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Nearly antipodal continent-sized zones of reduced seismic shear wave velocities exist at the base of
Earth’s mantle, one beneath the Pacific Ocean, the other beneath the South Atlantic Ocean and Africa.
Geophysicists have attributed the low velocity zones to elevated temperatures associated with large-scale
mantle convection processes, specifically, hot mantle upwelling in response to cooler subduction-related
downwelling currents. Hypotheses have included superplumes, isochemical heterogeneity, and stable as
well as metastable basal thermochemical piles. Here we analyze waveform broadening and travel times

Keywords: of S waves from 11 deep focus earthquakes in the southwest Pacific recorded in North America, resulting
seismology in 8500 seismograms studied that sample the deep mantle beneath the Pacific. Waveform broadening
body wave is referenced to a mean S-wave shape constructed for each event, to define a relative “misfit”. Large

mantle structure
thermochemical pile
mantle convection
mantle plume

misfits are consistent with multipathing that can broaden wave pulses. Misfits of deep mantle sampling
S-waves infer that the structure in the northeast part of the low velocity province beneath the Pacific has
a sharp side as well as a sloping sharp top to the feature. This sharp boundary morphology is consistent
with geodynamic predictions for a stable thermochemical reservoir. The peak of the imaged pile is below

Hawaii, supporting the hypothesis of a whole mantle plume beneath the hotspot.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The present-day chemistry and dynamics of Earth’s deep man-
tle relate to how the mantle as a whole operates, today as well as
in the past, including processes relating to the formation and evo-
lution of the planet’s core. The behavior of the deep mantle also
may influence a number of surface phenomena ranging from driv-
ing large-volume intraplate volcanism to regulating the frequency
of magnetic reversals. Data that help to constrain our understand-
ing of the deep interior span the geo-disciplines, but seismology
provides the most direct means of imaging deep structural features
across a range of spatial scales.

Seismic tomography has revealed the presence of two nearly
antipodal large low shear velocity provinces (LLSVPs) at the base of
the mantle (Masters et al., 2000; Mégnin and Romanowicz, 2000;
Grand, 2002; Houser et al., 2008; Ritsema et al., 2011; Lekic et al.,
2012). These LLSVPs are located beneath Africa and the Pacific, re-
gions that exhibit numerous surface hotspots and are far removed
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from deep extensions of current and geologically recent subduc-
tion (Fig. 1a). An apparent anti- or non-correlation between bulk
and shear modulus in some LLSVP regions (Masters et al., 2000)
along with suggestion of increased density (Ishii and Tromp, 1999;
Trampert et al., 2004) support the possibility that they may be
compositionally-distinct from the background lower mantle.

The strongest horizontal gradients in tomographically derived
shear velocity occur at the LLSVP margins (e.g., Thorne et al., 2004;
Torsvik et al., 2010; Lekic et al., 2012), which coincide with sharp
transitions (50-100 km or less) found in high-resolution seis-
mic studies (Ritsema et al., 1998; Wen, 2001; Luo et al., 2001;
Ni et al., 2002; Ford et al., 2006; To et al., 2005; Sun et al., 2007;
He and Wen, 2009, 2012) (Fig. 1b, Fig. S1, Supplementary Material).
The high-resolution analyses primarily rely upon pulse-broadening
of seismic waves that traverse the lowest 100-200 km of the man-
tle (Fig. S2, see also Table S1, Supplementary Material). This pulse-
broadening occurs when seismic energy travels both outside and
inside the LLSVP, often resulting in two distinct arrivals.

The vertical extent of LLSVP structure up off the core-mantle
boundary (CMB), including sharp edges, has also been inferred by
seismic wave travel times in several studies (Ritsema et al., 1998;
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Fig. 1. Geographic correlation between lowermost mantle shear velocity tomography, lateral gradients, and imaged edges. (a) Hotspot locations (orange circles) are plotted
on top of a global tomography shear velocity model TXBW (Grand, 2002) at 2750 km depth. Blue and red colors represent higher and lower velocities, respectively. Hotspot
size is scaled to the flux of each hotspot (Sleep, 1990). The black box denotes the study region of this paper. The solid black line inside of the box indicates the location
of the cross-section in Fig. 6. (b) Lateral shear velocity gradients in model TXBW (red = strongest gradients) are plotted with LLSVP edges (thick black lines, dashed if
from travel time inference) found in previous studies (numbers in the figure correspond to Table S1, prominently). Hotspot locations are crosses. Gradients are calculated
following a least-square linear curve-fitting algorithm (Thorne et al., 2004). (c) Similar to (b), but displayed are lateral variations of the temperature field calculated from a
thermochemical convection model (Garnero and McNamara, 2008). Strongest gradients in (b) and temperatures in (c) are similar - they are near LLSVP margins found in

high-resolution studies.

Wen, 2001; He and Wen, 2009, 2012; Lekic et al., 2012). Some
of these studies fix the shear velocity reduction within the LLSVP
to be a constant value, resulting in a trade-off between velocity
reduction and imaged LLSVP height (and shape). Thus, while the
geographical distribution of reduced shear velocities in the lowest
couple hundred km appears fairly well established (e.g., Becker and
Boschi, 2002; Lekic et al., 2012), LLSVP structure up into the lower
mantle is less so.

