratios and discuss dif-
ferent models of the CMB that might be able to in-
crease the amplitude ratios over 8200 km observed
scale lengths.

2. Method

We compare both raw and source-corrected am-
plitudes of PcP to direct P (Fig. 1) giving us a
measure of theP-wave reflection coefficient at the
core-mantle boundary biased by propagation effects
for both phases. UsingPcP/P) relative amplitudes
minimizes crustal effect{Buchbinder, 1965)and
eliminates the need for precise station gains, abso-
lute moment information, etc. The same method was
used previously to estimate the velocities and density
around the CMB(Buchbinder, 1965; Dubroviskiy
and Pan’kov, 1972; Chowdury and Frasier, 1973;
Frasier and Chowdury, 1974WWe use array data to
increase the signal-to-noise ratio of small amplitude
PcP phases and to determine the azimuthal direc-
tion of the incoming wave and its apparent velocity
(slowness). Stacking of array records and using array
averaged amplitude ratios from individual events also
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Fig. 1. Sketch ofP and PcP raypaths. The epicentral distance
between source and receiver for this study is between 20 ahd 40
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decreases the influence of structures beneath the in-3. Data
dividual receivers. Due to the small size of the array,
the take-off angles to the individual stations differ We use recordings of the Canadian Yellowknife ar-
insignificantly and we interpret the mean array am- ray located in the northwestern territories. YKA is a
plitudes for individual events rather than single-trace small-aperture, short-period array of the United King-
ratios. Large amplitude variations between closely dom Atomic Energy Administration typ@anchee
spaced array stations have been described beforeand Somers, 1966 onsisting of 18 vertical stations
(e.g. Tibuleac et al.,, 2008and can also be found with a dominant frequency of about 1Hz deployed
at YKA. Using averaged amplitude ratios reduces along two perpendicular branches eae?0 km long.
this problem. Nonetheless, the standard deviation Central Aleutian events from September 1989 to
of our averaged amplitude ratios is small, indicat- January 2002 recorded at YKA offer a unique op-
ing small variation of the amplitudes at individual portunity to probe the CMB beneath Alaskad. 2).
stations. From the YKA database we selected events with mag-
We measure peak-to-peak amplitudes in individual nitudes larger than 5 with a range of depths from 0
traces and compute the mean amplitude for the arrayto 275 km. We use thEngdahl et al. (1998yvent re-
from these individual values. We select events with a locations where available. For the most recent events,
clearly identifiablePcP onset in the array recordings for which the Engdahl et al. (1998jelocations are
to avoid measuring average noise amplitudes in the unavailable, the source location information was ob-
PcP time window. tained from the National Earthquake Information cen-
Due to the short epicentral distance sampled here ter. Selected earthquakes span longitudes froniE70
(20-40), the ray-paths oPcP and the directP-wave to 150W. The final dataset consists 6260 events
differ substantially except very close to the source with PcP identifiable inindividual traces. The distance
and the arrayPcP travels through the attenuating up- range extends from20 to~ 40° with backazimuths
per mantle near vertically, whereds bottoming at 6 from YKA of 267-306. Most events are shallow
670-1000 km depth, spends a better part of its trav- with depths less than 50 km, but some events (22%) are
eltime in the uppermost mantl®cP, on the other deeper. Due to the high seismic activity of the Aleu-
hand, travels a long path through the heterogeneoustian arc and the bow-shaped form of the seismicity, the
and perhaps strongly attenuating i2gion of the low- PcP CMB reflection points form a compact and dense
ermost mantlé¢Fisher et al., 2003We take these dif-  corridor beneath the Alaskan Kenai peninsula and the
ferences into account when interpreting the amplitude Cook inlet (seeFig. 2l). The proximity of the indi-
ratios. vidual reflection points and use of high quality array
The take-off angles of and PcP differ by about data enables us to study the CMB in great detail.
20° for the distance range studied here. Therefore, In the 20-40 distance rangeRcP arrives 4 1/2 to
the source excitations of the phases will differ, poten- 2 min afterP and outside the main body of tiRecoda,
tially quite substantially, so we correct raw observed which makes the identification &fcP easy, especially
(PcP/P) amplitude ratio using the full centroid mo- in array beam traces. The amplitudeRaP is usually
ment tensor (CMT) solutions (e.®ziewonski et al., <20% of theP amplitude.Fig. 3ashows an example
1981). The radiation patterns for all events indicate of much larger relativd>cP amplitude (upper traces).
that neithePcP nor P is within 15 of a nodal plane, = The lower traces ofig. 3ashow synthetic seismo-
but we acknowledge that the long-period CMT solu- grams calculated using the reflectivity mettibtiiller,
tions are not optimal for our short-period observations. 1985; Kind, 1985)ncluding the Harvard CMT solu-
We conducted sensitivity tests by calculating synthetic tion for this event, the IASP91 velocity mod&ennett
seismograms while varying parameters of the CMT and Engdahl, 1991and the PREMDziewonski and
double-couple solution. These tests show that reason-Anderson, 1981 attenuation structure below 50 km.
able variation of the double-couple axes (strike, dip We employ a reflectivity algorithm that uses differ-
and slip) can account for @cP/P) amplitude ratio ent source and receiver structure down to depths of
change of less than 20% if neither phase is close to a 50—100 km(Kind, 1985)to account for the subduction
nodal plane. related source region and the continental setting of



