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[1] We analyze short-period precursory energy to PP that can be observed in
seismograms in the distance range from ~95° to 105° to infer the behavior of subducted
slabs beneath western Pacific subduction zones. PP is a P wave once reflected at

the free surface between the source and receiver. Using high-resolution seismic array
techniques, we analyze the incidence angle, timing, and azimuth of the PP precursors. The
precursory energy is resolved to originate from off great circle path azimuths and is
consistent with scattering by small-scale heterogeneities. Assuming single scattering,
upper mantle- and midmantle-derived scatterer locations show a strong geographical and
depth correlation to high seismic velocities in tomographic studies. Scattering locations
beneath the Tonga and Mariana subduction zones outline continuous dipping

structures to a depth of at least 1000 km, consistent with scattering associated with
subducted former oceanic lithosphere. Scatterer locations uniquely explain the timing,
slowness, and back azimuth of the PP precursors at the array. The observed reflections can
be explained with the velocity impedance variations expected for high-pressure basalt
juxtaposed with pyrolite or harzburgite and thus may be due to the paleo-Mohorovici¢
discontinuity within subducted slabs. These results are consistent with basaltic crust
penetrating into the lower mantle. This method provides a means for tracking the location
of geochemically enriched former oceanic crust in the lower mantle by using

recordings of globally distributed seismic arrays and is complementary to
longer-wavelength constraints on high seismic velocity slabs inferred from tomography.
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1. Introduction

[2] The nature of subducted oceanic lithosphere, or
“slabs,” has been actively researched for over 4 decades;
deep slab morphology is indirectly inferred from tomo-
graphically derived seismic velocities which suggest a
range of behaviors including slab stagnation in the mantle
transition zone, horizontal deflection by the 660 km phase
transition, and penetration into the lower mantle perhaps
even to the core-mantle boundary [e.g., Engdahl, 1995;
Lay, 1994; Gorbatov et al., 2000; Fukao et al., 2001].
Such tomographic images do not, however, constrain the
fate of the geochemically enriched basaltic oceanic crust,
which might detach from the underlying lithospheric
mantle [lrifune and Ringwood, 1993; Christensen and
Hofmann, 1994; Karato, 1997; Kubo et al., 2002; Lee
and Chen, 2007]. Indeed, oceanic crust is typically <7 km
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thick and hence far below the resolution of current
tomographic analyses. Additional information, such as
high-resolution waveform analyses, is thus needed to
supplement the somewhat long-wavelength, tomographi-
cally derived images of subducting slabs.

[3] It is widely accepted that cold dense slabs are a major
driving force of convection in the Earth’s mantle and the
configuration of subducting slabs in the mantle can give
strong constraints on the evolution of mantle flow [van
Keken et al., 2002]. The depth dependence of mixing
associated with mantle convection, however, is still debated.
Geochemical studies have often favored layered convection
with a reservoir at a depth that is geochemically more
primitive than the upper mantle. The inferred volume of
this reservoir indicates that it may lie at depths at or below
660 km, i.e., within the lower mantle [Silver et al., 1988;
Workman and Hart, 2005]. The possible preservation of
such a layer has been attributed to the convection-inhibiting
nature of the 660 km discontinuity, owing to the endother-
mic phase transition and viscosity increase at this depth
[e.g., Lambeck and Johnston, 1998]. Nonetheless, subduct-
ing enriched oceanic crust can supply the deep mantle with
enriched material for such a reservoir [Coltice and Ricard,
1999]; conversely, pervasive deep subduction of both
enriched crust and its underlying depleted mantle would
be anticipated to drive mixing and resultant mantle homog-
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enization [Meibom and Anderson, 2004]. Indeed, seismic
tomography provides evidence for planar high-velocity fea-
tures extending well into the lower mantle beneath past or
present subduction zones [van der Hilst et al., 1997; Grand,
2002], supporting whole mantle convection. Numerical geo-
dynamical studies have produced results consistent with both
end-members of mantle convection as well as alternation
between the two regimes [Christensen and Yuen, 1984;
Tackley et al., 1993]. The fate of the basaltic crust associated
with the slab is, however, ill resolved by tomographic
techniques, and it has been proposed that it may delaminate
or be concentrated near 660 km [/rifune and Ringwood, 1993;
Karato, 1997; Lee and Chen, 2007]. Quantification of the
transfer of geochemically enriched crust between the upper
and lower mantle thus requires additional and independent
information.