The height and morphology of LLSVP structure depends crit-
ically upon the density and viscosity differences between the
LLSVP and the surrounding mantle (McNamara and Zhong, 2005;
Tackley et al., 2005; Tan et al., 2011). Several possible dynam-
ical frameworks are presented in Fig. 2. Each of the four pos-
sibilities in Fig. 2 holds promise in matching the two principle
seismic observations of significant shear velocity reductions in
the LLSVP and sharp LLSVP sides. However, different geometries
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Fig. 2. Scenarios that can result in an LLSVP. (a) In an isochemical mantle, upwelling and plumes can be concentrated in areas away from beneath downwelling, and the
warmer upwelling zone can be an LLSVP, though the sides may not be uniformly sharp. (b) Former lithosphere and oceanic crust, as well as ultra-low velocity zone (ULVZ)
material can introduce small-scale heterogeneities into the lowermost mantle, and enhance the seismically imaged contrast between the LLSVP and surrounding mantle.
(c) A nearly neutrally buoyant thermochemical structure can have vertical sides and a shape that depends strongly on internal properties (called a meta-stable pile). If
unstable, the whole structure may break away from the CMB as a superplume (red dashed line). (d) With density slightly elevated, the thermochemical pile becomes a stable
structure with sloped sides and plumes coming off ridges. For both (c) and (d), small-scale heterogeneities can mix into the thermochemical material. In all cases, the zone
labeled LLSVP will be beneath upwelling, away from cold downwelling zones. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

are predicted for the slope of the LLSVP sides and the LLSVP
top, which warrants some brief discussion on their dynamical as-
pects. For example, in a purely isochemical mantle, large-scale
convection patterns are expected to focus mantle plumes (perhaps
into plume clusters) within larger-scale upwelling regions (Fig. 2a)
(e.g., Schubert et al., 2004, 2009; McNamara and Zhong, 2005;
Bull et al., 2009; Davies et al., 2012). However, subducted oceanic
lithosphere (Christensen and Hofmann, 1994; Brandenburg and
van Keken, 2007), ultra-low velocity zone (ULVZ) material (Rost
and Earle, 2010), and reaction products between the mantle and
core (Manga and Jeanloz, 1996) are expected to introduce small-
scale heterogeneity into the upwelling, plume regions (Fig. 2b).

A critical question relates to the stability of these structures.
If the LLSVPs have a low enough density contrast with the sur-
rounding background mantle, the resulting structures will become
unstable and either become convectively entrained or form os-
cillating thermochemical superplumes that undergo episodes of
rising within the mantle, cooling, and then descending back into
the lower mantle (Davaille, 1999) (Fig. 2¢). For higher density con-
trasts, the resulting structures are expected to remain stable and
long-lived (Tackley, 2002, 2012; McNamara and Zhong, 2004). The
morphology of long-lived stable structures is expected to be ridge-
like, namely sloped sides that terminate at a cusp at the top, where
plumes form (Fig. 2d). Alternatively, Tan and Gurnis (2005) demon-
strate the formation of “metastable” structures with vertical sides
that are more box-shaped, caused by the LLSVPs having a differ-
ent bulk modulus from the surrounding mantle (Fig. 2c). Stable
or metastable piles might possess a seismically detectable top. In
contrast, isochemical plume clusters should have low seismic wave
speeds that extend upwards, lacking an abrupt top to the veloc-
ity reductions. The scenarios depicted in Fig. 2 also differ from
each other in several other aspects, including: heat flow from the
core, capacity to sequester and provide the compositionally dis-

tinct source materials of ocean island basalts (OIBs) compared to
mid-ocean ridge basalts (MORBs), and the nature and distribution
of small scale heterogeneity.

In this study, we measure the S waveform broadening and
travel times in a systematic attempt to study the shape of the
northwestern portion of the Pacific LLSVP that underlies the
Hawaiian hotspot (Fig. 1). In the sections that follow we map the
depth and velocity reduction of the LLSVP top in a focused re-
gion by matching time and waveform broadening measurements
between 1D models and data.

2. Seismic dataset

We analyze seismic data that densely sample the northeastern
part of the Pacific LLSVP beneath Hawaii. Past studies of LLSVP
edges (Table S1, Supplementary Material, Fig. 1) focused on the
lowermost 100-200 km of the mantle. Here we explore LLSVP
margins further up off the CMB by analyzing S-wave data with
turning depths throughout the lowest 1000 km of the mantle
(within and above the tomographically imaged LLSVP). For the
shallower parts of this depth range, epicentral distances between
75 and 85 degrees provide the best coverage. Earthquakes in the
southwest Pacific recorded by seismic stations on the west coast
of North America enable investigation of the Pacific LLSVP be-
neath Hawaii at this distance range; much of our data was ob-
tained from USArray stations deployed as part of the EarthScope
project (http://earthscope.org). These USArray stations permit sam-
pling the deep mantle beneath Hawaii with unprecedented wave
path density. Stations in the central and eastern United States have
wave paths that bottom in the lowermost 100-200 km of the man-
tle, thus, while we include those, we focus more on the western
US stations (Fig. S3, Supplementary Material). Our dataset consists
of 8500 seismograms from 11 intermediate- to deep-focus (>120
km) Fiji-Tonga earthquakes (Table S2, Supplementary Material).
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3. Data processing method

Waveform broadening was quantitatively determined for all S-
waves in this dataset. We developed an iterative stacking algorithm
to define an empirical source wavelet shape for each earthquake,
effectively a mean S-wave shape for each earthquake that simulta-
neously documents wave shape and travel time anomalies for indi-
vidual records of each event. This objectively identified broadened
waveform pulse-widths relative to the empirical source wavelet,
and provided a “misfit” estimate that characterized the difference
between the wave shape of each S-wave and that of the empirical
wavelet. We defined the waveform “misfit” measurement in terms
of a percentage of a waveform’s deviation from the mean shape
of S-waves on an event-by-event basis. Relatively narrow or broad-
ened records have negative or positive misfit values, respectively.
Misfits and travel time perturbations relative to a reference model
were determined by the following steps:

(1) Empirical source wavelet construction. For each event, a time
window from 15 s before and 30 s after direct S on the trans-
verse component of motion was defined, using predictions from
the PREM model (Dziewonski and Anderson, 1981). The maximum
amplitude in this time window was normalized to unity. On dis-
placement recordings, these 45 s long time windows were linearly
summed to make an initial stack. Records with S-waves close in
time to ScS were omitted. The initial stack was iteratively up-
dated by the following procedure: (a) each record was aligned with
the initial stack using cross-correlation, and polarity-checked and
corrected if necessary; (b) its shift time and cross-correlation coef-
ficient (CCCz) was stored; (c) using the CCCz’s as weights, records
were re-summed to make a new stack, omitting any record with
CCCz < 0.5; this empirical cut-off value was chosen based on vi-
sual inspection of records, records below this value were typically
noisy. This iterative procedure, sometimes referred to as adaptive
stacking (Rawlinson and Kennett, 2004), was continued until the
updated stack wave shape was nearly identical with the previous
stack, as defined by the CCC; between a previous and updated
stack being greater than 0.999. We defined this final stack as the
empirical source stack (ESS) for this event. As part of this first
step, all discarded (CCCz < 0.5) and retained records were visu-
ally inspected to insure the automation procedure was operating
properly.

(2) Definition of empirical source timing onset. The ESS was used
to estimate the timing of individual records (relative to predictions
made with the PREM model). We employed an algorithm to objec-
tively and automatically define the relative onset timing of the ESS
pulse. First, a noise level was defined as the maximum amplitude
in a 5 s long time window, starting 14 s before the S-wave peak in
the ESS. S-wave onsets were typically smooth in the ESS’s. There-
fore, we used the time derivative of the displacement recording
ESS, which sharpens the commencement of the S-wave pulse. The
onset was then defined as the time value where the amplitude of
the ESS pulse (in velocity) exceeds the pre-determined noise level
value. The velocity ESS pulse grows out of the background noise
more quickly than displacement; this, combined with the back-
ground energy being very low in the ESS stacks, resulted in (a)
an onset time for the ESS in displacement that agrees with where
we would pick it by hand, but (b) the automated process being
more objective and uniform (thus robust), albeit, while empirical.

(3) Computation of individual waveform misfit and timing. For each
event, all retained S-waves were cross-correlated with the ESS.
They were then windowed from the ESS onset time to an end
time defined by 2.5 times the peak-minus-onset time. This added
50% more time window after the S-wave peak than the onset-to-
peak time, which we chose based on inspection of the data, which
showed steeper ramp up to the peak than decay from the peak (in
displacement recordings). The aligned and normalized record and

a. Data: normal S-waves

b. Data: empirical source wavelet

c. Data: broadened S-waves

d. Synthetics: misfit measurement
Misfit (%)
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Fig. 3. Waveform examples of misfit measurements. For the earthquake of August
26, 2007, we show (a) ten “normal” waveforms of the S-wave, defined by having
a misfit value ~0%, and thus closely resemble the empirical source shape shown
in (b) (thick black line); gray shading displays the standard deviation of this stack.
(c) Similar to (a), except ten broadened waveforms are shown (thin black lines), de-
fined by large misfit values (~40%). Thin gray line traces are the empirical source
from (b). (d) This synthetic example demonstrates the relationship between wave-
form broadening and misfit value (computed as described in the Data processing
and method section in the main text) for a simple sinusoid stretched by different
amounts. The record with zero % misfit is defined as the empirical source, and is
repeated as the gray trace for the non-zero misfit records (which are black). Thus
a 100% misfit record is roughly twice as wide as the empirical source shape; a 50%
misfit value corresponds to a record roughly % as wide as the empirical source
shape.

ESS were subtracted; the result was integrated, and then divided
by the integrated ESS. We thus defined a misfit as the relative dif-
ference between the area beneath each record’s wave shape and
that of the ESS stack for the specified time window, in percent:

Si,.—S
Misfit = “”57555 x 100%

ESS
Si,c represents the area under the curve of the ith record, and
Skss denotes the area under the curve of the ESS stack. Thus,
records narrower or broader than the ESS would have negative
or positive misfit values, respectively. Records that were broad-
ened due to wave multi-pathing (Ni et al., 2002; To et al., 2005;
Ford et al., 2006) may have contributed to erroneously broadening
the ESS, i.e., resulting in an ESS that does not simply represent the
earthquake’s source time function. We circumvented this outcome
by re-computing Step 2 solely with records containing negative
misfit values, resulting in a new empirical source stack, denoted
ESS'. ESS’ represents the narrowest half of the waveshape popula-
tion. This population is referred to as the “normal” waveforms (e.g.,
Fig. 3). Waveform misfit for each record was then re-computed, as
defined above, except using ESS’. This process also re-computed
the timing anomaly of each S-wave onset via cross-correlating each
record with ESS’.
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Fig. 4. Waveform misfits and travel time delays for the entire dataset. S-wave waveform misfits and time delays are shown for our entire data set as a function of PREM-
predicted wave bottoming depth above the CMB. Individual misfit measurements (a) and travel time delay measurements (b) are gray dots, and are accompanied with mean
values in 30 km depth intervals with + one standard deviation (horizontal bars). Open squares correspond to 30 km depth intervals with less than 50 data points. Panel (c)
compares the mean values from (a) and (b) with slightly expanded horizontal scales. For most of the robustly sampled depth bins, the maximum misfits and travel time de-
lays appear to occur at different depths (near 600 km above the CMB for the misfits, and in the lower 400 km of the mantle for the travel time delays). We omit focus on
the two gray regions: region 1 corresponds to too few data, region 2 corresponds to complications in the misfit measurement due to contamination by ScS. (d) Number of

records within each 30 km bin.