22 S Rost, J. Revenaugh/ Physics of the Earth and Planetary Interiors 145 (2004) 19-36

60°

55°

50°

45°

CO— — — —
160 170° 180° 190° 200° 210° 220° 230° 240°

(a)
0 25 50 75 100 125 150 175 200 225 250 275 300
Depth [km]
62°
60°
(b) 207° 210° 213°

Fig. 2. (a) Map of event locations. We study central and eastern Aleutian events (circles) recorded at the small-aperture, short-period,
vertical Yellowknife array (YKA) in northern Canada (triangle). Lines mark three examples for paths from source to receiver. Most of the
events studied are shallow, but a few sources (22%) are located at depths of up to 300 km. (b) Ré¢Bpreflection points (circles) at

the CMB, located beneath the Alaskan Kenai peninsula and the Cook inlet.

YKA. The reflectivity algorithm used here was tested (Q-model to account for the higher attenuation in the
against other codes that do not have the possibility to source region. All traces are aligned and normalized
include different source and receiver structure. These to the P-maximum. The differences between the syn-
test show that the amplitudes BfandPcP are correct thetic traces and the data are striking. The first arrival
in the method used here. We use the IASP91 velocity and the depth phag# are reasonably well fit (theP

model and the PREM density structure, but change the arrival is underestimated due to the ambiguity between
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source and receiver side structure for mid-path re-

flected phases in the numerical code ug&ihd,
1985) which allows us to model structural differences
on the source and receiver side), but B ampli-
tude in the synthetics is about 23% Bfamplitude,
whereas in data the ratio 18162%.Fig. 3bdisplays
a different event, where the theoreti&aP amplitude

S Rost, J. Revenaugh/ Physics of the Earth and Planetary Interiors 145 (2004) 19-36

CMB (Lay and Helmberger, 1983; Young and Lay,
1990)

5. PcP-to-P amplitude ratios

All measuredPcP-to-P amplitude ratios are shown

is ~4% of P, but data is 154%. These examples show in Fig. 4 Fig. 4a shows the raw amplitude ratios

that some events in this region sh@&®eP amplitudes

(mean peak-to-peak array amplitude ratios for individ-

that are more than an order of magnitude larger than ual events) displayed at tiReP CMB reflection point.

predicted by one-dimensional (1D) Earth models.

4. Previous CMB studies beneath the
north-west Pacific

Although the exact location of these CMB bounce

points has not been probed for small-scale CMB struc-

For 259 events we were able to ident®PgP in the
array recordings (nearly a magnitude more than pre-
vious studies, e.g-rasier and Chowdury, 19Y4vith

PcP reflection points in an area of ontyl(® by 0.5.
Selection of cleaPcP recordings introduces a slight
bias towards largelPcP amplitudes, but avoids nodal
arrivals that would be open to large amplitude uncer-
tainties in synthetic calculations. All events also show

ture before, a couple of studies have focussed on thestrong P arrivals that are well above the noise level,

CMB structure south-west of our study regidfidale
and Benz (19923tudied the CMB using botAcP and

P phases from two Aleutian earthquakes recorded

at stations in the Pacific north-west (US). They found
the CMB to be flat and sharp, i.e. IASP91 like. A sim-

which avoid unreasonabld>cP/P) amplitude ratios
due to small or nodaP amplitudes.

