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[1] Using a high-quality broadband seismic data set of precursors to the phase SS, we
investigate the structure of upper mantle discontinuities beneath the central Pacific
including the Hawaiian hot spot. We image structure by stacking over 4000 records into
geographic bins, retaining periods down to 5 s. We consider the effects of correcting for
four separate tomographic models of mantle heterogeneity, excluding data at distances
containing phases that potentially interfere with precursors. We find evidence for peak-to-
peak topography of 15–20 km on the 670-km discontinuity and 7–28 km of topography
on the 400-km discontinuity. Weak reflections are detected from discontinuities near 220-
and 520-km depth. The average transition zone thickness beneath our region is
approximately 242 ± 3 km, very similar to previous estimates of the global average.
Lateral transition zone thinning and thickening weakly correlate with reduced and
increased transition zone shear velocity, respectively, consistent with a thermal origin to
topographical variations on the discontinuities within our study region. The transition zone
beneath Hawaii and to the east of the Line Island Chain is thinned by up to 20 km
in a province spanning nearly 1000 km, suggesting an excess mantle temperature of
�200 K. In the oldest crustal regions of our study area (>100 Ma), the 400-km
discontinuity is relatively shallow, and the transition zone is relatively thick (250–
255 km); a possible explanation for this pattern includes small-scale convection in the
upper mantle bringing colder material into the transition zone.
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1. Introduction

[2] The transition zone (TZ) of the upper mantle is
bounded by two major seismic velocity discontinuities at
depths of 400 km and 670 km in the Preliminary Reference
Earth Model (PREM) model of Dziewonski and Anderson
[1981], which have been subsequently established at global
average depths of approximately 410 km and 660 km
[Shearer, 1991, 1996; Flanagan and Shearer, 1998; Gu et
al., 1998]. These discontinuities are generally agreed to be
caused by mineralogic phase changes in olivine,
corresponding to the a-olivine to wadsleyite transition at
the 400-km discontinuity, and ringwoodite to the Mg-
perovskite + magnesiowüstite transition at the 670-km
discontinuity [Ringwood, 1975]. The depth at which mantle
phase changes occur is sensitive to both temperature and
chemical composition, and thus regions of chemical and
thermal heterogeneity should be accompanied by topogra-
phy on the discontinuities (see reviews by Bina and
Helffrich [1994], Stixrude [1997], Helffrich [2000], and
Shearer [2000]). The a-olivine to wadsleyite phase change
is exothermic [e.g., Katsura and Ito, 1989], resulting in the

400-km discontinuity occurring at a greater depth in the
presence of anomalously high temperatures in the mantle
(shallower in a low-temperature anomaly) and the ring-
woodite to Mg-perovskite + magnesiowüstite is endother-
mic [e.g., Ito and Takahashi, 1989], resulting in the 670-km
discontinuity becoming shallower in the presence of a high-
temperature anomaly in the mantle (deeper in a low-tem-
perature anomaly). Given this probable variation in depth,
for notation convenience we adopt the terminology of
naming each discontinuity by its PREM depth, such as
the 400-km discontinuity as the ‘‘400’’ and the 670-km
discontinuity as the ‘‘670,’’ even though the actual depth of
each discontinuity is expected to vary. The anticorrelated
depth behavior of the 400 and 670 makes discontinuity
topography and TZ thickness estimates ideal mantle ther-
mometers, and provides a tool for imaging dynamical, and
possibly chemical processes in the mantle.
[3] Additional deep discontinuities have also been pro-

posed, such as the 220-km discontinuity [e.g., Lehmann,
1961; Dziewonski and Anderson, 1981], a discontinuity or
several discontinuities at 250–330 km depth called the X
discontinuities [e.g., Revenaugh and Jordan, 1991b], as
well as a 520-km discontinuity [e.g., Shearer, 1990]. The
220 is attributed to several different mechanisms; the tecto-
sphere hypothesis of Jordan [1975] suggested the 220 is a
chemically distinct boundary layer beneath cratons, Karato
[1992] attributes the 220 to a switch from anisotropy to
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isotropy in the mantle, resulting from a change in the
deformation mechanism from dislocation creep to diffusion
creep. Seismically, the 220 is only observed regionally, with
the most robust observations occurring beneath continents
[e.g., Gu et al., 2001; Deuss and Woodhouse, 2002]. The X
discontinuities are also attributed to a number of different
mechanisms, such as phase changes in the coesite to
stishovite SiO2 systems [Williams and Revenaugh, 2005],
the formation of hydrous phase A [Revenaugh and Jordan,
1991b], or a transition from Ca-poor pyroxene to orthoen-
statite [e.g., Woodland, 1998]. The X discontinuities are
intermittently seismically observed, with sporadic seismic
detections beneath continents and oceanic regions using a
wide variety of seismic probes (for a review of observations,
see Williams and Revenaugh [2005]). The 520 is attributed
to the mineralogic phase transformation of wadsleyite to
ringwoodite [Ringwood, 1975], though a global seismic
study by Deuss and Woodhouse [2001] has suggested
multiple 520 discontinuities that may be attributed to phase
changes in the garnet system. The 520 has been argued to be
a weak global discontinuity [e.g., Shearer, 1991; Flanagan
and Shearer, 1998], though in some seismic studies it is
only detected beneath continents [e.g., Gu et al., 1998].
Similar to the 400 and 670, the depth, and topography on
these additional mantle discontinuities can provide infor-
mation on the chemical and thermal heterogeneity in the
mantle.
[4] A variety of different methods have been employed to

image mantle discontinuities, both at regional and global
scales (e.g., from several hundreds to thousands of kilo-
meters laterally). The two primary methods are (1) seismic
refraction studies of triplicated waves [e.g., Grand and
Helmberger, 1984; Ryberg et al., 1998; Song et al., 2004]
and (2) secondary phases either converted or reflected at a
discontinuity, such as, but not limited to, precursors to
PKPPKP from underside reflections off discontinuities, P-

to-SV conversions at the discontinuity on the receiver side,
underside reflections occurring as precursors to SS and PP,
and topside and bottomside reflections of ScS reverberations
off the discontinuities (for an extensive review, see Shearer
[2000]). In this study, we use secondary phases, precursors
to the seismic phase SS occurring from underside reflections
of upward traveling seismic energy off the bottomside of
upper mantle discontinuities (Figure 1). These have been
previously used to produce global maps of 400 and 670
topography [e.g., Shearer and Masters, 1992; Shearer,
1993; Gossler and Kind, 1996; Flanagan and Shearer,
1998; Gu et al., 1998; Flanagan and Shearer, 1999; Gu
and Dziewonski, 2002; Chambers et al., 2005a]. SS and PP
have also been used to map regional discontinuity topogra-
phy, for example, with study areas spanning several thou-
sand kilometers [e.g., Lee and Grand, 1996; Niu et al.,
2000; Deuss and Woodhouse, 2002; Niu et al., 2002; Rost
and Weber, 2002]. The SS precursory phase is denoted SdS,
where d is the depth of the underside reflection location
beneath the SS central bounce point (halfway between
source and receiver). SS precursors studies have established
the 400 and 670 as worldwide features, though using
relatively long-period energy (periods > 25 s), providing
maps with lateral resolution on the order of several
thousands of kilometers [e.g., Flanagan and Shearer,
1998; Gu et al., 1998].
[5] The precursor phases have amplitudes that are typi-

cally �5–10% (or less) of the amplitude of the reference SS
phase, which nearly always requires stacking of data to
bring the precursor signal confidently out of the background
noise. This requires large data sets of records (thousands to
tens of thousands of seismograms), which are typically
organized into ‘‘bins’’ for stacking by combining data that
share similar geographical locations of SS bounce points.
The ability to accurately measure arrival times of precursors
in each bin is dependent on the quality and quantity of data