Travel times of individual records are computed in velocity
traces, to emphasize the first half of the displacement trace, by
cross correlating with the velocity version of the ESS. This helped
to minimize possible errors from convolving a broad observed
waveform with a narrow ESS. All correlations used for travel times
were subsequently visually inspected to insure that the correlation
scheme worked (poor correlation-based times were discarded).

These choices in windowing and stacking parameters were de-
veloped by extensive trial and error tests to achieve the most sta-
ble mean shape of each event, i.e., ESS’, as well as onset times
and misfit measurements across different earthquakes with dif-
ferent source time functions. While subjective, this procedure is
consistent across events in how it documents relative waveform
broadening and travel time anomalies (Fig. 3).

After discarding records with poor signal quality, our final
dataset retained more than 4700 high quality seismograms that
densely sample a 30 x 40 degree area in the lowermost 1000 km
of the mantle beneath the northeastern Pacific (Fig. S3, Supple-
mentary Material).

4. Results

Fig. 3 presents an example of normal versus broadened wave-
forms for an earthquake in our dataset, and demonstrates the
concept of our misfit measurement. A more complete set of wave-
forms, misfits, and travel times for this event are shown in Fig. S4
(Supplementary Material). Waveform misfits and travel time delays
for our entire dataset are summarized in Fig. 4. Several features
are apparent: (1) significant scatter is present, consistent with the
levels of heterogeneity previously identified beneath the central
Pacific (Tan and Gurnis, 2005); (2) waveform misfits on average are
greatest some 600 km above the CMB (Fig. 4c); and (3) travel time

delays are greatest in the lowest 400 km of the mantle. These data
enable investigation of LLSVP structure beneath Hawaii further up
from the CMB than previously possible.

If LLSVPs have a distinct top due to compositional hetero-
geneity, there can be an associated seismic waveform effect. We
consider a pronounced LLSVP structure to emphasize these pos-
sible effects; an 800 km thick LLSVP (Fig. 5a) is introduced (and
we note this may be unrealistically large). A seismic wave at 80
degrees epicentral distance will have an additional arrival that
reflects from the underside of the LLSVP top (Fig. 5b); this ad-
ditional wave arrives after the direct S wave and broadens the S
pulse, and is apparent in the misfit measurements (Fig. 5c and 5d).
Thus the top of an LLSVP, if possessing contrasting seismic prop-
erties, may be detectable from the additional underside reflected
S-waves broadening the direct S-wave pulse. The misfit and travel
time predictions in Fig. 5d are not dissimilar from the averaged
measurements of our data set sampling below Hawaii (Fig. 4c):
the misfit distribution has a peak at a depth below which the
travel time delays begin increasing. However, we note that this
idealized form of a large LLSVP is a low velocity zone that bends
wave paths deeper - thus the details of any particular model will
determine the degree to which refraction (or diffraction) in the
mantle just above (as well as below) the LLSVP top will play an
important role in the wavefield; this includes the possibility of a
shadow zone from the low velocity LLSVP. For this reason, compu-
tation of synthetic seismograms is important for modeling obser-
vations.

The azimuthal span of our data (Fig. S3, Supplementary Ma-
terial) permits us to investigate variations in the Pacific LLSVP
in the NW-to-SE direction (Fig. 1a, Fig. S5, Supplementary Ma-
terial). Spatial patterns in waveform misfits are clearly present
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Fig. 5. Synthetics for a lower mantle possessing an LLSVP. (a) Shear velocity-depth
profile showing an 800 km thick LLSVP. (b) Ray paths of seismic waves that con-
tribute to the broadening of a deep mantle S-wave: the core reflected ScS and
the wave that reflects from the underside of the top of the LLSVP, here, dubbed
$2091S, for an epicentral distance of 80 degrees. Waves that diffract or refract
along the LLSVP top may also contribute, depending on the model and distance.
(c) Reflectivity method (Miiller, 1985) displacement synthetic seismograms for the
tangential component. Traces are plotted relative to that predicted by the PREM
model (Dziewonski and Anderson, 1981). At around 77 degrees the S-wave becomes
multi-pulsed due to the S"2091S arrival, thus becoming broadened. The wave group
is delayed at larger distances due to the reduced shear wave velocities of the LLSVP.
(d) The misfit (blue) and travel time delays (red) are shown for measurements on
the synthetic seismograms of panel (c). As with the observations (Fig. 4), the misfits
have a peak several 100 km above the CMB from the LLSVP top, and travel time de-
lays increase for deeper diving waves. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

(Fig. 6a), which, to the first order, outline the upper edge of the
LLSVP imaged in tomography (Fig. 6a). Large misfits along the
well-sampled NW and SE edges trend diagonally up the LLSVP
and connect at a depth of about 600 km above the CMB, which
appears to correspond to the top of the tomographically derived
LLSVP. While this consistency depends to some extent on the to-
mographic model chosen for comparison, all the S-wave tomog-
raphy models have LLSVPs (e.g., see Becker and Boschi, 2002;
Lekic et al., 2012), thus there is a transition from LLSVP veloci-