The reflection points in the east and the west of
the study area generally show amplitude ratios of less
than 0.3 and are therefore only slightly larger than

ilar conclusion from a larger dataset was reached by values predicted for IASP9PcP-to-P amplitude ra-

Persh et al. (2001With an even larger datas€astle
and van der Hilst (20003tudied the same region to
detect ultra-low shear velocities usiSgpP after the de-
tection of ULVZ for P-waves in this regiorfGarnero
and Helmberger, 1996 hey also conclude that the
CMB in this area is best modeled by an IASP91-like
CMB for S-waves. Nonetheles§astle and van der
Hilst (2000) noticed unusually larg&P-to-P ampli-
tude ratios, similar to those we observe foP, but

tios slightly larger than predicted by 1D Earth models
are common in previous amplitude ratio studies (e.qg.
Frasier and Chowdury, 19¥74n contrast, most events
beneath the Cook inlet and the northwestern Kenai
peninsula show much larger amplitude ratios—up to
and often exceeding an order of a magnitude larger
than predicted by IASP91 (see insertskaf. 4 for a
clearer picture of the high amplitude ratio region).
Fig. 4bshows source normalized amplitude ratios.

they reached no conclusions about the source of theseWe calculate the theoretical radiation BEP and P

large amplitudes.

In agreement with this earlier study we detected
some unusual larg&P amplitudes in out dataset.
Nonetheless, thécP-to-P amplitude ratios do not
show values comparable RzP-to- P nor do they show
the small-scale variation we observe fBcP-to-P.
Due to the different raypath§cP samples a different
region of the CMB than thé&cP waves used in this

waves for each event using existing CMT solutions
(e.g.Dziewonski et al., 1981 The full moment ten-
sor is used to calculate the correction factors. The
correction factors range between 0.14 and-8.(5),

but the vast majority of corrections are between 0.7
and 1.6. CMT solutions are available for 179 of the
259 events, accounting for the lower density of nor-
malized events and biasing the survey towards larger

study. Several shear-wave studies find evidence for events that were well enough recorded at teleseismic
a variety of structures at the base of the mantle in distances to determine a CMT solution. Unfortu-
the general Alaska region. These include shear-wave nately, no source mechanisms from regional distances

anisotropy(Garnero and Lay, 1997and a~2.75%
shear-velocity increase~240-280km above the

for smaller earthquakes are published due to a lack of
stations on the outer Aleutians [D. Christensen, per-
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Fig. 4. (a) Map of the non-normalizelcP-to-P amplitude ratios. The amplitude ratios are plotted atRbe reflection point at the CMB.

Shown is the area beneath the Kenai peninsula and the Cook inlet. A small region shows very large amplitude ratios well above the
expected values. The insert shows those amplitude ratios with values larger than 1.0 to focus on the high-amplitude-ratio region. (b) Same
as (a) but showing normalized amplitude ratios. The amplitude ratios are normalized with the thedretcHPcP amplitudes calculated

from the CMT. More information is given in the text. The pattern in the amplitude ratios changes only slightly, but the high-amplitude
region appears to be more compact than in the non-corrected case.

sonal communication, 2002; N. Ratchkovsh, personal high amplitude ratios, while the east and the west ends
communication, 2002]. The inclusion of the normal- of the study area continue to show small amplitude
ization does not change the broad picturd-aj. 4a ratios.

nonetheless, inclusion of the moment tensor correc- Due to the thin slice of seismicity along the Aleutian
tion factors reduces the scatter of the amplitude ratios subduction zone we cannot observe the extension of
slightly. The region beneath the Cook inlet still shows the high amplitude ratios to the north. Nonetheless, we



