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Abstract At the core‐mantle boundary, most observed ultralow velocity zones (ULVZs) cluster along the
edges of the large low shear velocity provinces (LLSVPs) and provide key information on the composition,
dynamics, and evolution of the lower mantle. However, their detailed structure near slab‐like structures
beneath the mid‐Paciﬁc remains particularly challenging because of the lack of station coverage. While most
studies of ULVZs concentrate on SKS‐complexity, here we report on the multipathing of ScS, which expands
the sampling for ULVZs. We ﬁnd the strongest multipathing along a ULVZ patch located just south of
Hawaii and the far northeastern edge of the LLSVP, in a zone ~200 km in width and extending 600 km
southward. The anomalous ScS travel times and distorted Sdiff waveforms further reveal patches interrupted
by observed enhanced D″ indicative of slab‐debris inﬂuence on the complexity of the northeastern boundary
of the mid‐Paciﬁc LLSVP.
Plain Language Summary

Mapping the detailed boundaries of the large low shear velocity
provinces at the core‐mantle boundary is one of the keys to understanding the dynamics of the lower
mantle. However, imaging the lower mantle beneath mid‐Paciﬁc is difﬁcult because of the limited seismic
ray coverage and seismic phases used. In this study, we identify a new seismic signal, multipathing of ScS,
which can be modeled with an ultralow velocity zone sitting at the far edge of the mid‐Paciﬁc large low
shear velocity province. The locations of the ultralow velocity zone and the nearby slab demonstrate that the
complexities of the northeastern boundary of the mid‐Paciﬁc LLSVP are strongly affected by the slab
reaching to the core‐mantle boundary.

1. Introduction
Seismologists have revealed that the mantle side of the core‐mantle boundary (CMB) region is extraordinarily complex with a myriad of ﬁne structure (e.g., ~10 km to a few 100 km), such as large low shear velocity
provinces (LLSVPs), ultralow velocity zones (ULVZs), and D″ layer. Thermal and chemical heterogeneity,
solid‐solid phase transitions, variations in the electronic state of Fe, anisotropy, a possible oxide‐enriched
basal layer, and melting within the lower mantle are probably all required in order to explain observed structures (Finkelstein et al., 2018; Garnero et al., 2016; Lay et al., 1998, 2008; Lay & Garnero, 2011).
Understanding the origin of the ﬁne‐scale structure of the lower mantle, in general, and the D″ layer, in particular, is key toward understanding mantle convection. There is a great deal of research involved in deﬁning
both the relatively high seismic velocity anomalies around the Paciﬁc thought to originate from the descent
of subducted slabs into the lower mantle and the LLVSPs. By modulating the characteristics of the post‐
perovskite phase boundary, both structures have been inferred to inﬂuence the heat transfer across the
CMB (Helmberger et al., 2005; Hirose, 2007; Murakami et al., 2005).