ties to “normal” overlying mantle at some point. Our misfits are
also overlain on our S-wave travel time delays (Fig. 6d). Our travel
time delays (thus, plausibly low LLSVP velocities) extend further up
into the lower mantle than the tomography model in Fig. 6b. This
shape of the misfit distribution in Fig. 6 cross-sections compares
well with the temperature field from a 3-D numerical convection
model (Fig. 6¢) with a dense basal compositionally-distinct reser-
voir (Garnero and McNamara, 2008), where an initially uniform
dense basal layer is assumed (255 km thick; thicker or thinner
layers result in larger or smaller piles, respectively), with 119 Ma
of plate motions imposed at the surface. Misfit patterns cannot be
due to the earthquake source or receiver regions because events
are distributed up and down the Fiji-Tonga trench, whereas mis-
fits have geometric consistencies with their spatial distribution of
waveform broadening near their bottoming depths. However, S-
waves bottoming in the lowest 200 km of the mantle are close
in time to the core-reflected ScS (Fig. 5¢), which can result in erro-
neously large misfits for distances beyond 95 degrees. Furthermore,
the presence of a strong velocity change at the LLSVP top produces
an additional arrival that propagates just above the LLSVP, at first
as a refraction and then as a diffraction, which further contami-
nates the misfit measurement of waves bottoming in the lowest
200 km of the mantle (Fig. S6, Supplementary Material). Possible
sources to the misfit from the upper mantle are discussed later in
the Discussion section.

5. Modeling

For a narrow azimuthal portion of the cross-section (shaded re-
gion, Fig. 6a), the depth distribution of the misfit averages (Fig. 6e)
and time delay averages (Fig. 6f) were simultaneously modeled
by a least square fit to predictions from our 1D model database
(Fig. S7, Supplementary Material). The lowest 200 km of the man-
tle is excluded in the depth profiles of Fig. 6e-g, since the large
misfits in the deepest mantle likely contain contributions from the
presence of ScS, as well as SvDS (D = depth of LLSVP top, e.g.,
Fig. 5), possible refractions along the top of the LLSVP, and pos-
sibly high attenuation (discussed later). We computed synthetic
seismograms for more than 1000 one-dimensional (1-D) models
using the reflectivity method (Miiller, 1985). We varied three prin-
ciple features associated with a lowermost mantle low velocity
region: (a) the velocity reduction magnitude, from 0 to —3.5%,
in 0.5% intervals; (b) the sharpness of the transition from “nor-
mal” (PREM) overlying mantle to the LLSVP, from 0 to 350 km
for the thickness of the gradient zone, in 50 km intervals; and
(c) LLSVP thickness, in 50 km increments, defined as the distance
from the CMB to the base of the gradient zone (or the disconti-
nuity, if the gradient is zero). Waveform misfits and delay times
are shown in Fig. S7 (Supplementary Material) for synthetics mea-
sured exactly the same way as the data. They show significant
effects depending on the structural details of the LLSVP struc-
ture. Larger LLSVP shear velocity reductions yield larger wave-
form misfits and delay times (Fig. S7a, Supplementary Material).
A 20% increase in the maximum waveform misfit can be caused
by only 0.5% added velocity reduction in the LLSVP. The depth of
the peak in the waveform misfit plot depends strongly on LLSVP
velocity reduction, but is generally close to that of the discontinu-
ity at the top of the LLSVP. The velocity gradient on top of the
LLSVP affects the misfit amplitude and depth range over which
the waveform misfit variations occur (Fig. S7b, Supplementary Ma-
terial). Thicker velocity gradients result in weaker misfit values,
and broadened distribution of misfit values near the depth of the
LLSVP top. For a fixed LLSVP velocity reduction and gradient width
at the LLSVP top, Fig. S7c (Supplementary Material) shows the
dependency of the misfits and travel times on the LLSVP thick-
ness. Fig. 5 shows the synthetic waveforms, measured misfit and
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Fig. 6. Waveform misfits cross-section maps and modeling results. (a) A 50-degree wide cross-section (location indicated in Fig. 1a), with misfit values (triangles) projected
to cross-section, overlying tomography model TXBW (Grand, 2002). Tan shaded box highlights azimuth range of the data plotted in (d) and (e). (b) As in (a), plotted on
top of shear velocity reductions of a mantle tomography model (Grand, 2002). (c) As in (a), but misfits are plotted on top of our measured travel time anomalies, which
have been smoothed (reds and blues correspond to delayed and advanced times, respectively). (d) As in (a), plotted on top of a temperature snapshot of a numerical flow
model (Garnero and McNamara, 2008), which has a chemically distinct dense pile at the base of the mantle. Misfit values from (a) are plotted on top, and demonstrate the
consistency between our observations with the reservoir hypothesis. (e) Misfits (gray dots) and 30 km wide depth-bin averages (red circles, with +1 standard deviation)
are plotted with respect to the S wave bottoming depth. Open circles represent depth-bins with less than 10 records. Solid red line is a prediction for our best-fitting 1-D
reservoir model shown in (g). (f) As in (e) except travel time anomalies are shown (gray dots) with depth-bin averages (blue circles). Solid blue line is the prediction for
our best-fitting model shown in (g). (g) Shear velocity versus depth of our best-fitting 1-D reservoir model (red) compared to PREM (black) for data in the shaded azimuth

window in panel (a).

travel times for one such model. The details of the misfit mea-
surements are shown to also depend on interfering phases (e.g.,
ScS).

In a grid search fashion, we established a measure of goodness
of fit of each 1-D model to the observations as follows. (a) We
computed the cross-correlation coefficient between the depth dis-
tribution of predicted and observed misfits (CCCz); for the obser-
vations, we used the depth-bin averages for the correlation. This
established the degree to which the shapes of the depth distri-
butions agree. (b) We accounted for the amplitude of the misfit
versus depth variation by comparing the peak misfit amplitude of

synthetics and observations, and combining with the CCC; for a
measure of goodness of fit:
As = Ad\?
Ad

where A;g is the peak misfit amplitude in synthetics and Aq4 is the
peak misfit amplitude in the data averages.