Figure 1. Geometry of SS and the precursor phases. The ray paths for three different event/receiver
pairs are shown. SS, and the precursors occur as underside reflections of seismic energy off
discontinuities in the Earth. The precursory phases are most sensitive to structure on the discontinuity at
the central bounce point, located halfway between the source and receiver. Also shown are the two major
mantle discontinuities at 400 and 670 km depth, as well as the core-mantle boundary (CMB) and inner-
outer core boundary (ICB). The cartoon blowup on the right shows the indicated topography induced on
each discontinuity from cold or hot material passing into the TZ, e.g., a subducting slab or upwelling
plume.
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available for that geographical area. As seismic station
networks expand and more earthquakes are recorded, the
density of SS bounce point sampling has dramatically
increased over previous precursor data sets. This improved
coverage increases reliability of discontinuity topography
estimates for previously undersampled geographic bins, and
also allows the SS precursor technique to be applied on a
more localized scale to specific geographical targets.
[6] A significant challenge is present for SS precursor

studies aiming to resolve discontinuity topography at re-
gional scales. The minimum-maximum traveltime nature of
the SS phase [Choy and Richards, 1975] gives rise to a
Fresnel zone structure on the order of several thousand
kilometers, a dimension that is strongly dependent on the
dominant period in the data. Additionally, large amplitude,
regional topography on the discontinuities may scatter and
defocus the precursory arrivals [e.g., Neele and Snieder,
1992]. The effect of the SS precursor Fresnel zone and small-
scale scattering on the measurement of discontinuity
topography has been the focus of several investigations.
Experiments of three-dimensional (3-D) waveform synthesis
for models containing discontinuity topography conclude
that scattering of energy from high-amplitude, narrow topo-
graphic features can potentially bias the stacking of long-
period SS precursors, resulting in very localized features
being smeared over thousands of kilometers [Chaljub and
Tarantola, 1997; Neele et al., 1997; Neele and de Regt,
1999]. However, in experiments using Kirchoff synthetics to
test stacking resolution of topographic heterogeneity,
[Shearer et al., 1999] show that any bias from narrow,
small-scale topographic heterogeneity is essentially unre-
solved by the 10–20� size of the long-period SS Fresnel
zone. These studies reveal that either scattering and defocus-
ing of precursor energy and/or smearing from relatively
large-scale Fresnel zones can result in a potential loss of
information about the absolute amplitudes of topography. It
is difficult to account for these effects in stacking techniques,
which likely result in a smoothing and/or underestimation of
discontinuity topography. The consideration of finite fre-
quency effects may provide a future potential tool for
unraveling topographic heterogeneity, scattering, and Fres-
nel zone effects [e.g.,Dahlen et al., 2000;Hung et al., 2000].
The unifying limitation of all the previous modeling inves-
tigations of SS precursors is the restriction to longer periods,
and the suggestion that smaller-scale features should become
resolved at shorter dominant periods. We are thus motivated
to conduct a study of a densely sampled region, to consider
the dependency of SS precursor analyses on dominant
period, and how this possible dependency may map into
inferred structure on the discontinuities.
[7] To achieve this, we map TZ structure beneath a region

of the central Pacific that is densely sampled by SS
precursors from a variety of source-receiver geometries.
We also search for additional reflectors under this study
region. Previous SS precursor studies included this region as
part of larger global data sets and employed long-period
data (�15–25 s dominant period) to map TZ structure [e.g.,
Gossler and Kind, 1996; Flanagan and Shearer, 1998; Gu
et al., 1998; Deuss and Woodhouse, 2002; Gu and
Dziewonski, 2002]. Here, we make use of an expansive
broadband data set, which enables use of seismic periods as
short as 5 s. We investigate the dependence of resultant TZ

topography on seismic frequency, and sensitivity of our
results to corrections for upper mantle heterogeneity and
overlying crustal structure. Finally, we present maps of
discontinuity structure beneath the central Pacific.

2. Central Pacific Study Region

[8] The central Pacific is characterized by a number of
features that span several scale lengths (from several hun-
dred kilometers to thousands of kilometers) that make it a
valuable target for a regional investigation of TZ structure.
Our study spans the region from 0� to 40�N and 135� to
175�W, encompassing two volcanic island chains, Hawaii
and Kiritimati (Christmas Island), as well the Hawaiian
Seamount Chain, the Line Islands, and the Mid-Pacific
Mountains (Figure 2). The crustal age in this region ranges
from �30–120 Ma and crustal thickness is fairly uniform,
with a median thickness of 6.9 km, increasing to 15 km
beneath the Hawaiian Islands and the Line Islands [Bassin
et al., 2000].
[9] The Hawaiian hot spot is a prominent feature in our

study area, which has the highest flux rate of erupted
material of all known hot spots on Earth [e.g., Sleep,
1990; Steinberger, 2000]. The Hawaiian hot spot has been
the target of a number of seismic [e.g., Li et al., 2000,
2004], gravity and geoid [e.g., Cserepes et al., 2000], geo-
dynamical [e.g., Richards and Lithgow-Bertelloni, 1996;
Moore et al., 1998], and geochemical [e.g., Ribe, 1988; Liu
and Chase, 1991] investigations, as it is hypothesized that
an underlying mantle plume feeds the hot spot, which may
extend to the core-mantle boundary [Morgan, 1972]. Evi-
dence for a continuous plume throughout the mantle is
supported by geodynamical modeling [e.g., Richards and
Lithgow-Bertelloni, 1996; Zhong and Watts, 2002], geo-
chemical evidence [e.g., Hilton et al., 1997; Lassiter and
Hauri, 1998], and more recently, by seismic tomography
[Montelli et al., 2004; Lei and Zhao, 2006]. Recently, a
vigorous debate has arisen over the existence of continuous
mantle plumes (for a review, see Anderson [2005]), and the
topography of the 400 and 670 is an essential constraint in
determining if a hot thermal anomaly passes through the TZ
beneath Hawaii. Receiver function studies [Chevrot et al.,
1999; Li et al., 2000] of the TZ thickness beneath the
Hawaiian hot spot have indicated a thinning of �20–30 km
underneath the Big Island of Hawaii, consistent with hot
material moving across the TZ and supporting the plume
hypothesis. Receiver function studies provide a lateral
resolution on the order of several hundred kilometers,
but at present are limited in spatial coverage due primar-
ily to the restriction of seismic stations to islands; future
deployments of ocean bottom seismometers will extend
the receiver function coverage. A seismic phase with a
more extended lateral coverage of the central Pacific,
such as SS, is thus ideal for investigating TZ structure
in a vaster region that includes the mantle underlying the
Hawaiian chain.

3. SS Data Set

3.1. Overview

[10] To investigate the TZ structure beneath the central
Pacific, we have collected data with SS bounce points that
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fall within a 20� radius of the Hawaiian hot spot (19.4�N,
�155.3�W, see Figure 2). We also restrict event depths to
<75 km to limit the interference of depth phases of earlier
arriving phases with the precursory wavefield (e.g. sSdiff),
and source magnitude >5.8 Mw to ensure good signal-to-

noise ratio (SNR) for the SS phase. The SS precursors are
best observed at source/receiver distances �100� to avoid
interference with topside reflections off the discontinuities
that follow or precede direct S, such as Ss670s and Ss400s,
and at distances �165� to avoid interference with ScSScS
precursors, which, similar to SS, have underside disconti-
nuity reflections halfway between source and receiver.
Approximately 1250 earthquakes from around the Pacific
recorded by broadband seismic stations with sample rates
�20 Hz in a number of networks in North America and
Asia met our criteria for source depth, source magnitude,
and distance range, with a total of 4500 seismograms
collected from several data centers (Table 1). These records
provide a dense sampling of the region surrounding and
including Hawaii over a range of azimuths (Figure 2b).

3.2. Basic Data Processing

[11] Before stacking, the broadband data set was pro-
cessed in the following fashion. The instrument response
was deconvolved from each seismogram to obtain displace-
ment, and the horizontal components were rotated to the
great circle path. For this study, we used the SH component
of motion only. Data were then filtered with a Butterworth
band-pass filter with corners at 1 and 100 s, and resampled
to 20 Hz, if necessary. Each seismogram was then inspected
visually to eliminate records with incomplete time series,
remove duplicate seismograms, or check for multiple over-
lapping events in the precursor and SS time window.
Records lacking a clear SS arrival near the PREM-predicted
time were discarded. SS arrivals were all unified to positive
polarity, and the maximum positive amplitude of SS was
picked within a time window defined by the PREM time
±25 s; this SS peak time is used as a reference time for all
subsequent data record alignment (Figure 3). To investigate
the possibility of frequency dependence of precursor be-
havior, the data set was filtered with five different low-pass
filter corners: 5, 10, 15, 20, and 25 s. A SNR value was then
measured by computing the envelope of each seismogram,
windowing 25 s around the enveloped SS pulse, finding the
maximum amplitude of energy in that window, and then
comparing this to the maximum amplitude of enveloped
energy arriving in a time window spanning the precursory
wavefield. This time window starts at 25 s before the

Figure 2. Maps of our study region characteristics.
(a) Location of seismic stations (inverted triangles) and
earthquake epicenters (solid black circles). The study region
is outlined in the central Pacific. (b) Bounce point coverage
in the study region, with the event/station azimuth plotted at
the location of the geometric bounce point for each seismic
record. Coverage is somewhat nonuniform, and we
extended our data collection out to 20� from the location
of the Hawaiian hot spot (19.4�N, �155.3�W).
(c) Bathymetry from ETOPO2.0, available at http://
www.ngdc.noaa.gov/ showing the major geographic fea-
tures in the study region. Oceanic isochrons (white lines) are
shown with a contour interval of 15 million years [Müller et
al., 1997]. As with crustal thickness, the ocean depth in our
region is also fairly uniform, with a median value of
�5100 m.
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predicted PREM arrival time of the 670 and ends at 25 s
following the predicted arrival time of the 220 precursory
phase (Figure 3).