[4] Here, we describe a seismic array approach to studying
deep heterogeneities in and beneath subduction zones. Tra-
ditional short-period seismic array data are used that have
sensitivity to short-scale (e.g., tens to hundreds of kilometers)
structure and are hence ideally suited to investigate the
possible connection between deep, short-wavelength com-
positional heterogeneities and subduction processes.

2. Method

[5] To study this problem, we investigate seismic record-
ings from the small-aperture Yellowknife Array (YKA) in
northern Canada. YKA consists of 18 short-period (~1 Hz)
vertical stations deployed along two perpendicular lines (in
a N-S orientation) each 20 km long with an interstation
spacing of ~2.5 km. YKA has been designed to detect high-
frequency P waves from underground nuclear explosions
[Manchee and Weichert, 1968] and is, therefore, well suited
to the study of the scattered waves targeted here. Array
methods are used to study 21 strong earthquakes in the
southwest Pacific region (Figure 1). The events were
selected from a larger data set of about 160 events recorded
from 1989 to 1996. We selected events with impulsive
onsets of the PP waveforms in the raw seismograms to
ensure accurate measurement of differential traveltimes
between PP and any precursors. Additionally, we selected
events showing strong and impulsive precursors to PP
which are not masked by extensive P or Py coda.
Epicentral distances from these earthquakes range from
95° to 105° (Figure 1). Information describing these events
is given in Table S in the auxiliary material.' We restrict
our search to shallow earthquakes to avoid interference
between depth phases from deep or intermediate-depth
earthquakes and the scattered energy of interest. Deep
earthquakes would show less scattering from the source
region than the shallow events used here, but we do not
expect this source scattering to arrive in the time window in
which the PP precursors are observed. Therefore, we do not
think that restricting this study to shallow earthquakes is
particularly restrictive.

[6] We investigate the wavefield of the seismic phase PP
as well as energy in a few hundred second time window
leading up to PP. An example earthquake is shown in

'Auxiliary materials are available in the HTML. doi:10.1029/
2007JB005263.
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Figure 1. Earthquake and seismic array geometry for the
PP data used in this study. Earthquakes in the southwest
Pacific span an epicentral distance range of ~95°-105°,
with PP surface bounce point locations in the central and
northwestern Pacific.

Figure 2 along with a fourth-root slant stack (vespagram)
[Davies et al., 1971; Muirhead and Datt, 1976]. The
vespagram process analyzes the energy content of the
incoming seismic signals as a function of lateral incidence
angle (back azimuth, which is held constant) and vertical
incidence angle (slowness). The slowness is the inverse
phase velocity of signals traveling across the array and helps
to identify the arrivals of different seismic phases. The
energy is mapped in time-slowness space. Figure 3 shows
raw data for the event of 12 July 1995 along with energy as
a function of slowness and back azimuth in six consecutive
time windows, each 50 s long. The first three time windows
show the Pg;s arrival and its decaying coda. The fourth time
window shows the total decay of the Py coda and the
presence of uncorrelated noise. The fifth time window,
however, shows coherent energy with a slowness larger
than that of Py and arriving off great circle path and is,
therefore, likely unrelated to Py The final (sixth) time
window contains the PP arrival and displays the peak beam
power with higher slowness than the energy detected in the
fifth time window, as expected for PP. The energy in the fifth
time window, i.e., PP precursors, has been noted previously
in stacks of seismic array data [Rost et al., 2006] and is only
observed in the short-period wavefield [Earle, 1999].
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[7] Figure 4 shows a beam trace for PP slowness for the
event shown in Figure 2, which also shows the decay of
Pgisr coda and the gradual increase of energy toward the PP
arrival. Energy preceding PP (denoted P*P) is clearly