Misfit and travel time anomalies measured from synthetics de-
pend strongly on basic LLSVP properties, while misfit amplitude
depends strongly upon the strength of LLSVP velocity reduction.
The sharpness of the top of the LLSVP affects the epicentral dis-

Goodness_of _fit = CCC, x (1 —
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tance range (and hence wave bottoming depth) in which the mis-
fit is maximum. LLSVP overall thickness also relates to the dis-
tance corresponding to maximum misfit. In general, travel time
anomalies are the largest for deeper diving waves owing to longer
path lengths inside the LLSVP. The best-fitting model (see green
lines in Fig. 6e and 6f) is a 600 km thick LLSVP with a constant
1.5% shear velocity reduction, and the LLSVP top distributed over
100 km (Fig. 6g). The broadened waveforms are visible in single
records, but also in stacked data for the shaded region of Fig. 6a
(Fig. S8, Supplementary Material). While we expect the shear ve-
locity structure inside the LLSVP to be variable (due to variable
temperature and possibly composition), the 1D model approxi-
mates the general trend of the data reasonably well.

The travel times are under-predicted for the deeper diving
waves; this is not unexpected: we explored constant velocity re-
duction LLSVPs in the 1-D modeling with emphasis on the wave-
form effects of the LLSVP top. Approaching the CMB, the shear
velocities have been shown to reduce significantly (Ritsema et al.,
1997; Bréger and Romanowicz, 1998). Assuming constant seismic
properties within the LLSVP can bias predictions of seismic ray
path, and hence bias the imaged shape of LLSVPs, particularly for
studies that rely on travel times to map the shape. Event mislo-
cations can also affect travel time studies. Here, we preferentially
map the shape with pulse-broadening information, and do not
expect strong dependency upon reference model (Fig. S9, Supple-
mentary Material). Also, obviously, there are shortcomings to 1D
travel time modeling in a region of the mantle where we know
strong 3D variations exist. Our intent in the model exploration
for travel times was to gain a basic understanding of bulk travel
time trends for a significant velocity reduction (i.e., the LLSVP top)
at some lower mantle depth, and to see if it is consistent with
waveform broadening inference for LLSVP top, which is indeed
suggested here.

The large misfits near 600 km above the CMB in the cross-
section of Fig. 6a are therefore consistent with the top of the LLSVP
in the 1-D model; strong misfits above this depth may correspond
to a morphological ridge of the compositional reservoir - a feature
seen in the geodynamic modeling and argued for in the African
LLSVP (Sun et al., 2010). Although less strong and sharp than that
used in modeling of the African LLSVP (e.g. —3% over 50 km; Ni
et al., 2002), our imaged reduction is nearly twice that inferred
from double-array stacking in our study region (Lay et al., 2006).
Some waveform misfits outside of the highlighted azimuthal sec-
tor are larger, consistent with a greater sharpness to the LLSVP top,
and/or a greater drop in LLSVP velocities there (i.e., a greater veloc-
ity contrast at the LLSVP edge). In this paper the seismic analyses
and modeling focus on the general data trends. Future work will
require a more complete assessment of 2- and 3-D affects from
the imaged LLSVP morphologies.

6. Discussion

As discussed, sharp sides of LLSVPs have been advocated by a
number of seismic studies (Fig. 1). This study focuses on the sloped
side and sharp top to the Pacific LLSVP beneath Hawaii. It is impor-
tant to compare and contrast to the African LLSVP. Several studies
(Table S1) have invoked a sharp top for the African LLSVP; most
recently, careful travel time and waveform analyses by Sun and
Miller (2013) demonstrate a sharp top on the western edge of the
African LLSVP. This is consistent with our observations, and consis-
tent with a distinct thermochemical origin to LLSVPs.

Mantle plumes are hypothesized to sample material distinct
from the upper mantle sources of MORBs. Some plumes bring re-
cycled crustal components back to the surface while others supply
material with chemical properties (particularly low “He/?He ratios)
expected for primitive mantle (Hofmann, 1997; Weis et al., 2011).

The creation of new compositional heterogeneity and the preser-
vation of ancient heterogeneity in the mantle depend upon the
efficiency of the mixing accompanying mantle convection to ho-
mogenize chemically distinct material introduced into the mantle
by plate subduction, or remaining from the initial differentiation of
the Earth.

With the largest buoyancy flux of any intraplate hotspot on
Earth (Sleep, 1990), the Hawaiian archipelago serves as an impor-
tant test bed for various hypotheses regarding plume and source
reservoir morphology, as well as mantle circulation and mixing.
Seismic tomography supports Hawaii being the surface expression
of a long-lived, deep-rooted mantle plume (Montelli et al., 2004;
Wolfe et al., 2009), but incomplete data coverage results in blurring
of actual structures (Ritsema et al., 2007), especially in the lower-
most mantle. Waveform analyses have also long speculated that
the CMB may be the source region of the Hawaiian plume (Russell
et al., 1998; Thorne et al., 2004; Torsvik et al., 2010). One possibil-
ity is that plumes are associated with the margins of LLSVPs, rather
than the central parts of LLSVPs (Thorne et al., 2004; Torsvik et al.,
2010). The structure and dynamics of the mantle play an important
role in governing plume morphology, from the plume root to the
surface, but remain poorly constrained. Hawaii is situated above
our LLSVP study region, and the distribution of misfits resembles
a topographic peak of the LLSVP beneath Hawaii. Past tomographic
models have low velocities that extend downwards beneath Hawaii
to our triangular shaped LLSVP at the base of the mantle (Montelli
et al., 2004; Wolfe et al., 2009), which is also apparent in larger
scale global models (Mégnin and Romanowicz, 2000; Grand, 2002;
Ritsema et al,, 2011) (Fig. 7a).