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The detailed boundaries of the LLSVPs are crucial in developing a more realistic thermochemical model
(Helmberger & Ni, 2005). A variety of studies have suggested that the LLSVPs are both thermally and chemically distinct features, but seismic studies have given inconclusive answers on the net density of the LLSVP
(Koelemeijer et al., 2017; Lau et al., 2017), which is consistent with geodynamic models suggesting a balance
between chemical and thermal forces (Tan & Gurnis, 2007). The LLSVP beneath southern Africa has the
ideal data coverage with a seismic array above the structure that was used to study its sharpness, which is
crucial to distinguishing between dynamic models for the origin of LLSVP with different edge sharpnesses
and tilts depending on physical properties (Ni et al., 2002; Sun et al., 2009). Thus, relatively steep ray paths
(such as SKS) can be used to deﬁne local boundary sharpness and small features such as ULVZs using the
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SPdKS arrival. A more detailed review of the sharp edges of the LLSVP can be found in Text S1 in the supporting information (Davaille, 1999; French & Romanowicz, 2015; Garnero & McNamara, 2008; Grand,
2002; Ishii & Tromp, 1999; Lau et al., 2017; Masters et al., 2000; Montelli et al., 2006, 2004; Ritsema et al.,
1998; Sun et al., 2010; Tan & Gurnis, 2005, 2007; Trampert et al., 2004; Wang & Wen, 2007). In contrast,
the LLVSP beneath the mid‐Paciﬁc is more difﬁcult to deﬁne because of the few seismic stations available
regionally. The northeastern boundary of the mid‐Paciﬁc LLSVP beneath southeastern Hawaii has been
extensively probed (Figure 1a), and many complexities have been revealed. Deﬁning the boundaries of the
mid‐Paciﬁc LLSVP has been difﬁcult using seismic tomographic methods (Text S2), especially considering
uncertainty in event locations caused by slab structure (Lu & Grand, 2016; Zhan et al., 2014). A more detailed
discussion of the tomographic models can be found in Text S2 (Chu et al., 2017; Gaherty et al., 1996, 1999;
Lai et al., 2017; Ritsema et al., 2011; Simmons et al., 2012; Tan & Helmberger, 2007).
Most observed ULVZs appear to be clustered at the margin of the LLSVPs, suggesting the formation of these
ULVZs are linked to the LLSVP (Li et al., 2017; McNamara et al., 2010), while some ULVZs have been
observed elsewhere (see recent review by Yu and Garnero, 2018). ULVZs are widely distributed along the
northeastern edge of the mid‐Paciﬁc LLSVP. Luo et al. (2001) modeled the late PKPab arrival and associated
waveform complexity by introducing a ULVZ (along boundary 1, Figure 1b) with a width of 150–300 km,
height of 50 to 100 km and a P‐velocity reduction of 8% to 12%. Such features involving late PKPab arrival,
reduced amplitudes, and waveform complexity have been observed for the eastern most mid‐Paciﬁc structure (Sun et al., 2007). This PKP‐inferred boundary from Luo et al.'s (2001) study is near the southern edge
of a circular ULVZ with radius of ~500 km and height of ~20 km, proposed to explain late arrivals observed
in S wave‐diffracted coda (Cottaar & Romanowicz, 2012). Other localized ULVZs (shapes labeled 3–5 in
Figure 1b) have been reported using PcP/ScS precursor or postcursors (Avants et al., 2006; Courtier et al.,
2007; Hutko et al., 2009; Kohler et al., 1997; Lay et al., 2006; Mori & Helmberger, 1995; Revenaugh &
Meyer, 1997; Zhao et al., 2017) and ScS2/ScS travel times (Liu et al., 2011). However, mostly layered
ULVZ structures of the northeastern edge of the mid‐Paciﬁc LLSVP have been assumed. Here we demonstrate that the multipathing of ScS (called ScS*) provides a new constraint on the detailed geometry of the
ULVZ at this key transition. In particular, we have used this phase to reﬁne the northeastern edge of the
mid‐Paciﬁc LLSVP just south of Hawaii to investigate the dynamic interactions between ULVZs, LLSVP,
and the surrounding subducted slabs.