(a) Raw data (02 Apr 1996 18:50; A=100.14 deg)
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visible in Figures 2—4, generally with slownesses smaller
than PP and larger than Py and with amplitudes well
above the background noise level. This suggests a surface
origin for the reflection location of P*P on the source side
of the PP surface reflection point; otherwise, P*P slow-
nesses would be larger than PP. For asymmetric paths and
scattering at depths this no longer holds true, and origins
from both sides of the PP surface reflection points are
possible. No major seismic arrivals are predicted for the
time window immediately preceding PP in the distance
range of our observations; thus, the precursors are unex-
pected. PP underside reflections off the upper mantle
discontinuities arrive earlier in the seismogram [Flanagan
and Shearer, 1999], and although these have been detected
in short-period array data [Rost and Weber, 2002], they are
not clearly observable in this data set. Reduced P*P slow-
nesses rule out an origin close to PP surface bounce points,
or slownesses would be nearly identical to PP slowness
(Figure 5a). Isolated observations of asymmetric PP pre-
cursors (Figure 5b) have been previously noted and can
possess substantial amplitudes due to focusing from upper
mantle velocity structure [Wright, 1972; King et al., 1975].
Nonetheless, it is found that these precursors originate from
scattering or reflection off dipped surfaces at or near the
surface of the Earth.

[s] We detect 110 P*P precursors from vespagrams
of our selected 21 events and measure the complete
slowness vector, defined by slowness (vertical incidence
angle) and back azimuth (horizontal incidence angle),
using a frequency—wave number (fk) analysis [Capon,
1973] on each precursor arrival. Although the slowness
vector, in general, is 3-D, the lack of topography of YKA
allows us to describe it through slowness and back
azimuth, i.e., as a 2-D vector. The frequency band studied
in the fk analysis spans from 0.5 to 1.4 Hz. This frequency
band lies well within the flat instrument response of the
YKA instrumentation and has been found in earlier studies
[e.g., Rost and Weber, 2002] to be a good frequency band
for maximizing the signal-to-noise ratio. We only study
precursors with impulsive onsets and reject energy with
emergent onsets or those having a more continuous or
ringing nature since incidence angles might change along
the wavelet. Short time windows of typically 4 to 6 s were
used in the fk analysis. The short time windows help to get

Figure 2. (a) Raw seismograms for an earthquake on
2 April 1996 (source depth is 41 km, epicentral distance is
100.14°) showing the time window that includes Pgs to
PKiKP. Each trace corresponds to a different YKA station.
The shaded region indicates the time window where the raw
data show enhanced energy preceding PP. (b) Vespagram of
the earthquake in Figure 2a. Crosses indicate the theoretical
slowness-time values for possible underside reflections
from depths of 100, 220, 300, 400, 500, 600, and 670 km
(noted P100P, P200P, etc.), occurring at the PP path
midpoint. Note the distinguishably different slownesses of
the midpoint reflection predictions from those computed for
the observed precursors analyzed here (open circles). (c) A
zoom into the PP precursor time window. Four P*P
precursors are detected (stars) with slownesses smaller than
PP but larger than P
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Figure 3. Raw YKA recordings for the event on 12 July 1995 (distance is 103.57, depth is 11 km, back
azimuth is 245.8) are shown. Amplitudes are normalized by the maximum amplitude of the trace. Six
time windows are highlighted by gray boxes, for which back azimuth and slownesses were calculated
using a time domain stacking technique and shown in polar plots beneath the traces. Angle (clockwise)
corresponds to back azimuth from the array, and distance from the center corresponds to slowness from
0 s/deg at the center to 12 s/deg along the circumference. Beam power for varying slowness and back
azimuth for these time windows is shown (red is strongest; blue is weakest), with the highest values
indicated by the yellow circles with black centers. The thin dashed line in each polar plot is the great
circle path back azimuth. White circles correspond to slowness predictions of 1.9 s/deg, 4.4 s/deg, and
9.2 s/deg. The polar plot for the first time window shows the Pg;¢ arrival coming in near predicted values
(i.e., CMB slowness of ~4.4 s/deg), similar to PP (sixth time window). Intermediate windows, however,
show evidence for off great circle path energy and correspond to precursors modeled here.