3.3. Earthquake Source Normalization

[12] Earthquake source mechanisms of our data range
from subduction zone thrust earthquakes to transform fault-
ing at the mid-ocean ridges. It is necessary to consistently
identify the arrival of the SS reference pulse such that
records with different source mechanisms can be stacked
in a consistent manner. The SS pulse can be further
complicated by crustal precursors and postcursors that
arrive shortly before and after the SS energy [Shearer,
1996]. Even though we limit event depths to �75 km, the
sSS depth phase can still complicate identification of SS
since its amplitude can be similar if not greater than SS. The
combination of these factors can make identification of the
polarity and traveltime of SS less confident, resulting in
greater likelihood of blurred or deconstructive stacking of
the SS precursors we seek to study. Therefore, to equalize
the sources in our data set, we experimented with several
different approaches, including deconvolution of a reference
pulse, varying SNR requirements, low-pass filtering, cross-
correlating with synthetic seismograms, as well as a careful
visual inspection of each seismogram across records for a
given earthquake, including inspecting all records at each
station. In the station profiles, contributions to SS waveform
variability include source mechanism, polarity, and depth
phases, but recordings share the same local crustal structure,
making this our preferred method for selecting the SS arrival
and polarity. We also generate a reflectivity synthetic
seismogram [Fuchs and Müller, 1971; Müller, 1985] for
every observed seismogram, using the appropriate moment
tensor solution when available, event depth, distance,
source azimuth, and the PREM model. Our PREM synthetic
seismograms serve as a control in our experiments with the
SS wavefield. Example reflectivity synthetics are given in
Figure 4, for two different source depths. In the absence of
noise, the underside and topside discontinuity precursors, as
well as depth phases, are all easily visible. Each synthetic
record is then filtered using a Butterworth low-pass filter
with corners at 5, 10, 15, 20, and 25 s. After filtering, the
peak amplitude of the synthetic SS pulse is reselected to

account for any smoothing and shifting of the peak in the
filtered trace.

4. Stacking Method

4.1. Slowness Stacking Procedure

[13] All stacking methods have the goal of increasing the
signal of the phases of interest while reducing the amplitude
of incoherent noise. Here, we stack on specific slownesses
(or moveouts), which results in constructive interference for
coherent energy in the stacked traces present at the stacking
slowness, and destructive interference for all other energy.
This stacking method is similar to that used in previous SS

Table 1. Data Sources

Network Network Code Data Source Number of Records

Chinese Digital Seismic Network (CDSN) CD IRISa 4
Canadian National Seismic Network (CNSN) CN CNSNb 1939
Digital World-Wide Standardized Seismography Network (DWWSSN) DW IRISa 1
GEOSCOPE G GEOSCOPEc 270
GEOForschungsNetz (GEOFON) GE GEOFONd 73
Global Telemetered Southern Hemisphere Network GT IRISa 4
Incorporated Research Institutions for Seismology (IRIS) CDSN IC IRISa 63
IRIS/International Deployment of Accelerometers (IDA) Network II IRISa 545
IRIS/U.S. Geological Survey (USGS) Network IU IRISa 1544
Poseidon/Pacific �21 PS IRISa 99
Terrascope TS IRISa 42

aSee http://www.iris.edu.
bSee http://www.pgc.nrcan.gc.ca/seismo/seismos/seis-net.htm.
cSee http://geosp6.ipgp.jussieu.fr/.
dSee http://www.gfz-potsdam.de/geofon/new/ge_inf.html.

Figure 3. An example of a high-quality broadband SH
component displacement seismogram. This seismogram
was collected from the CNSN, with the earthquake (star)
and receiver location (inverted triangle) shown on the small
globe in the top left. The bounce point of the SS phase is
shown by the black circle. The predicted PREM arrival
times for Sdiff, S670S, S400S, S220S, and SS are plotted as
dotted vertical lines. The signal-to-noise ratio is measured
by finding the maximum enveloped amplitude in a time
window extending from �25 s preceding S670S to �25 s
after the S220S arrival time and comparing this to the
maximum amplitude of the SS arrival.
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studies [see Flanagan and Shearer, 1998; Gu et al., 1998]
and is as follows:
[14] 1. The maximum amplitude of SS in each record is

normalized to unity to equalize the energy across a variety
of source mechanisms and radiation patterns. The timing of
this peak is defined with a reference time of zero.

[15] 2. For each seismogram, the predicted differential
traveltime between SS and the SdS precursor of interest is
computed to correct for the different moveout of SS pre-
cursors to SS through epicentral distance. At any specific
distance (D), we note this differential time as TSS-SdS

pred (D); this
time increases with distance, following a curved traveltime

Figure 4. SS wavefield from reflectivity SH component displacement synthetics for two different
source depths: (a) 0 km and (b) 75 km. Below each panel, the expected PREM traveltimes for direct
phases (solid lines) and depth phases (dotted lines) are labeled. Times are relative to the SS arrival, which
is assigned to zero, and amplitudes are normalized to the maximum positive amplitude of the SS pulse.
The precursors are obscured at particular distances because of constructive/deconstructive interference
with other seismic phases, as well as depth phases. At shorter distances (100–120�) this is especially
pronounced, illustrating the need to exclude certain distances for different precursors to avoid biasing
discontinuity depths in stacking.
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trajectory (e.g., Figure 4) which varies for different SdS
reflector depths d. To coherently stack records across a
range of distances, an arbitrary reference distance (Dref)
is selected for time alignment of the records, here,
125�. Therefore each record is then shifted by the quantity
TSS-SdS
pred (Dref) � TSS-SdS

pred (D) to align the precursor of interest
before seismogram summation. This time shift is zero at the
reference distance, positive at distances less than Dref, and
negative at distances greater than Dref.
[16] 3. Records at distances with predicted interference

between precursors of interest and other phases are omitted
from the stack, as interfering phases can bias the stack if
present in a particularly well-sampled distance window
(Figure 4). For example, the 670 precursor S670S is

contaminated by energy from s670sS at distances between
�100� to 120�, causing a potential contamination of a stack
biased at these distances (e.g., Figure 4, see also Figure 5).
[17] 4. A stacking weight is determined for each record

based on its SS/SdS SNR value. This step is aimed at
equalizing the energy between records with differing
amounts of background noise, and/or a weak SS pulse. As
the precursors are predicted to have amplitudes on the order
of 10% of the SS amplitude, an ideal precursor window will
have relatively low amplitudes relative to SS, therefore a
high SNR, and is given greater weight in the stack. Records
with a high level of noise, SS near a nodal azimuth in the
earthquake radiation pattern, or other interfering phases in

Figure 5. Predicted traveltime plot for the SS wavefield and distance stacks for all data. (a) PREM
predicted traveltimes for SS wavefield. The source is at the surface, and the traveltime for a hypothetical
520 is also shown. Thin dotted lines indicate distance ranges that are excluded in the geographic stacking
to prevent interference from nonprecursory phases, such as depth phases (not shown), topside reflections,
and precursors to ScSScS. (b) The 1� epicentral distance bin stacks for the entire data set at 10-s dominant
period, illustrating the energy present in the data set. Records are binned in 1.0� distance increments and
stacked on the SS peak amplitude. Blue represent positive amplitudes and red is negative; both colors are
made to saturate at approximately ±10% the maximum amplitude of SS to bring out low-amplitude
phases. At the top, is a histogram of the number of records for each stack. SS and ScSScS are the largest
amplitude arrivals, and energy can be seen for SS precursors (S400S, S670S), topside reflections (s400sS,
s670sS), and for SSS precursors (S670SS), as well as SSs400s, and weak ScSScS precursor energy.
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the precursor wavefield, will tend to have low SNR values,
and therefore have a lesser weight in the stack.
[18] 5. Timing corrections (shifts) are applied to each

record for estimations of timing perturbations due to mantle
heterogeneity, crustal thickness variations, and surface to-
pography (detailed in section 4.2), each of which can affect
the differential time between SS and precursors.
[19] 6. The record section is then summed to produce a

stack. A bootstrap resampling technique with 100 random
resamples is used to estimate the 95% confidence level for
the energy in each stack [e.g., see Efron and Tibshirani,
1986].
[20] 7. Precursor timing is then measured if its peak

amplitude in the stack has formed reasonably near its
expected arrival time, and if it has amplitude above the
95% confidence level from the bootstrap. The timing of the
pulse is measured by picking the peak amplitude of
the precursor pulse using the bootstrap boundaries (see
section 4.4). The time pick from the stack can then be
converted to discontinuity depth by comparison to time
predictions of perturbed discontinuity depths in the PREM
model. Figure 5 shows the results of stacking the entire data
set by epicentral distance on the SS phase, where many
additional arrivals are readily apparent.
[21] This procedure is similarly applied to both data and

PREM reflectivity synthetics. The synthetics provide an
additional constraint on the accuracy of our method, as their
precursor phases arise from discontinuities with known
depths (400 km and 670 km), and thus will reveal any
biases in the stacking procedure (such as those that may
arise from interference with depth phases).