2. Data and Travel Times of ScS/S
We use deep focus earthquakes from a cluster beneath the Fiji‐Tonga region and recorded in North America
by the USArray (Figure S1 and Table S1). Most of the events are at relatively long period, 6 s and longer (e.g.,
Figure S4, event D). We use an algorithm known as the multipath detector (MPD) (Sun et al., 2009; Sun &
Helmberger, 2011) to determine the ScS‐S differential travel time residuals (δtScS‐S) referenced to the CMB
bounce points of ScS (Figure 2a). The δtScS‐S values are primarily controlled by ScS and the passage of the
wave through the lowermost mantle (Figure S5). The largest delays are localized near the edge (circled by
thin magenta dashed lines, Figure 2a). The southeastern patch with strong δtScS‐S delays overlapped with
earlier sparser sampling (Figure 1b) showing similar strong delays (Russell et al., 1998). Such strong variation in δt ScS‐S is difﬁcult to explain by large‐scale tomography inversions. These data appear to be strongly
inﬂuenced by the detailed geometry of the transition boundary (TB) at the northeastern edge of the LLSVP
(Figure 2a). Although differential travel times are predicted by smooth tomography models (GyPSuM;
Simmons et al., 2010; Figures S6 and S7) and a modiﬁed S20RTS model (Ritsema et al., 2004) along this corridor (Liu et al., 2011), they do not account for the great complexity of ScS waveforms near the TB
(Figure S6). Note that event A is located such that ScS is mainly sampling inside the LLSVP relative to B
and C (Figure 1c) and its δt ScS‐S values are small, indicating that the smooth tomography (GyPSuM) is doing
well away from the TB as pointed out in He and Wen (2012). The travel time anomalies vary not only in distance but in azimuth as well, indicating the 3‐D nature of the structure (Figures S7 and S8). In addition, an
abrupt change in timing (δt ScS‐S) occurs near the azimuth of 38° (Figure 2a). The rapid azimuthal change is
particularly obvious in stacks of the dense arrays, as displayed for the event B (Figure 2b); see Figure S9 for
events A and C. Such strong variation at the CMB can produce strong multipathing as addressed in the
next section.
SUN ET AL.
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Figure 1. Distribution of events and stations used in this study along with the mapped ultralow velocity zones (ULVZs)
along the northeastern edge of the mid‐Paciﬁc large low shear velocity province (LLSVP). (a) The locations of the
events (stars) and the representative great circle paths (white line) to the USArray station (black triangle). Three events (A,
B, and C) along the indicated great circle are modeled in detail. (b) Enlargement of the area marked with the black box
in (a). The background tomographic image is from the GyPSuM model at the core‐mantle boundary. The S wave (He &
Wen, 2012) and P wave (Frost & Rost, 2014) boundary of the Paciﬁc LLSVP are indicated by thick gray and blue dashed
line. The cyan dashed line 1 displays the boundary inferred by Luo et al. (2001). The dashed polygon 2 area of strongly
varied D″ structure (Lay et al., 2006). The shaded gray region inferred ULVZs: 3 (Liu et al., 2011), 4 (Avants et al., 2006;
Courtier et al., 2007; Hutko et al., 2009; Kohler et al., 1997; Lay et al., 2006; Mori & Helmberger, 1995; Revenaugh & Meyer,
1997), and 5 (Zhao et al., 2017). The large ULVZ of Cottaar and Romanowicz (2012) as magenta circle 6. Newly
mapped ULVZ marked as shaded gray rectangle bounded by orange dash lines. Red box 7 marks base of modeled Hawaii
plume (Hassan et al., 2016). (c) Cross sections through hybrid model (GyPSuM tomography) plus uniform −2.5% shear
velocity perturbation within black lines. At the tip of the LLSVP, a ULVZ (dashed black triangle) with δVs = −15% is
*
required to explain the observed ScS . Example ScS raypaths are shown as solid lines.

3. Modeling the Multipathing of ScS
We observed a distinct second arrival arriving after the reﬂection ScS, which we call ScS*, near the TB
(Figure 2b). The behavior of ScS* changes rapidly for different event locations, indicating the importance
of the geometry along the path from the source to the TB (Figure 3). The delayed ScS‐S travel times and
SUN ET AL.
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Figure 2. Measurements of ScS‐S differential travel time residual (δScS‐S). (a) δScS‐S values mapped to ScS core‐mantle boundary reﬂected points. δScS‐S values are corrected for the effects of heterogeneities assuming GyPSuM from surface to the depth of
1,891 km and Preliminary Reference Earth Model (PREM) for the rest of the mantle to correct the effect of seismic heterogeneities at the shallow mantle. Two regions with dashed magenta ellipse have δScS‐S delayed up to 6 s, suggesting possible
ultralow velocity zones. Boundary of large low shear velocity province displayed as gray dashed line from S wave study (He &
Wen, 2012), blue dashed line from P wave study (Frost & Rost, 2014), and cyan dashed line from PKP study (Luo et al., 2001).