The Hawaiian plume hypothesis is further supported by the
upper mantle phase discontinuities at 410 and 660 km depth be-
ing perturbed in a manner consistent with elevated temperature
(Schmerr et al., 2010) (Fig. 7b): the 410 discontinuity is deeper
and the 660 discontinuity is shallower. We project the waveform
misfit measurement of each record to the lowermost 50 km of
the seismic ray path (e.g., the paths as in Fig. S3, Supplemen-
tary Material), and then volumetrically average them on a 3-D grid
framework (Fig. 7c). We are unable to resolve structure above the
1980 km depth slice due to reduced data coverage (this would
require sensors at smaller epicentral distances, but we are lim-
ited by the western edge of the North American continent - there
are not sensors to the west of this). There is smoothing in the
SW-to-NE direction due to lack of crossing ray paths. However,
large waveform misfits are found near the tomographically inferred
LLSVP margin, and as the LLSVP forms a peak above the CMB; the
large misfits near this trend appear to slope upwards towards a
peak located beneath the surface position of the Hawaiian hotspot
(Fig. 7c). While there are uncertainties in the tomography as well
as the mapped locations of the misfits, we note the peak also
geographically coincides with the bottom of the tomographically
imaged low-shear velocity conduit, consistent with a whole mantle
plume originating from the topographic peak of the Pacific LLSVP.

The relative longevity of the Hawaiian hot spot (in the last
~80-100 Myr) may be due to a relative stability in its feed-
ing source - a plume rooted at the top of the Pacific LLSVP.
The shape of the northeast portion of the Pacific LLSVP inferred
from our waveform misfits is triangular in cross-section, com-
parable to the shape of long-lived dense compositionally-distinct
thermochemical piles in numerical (Tackley, 2002; McNamara and
Zhong, 2004, 2005) and laboratory (Jellinek and Manga, 2002)
experiments, in which thermal plume upwellings are rooted at
cusps along pile ridges (e.g., Fig. 6¢). If the intrinsic density of
the reservoir material is high enough for the piles to be long-
lived at the CMB, material entrainment can occur at such ridge
cusps (Jellinek and Manga, 2002; McNamara et al, 2010), and
such entrained material may explain the trace element and iso-
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Fig. 7. Correlation of waveform misfits with tomography, transition zone thickness, geodynamic model. (a) 3D iso-surfaces of §Vs tomography for 3 different models. From
the surface to about 400 km, the iso-surface is at —1.5% for a regional tomography model (Wolfe et al., 2009). From about 400 km to 2000 km, the iso-surface is at —1.0% for
another tomography model (Montelli et al., 2004). At 410 and 660 km depth, contours (black lines) for the transition zone discontinuity topography are also plotted (Schmerr
et al., 2010). Below 2000 km, the iso-surface is at —0.9% for the global tomography model TXBW (Grand, 2002). Black boxes stand for the layer locations shown in the
middle panel. (b) Discontinuity topography of 410 and 660, along with contours shown in (a). (c) Misfit values projected onto every point of the lowermost 50 km segments
of PREM-predicted ray paths. Numbers denote the depth of each slice. We smoothed these path segments over a grid with spacing 2 by 2 degrees laterally, and 50 km in the
depth direction. The smoothed misfit values (open triangles and black dots) are plotted on top of the shear-wave velocity perturbations of the tomography model TXBW. (d)
The iso-surface of temperature (orange) for the upper 1600 km of the mantle, and iso-surface of composition (gold) for the rest of the mantle are shown. These iso-surfaces
are based upon a geodynamically derived thermochemical convection model with a couple hundred kilometers thick dense layer at the bottom of the mantle (Garnero and
McNamara, 2008). The map on the surface is the topography of the Hawaii region. Transition zone thickness estimates (Schmerr et al., 2010) are also shown as a surface

plotted in between 410 and 660 km depth.

topic distinctions between Hawaiian lavas and MORB (Hart, 1984;
Hofmann, 1997). If the entire reservoir is positively buoyant, the
whole pile can rise up into the mantle as a superplume (Fig. 2c),
which can similarly have sharp sides in the lowermost 1000 km of
the mantle. Two important challenges remain for the superplume
possibility: the morphology of the top of a superplume is predicted
to be dome-shaped (Davaille, 1999), not a triangular ridged-top
pile as seen here and in other geodynamic studies (Tackley, 2002;
McNamara and Zhong, 2004, 2005; Jellinek and Manga, 2002). Sec-
ondly, if significant quantities of the LLSVP material are entrained
into general mantle circulation, the imaged LLSVPs are either small
remnants of originally much larger compositionally distinct reser-
voirs, or there must be a means to restock the LLSVP’s if their
volumes have not changed much over Earth history. Thus, unless
the amount of LLSVP entrainment into the rising plume is small,
which would require a large compositionally-induced density dif-
ference in the LLSVP material, the longevity of superplumes are
likely limited, and it is unclear how many oscillations a super-
plume may undergo before being fully stirred into the background
mantle.

Uncertainty in model parameters makes a direct comparison
between geodynamical models and the actual Earth fraught with

difficulty. However, to the first order, the strong chemical and
thermal gradients at reservoir margins observed in the models
(Fig. 6¢) agree with patterns of broadened waveforms near the
LLSVP edges observed here (also, see Fig. 1c). Models having dense
material swept into piles (e.g., Fig. 2d) consistently display the
hottest temperatures along the CMB immediately inside the piles
at their boundary with the surrounding lower mantle. This is
where flow from both within and outside the pile converges at
the boundary, and these regions may be the most likely loca-
tions for ULVZs (Hernlund and Tackley, 2007; McNamara et al.,
2010), small patches of material proposed to contain partial melt
(McNamara et al, 2010). If ULVZs are more likely to be found
beneath hotspots (Williams et al., 1998), then there may be a
coupling between processes responsible for thermochemical pile
margin morphology giving rise to plumes, and the hottest tem-
peratures of basal mantle rock. ULVZs have been found near the
LLSVP edge in our study region (e.g., McNamara et al., 2010;
Cottaar and Romanowicz, 2012), consistent with inference from
dynamics.