4.2. Prestack Timing Corrections

[22] The timing of the peak amplitude of the SS arrival is
first adjusted to account for the traveltime delay accrued
from variation in crustal thickness and surface topography.
This is done for each record; we use CRUST2.0 [Bassin et
al., 2000] to construct a crustal velocity and thickness
model at the geometric SS bounce point. Zero depth is
taken as mean sea level, and each crustal model is adjusted
for surface topography/bathymetry (see Figure 2). The SS
ray parameter is used to ray trace through PREM with the
modified crust to compute the crustal and topography
traveltime correction for each record (Figure 6a).
[23] We also apply a time adjustment for perturbation

from lateral heterogeneity using 1-D ray tracing through
several different tomographic models [Li and Romanowicz,
1996; Ritsema et al., 1999; Masters et al., 2000; Grand,
2002] (Figure 7). This differs from previous efforts that
used an average correction computed for each data stack
rather than correcting each prestack record independently
[e.g., Flanagan and Shearer, 1998] but is similar to that of
Gu et al. [1998], Gu et al. [2001], and Gu and Dziewonski
[2002], who apply an average correction computed for each
bin prior to stacking. We find mean tomographic correction
values for the prestack method are very similar to those for a
poststack correction, indicating the two methods should
produce comparable results. However, in our method, the
prestack correction is easier to implement as heterogeneity
only has to be calculated once for each seismogram and
reflector, rather than for each stack independently. The
tomographic correction is computed for each record by

separately ray tracing the paths of SS and all precursory
phases introduced into PREM, which are used to compute
traveltime perturbations through the global models. Thus
the PREM predicted SS and SdS traveltimes are subtracted
from that predicted due to the tomographic model, to define
a traveltime residual prediction:

Ttomo
SS�SdS ¼ TPREM

SS � T tomo
SS

� �
� TPREM

SdS � Ttomo
SdS

� �
:

This tomography correction is computed separately for each
precursor ray path, since they sample different depths
through the upper mantle and transition zone (Figures 6b
and 6c). This method does not consider the 3-D sensitivity
of the SS Fresnel zone or 3-D ray tracing effects [e.g., Hung
et al., 2000; Zhao and Chevrot, 2003]. Experiments
investigating the wavefield effects from 3-D small-scale
heterogeneity [e.g., Igel and Gudmundsson, 1997; Zhao and
Chevrot, 2003] show strong dependence of traveltimes on
the relative degree of heterogeneity of the input tomo-
graphic model. However, most tomographically derived
models of global heterogeneity are relatively smooth
(variations are typically on the order of thousands of
kilometers); also, all timing corrections are differential

Figure 6. Histograms of the corrections used for stacking,
showing the spread of values across all records. (a) Total
correction for crustal thickness and topography, the
correction is relative to PREM (with no ocean), so negative
values indicate early arrival of SS due to a thinner crust and/
or lower topography relative to mean sea level. (b–d)
Tomographic corrections for stacking of various disconti-
nuity depths and several tomographic models. The correc-
tion is the amount of traveltime anomaly accrued by the SS
phase along its entire ray path minus the amount of
traveltime anomaly accrued along the entire precursory ray
path. Negative values indicate a relatively fast path (SS
arriving early relative to the precursors, or the precursors
arriving late relative to SS), and positive values indicate a
relatively slow path (SS arriving late relative to the
precursors, or the precursors arriving early relative to SS).
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between SS and the precursors, helping to minimize 3-D
effects.

4.3. Stacking Geometries

[24] One stacking experiment is to simply stack the entire
data set for a particular precursor into one summary stack to
obtain the average discontinuity depth throughout the study
region. The data can also be stacked into epicentral distance
bins, as is shown in Figure 5. Another method for stacking
precursor data is to bin the data into geographic ‘‘caps’’ of a
given radius [e.g., Flanagan and Shearer, 1998]. The
average location of the bounce points falling within the
cap or distance from the cap center [e.g., Gu et al., 2003]
can then be used to adjust the cap’s location. If the data
sampling density permit analysis over a number of geo-
graphic caps, a map of TZ structural variations can be
produced.
[25] We adopt the approach of stacking geographically

centered caps and explore several permutations upon this
method; we vary bin size, the number of bins, and the bin
location (Figure 8). Bin size is varied from 5�, 10�, to 20�,
and we expect larger bin sizes to average more data
together, essentially smoothing structure. The number of
bins is varied from 25, 80, to 351, and is designed to test the
coherency of structure between neighboring bins, and check
the effects of oversampling/undersampling a region with a
nonuniform distribution of SS bounce points. For the 25-bin
geometry, we used equal-distant bins separated by 10�, for
the 80 and 351 bins, we used equidistant radial spacing. For
each bin, a mean location of the stack is found by averaging
all the bounce points that fall within the bin. The mean
location better represents the sensitivity of each particular
stack to underlying structure than the actual bin center and

is used to plot the resulting topography and transition zone
thickness measurements. Therefore the final location of
stacks will differ from the starting locations shown in
Figure 8.

4.4. Conversion to Discontinuity Depth

[26] The stacks are made for a variety of precursor slow-
nesses, corresponding to SdS reflector depths between 150
and 670 km. After stacking, the timing of the precursor of
interest is converted to discontinuity depth by interpolating
between computed theoretical arrival times for reflectors at
different depths embedded in the PREM model at the
reference distance (Dref). This requires a systematic pick
of precursor arrival times. In our initial experiment with
stacks of the entire data set, we found the precursor arrival
time by picking the peak amplitude of the precursor pulse
that arrives closest in time to the predicted peak for that
depth. Experiments in cross-correlating the synthetics with
the SS pulse showed a level of bias away from this peak,
mainly attributed to a mismatch in the SS and precursor
waveforms. This mismatch is a result of SS becoming
defocused from stacking on a moveout appropriate for the
precursor. In the geographical cap stacks, the peak precursor
amplitude was also picked, and we experimented with
cross-correlating the synthetic precursor pulse with the
precursor pulse from the corresponding synthetic stack of
the entire data set to better improve arrival time estimates.
There was a systematic bias away from the mean precursor
pulse for asymmetric or poorly populated precursor stacks,
which would invariably increase when stacking the actual
data set. We found that arrival time picks in the irregular
stacks were more reliable when the 95% confidence bound-
aries from the bootstrap were used to adjust the peak

Figure 7. Cross sections through the different tomography models used to correct for mantle
heterogeneity in our study. (a) Locations of the cross sections A-A0 and B-B0. The study region is outlined
by the plotted box. (b) Cross sections through the models. No vertical smoothing is made between layers
in the models, and all models are laterally resampled into 2� � 2� elements to facilitate comparison
between different parameterization methods (e.g., shells, spherical harmonics). Note that TXBW values
are given in reference to a 1-D reference model that differs from PREM, all the other models are relative
to PREM. TZ heterogeneity typically does not extend beyond ±1% about the mean value in our region
(though the cross section through the SAW12D model shows some anomalies that exceed �2.5%), so we
adjust the color scale to saturate above these levels to show maximal variation in the TZ.
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amplitude. This consists of selecting the peak amplitude as
before; the bootstrap boundaries are then used to define a
time window about this amplitude in the pulse. We tested
this with our synthetic stacks; for asymmetric pulses, the
arrival time picked for the precursor from simply selecting
the peak amplitude is skewed from the center of this time
window, producing a slight offset in expected precursor
timing. For symmetric pulses, the arrival time picked falls at
the mean time within the bootstrap window, and very near
the predicted arrival time for the precursor. We therefore
adjust our time picks for precursor delay times in the data
stacks to fall at the mean time within this 95% confidence
time window. Finally, these delay times are mapped to
discontinuity topography by interpolating between our the-
oretical delay times for different precursor depths.