exact measurements of the incidence energy and are long
enough for the wavelets to travel across the array for the
slownesses of interest. When necessary, time window loca-
tions were adjusted to prevent inclusion of multiple precursor
arrivals in the fk analysis; this avoids averaging slownesses
and back azimuths of multiple arrivals.

[v] For each arrival we obtain slowness, back azimuth,
and differential traveltime information. This enables us to
use a backprojection of the scattered energy to a unique
scattering location in the Earth [Weber and Wicks, 1996]
using ray tracing (Figure 5) through a one-dimensional
velocity model [Kennett and Engdahl, 1991]. The slowness
resolution of YKA for the typical signal-to-noise ratio found
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Figure 4. (a) The YKA array beam trace for the PP
slowness and back azimuth for the event shown in Figure 2.
Arrival times for Py, PP, and the inner core reflection
PKiKP are marked. (b) The envelope of the beam trace
shown in Figure 4a. Note the increase of energy starting
about 40 s before PP, which are the P*P arrivals
investigated here.
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in the data is about +£0.2 s/deg, and the back azimuth
resolution is about +£5°. Traveltimes were picked by hand
in high-resolution fourth-root vespagrams [Davies et al.,
1971; Muirhead and Datt, 1976], while slowness and back
azimuth were picked in vespagrams and through fk analysis
of short time windows [Capon, 1973]. Traveltimes were
deemed to be accurate to within 0.2 s. These measurement
uncertainties allow us to estimate the mislocation of the
scatterers from our back-tracing algorithm. We find that
with the maximum uncertainties, we are able to locate
the scatterer within 90 km (i.e., <1° at the surface). The
traveltime uncertainty only has a minor impact on the
location of the scatterer, with the back azimuth uncertainty
having the biggest effect on the scatterer location. Using
larger arrays with better slowness and back azimuth reso-
lution would decrease the mislocation of the scatterer even
further.

[10] We explored a variety of scattering mechanisms to
find a solution for slowness, back azimuth, and traveltime
for each precursor. Tested scattering mechanisms include
P*P, S*P, P*PP, and PP*P. We find that only P*P scatter-
ing uniquely explains the combination of slowness, back
azimuth, and traveltime for our observations. This indicates
forward scattering of the P wave energy from small-scale
heterogeneities along the raypath.

3. Results

[11] The mapped scatterer locations are compared to a
global S wave tomographic model [Ritsema and van Heijst,
2000] in Figure 6a and a global P wave velocity model

slowness

slowness

Figure 5. (a) Symmetric underside reflections (P“P) from upper mantle discontinuities will produce
precursors to PP with similar incident angles i and hence similar slownesses. For example, the slowness
differences between PP and underside reflections off the 410 and 660 km discontinuities are 0.2 and
0.4 s/deg, respectively, for the IASP91 model [Kennett and Engdahl, 1991] and 90° epicentral distance.
Shallower reflectors produce an even smaller differential slowness, which is not resolvable. (b) Sketch
of the back-tracing algorithm for a specific source which utilizes the fk analysis derived difference in
incidence angles of PP and P*P (from the differential slowness, Au), the PP—P*P differential time,
and the differential back azimuth A© information. P*P is thus commonly born from reflections
involving wave paths well out of the great circle plane.
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