26 S Rost, J. Revenaugh/ Physics of the Earth and Planetary Interiors 145 (2004) 19-36

30 M
25+
20

15+

Count [ 1]

10+

1 0 T T ;

0.0 04 0.‘8 112 16 20 24 28 32 36 40 44 48 52 56 60 64 6.8 712 7.‘6 810
Radiation Pattern Correction Factor [ 1 ]

Fig. 5. Histogram of the applied source radiation normalization factor from CMT solutions. Most corrections are between 0.7 and 1.7, but
a few events show very large corrections, an indication that one take-off angle is close to the nodal plane.

seem to capture the southern boundary of the anoma- (4) structure above the CMB, including changes in
lous region, since we observe nearly normal amplitude seismic velocities and density, and topography of
ratios to the south of the bright spot. the CMB;

(5) structure immediately below the CMB.

The large amplitude ratios are not a pure distance
effect as is shown irFig. 6a Most recordings are
at distances between 32 and°3&nd the amplitude
ratio variation for these is large. Since the distances
are so similar, geometric spreading can play only a
minor role. We now discuss the possible contributions
(1) high attenuation along the-path or low attenu- N detail.

ation along thePcP-path;
(2) focusing ofPcP near the source, most likely in  6.1. Intrinsic attenuation
the subducting slab or defocusing & again
most likely by the subducting slab; A strong change irP-wave attenuation of the man-
(3) systematic deviations of high-frequency radi- tle, either an increase of the quality fact@r along
ation for compressional waves from the long- the PcP path or a decrease @ along theP path,
period moment tensors or lower quality estimate can increase théPcP/ P) amplitude ratio. The region
of the moment tensors in the region showing of large ratios is about®lin diameter (although the
high amplitude ratios; northern limit is not clear), i.e. 60—-100 km depending

6. Discussion

A number of different mechanisms could contribute
to the largePcP-to-P amplitude ratios we show in
Fig. 4. Candidates include:
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Fig. 6. (a) Distance dependent plot of amplitude ratios. The amplitude ratios exhibit much scatter and no trend with distance is discernable.
We can exclude a pure distance dependent mechanism as the source of the high amplitude ratBgo(l5) amplitude ratios vs. absolute

P amplitudes (in arbitrary units). The amplitudes were measured in individual seismograms of YKA and then averaged for each event.
The high amplitude ratios are not related solely to snfalimplitudes. This excludes high attenuationRoin the upper mantle as the sole

source of the high amplitude ratios. (c) Absolutetravel time anomaly shown @&cP CMB reflection points. The travel time anomaly

was calculated relative to IASP91 travel times that are widely used for 1 Hz body waves. The region showing the high amplitude ratios
is indicated by the dashed box. The high amplitude region is not marked by anomalous travel times, which is evidehcoésahot

sample high-attenuating and slow material in the upper mantle. (d) Same as RgPfoNo anomaly is visible irPcP that can be related

to focusing ofPcP in the high-velocity slab.

on the depth of the region. It is reasonable to assume tenuation studieRomanowicz, 1995; Bhattacharyya
that if strong attenuation aP, or very weak attenua- et al.,, 1996)and even below the resolution level of
tion of PcP, is the reason for the high amplitude ratios, P-wave tomographic model@Karason and van der
the region affecting the amplitudes is similar in size, Hilst, 1998) Tomographic models might indicate at-
i.e. about 100km on a side. A region of this size is tenuating regions since attenuation is primarily due
well below the resolution level of the tomographic at- to thermal relaxation (e.darato and Spetzler, 1990;
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Karason and van der Hilst, 20Ptvhich is also con-
nected to velocity variations.