5. Results

5.1. Stacking Experiments

[27] To begin, we stack the entire precursor data set over
a variety of slownesses to search for mantle discontinuities
and test the effects of the various corrections. We stack at
slownesses for discontinuities at depths of 150, 220, 300,
400, 520, and 670 km. Synthetic experiments show that an
error of ±1–2 km in depth estimate arises from stacking
along a moveout corresponding to a discontinuity displaced
by up to ±20 km. Stacks for the entire data set, using the
distance exclusions outlined in Figure 5 and Table 2, are
shown in Figure 9. Only S400S and S670S appear to stack
coherently across the central Pacific study region. The
negative swing following these two precursors is depth
phase energy (sS400S and sS670S). There is a very weak
reflector, barely above the 95% confidence level at 520, and
another corresponding to a depth just above the 220 riding
the long-period down swing preceding SS, though both
scarcely fall above bootstrap boundaries. Other reflectors
at �320- and 280-km depth can be found in a limited
number of geographic stacks, but not in stacks of the whole
data set. The distance exclusion preprocessing step de-
scribed in section 4.1 is crucial for minimizing stacking
error from interfering phases, as these low-amplitude phases
can be obscured by interfering phases. This is best illustrated
by S520S, where the distance ranges 100–115� and 145–
165� are excluded. Data at these distance ranges are
interfered with by s670sS and ScS670ScS (Table 2) near
or around the S520S arrival time. Stacking with these
distance ranges included produces a higher-amplitude pulse
near the S520S arrival time, which could be mistaken for
reflected energy from the 520-km discontinuity. Disconti-
nuity depth estimations can be significantly skewed, even
for higher-amplitude precursors (e.g., S400S, S670S), when
including distance ranges of interfering arrivals. For exam-
ple, the 670 can be offset by 5 km or more from interference
with s670sS and its associated depth phase. This behavior is
independent of SNR, tomography model, and dominant
period.
[28] Stacks of the entire data set over a range of SNR and

dominant periods were also made to study the effects of
these variables on the inferred discontinuity depth. Stacks
were computed for each SNR range: �0.0 (entire data set),
�1, through �6, with each higher SNR cutoff cor-
responding to �10% reduction in the number of data in

Figure 8. Maps showing bin geometries used in stacking.
The central location of each cap is plotted as a black dot.
(a) The cap geometry for 25 equally spaced bins, each 10�
apart. An example 10� radius bin is shown for the bin
centered on the Big Island of Hawaii. The extent of our data
set is also shown by the dotted line; we place bins outside
this sample area to test the structure at the edges of our
study region. The 80 and 351 equidistantly spaced caps:
bins approximately (b) 5� apart and (c) 2.5� apart. Note that
these are the starting locations and that each bin is relocated
on the basis of the bounce points that fall within it (see text).
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each stack. The dominant periods explored were 5, 10, 15,
20, and 25 s. The 15–25 s range is comparable to previous
SS precursors studies. We also varied the tomography model
used to correct for upper mantle heterogeneity. Coherent SdS
arrivals were found in the slowness stacks corresponding to
the 400-, 520-, and 670-km depth discontinuities, though the
S520S arrival becomes weak and difficult to identify at
shorter periods. Altering the SNR cutoff generates depth
variations of ±2–4 km for the 400 and 670, and by ±5 km for
the 520. This variability can be attributed to the diminishing
number of records in each stack for larger SNR cutoffs
(Figure 10). An uneven distribution of bounce points could
potentially over sample localized topography, resulting in a
stack more representative of the over sampled areas than of
the entire study region’s average. This effect would become
more pronounced as the number of records in the stack is
decreased and the distribution of bounce points became more
uneven. We further explore this later by varying the size of
the geographic bins, and hence the size of the region over
which we average structure. Our data set exhibits geographic
clustering of SS bounce points (Figure 2b), and increasing
the SNR cutoff reduces the density of our regional coverage.
The difference betweenmean depths and TZ thickness for the
SNR cutoffs also becomes more pronounced at the shorter
periods, as the longer-period data tend to have a larger
number of records that fall into the higher-quality SNR
cutoffs (Figure 10). Statistically, averaging fewer records
together should produce higher peak-to-peak topography
measurements, as there are less data to smooth out extremes.
Therefore we expect stacks at higher SNR cutoffs to smooth
structure less and to show more topography than those with
more records.
[29] Another source of variability in discontinuity depth

determination comes from choice of tomographic model
used to correct for upper mantle heterogeneity. The absolute
depth of the 400 varies by ±4–5 km, the 670 by ±5–7 km,
and the 520 by ±6–9 km between tomographic models.
This absolute depth variation is due to differences in upper
mantle heterogeneity between the tomography models and
not likely attributable to actual discontinuity depth varia-
tion. The differential measurement of TZ thickness mini-
mizes contributions of heterogeneity from upper mantle
structure, with the overall mean value changing by ±2–

3 km between the models. Differences in upper mantle
heterogeneity between tomography models thus maps into
different absolute discontinuity depths depending on the
tomography model used for correction. Also, depending on
the model used, tomographic corrections result in a slightly
thicker or thinner TZ, though our average value of �242 km
across all models is identical to the global average of
�241–242 km [e.g., Gu and Dziewonski, 2002]. This
aspect is explored further in geographic bin stacks of the
data, allowing the comparison of resultant discontinuity
topography across different tomographic models.
[30] To investigate variable discontinuity structure on the

400 and 670 within our overall study region, we bin the data
geographically and measure discontinuity depths in each bin
to produce a map of lateral variations in discontinuity
structure. We also note a regional detection of the 520 but

Table 2. Distance Exclusions

Discontinuity
Depth, km

Distances
Excluded

Potentially
Interfering Phasesa

150 110–120� ScS670ScS, sScS670ScS
130–140� ScS400ScS, sScS400ScS

220 120–130� ScS670ScS, sScS670ScS
142–152� ScS400ScS, sScS400ScS

300 127–137� ScS670ScS, sScS670ScS
150–165� ScS400ScS, sScS400ScS

400 100–110� s670sS, ss670sS
135–145� ScS670ScS, sScS670ScS

520 100–115� sS670S, s670sS, ss670sS
145-165� ScS670ScS, sScS670ScS

670 100-120� s400sS, s670sS
ss400sS, ss670sS

aTopside reflections sdsS and ssdsS transition to sdsSdiff and ssdsSdiff at
�106�, for brevity, this is not shown. Depth phases are not shown, but
distances are extended to incorporate these arrivals.

Figure 9. Stacks of the entire data set on different
slownesses to search for coherent reflectors at different
depths. The dominant period of the data shown here is 10 s,
and no SNR exclusion was used. Data were corrected for
mantle heterogeneity using the TXBW model. Data traces
are shown as solid lines, with the upper and lower
boundaries of the 95% confidence level from bootstrap
resampling shown as gray shading around the data stack.
The precursor wavefield is multiplied by a scale factor (here
15X) to improve visualization of lower-amplitude phases,
and each trace is normalized to the maximum amplitude of
the SS pulse with zero amplitude delineated by the
horizontal dotted line. Each trace represents a stack on a
particular slowness, with the dotted vertical line marking the
expected arrival time for each reflector. The offset in the
arrival time of the SS pulse is from the corrections for upper
mantle heterogeneity as well as crustal corrections and the
slightly different moveout of SS and the precursor. The
number of records in each stack varies due to the exclusion
of different distances to limit the interference of other
phases (Table 2). Coherent arrivals are seen at slownesses of
400 and 670, and very weak reflectors are seen at 220-km
and 520-km depth.
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do not explore this feature further as it is only sporadically
present in about 25% of our bins and is does not fall
above the 95% confidence level in stacks at shorter periods.
We do not present stacking results for S220S, as very few
stacks had significant coherent energy corresponding to this
discontinuity.
[31] We perform a number of tests to understand the

contributions of stacking method, time shifting corrections,
SNR values, and dominant periods of the data set to the
resultant discontinuity topography. Figure 11 shows an
example of S400S and S670S stacks, along with resultant
discontinuity depth estimations. Depth estimates are
bounded by the 95% confidence levels, and only energy
falling significantly above these bounds is considered as a
robust reflection from the discontinuities; the bootstrap
uncertainty boundaries increase at shorter periods and
higher SNR cutoffs. More noise is present in the 5-s low-
pass data, and fewer records are available for the higher
SNR cutoffs, but even at the highest SNR and shortest
periods, robust reflections occur from both the 400 and 670.
[32] We stack the data using the different number of bins

shown in Figure 8 for 5�, 10�, and 20� sized caps. Stacks
that do not form precursory energy above the 95% confi-
dence level are discarded, and not plotted in the subsequent
sets of figures. The resulting thickness patterns of the TZ for
stacks are virtually identical across the different number of
overlapping caps (Figure 12a). The deviation between the
three sampling densities lies in the outer most stacks that are
near the edge of our data coverage, which are generally
underpopulated by SS bounce points. The bins lying near or
at the study region boundary are almost always excluded
due to lack of robust energy for measuring precursor depths.
This is purely a result of the cutoff in the extent of our data
coverage, and does not represent actual structure. This is
especially apparent in the 25-bin geometry, where the
southwest, northwest, southeast, and northeast corners are
generally underpopulated and excluded from the measured

topography. We therefore selected the 80-bin geometry as
our preferred bin geometry as it gives good coverage of our
study region, better approximates our data coverage, and
does not require an overly large number of stacks for each
discontinuity depth, low-pass filter, correction model, and
SNR cutoff. The effect of SNR is shown in Figure 12b and
demonstrates that for low SNR cutoffs, the thickness
retrieved for the TZ is very similar, with peak-to-peak
thickness varying from 13 to 24 km. However, at higher
SNR cutoffs, TZ peak-to-peak variation in thickness
increases to 15–30 km; fewer records are available, but
are of higher quality, producing robust stacks that average
less structure together. In altering the cap size (Figure 12c),
we find that the 20� caps produce TZ thicknesses very
similar to the stacks of all the data, with the whole region
appearing to be flat. The 5� caps produce similar topogra-
phy patterns to the 10� caps, and the peak-to-peak amplitude
of topography is increased by 5–10 km, comparable to that
found in the high SNR cutoff. However, the 5� caps collect
about 25% of the bounce points that fall within the 10� caps,
causing many stacks to have weak precursory arrivals, as is
evidenced by the lack of coverage compared to the 10� and
20� bins. Ideally, we would use the highest-quality data and
smaller bin sizes, but in practice these parameters trade off
with the number of records in the stacks, reducing the
amount of robust stacks that can be used for measuring
TZ structure. The cap size acts much like a filter of the
resulting topography, but trades off with the number of
records in a stack and ultimately the robustness of the stack.
Therefore we prefer the 10� cap size, as this bin size nearly
always produces robust stacking results.
[33] Stacking results for the TZ thickness variability