As mentioned earlier, our 1D velocity modeling is pursued to
learn the general properties of velocity reductions with depth, in
the context of a regional average, to compare to inferences from
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the waveform broadening analyses. More information is needed
for stronger constraints on the 3D velocity variations within the
LLSVP (notably, other phases and more data). S-wave travel times
can also be affected by upper mantle heterogeneity and earth-
quake mislocations. Earthquake mislocations should not contribute
to the general depth trends we see in travel times, but it is pos-
sible upper mantle structure might play a role. To explore this,
we first plotted the tomography-model-corrected S travel time
residuals versus depth in SOM Fig. S13; these can be compared
to the uncorrected data in Fig. 6f. After correction, travel time
residuals between 500 and 900 km above the CMB are closer
to zero; residuals of deeper penetrating waves are reduced, but
are still positive (Fig. S13a). The remaining left-over residual is
consistent with past studies that assume the shape of the LLSVP
from global tomography models, but increase the velocity reduc-
tion within the LLVSP (Ritsema et al., 1998; Wang and Wen, 2004;
He and Wen, 2012), i.e., dVs reductions in LLSVP structure in to-
mography models is not strong enough. Thus, our bulk travel time
trends are consistent with velocity decreasing in LLSVP structure
in the lowermost 600 km or so of the mantle.

We have sought to model the position and the velocity drop
of the top of the LLSVP. Both the travel time increase with depth
between 400-700 km above the CMB (Fig. 6f) and misfit peak at
around 600 km above the CMB (Fig. 6d) are the main trends we
modeled. However, it is possible that the upper mantle plays a
role in broadening waveforms. To explore this we project the S
misfits to beneath the stations and plot them with upper mantle
shear velocity variations in tomography models at various depths
(Supplementary Online Fig. S14). A geographic correlation between
waveform broadening and patterns in upper mantle heterogene-
ity is not clear, especially in comparison to the correlation pattern
with LLSVP margins. Combined with the SS lacking the broadening
seen in S (Fig. S13), the evidence points to a lower mantle source
for the large misfit values measured and analyzed here.

Mantle attenuation can contribute to pulse broadening. For ex-
ample, variable attenuation across the North American upper man-
tle explains waveform variability across EarthScope’s Transportable
Array (Lawrence et al., 2006). In that study, the strongest attenua-
tion is in the western most US. Thus upper mantle attenuation may
contribute to some waveform deviations in our dataset recorded
there. However, strong waveform broadening in our data set is
seen in the central US (e.g., Fig. S14), where upper mantle at-
tenuation in Lawrence et al. (2006) is weak (though, their station
coverage is poor there).

Here we explore how attenuation in the deeper mantle might
contribute to waveform broadening. We test increased attenuation
(hence, low quality factor, Q, which is inversely proportional to
attenuation) in the lowest 600 km of the mantle, a depth shell
thickness chosen to correspond to our preferred LLSVP thickness
for the azimuth we modeled in Fig. 6. We computed reflectivity
synthetic seismograms for the shear Q values of 312 (PREM), 200,
100, 50, and 25, for that 600 km lowermost mantle shell. To isolate
the contribution from attenuation, we kept the velocity structure
to be that of PREM. Misfit values were computed for these traces
relative to synthetics for PREM's Q, as well as differential t* op-
erator values to best correlate the PREM synthetics to the high
attenuation (low Q) models. These are shown in Supplementary
Figs. S15 and S16. Fig. S15 displays synthetic waveforms, differen-
tial t* values, and cross-correlation coefficients. Fig. S16 shows the
misfit for a range of differential t* values. These synthetic exper-
iments show that very low Q (e.g., model QO05, where Q = 25)
significantly broadens the deeper diving S wave at 90 degrees. The
shallower S wave at 80 degrees is also broadened with a mis-
fit close to 50% for this extreme model, but not as much as the
deeper diving S. Perhaps low Q deep in the LLSVP can contribute
to the broadened deeper diving S waves we see (but don’t model,

e.g., Fig. 6a-d), but our approach does not constrain the degree
to which multiple paths (e.g., Fig. 5) versus attenuation (Fig. S15)
contribute to these data. It is for this reason we have limited our
analyses to the more shallow diving waves. It is also noteworthy
that the cross-correlation coefficients diminish for the lowest Q
models (Fig. S15), which might help to constrain Q versus struc-
ture for the deeper diving waves in future work.

7. Conclusions

We developed a new method to systematically quantify the
distortion of S waveforms sampling the northeast portion of the
Pacific LLSVP. We show that data with waveform broadening sam-
ple the LLSVP’s margins where there are strong velocity gradients
along its sides and top, extending some 600-900 km up off the
CMB into the overlying mantle. The pattern or broadened wave-
forms suggest the LLSVP top forms a topographical peak. Spatial
correlation between the location of the peak, topography of transi-
tion zone discontinuities, and the Hawaiian islands supports the
hypothesis that a nearly vertical mantle plume beneath Hawaii
may originate from the LLSVP topographic peak. The sloped side
of the LLSVP provides evidence that it is a long-lived thermochem-
ical pile. Thermal gradients along the pile edges can foster plumes
that can entrain long-lived deep mantle reservoir material leading
to isotopic and chemical signatures unique to hotspot basalts.
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