Panel (b) displays the data stacks (black traces) for two azimuth ranges in (a) with gray traces indicating the 95% conﬁdence
limits. Number after each trace indicates the number of stacked records. Note the large azimuth of 38–50° has simple ScS
arrivals, but the small azimuth of 25–38° has an extra arrival (ScS*) after the ScS arrivals (marked with red dashed lines).
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Figure 3. Waveform modeling of ScS for three events. Black traces are data, and red traces are synthetics. The ultralow
velocity zone (ULVZ) at the edge of the large low shear velocity province (LLSVP) acting as a scatterer produces strong
ScS* for events A and B. Note the waveforms of ScS* are not sensitive to the shapes of the ULVZ, such as dome, triangle,
and rectangle, (Figure S13). At larger distance, ScS* moves close to the ScS with the rays getting close to the ULVZ
(Figure 1c). For event C, ScS* is only presented at the smaller distances. Note the shape of the LLSVP here is purely derived
from ﬁtting the travel time of ScS‐S, which may not properly represent the real structure, such as the thin elongated low
velocity zone connecting the main structure of the LLSVP and the ULVZ.

small amplitude of ScS also suggest complex CMB structure. Three events (Figure 1a; events A, B, and C in
Table S1) with the shortest source durations were chosen for detailed waveform modeling.
These events display the strongest variation in waveforms and sample the TB edge structure. To simulate
these waveforms, we use a 2‐D ﬁnite difference code with correction for 3‐D spreading that runs on GPU
machines (Li, Helmberger, et al., 2014). The code can generate core phases from 50 s to 3 Hz (Li, Sun, et al.,
2014) and is highly efﬁcient. It was used extensively in recent studies of lower mantle structures beneath
Alaska (Sun et al., 2016) and southeastern United States (Ko et al., 2017). The modeling approach followed
here is similar in that we rely on the latest tomographic images to inspire modiﬁcations by numerous
forward‐modeling tests. In modeling the ScS*, we only changed the VS in the ULVZ.
We concentrate on modeling the multipathing in the corridor covered by the azimuth of 25–38° (Figure 2b).
Stacked data are primarily used to forward model the details of the ULVZ (Figure S9). However, the stacking
processes can weaken ScS* when aligning on S arrivals. Thus, the original data and synthetics are presented
SUN ET AL.
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in Figure 3 to highlight the variation of ScS*. Although this portion of the TB is particularly complicated,
multipathed ScS is consistent with a forward hybrid model made by combining GyPSuM with a localized
ULVZ structure (Figure 3). In the model, the ULVZ located at the far edge of the LLSVP produces a strong
seismic scatterer at the CMB, reﬂecting energy as ScS*; thus, the ScS* varies rapidly depending on how ScS
samples the ULVZ. Event A mostly samples beneath the LLSVP and only catches the ULVZ edge at the larger distance ranges 82° to 88°. Event B is the most sensitive and has the strongest ScS* arrivals. Event C samples nearly on top of the ULVZ; in this case, the ScS is just late and relatively simple. Other events display
similar behavior with the strongest longer periods ScS combinations producing the late arrivals (Figure S10).