across different low-pass filters of the data are shown in
Figure 13. In general, there does not appear to be any strong
dependence on low-pass filter of the data set, though at the
shortest-period, 5 s, there is a 2–3 km increase in peak-to-
peak topography. However, at this period, a larger number
of stacks need to be excluded due to lack of robust precursor
energy, suggesting the additional variability may be noise
contaminating the topography measurements. The 10-s data
appear to be the shortest period at which robust stacks can
be retrieved from out data set, though with denser data
coverage, utilizing 5-s energy is entirely possible.
[34] As in the stacks of all the data, the largest source of

variation between the geographic stacks is the tomographic
model used to correct for discontinuity depths. Figure 14
shows topography on the 400 and 670, as well as the TZ
thickness for the four different tomography model correc-
tions used in this study. We also investigate the effect of
SNR cutoff, as our previous experiments indicate that the
higher-quality data produce more topography variation. The
tomographic correction adds 5–10 km of relief compared to
the uncorrected stacks shown in Figure 13. This increase in
heterogeneity is predicted; velocity heterogeneity produces
traveltime anomalies that tend to cancel out traveltime
anomalies arising from topography on the discontinuities
(see section 6.2). Regardless, the topology retrieved is
similar to when no tomography correction is applied (com-
pare the TZ thickness in Figure 14a to Figure 13), though
some of the small-scale details vary. At a SNR cutoff of 3,
there is more relief on the 670 than the 400, with peak-to-
peak topography of 6–18 km on the 400 and 15–20 km on

Figure 10. Number of records in stacks of all the data for
different SNR cutoffs and low-pass filters of the data set.
The number of records shown is for stacks on the 400, with
appropriate distance exclusion windows turned on for this
depth. In general, though the absolute number of records
may change for different slownesses, the pattern of
decreasing amounts of records at higher SNR cutoffs
remains the same across different filters. Higher-frequency
data tend to have larger amounts of noise, leading to a
reduction in the number of highest-quality records.
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Figure 11. Example stacks on the 400 and 670 for a 10� bin located at 19.4� N and �155.3�W (the
center of our study region), for (a) data and (b) the corresponding synthetics. No tomographic or crustal
correction is applied to the data. The 95% confidence level from bootstrap resampling is shown in gray,
with the picking bounds shown as thin lines next to the selected arrival time of each precursor. The
expected PREM arrival times for S400S and S670S are shown as dotted lines. Since the 400 and 670
stacks are computed separately, the small gap at �190 s is the switch between the two different stacks.
The measured discontinuity depth and number of records in each stack is shown next to the respective
precursor. Records are scaled to the maximum amplitude of the SS pulse, allowing for the direct
comparison of precursor amplitudes. A slight timing offset producing an offset of 2–3 km is present in
the synthetics from filtering at longer periods; however, this time shift is not present in the measurement
of TZ thickness, which is within 1 km of the actual value of 270 km.
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the 670. There is a 10-km upwarping of the 670 centered on
Hawaii as well as to the east of the Line Islands and a
downwarping of this discontinuity in the eastern region. The
400 shows ±6 km of relief, with a minor downwarping to
the east (Figure 14a). At a SNR cutoff of 6, the pattern of
relief on the 670 is relatively unchanged, but the 400

acquires much more topography, with peak-to-peak topog-
raphy increasing to 19–28 km (peak-to-peak topography for
the 670 is still 15–20 km), with the strongest downwarping
located in the south central region, just to the east of the
Line Islands. For both SNR cutoffs, the TZ appears to be
thinned by 10–20 km beneath Hawaii and to the east of the

Figure 12. Experiments in bin number, SNR cutoff, and bin size. TZ thickness is plotted for each of the
parameters given in the right-hand box. The measured TZ thickness for each bin is plotted as a triangle,
whose size is dependent upon the amplitude of the topography relative to the mean depth. The mean
topography is used as a zero line, and perturbations are plotted relative to this mean depth. A smoothed
topography is plotted in the background of each panel, with red corresponding with a thinned TZ, and
blue corresponding with a thickened TZ. (a) Varying number of bins. Stacks with no energy above the
95% confidence level are not plotted, resulting in 10–20% of the bins being eliminated. (b) Varying SNR
cutoff values. (c) Varying bin size. See text for discussion on the differences between each set of
parameters. Starting bin locations are as in Figure 8b, but the final bin locations are an average of all the
bounce points falling within each bin. Since a 20� bin is the same size as our data coverage, all the bins
are pushed toward the center, note that the same 80 bins are much closer to their original positions for the
5� bin size, though more stacks have been excluded.
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Line Islands. This regional thinning is especially pro-
nounced in Figure 14b. It should be noted that while we
only show the results for the 10-s low-pass filtered data,
virtually the same pattern is found in all low passes of the
data, with similar amounts of relief on each topography
model (see the auxiliary material)1.
[35] A direct comparison of our TZ thickness and dis-

continuity topography to other studies is complicated as
each study applies different tomographic model corrections,
and generally exhibit less variability through the central
Pacific than in our study [e.g., Gossler and Kind, 1996;
Flanagan and Shearer, 1998, 1999; Gu and Dziewonski,
2002; Chambers et al., 2005b]. We also find a TZ thickness
closer to the global average for the central Pacific; generally
this region is found to have a TZ that is thinned by �5–
10 km [see Gu and Dziewonski, 2002, Figure 12]. However,
our data set has a greatly improved sampling of the central
Pacific region, and uses much shorter periods, so it is likely
the differences between our topography models and those in
previous studies are a result of this greater sampling density.

5.2. Discontinuity Correlation

[36] The degree of correlation between the 400 and 670
discontinuities is also investigated. Given a purely thermal
origin for mantle heterogeneities, and that these anomalies
extend vertically across the TZ, the 400 and 670 should be
anticorrelated or negatively correlated on the basis of their
Clapeyron slopes. However, upper mantle heterogeneity
may not be purely thermal in origin, nor continuous across
the TZ [e.g., van Hunen et al., 2005], and the discontinuities
may also be sensitive to compositional effects, such as
large-scale compositional heterogeneity within the TZ
[e.g., Stixrude, 1997]. By comparing the thickness of the
TZ to the average velocity anomaly in the TZ, it is possible
to test the Clapeyron slopes of each discontinuity.

[37] Figure 15 displays our imaged thicknesses of the TZ
against an average TZ velocity anomaly, obtained by
averaging over a 10� radius cylinder at each bin location
from 450 to 600 km depth for the different tomographic
models, similar to that shown in Figure 12 of Flanagan and
Shearer [1998]. We begin the cylinder at depths offset from
the actual discontinuity depths to minimize any smearing in
the correction models of upper or lower mantle structure
into the TZ. Also shown are several hypothetical Clapeyron
slopes (see Figure 15 caption for explanation). We perform
an error-weighted linear regression to find the correlation
coefficient that best describes the data. Weak evidence for
anticorrelated discontinuities is present in some of the
models, though in general the correlation coefficients are
relatively poor. The strongest correlation is seen for the
SAW12D model, where the TZ thickness measurements fall
along a trend consistent with the Clapeyron slopes of
+3.0 MPa K�1 for the 400, and –2.0 MPa K�1 for the 670.

6. Discussion

6.1. Estimates of Topography Error

[38] Previous studies of the SS precursors report error
estimates for topography in the central Pacific up to ±10–
15 km, we estimate our maximal topography error to be on
the order of ±5–15 km. This slight improvement in preci-
sion is partly the result of greater sampling in the mid-
Pacific, with all stacks possessing extremely coherent
energy even at short period. We estimate this error using
the bootstrap boundaries (Figure 11), although the 95%
confidence level does not truly represent variation in dis-
continuity depth, as the bootstrap error is dependent upon
waveform shape and coherency. This is illustrated in
Figure 11b, where we show results for synthetic stacks;
the shorter-period stacks exhibit smaller error bounds by 1–
2 km compared to the longer-period data, even though the
background model (PREM) is the same in each synthetic.

Figure 13. Geographic plot of TZ thickness as in Figure 12, except results are given for different corner
frequencies for the low-pass filters of the data. No correction for upper mantle heterogeneity or crustal
thickness and topography is applied. Stacking geometry is for 80 10� bins, and the SNR cutoff is set to 3.
The TZ thickness patterns are relatively insensitive to the low-pass applied to the data (see auxiliary
material for the individual discontinuities), though the 5-s low-pass data show a 5-km increase in peak-to-
peak variation. The number of bins excluded decreases with increasing low-pass values.