Regional tomographic studies of the Pacific slab
beneath AlaskéEngdahl and Gubbins, 1987; Kissling
and Lahr, 1991Jind evidence for a 80—100 km thick
slab with a downdip length of 400km and 4-11%
higher velocity for P than the surrounding mantle.
SincePcP leaves the slab area quickly, in-slab atten-
uation cannot explain the higRcP-to-P amplitude
ratios. To produce the observed amplitude ratios by
strong attenuation af along a 100-km path requires a
Q-factor of <10. This is an extreme value that would
require extensive partial melting at depths where
P and PcP diverge significantly, i.e>50 to 75km
depth. The regional tomographic mod@smgdahl and
Gubbins, 1987; Kissling and Lahr, 19949 not show

evidence for such a region. The alternative requires

very large Q along the entirePcP path 50,000
given a reference value of 1000 for adjoining regions).
Restricting the highD region to a portion of the ray
path increases this value tremendously. A study of at-
tenuation structure from the Aleutian subduction zone
to YKA (Sharrock et al., 1995jinds evidence for
variation of attenuation along strike of the slab, but the

S Rost, J. Revenaugh/ Physics of the Earth and Planetary Interiors 145 (2004) 19-36

grated velocity variations exist in the mantle in this
region.

Lastly, if strong attenuation is the cause, the wave-
forms should reflect the frequency dependence of the
attenuation. We do not observe any notable change in
frequency content between the waveformigy( 7) or
in the spectra of the two phases. Note, that the simi-
larity of these waveforms also indicates tRaP does
not interact with ULVZ at the CMB and that most of
this region of the CMB might be as sharp and simple
as the well studied region a few degrees south-west of
our study(Vidale and Benz, 1992; Castle and van der
Hilst, 2000; Persh et al., 2001 fact, we have only
weak evidence for waveform variation due to ULVZ
and no correlation with the high amplitude ratios can
be made.

6.2. Sab focusing and multipathing

Both focusing ofPcP in a low-velocity layer on
top of the slab or multipathing and scattering®in
the slab influence thBcP-to-P amplitude ratios. Due
to the source-receiver combinatioR,and PcP travel
roughly along strike of the subducting sldfissling

variation is small and extreme values as are necessaryand Lahr (1991yesolve a thin, low-velocity layer on

to explain the amplitude ratio variations cannot be
found.

High attenuation along thé path is made more
unlikely as the high amplitude ratios are not limited to
small P amplitudes aloneHig. 6b. Although several
events show smalP with PcP or small P amplitudes
with large PcP amplitudes, we also observe large
P amplitudes with even largelPcP amplitudes. In

top of the high-velocity slabAVp ~ +5%) with
P-wave velocity reductions 0f10%. The influence

of subduction zones on the wavefield has been studied
before(Weber, 1990; Igel and Ita, 1997; Shapiro et al.,
2000)but it has been found that focusing cannot pro-
duce amplitude variations on the short scale-lengths
found here(lgel and Ita, 1997) More importantly,

the paths for the high amplitude events leave the slab

general, the largest amplitude ratios are observed for faster than events to the east due to the local slab con-

averageP amplitudes paired larg€cP amplitudes.
High attenuation should also be visible in tReravel
times due to the correlation of seismic velocities
and attenuatiorfKarato and Spetzler, 1990but we

do not observe any trends in the absolutevave
travel times Fig. 69 or in the absolutePcP travel
times Fig. 60 that would indicate attenuation re-
lated to high temperature, i.e. slow seismic velocities.
In Fig. 6¢c and dwe show only travel time anoma-
lies for events from 1989 to 1998, since for these
events the high quality event relocationsErigdahl

et al. (1998)exist, which show much smaller travel
time anomalies. In general the travel time anomalies
are relatively small, indicating that only minor inte-

figuration and we expect less influence from the slab
for these western events. Also, if energy focusing in
the fast slab occurs we would expect systematic travel
time anomalies, evidence of which is not visible in
Fig. 6d The fast slab itself acts as an anti-waveguide
defocussing theP-wave. Waveform studies of Aleu-
tian events recorded in central Eurofiengdahl and
Gubbins, 1987; Estabrook et al., 1998) path that
travels perpendicular to the one used here) find strong
P-wave coda energy related to the presence of oceanic
crust in the source region. Nonethelegstabrook

et al. (1997)do not find evidence for variation of
coda energy along the slab, such that the variation in
PcP-to-P amplitudes cannot be explained by scatter-
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Fig. 8. (a) Published Aleutian CMT solutiorfBziewonski et al., 1981; Dziewonski and Woodhouse, 198B)st events are thrust, which

is in good agreement with the tectonic history of this region. The CMT solutions are very similar to the source mechanism determined
using short-period data from the Adak netwdikngdahl, 1971; LaForge and Engdahl, 1979; Engdahl and Billington, 1985; Engdahl and
Kind, 1986) (b) Same as (a) but projected to tReP CMB reflection points.