3.1. Location of the ULVZ
The detailed shape, boundary, and velocity structure of the LLSVP are not resolvable with the ray geometries
at these periods (>5 s) as presented in Figure S11. We tested models with different velocity structures of the
LLSVP. The synthetics generated from the hybrid model in Figure 3 ﬁts the data about the same as the
GyPSuM model plus the ULVZ (Figure S11). Even with an enhanced LLSVP at the bottom 660 km from
the GyPSuM model or a simple IASP91 model, the waveform of the ScS and ScS* is almost identical to the
original tomography model despite delayed ScS relative to S. Thus, our inference of ULVZ physical properties and location is based on the GyPSuM model plus the ULVZ for discussing sensitivity of model parameters. To quantify the goodness of the ﬁt, we focus on event B, where the waveform distortions are the
strongest, and calculate a cross‐correlation coefﬁcient (CC) between each stacked trace and synthetic seismograms at the same distance (Figure S12). Then the CCs of each trace is averaged over the record section
for various models. If we cross‐correlated the whole waveform including all phases, the CCs will be dominated by the large amplitude S and ScS. Thus, we focus on ﬁtting the multipathing ScS by only cross‐
correlating the time window including ScS and ScS* considering the uncertainties in resolving the structure
of the LLSVP.
3.2. Uniqueness of Shape
The geometrical shape of the ULVZ is difﬁcult to resolve at these periods similar to the effects on the
SKPdS/SPdKS waveform distortions (Wen & Helmberger, 1998). We explored the inﬂuence of ULVZ shape
on synthetics, including a dome, symmetric triangle, right triangle, and rectangle (Figure S13); the responses
are all comparable to the best ﬁtting model with similar CCs. In contrast, a layered ULVZ will generate
strong positive arrivals before as well as the prolonged arrivals after the ScS (Figure S14). Also, layered
ULVZ models have a constant delay between ScS* and S, and wide rectangular ULVZ models have an extra
arrival following the ScS*, which are not observed in the data (Figures S14–S16). Thus, we will assume that
the ULVZ has a left triangular shape for further calculations and modify only its height (H), position (the
distance from the event A to the left side of the ULVZ, Loc), width (w), and shear velocity perturbation
(δVS). ScS* arrivals earlier with smaller H and later with larger H (Figure S17a). Changing the δVS produces
similar effects. In Figure S17b, a set of models with different combination of H and δVS can produce similar
waveforms. However, a thin ULVZ with thickness of 20 km (second column in Figure S17b) with strong
velocity perturbation produces secondary arrivals after the ScS* for both events B and C.
Our preferred structure with high CCs in waveforms is 150 km wide and 80 km high with a shear velocity
reduction of 15% (Figures S17a–S17e). The synthetics with a stronger δVS but closer ULVZ along with a
weaker δVS but larger Loc are compared to the preferred location at 51° for events A and B (Figure S17d).
However, such models have difﬁculties in explaining the data of event C due to the faster ScS arrivals at larger distance. A model with a stronger δVS and smaller Loc delays the ScS arrivals and also generates more
complicated waveforms. However, strong trade‐off between w and δVS exists. In Figure S17e, all models with
various combinations of w and δVS produce almost identical waveforms for all three events. Thus, the sensitivity to location is the most important (Figures S18 and S19 and Text S3 for details). If the ULVZ is located
inside of the LLSVP, small Loc, ScS* delays more relative to ScS at larger distances (Figures S15 and S17c),
and the CC is signiﬁcantly reduced (Figure S18) for either triangular or rectangular shapes. In this case, the
synthetics are compared to the preferred location of a ULVZ of 51° from event A (Figure 3), positioned outboard from the LLSVP. Given such nonuniqueness, we can deﬁne a more useful parameter related to the
delay of ScS* relative to the ScS, slowness volume (δV), deﬁned by the product of width (w), height (H),
SUN ET AL.
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and the velocity reduction (δVS) of the ULVZ. The best ﬁts occur for δV near 3,000 (Figure S19). In short, a
shear velocity reduction of 15% with a width of 3° and height of 80 km ﬁts well.