1Auxiliary materials are available in the HTML. doi:10.1029/
2005JB004197.
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Figure 14. Geographic plot of topography as in Figure 12, the 400 and 670 discontinuities are displayed
in the same way as the TZ thickness, relative to the regional mean. These results are for the 80-bin 10�
radius geometry, and the low-pass filter of the stacks is 10.0 s. Each topography and thickness map is
shown for the different tomographic correction models, as well as for SNR cutoffs (a) � 3 and (b) � 6.
Crustal thickness and topography corrections are also applied to the data. There is more relief on each
discontinuity than in Figure 12, though the patterns of topography in Figure 14a resemble those in Figure
13. At higher SNR, there is much more relief on the discontinuities and TZ thickness, and the peak-to-
peak topography increases in amplitude.
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The slight offset in absolute discontinuity depth is a result of
the low-pass filtering of SdS + sSdS, which tends to produce
a small timing shift in the precursors; this offset is remedied
by measuring TZ thickness. Additionally, the 670 exhibits
more error than the 400 in the synthetics. This is attributed
to the greater perturbation of S670S amplitude over the
epicentral distance range of our data; past studies have
demonstrated precursor amplitude changes of several per-
cent with increasing epicentral distance [e.g., Shearer and
Flanagan, 1999; Chambers et al., 2005a]. We do not correct
for this effect, as it does not offset measured discontinuity
depth. However, this results in slightly greater bootstrap

variations in high-amplitude arrivals, as records from a
range of distances are averaged together. Other sources of
error (not limited to the picking error) include interfering
phases, and slight offsets in discontinuity depth from
inappropriate slownesses used for stacking (e.g., S400S
instead of S415S). However, on the basis of tests with
PREM synthetic records, we find our error increases by
4–5 km when we do not exclude interfering phases in the
synthetics, further motivating distance exclusion in the data
stacks (Figure 5a). Experiments with stacking at other
slownesses for a given discontinuity, such as S400S,
S415S, and S430S, show that the picking error plus the

Figure 15. Plots of TZ thickness versus average velocity heterogeneity in the TZ to test for
discontinuity correlation/anticorrelation for (a) 25-s low-pass filtered data and (b) 10-s low-pass filtered
data. The best fitting line is found by using a weighted least squares linear regression through the data,
and the R2 correlation coefficient for each line is shown in the lower right of each plot. When the R2

value falls close to zero, we do not plot the best fitting trend as it has no statistical significance. Several
theoretical slopes are calculated using different values of the Clapeyron slopes for the 400 and 670; a
value of �4.4 � 10�4 km s�1 K�1 is used for dVsdT

�1 [e.g., Revenaugh and Jordan, 1991a], similar to
the experimental results of Jackson et al. [2005], who find olivine to have a dVs/dT of �3.67 � 10�4 to
�3.84 � 10�4 km s�1 K�1. These slopes are centered in each plot using the average thickness of the TZ
for each correction model.
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slight difference from the stacked slowness and actual
discontinuity depth yields less than ±1–2 km uncertainty.
An additional uncertainty in each stack is discontinuity depth
variation within a bin, resulting in averaging precursors from
variable structure. Ideally, the most prevalent depth within a
bin will produce the highest and most coherent amplitude in
the stack, and by picking the arrival time of this peak, we
estimate the average depth of the discontinuity in the bin.
However, waveform scattering effects and mantle heteroge-
neity may serve to defocus the precursor arrivals [see
Chaljub and Tarantola, 1997; Neele et al., 1997; Shearer
et al., 1999] and produce precursor energy over a wider set
of arrival times, thus possibly perturbing the solution depth
for a given bin away from the true average.

6.2. Topography and Tomographic Model Corrections

[39] The largest source of variation in our results is a
consequence of the tomographic model used to correct for
mantle heterogeneity. The different models produce slightly
different topologies, and the base depths of the discontinu-
ities are offset by up to 10 km, depending upon the model.
The four models used in our study, SAW12D, SB4L18,
S20RTS, and TXBW, use a combination of body waves and
surface waves, though only SB4L18 and S20RTS use
Rayleigh waves for their inversions. The SAW12D model
uses longer-period data (�30-s dominant period) compared
to the average �15 s used for the other models. In the TZ
beneath our region, the SAW12D model has the largest
peak-to-peak heterogeneity in the TZ (up to 1.5–2.0% in S
wave velocity or VS), while SB4L18, TXBW, and S20RTS
have smaller amounts of heterogeneity (<1.0% in VS). The
TXBW model has the highest absolute value of anomaly,
but this is only after adjusting from the reference 1-D
structure to the PREM reference velocity structure, other-
wise the TXBW model has the smallest peak-to-peak
velocity perturbations of the four correction models. The
models show only moderate agreement in the TZ, and all
exhibit a large degree of heterogeneity in the upper mantle
(Figure 7). The S20RTS and SB4L18 models also have
anomalies in the lower mantle that are near or extend across
the 670, which are not present in the TXBW and SAW12D
models. These differences in TZ heterogeneity propagate to
the resulting topography and TZ thickness retrieved from
our stacks.
[40] It is likely that the velocity heterogeneity is under

accounted for in the models, both from our method for
computing the correction and the underestimation of veloc-
ity heterogeneity in the models themselves [e.g., Igel and
Gudmundsson, 1997; Dahlen et al., 2000]. The tomography
corrections were applied without consideration for SS 3-D
sensitivity, i.e., corrections were computed along the infinite
frequency ray path. Thus an underestimation of amplitude
of short-scale features in tomography models may result
[Hung et al., 2000; Zhao and Chevrot, 2003]. Our inferred
TZ thickness is also dependent on the path of the S400S
phase through the TZ: anomalously high (or low) velocity
in the TZ results in the S400S arriving earlier (or late). This
traveltime anomaly will cause the stacked phase to be
mapped to a greater (shallower) depth if the high (low)
velocity TZ is not accounted for by the tomographic
correction. Such an unaccounted for velocity anomaly could
potentially cancel out any topography present on the 400.

Likewise, an overestimate of TZ heterogeneity could am-
plify or introduce topographic features. A similar problem
exists for unaccounted heterogeneity beneath the 670. For
example, an unresolved high-velocity anomaly just below
the 670 would result in a similar effect to that for the 400,
either amplifying existing topography or canceling it out.
The timing offset for a relatively high amount of unac-
counted heterogeneity, e.g., 2%, is on the order of 1 s, which
equates to approximately 3 km of discontinuity topography.
This is generally far less than the possible level of topo-
graphic relief likely present in the TZ (e.g., a subduction
zone). Additionally, unaccounted upper mantle heterogene-
ity could also be responsible for baseline shifts in the
individual discontinuity topologies, we thus emphasize TZ
thickness measurements, which should minimize this pos-
sible effect. Applying the tomographic corrections results in
an increase in peak-to-peak TZ thickness and discontinuity
topography by 2–6 km.

6.3. Possible Origins of Discontinuity Topography

[41] In previous studies, the S wave velocity structure in
the TZ and the TZ thickness are found to be uncorrelated
[Gu et al., 1998], weakly anticorrelated [e.g., Flanagan and
Shearer, 1998], and/or anticorrelated [e.g., Lebedev et al.,
2003]. We find evidence for a weak negative correlation of
the TZ topography with the average TZ velocity anomalies
(Figure 15). On the basis of the Clapeyron slopes of the
discontinuities, and topography purely thermal in origin, a
negative correlation would be expected, though it is possi-
ble to produce such a negative correlation when factors
other than temperature are considered. A negative correla-
tion can arise from thermal coupling across the TZ, i.e.,
opposite Clapeyron slopes, as well as from thermal decou-
pling i.e., one discontinuity experiences a thermal anomaly
independent from the other, or from an anomalous TZ
composition that significantly alters the Clapeyron slope
of one of the discontinuities, e.g., a high proportion of
garnet at the 670 [Hirose, 2002]. We explore several
mechanisms that could produce this negative correlation.
[42] A primary geologic feature in our study region is the