the amplitude ratios up t620%; a substantial change by radial Earth models. Seismic velocities and den-

but not nearly enough to explain our obervations. sity in the mantle and the core control tlRewave
reflection coefficient at the CMB, with varying influ-
6.4. CMB velocity and density structure ences. For the distance range of interest hBrejave

velocity reductions and density increases amplify the
PcP has been used to study material properties at reflection coefficient, whereas it is decreased by a
the CMB for decades (e.ddana, 1945; Kanamori, S-wave velocity reduction. For reasonable parameter
1967a,b; lbrahim, 1971a,b; Dubroviskiy and Pan’kov, changes associated with ULVZ, the reflection coef-
1972; Frasier and Chowdury, 1974; Buchbinder and ficient varies roughly proportionately (although sign
Poupinet, 1973; Chowdury and Frasier, 1973; varies). A 10% decrease iWp raises the reflection
Buchbinder, 196band large variations d?cP/P am- coefficient~30%. A 10% increase in density lowers
plitude ratios have been found that are not explained it by 10%. Lastly, a 30% decrease Iy lowers the
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coefficient by roughly a factor of 3. The net result

~1km/s, as detected between Tonga-Fiji and Aus-

is a lower reflection coefficient for models assuming tralia (Rost and Revenaugh, 2003)ould reduce the

coupled Vp and Vs reductions as is suggested by
several studies (e.§Villiams and Garnero, 1996; Ni

reflection coefficient by 24% and reduction of the
core density due to, e.g. the conglomeration of “core

and Helmberger, 2001; Revenaugh and Meyer, 1997; sediments”(Braginsky, 1999; Buffett et al., 2000)

Rost and Revenaugh, 2003

would reduce the reflection coefficient further. All in

The existence of a rigid layer at the top of the core all, it appears that the changeR¢P due to ULVZ or

(core-rigidity zone, CRZ) with &-wave velocity of

CRZ is smaller than-50% even for the most extreme
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Fig. 9. (a)PcP-to-P amplitude ratios as function of the slowness deviation from IASP91 values. We measure the slowness by fk-analysis.
The shaded region gives the approximate slowness measurement error of the fk-analysis for YKA. (b) Same as (a) IRd~atdheess
deviation.
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ULVZ and CRZ parameters and is opposite what is possible (e.gChristensen, 1984; Narteau et al., 2001;
needed for more reasonable models, rendering suchSolomatov and Moresi, 2002The influence of CMB
changes of seismic velocities and of density unable topography on the seismic wavefield has been studied
to explain an order-of-magnitude amplification of with physical (Menke, 1986)and synthetic models
PcP. Even if they could, we do not observe the wave- (Kampfmann and Muller, 1989; Neuberg and Wahr,
form complexities these structures must produce (e.g. 1991; Emmerich, 1993; Castle and van der Hilst,
Havens and Revenaugh, 2001; Rost and Revenaugh2000) The studies b)kampfmann and Miiller (1989)

2003. using PcP and Emmerich (1993)using &S can be
applied to our problem since both examine wave-
6.5. CMB topography lengths scalable to the ones used here. They find that

2D “valley and ridge” topography with wavelengths
It is thought that topography on the CMB is respon- of about 100 km, approximately the size of the Fres-
sible for some or much of the amplitude variation of nel zone, introduces strong amplitude variations due
PcP (e.g.Menke, 1988. Geodynamic modeling shows to focusing and defocusing of the wavefield, while
that CMB topography can be supported by small topography on wavelengths smaller than 50 km gener-
convection cells and topography with scale-lengths ates a general reduction of amplitudes without much
from the meter scale to hundreds of kilometers is variation, and longer wavelengths of topography
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Fig. 10. Logarithmic amplitude ratios at location BEP reflection point. The areas with high amplitudes and the highest density of
reflection points is shown as surface to make trends in the data better observable.
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introduce large amplitude variations but on scale-lengthshat both phases travel along great-circle paths, ex-