4. Discussion
The ULVZ structure derived here appears to have properties related to those found beneath Iceland and
other locations near the edges of LLVSPs. Although issues of shape resolution in modeling SPdKS data exist,
the preferred ULVZ models tend to be stronger (30% to 15%) and thinner (40 km instead of 80 km) with comparable widths. Some of the ULVZs discussed above could be caused by the introduction of iron‐rich oxide or
incoming slab debris. That is, the ULVZ could be strongly affected by a superheated heavy mixture (Wicks
et al., 2010). While density differential does not produce strong effects in ScS (SH) modeling, it plays a fundamental role in controlling shapes (Bower et al., 2011). Differences are expected based on thermal environments and accommodated by various aspect ratios of the shape (Bower et al., 2011). In particular, regions
away from LLSVPs can produce piles as high as 80 km with a velocity reduction of 8% near slab debris, super
heating, or both (Sun et al., 2013). If this is the case, we would expect strong variation in other
seismic phases.
Indeed, evidence of lateral variation of the TB can be observed in the diffracted S data. For example, while
these waveforms are complex along some azimuths, other samples are quite simple and can be predicted
with the GyPSuM model (Figure S20). Figure 4a displays a comparison between diffracted SV and SH at
the azimuth of 50–51°. Adding the D″ discontinuity in the original GyPSuM model by a phase boundary
mapping only considering temperature effect (Sidorin et al., 1999) and a more complex mapping including
possible chemical effect (Sun & Helmberger, 2008), referred to as TPT and CPT (Figure S21), predicts both
the travel time differences and some of the added waveform complexity (Figure 4a), which is in agreement
with the apparent splitting of S waves such as discussed in Parisi et al. (2018). Note the mapped D″ model
can also generate the Scd arrivals (Figure S21) as observed for event B at the azimuth of 38–50°
(Figure 2b). Although it is difﬁcult to link the D″ discontinuity directly to the subduction at the CMB, a
slab environment favors the appearance of the D″ as suggested by recent experimental study on the phase
transition from (Fe,Al)‐bridgmanite to postperovskite (Sun et al., 2018). While differences exist among different tomography models (Figure S3), there are substantial evidences for possible slab debris near the TB
as indicated in the tomography (Figure 1) and in dynamic models (Hassan et al., 2016). Our inferred D″
region is also coincident with the D″ observation in Lay et al. (2006) (Figure 1), which is indicated as a
subduction‐driven ﬂow at the edge of the LLSVP. The addition of slab material can greatly impact such
phase boundary mapping (Sun et al., 2016), thus making the TB variable in 3‐D. Some of the TB characteristics can be obtained by applying a MPD analysis on both SH and SV data (Figure 4b). Many of these
travel time (ΔT) comparisons indicate that SV arrives earlier than SH (Figure 4b) as evident in Figure 4a.
Migration of these ΔT shifts between SV and SH at their refracted midpoints at the CMB (Figure 4b) shows
that the strongest anomalies are south of the multipathed ScS locations (black box in Figure 4b) and
apparently associated with the prominent high seismic velocity zone given in some of the tomographic
models of Figure 1c.
Essentially, the transition from the LLSVP to the neighboring structure is rapid, consistent with the δtScS‐S
observations at other locations along the mid‐Paciﬁc LLSVP (He & Wen, 2012) and P wave travel times
(Frost & Rost, 2014). Furthermore, Frost and Rost (2014) suggested that there is a correlation between the
sharpness and the slope of the LLSVP walls where sharp TBs seem to have steep slopes, in general.
However, such a relationship is difﬁcult to deﬁne, given the errors in only working with travel times and
uncertainties in event locations and origin times. Assuming Frost and Rost's (2014) statement on the slope
of the LLSVP together with our new observations on the location of the D″ discontinuity and ULVZ, we
hypothesize that when relatively cold and hence seismically high velocity, subducted blocks encounter
the LLSVP (Figure 5), the walls of the LLSVP become steep (with slopes spread over ~40 km) where they
are otherwise more gentle (~120 km). The negatively buoyant subducted material is expected to push the less
viscous pile and ULVZ and sharpen the boundary (Davies & Gurnis, 1986; Tackley, 2002). Such a situation
has been supported by time‐dependent spherical models (Bower et al., 2013; McNamara & Zhong, 2005; Tan
et al., 2011), unless the base of the putative chemical anomaly associated with the LLSVP is too dense. In
contrast, without a slab‐induced indentation, the more appropriate (and perhaps more common) scenario
SUN ET AL.