Hawaiian hot spot, which is a potential source of both
thermal and compositional heterogeneity in the TZ. Other
studies beneath the Hawaiian Islands have found the TZ to
be thinned by up to 20–30 km beneath the Big Island of
Hawaii, [e.g., Li et al., 2000], and geochemical evidence
points toward a lower mantle origin of erupted material
[e.g., Lassiter and Hauri, 1998] consistent with a continu-
ous thermochemical anomaly upwelling through the TZ,
transporting hot material from the lowermost mantle. This
plume is hypothesized to have an excess temperature in the
200–300 K range, and possibly a thermal halo extending
several hundred kilometers beyond the plume conduit [e.g.,
Sleep, 2004]. On the basis of the Clapeyron slopes given in
Figure 15, this range of temperatures would produce a an
offset of 15–25 km on the 400 and 10–15 km on the 670,
thus thinning the TZ by �25–40 km. The thinnest TZ
measurements in our data set (221–225 km) correspond
with the locations of the Big Island of Hawaii, the best
known example of a hot spot, as well as with the Line
Islands. The thinning beneath Hawaii is a persistent feature
across all our topography model parameters (frequency,
SNR cutoffs, tomography corrections, bin geometry),
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though the magnitude of thinning decreases by 5–10 km for
lower SNR cutoffs, and in the uncorrected topography
models. However, as shown in section 5.1, structure is
smoothed in the lower SNR cutoff values, reducing the
amplitude of smaller-scale detail. Also, as discussed in
section 6.2, the uncorrected models are underestimates of
TZ thickness; it is unlikely that the tomography models are
overestimating heterogeneity in the TZ. Examination of the
corresponding 400 and 670 topography in Figure 14 indi-
cates that the majority of the thinning can be attributed to an
upwarped 670, with bins located near the onset of the
Hawaiian Island chain showing the largest anomalies. The
400 does not show any significant depression associated
with Hawaii in Figure 14a, though in Figure 14b, the 400
beneath Hawaii is 5–10 km deeper in some correction
models. As stated in section 5.1, the absolute discontinuity
depths directly depend on the pattern and amplitude of
upper mantle heterogeneity in the tomographic models used
for time correction, which may have significant uncertain-
ties. The TZ thickness provides a much more robust
estimate, as the differential nature of the measurement
minimizes any effects from upper mantle heterogeneity.
Using the global mean TZ thickness of 241–242 km
[Flanagan and Shearer, 1998; Gu and Dziewonski, 2002]
and using our thinnest TZ measurement of 221 km, we
calculate a thermal anomaly of approximately 150–180 K
for 20 km of thinning. This is 5–15 km less than what
would be expected for a mantle plume. The region contain-
ing the thinnest TZ would extend over very small scales
(100–200 km) and would likely either be undetectable by
scattering of precursor energy, or smoothed out by the large
SS Fresnel zones, though the exact effects of a thinned TZ
on the seismic waves requires 3-D synthetic modeling. This
would imply that our TZ thickness measurement, and
subsequently our inferred temperature anomaly, is an un-
derestimate of the thermal anomaly present in the TZ.
Alternatively, high-pressure experimentation with a pyro-
litic mantle composition at temperatures exceeding 2100 K
suggests that the ringwoodite phase decomposes to majorite
at higher temperatures, resulting in a 670 arising from the
majorite to perovskite phase transition [Hirose, 2002]. This
phase transition is found to have a positive Clapeyron slope
(+1.0 MPa K�1), consequently increasing the depth of the
670 in the presence of a high-temperature anomaly. A high-
temperature plume would therefore alter the expected Cla-
peyron slope near its center, and reduce the amount of
topography expected on the discontinuities. As shown in
Figure 15, this would still produce a negatively correlated
relationship with TZ thickness, also supporting the hypoth-
esis that our estimate of the thermal anomaly is a lower
bound. The lateral extent of the thin TZ anomaly beneath
Hawaii is �1000 km and extends to the southeast several
thousand kilometers. This is an order of magnitude larger in
lateral scale than what is typically ascribed to mantle plumes
(e.g., several hundred kilometers at best). While absolute
topography depths are less constrained than the TZ thick-
ness, it is interesting to note that if the 670 contains more
significant topography than the 400 (as in Figure 14) then,
the largest anomaly seems to be situated on this disconti-
nuity; it is possible that the thermal structure at this depth is
the result of hot material stalling at the 670, as has been
suggested in several geodynamical models of plumes in the

TZ [e.g., Brunet and Yuen, 2000; Farnetani and Samuel,
2005]. Alternatively, this large-scale anomaly may be the
result of scattering of seismic energy off a much smaller-
scale feature, as is suggested by the modeling of [Chaljub
and Tarantola, 1997; Neele et al., 1997; Neele and de Regt,
1999], though their models considered discontinuity struc-
ture in a subduction zone using a 400-km-wide trough/
ridge. We plan to explore the expected wavefield effects
from a plume-like feature on the discontinuities using fully
3-D synthetics in future work.
[43] Our central Pacific study region falls right on the

predicted onset of reheating in the Pacific lithosphere as
detailed in [Ritzwoller et al., 2004]. Ritzwoller et al. [2004]
use surface waves to map the shear wave velocity in the
lithosphere, and find that the apparent thermal age of the
lithosphere and the measured age of the lithosphere diverge
in the western Pacific. As the plate moves to the northwest,
it is found to be thermally young, with the measured heat
flow increasing rather than decreasing [e.g., Nagihara et al.,
1996], counter to what a simple half-space cooling model
would predict [e.g., Stein and Stein, 1992]. The reheating is
hypothesized to be the result small-scale convection cells on
the order of several hundred kilometers [van Hunen et al.,
2005]. In their 3-D Cartesian model of mantle convection
incorporating plate motion, van Hunen et al. [2005] find
that small-scale convection delaminates lithosphere as it
cools with age, this cooler material then descends into the
transition zone and ultimately to the 670.
[44] Given this geodynamic model and the range of

crustal ages in our region (30–120 Ma, see Figure 2c),
these theoretical ‘‘drips’’ of cooler lithosphere are predicted
to descend to at least the depth of the 400 in the western
half of our region of study. As the cooler material enters
the TZ, it would thermally decouple the 400 topography
from that on the 670, and the 400 would become shallower
with increasing crustal age. We compare the depth of the
400, and thickness of the TZ, to crustal age averaged over
a 10� radius centered on each bin. Examining our topog-
raphy models, we find no correlation of 400 topography or
TZ thickness with crustal age, however, a pattern emerges
if we only examine bins falling in crustal ages exceeding
100 Ma. We choose 100 Ma for a cutoff as the geodynamic
models indicate that delaminated lithospheric material
would reach the 400 by 90–100 Ma [see van Hunen et
al., 2005, Figure 3c]. For our shortest period data, the
shallowest 400 measurements (405–410 km) are generally
associated with the oldest crustal age bins. Additionally,
our thickest TZ measurements (255–260 km) also corre-
spond with the oldest crustal age bins. The 670 is uncor-
related with crustal age in all our discontinuity topography
models. For longer-period data, this correlation between
the oldest crustal age with the shallowest 400 and thickest
TZ measurement disappears altogether, though long period
precursors to are likely less sensitive to topographic
features at lateral scales of only 100–500 km, and discon-
tinuity depths are a result of averaging over a much larger
region spanning a range of ages. To use the precursors to
reliably test the relationship of crustal age and discontinu-
ity topography and subsequently the potential reheating of
the lithosphere and transport of cooler material into the TZ,
our coverage would have to be expanded to encompass the
entire Pacific.
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[45] To test these various hypotheses, fully 3-D synthetic
seismograms are required in order to accurately account for
the complicated SS wavefield sensitivity and effects of
mantle heterogeneity [e.g., Chaljub and Tarantola, 1997;
Neele et al., 1997; Neele and de Regt, 1999; Shearer et al.,
1999; Dahlen et al., 2000; Hung et al., 2000; Zhao and
Chevrot, 2003]. Additionally, concerns about the effect of
heterogeneity on the resulting location of SS bounce points,
as well as consideration of the actual SS Fresnel zone, can
be explored with appropriate 3-D waveform predictions.
The 3-D synthetics would be highly effectual in quantifying
the trade-off between velocity heterogeneity and disconti-
nuity topography, as well as testing the resolvability of
small-scale features, such as a mantle plume or the presence
of delaminated lithosphere entering into the TZ. This is
especially relevant for shorter periods, e.g., 5–10 s, and is
left for future work.

7. Conclusions

[46] We have presented new topography models for the
400- and 670-km discontinuities, as well as TZ thickness
measurements, beneath the central Pacific using an SS
precursor data set that vastly improves sampling in this
region. We do not robustly detect discontinuities other than
the 400 and 670; we do find weak returns from the 220 and
520, though the amplitudes of these discontinuities are not
well developed above the 95% confidence level. We find
topography to be primarily dependent on the quality of the
data used, and also on the tomographic correction applied for
mantle heterogeneity, but do not find strong evidence for an
increase in peak-to-peak topography with shorter periods.
The average TZ thickness beneath our central Pacific region
is approximately 242 ± 3 km, in good agreement with past
global precursor studies. A weak negative correlation exists
between the TZ thickness and TZ heterogeneity, with a 10–
20 km thinning of the TZ present beneath the Hawaiian hot
spot and also to the southeast beneath the Line Islands.
Ascribing this thinning completely to thermal effects indi-
cates a minimum of 100–200 K excess temperature anomaly
in the TZ. Additionally, we find the thickest TZ measure-
ments in our study region correspond to the oldest crustal
ages, and that the 400 is elevated beneath these bins. This is
consistent with colder lithosphere delaminated from small-
scale convection in the upper mantle entering the TZ and
elevating the 400-km discontinuity.
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