larger than 10. In any case, the analysis &fcP
and ScS amplitudes(Kampfmann and Miller, 1989;
Emmerich, 1993)suggests that reasonable 2D to-
pography can only increase thHecP and ScS am-
plitudes by a factor of 2-3 and not by the order
of magnitude we infer from our dataCastle and
van der Hilst (2000yeach the same conclusion for
P and considering reflections from a more com-
plicated 3D “egg-crate” like topography. An increase
of the CMB topography amplitude could increase
the amplitude variation slightlKampfmann and
Mdller, 1989) but the maximum topography appears
to be restricted to a few hundred meters in general
(Doornbos, 1980; Vidale and Benz, 1992; Earle and
Shearer, 1997, 19983Ithough smaller areas of greater
relief are permitted, at least from the seismic data.
Due to a lack of suitable 3D, 1 Hz wave propagation
codes, we cannot study the possibility of topography
as the cause of the amplitude variations in great detail.

We measured the slowness and backazimuth of
PcP recorded at YKA.Fig. 9 shows thePcP-to-P
amplitude ratio as function of the slowness devia-
tion, the latter measured using fk-analy$iski and
Richards, 1980; Capon, 1978)d relative to IASP91.
The slowness resolution of YKA for these phases
is approximately 0.28/ We detect slightly smaller

than predicted slownesses for many events. Tabu-

lated slowness-azimuth station corrections for YKA
(Bondar et al., 19990 not agree with the deviations
found in our measurements, excluding the station

underground as sole source for the found slowness

deviations forPcP and P. Nonetheless, the slowness
deviation is small and there is no apparent correlation
between high amplitude ratios and slowness devia-
tion. The small negative slowness deviation denotes
a larger slowness in the data which indicates a shal-
lower incident angle. Such a change would move the
PcP reflection point~1.5 towards the source and
changes théPcP take-off angle a negligible °land
results in a slightly asymmetriecP path. This small
slowness deviation might indicate a reflection off to-
pography about 15closer to the source that might
be responsible for the highcP amplitudes. But due
to the similarP slowness deviation, the source of the
deviation is most likely near the source.

We do not observe a systematic trend in the back-
azimuth measurements BEP and P. This indicates

cluding a strong off-path focussing or defocussing at
structures.

7. Conclusions

We present a dataset where very large changes
in PcP-to-P amplitude ratios occur over short
scale-lengths. We can exclude attenuation along the
PcP and P paths and focusing effects in the upper
mantle as the cause of the high amplitude ratios. Also,
it is unlikely that the CMT solutions are systemati-
cally different from the short-period radiation pattern
or the quality of the CMT's in and around the bright
spot are of systematically lower quality.

We speculate that the most important mechanism
for the high amplitude ratios is the CMB, although
velocity structure alone cannot fully explain the am-
plification and the waveforms are in agreement with
an IASP91-like CMB. This leaves topography of the
CMB as the major cause of the high amplitude ratios,
augmented by the other influences from the mecha-
nisms discussed above. The lack of methods for cal-
culating 1 Hz synthetic seismograms for small-scale
structures at the CMB prevents a further study of the
influence of the CMB topography on theP ampli-
tudes.Fig. 10shows a smoothed version of the loga-
rithmic PcP-to-P amplitude ratios for the region with
the highest density dPcP reflection points. There is
evidence of a halo of reduceecP-to-P ratios sur-
rounding the high amplitude region. This is expected
for the PcP focussing scenario, and backs the inter-
pretation of high amplitude ratios as a focussing ef-
fect from structures at the CMB, although our data
coverage does not allow a complete mapping of the
focussing and defocussing zones.

In the end, the most important observation of this
study is the apparent change of CMB reflectivity on
very small scale-lengths. This is in agreement with
other studies that find seismic evidence for small scale
structure at the CMEHavens and Revenaugh, 2001,
Rost and Revenaugh, 2001, 2003)
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