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Figure 4. Observed complexities of the diffracted S at the edge of the large low shear velocity province. (a) Comparison
between the diffracted SH and SV of the event L (Table S1). Black traces are SH and red traces are SV. The observed SV
faster than SH in the data is not predicted by the GyPSuM model. By adding a phase boundary at the bottom of the
GyPSuM model (Figure S21), we can explain the difference between SH and SV well (Parisi et al., 2018). (b) Measured
travel time difference between SV and SH (ΔT [SV‐SH]) plotted at the stations (left) and the middle point of the Sdiff at the
core‐mantle boundary (right). The background color in the right ﬁgure indicates the height above the core‐mantle
boundary of mapped D″ discontinuity. The polygon with blue dashed line displays the strongly varied D″ structure
beneath the central Paciﬁc (Lay et al., 2006). The new mapped ultralow velocity zone is marked as a rectangle bounded by
black lines.

has the distal ULVZ located at the outer edge of the TB (Figure 5). This structure is supported by our
observations of the ULVZ here. This structure could either be swept by the convection ﬂow in the LLSVP
(Li et al., 2017; McNamara et al., 2010) or entrained back into the background (Bower et al., 2011).
The localized ULVZ may be the root for the hot upwelling plume (Helmberger et al., 1998; Yu & Garnero,
2018; Yuan & Romanowicz, 2017). At the same time, slabs likely play an active role while interacting with
LLSVPs and inﬂuence the locations of ULVZ. Such shifts at the northeastern edge of mid‐Paciﬁc LLSVP
agree with the possible Hawaiian‐Emperor hot spot track explanation, which appears to be directly related
to the subduction history in the North Paciﬁc since 100 Ma (Hassan et al., 2016). The position may be coincidental, but we note that the position of the present plume origin from geodynamic models, which ﬁt the
hot spot track of the Hawaiian‐Emperor chain from Hassan et al. (2016) (pink box 7 in Figure 1b), is located
near the high velocity indentation structure. Hassan et al. (2016) further suggested that the origin of the
Hawaiian plume in D″ changes over time based on the interaction of subducted slabs. Subduction history
SUN ET AL.
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Figure 5. Interpreted images of the relative locations of ultralow velocity zone (ULVZ) and large low shear velocity
province (LLSVP). In an average mantle, the ULVZ locates at the far edge of the LLSVP (left). While a strong D″
(possible slab debris) is present near the edge of the LLSVP, a steepened edge of the LLSVP may develop (Frost & Rost,
2014), and the ULVZ may be driven towards the interior of the LLSVP, and develop a possible plume. CMB = core‐mantle
boundary.

plays a major role in shaping the edges and possible migration of the plume source, and we suggest that
further seismic modeling, including the mapping of ScS*, can help deﬁne such features.

5. Conclusions
In this paper, we present observations of multipathed ScS on SH data of USArray and ﬂex arrays for the
Fiji‐Tonga earthquakes. Detailed modeling of the ScS* allows us to constrain the location of the ULVZ, just
southeast of Hawaii and the far edge of the mid‐Paciﬁc LLSVP, roughly 150 km across. While there are the
usual trade‐offs among the parameters deﬁning ULVZ, a ULVZ with a height of 80 km with an S‐velocity
reduction of 15% ﬁts the data best. The locations of ULVZs and the identiﬁed D″ structures suggest that
the complexities of the northeastern boundary of the mid‐Paciﬁc LLSVP are strongly affected by the slab
reaching the CMB.
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