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Abstract

Large Low Velocity Provinces (LLVPs) are situated oppositely in the lowermost mantle beneath the Pacific Ocean and Africa.
Deciphering the detailed seismic structures at the edge of LLVPs can provide key information on the composition and dynamics
in the deep Earth. Here, we provide a detailed seismic image at the western edge of the Pacific LLVP by dense recordings.
Differential travel time residuals and amplitude ratios between ScS and S outline the S-wave western boundary of the Pacific
LLVP, suggesting the complex structures including low/high-velocity patches in the lowermost mantle in our study region. We
determine the 3D low-velocity structure by modeling the delayed ScS and high-velocity D” layer structure by modeling the
anomalous Scd, with tight constraints from multiple events data. The drastically varied waveforms in azimuth suggests a sharp
transitional boundary among the complex structures. After comparing the velocity structures in adjacent regions, we propose
that the 3D structures of the western edge of the Pacific LLVP are strongly influenced by the vigorous mantle flow associated
with the actively subducted slab.
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Key Points:
e Complex structures are present at the western edge of the Pacific LLVP

e Drastically varied waveforms in azimuth suggest a sharp transitional boundary
among the complex structures

e The 3D structures of the western edge of the Pacific LLVP are strongly
influenced by the subducted slab
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Abstract

Large Low Velocity Provinces (LLVPs) are situated oppositely in the lowermost
mantle beneath the Pacific Ocean and Africa. Deciphering the detailed seismic
structures at the edge of LLVPs can provide key information on the composition and
dynamics in the deep Earth. Here, we provide a detailed seismic image at the western
edge of the Pacific LLVP by dense recordings. Differential travel time residuals and
amplitude ratios between ScS and S outline the S-wave western boundary of the
Pacific LLVP, suggesting the complex structures including low/high-velocity patches
in the lowermost mantle in our study region. We determine the 3D low-velocity
structure by modeling the delayed ScS and high-velocity D” layer structure by
modeling the anomalous Scd, with tight constraints from multiple events data. The
drastically varied waveforms in azimuth suggests a sharp transitional boundary among
the complex structures. After comparing the velocity structures in adjacent regions,
we propose that the 3D structures of the western edge of the Pacific LLVP are
strongly influenced by the vigorous mantle flow associated with the actively
subducted slab.

Plain Language

Seismic studies reveal two large-scale low-velocity anomalies in the lowermost
mantle beneath the Pacific Ocean and Africa, respectively. Resolving the detailed
structures at their edges is crucial for understanding the geodynamic evolution in the
deep Earth. In this study, we determine the location of the western boundary of the
Pacific anomaly by the measured travel time and amplitude of seismic waves that
across through our study region. Dense recordings show that there are complex
structures at the western edge of the Pacific anomaly, and we determine the 3D
structures by modeling the seismic recordings. We conclude that the 3D structures of
the western edge of the Pacific anomaly are majorly influenced by the actively
subducted materials after comparing the greatly different structures in adjacent
regions.
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1 Introduction

Global tomographic models reveal two Large Low Velocity Provinces (LLVPs)
situated in the lowermost mantle beneath the Pacific Ocean and Africa, respectively
(French and Romanowicz, 2015; Grand, 2002; Houser et al., 2008; Lei et al., 2020;
Lu et al., 2019; Ritsema et al., 2011; Simmons et al., 2010; Simmons et al., 2012).
The S-wave velocity perturbations (6Vs) in the LLVPs with respect to the ambient
mantle vary from -1 to -5% (He and Wen, 2009, 2012; He et al., 2006; Ni et al., 2005;
Ni et al., 2002; Wen, 2001) while P-wave velocity perturbations (6Vp) from -1 to -3%
(Frost and Rost, 2014; Houser et al., 2008; Koelemeijer et al., 2016), but the density
variations in the LLVPs are difficult to be resolved (Ishii and Tromp, 1999, 2001,
2004; Koelemeijer et al., 2017; Lau et al., 2017; Romanowicz, 2001). The
anti-correlation of 6Vs and bulk sound velocity, as well as the sharp boundaries
between the LLVPs and the ambient mantle suggest that the compositions of the
LLVPs are more likely to be different from that of the ambient mantle (Frost and Rost,
2014; He et al., 2006; Ni et al., 2002; Sun et al., 2007; Wang and Wen, 2004),
although a pure thermal origin of the LLVPs cannot be totally ruled out (Davies et al.,
2012; Schuberth et al., 2009). Moreover, the geochemical isotope studies requiring
untapped reservoirs for LLVPs support a primordial origin of the LLVPs (Boyet and
Carlson, 2005; Carlson and Boyet, 2006).

Tomographic models also demonstrate that LLVPs are bounded by high-velocity
anomalies (e.g., the circum-Pacific), which are believed to be debris of the ancient
subducted slabs (Garnero and Helmberger, 1995; Richards and Engebretson, 1992).
The transition from bridgmanite to post-bridgmanite under lower mantle conditions is
suggested to be sensitive to temperature, preferentially occurring in relatively cold
conditions, such as regions related to subduction (Murakami et al., 2004; Oganov and
Ono, 2004). The sharp seismic velocity increase with depth resulting from the
transition from bridgmanite to post-bridgmanite has been suggested as the source of
the D" discontinuity within ~ 300 km above the core-mantle boundary (CMB)
(Murakami et al., 2004; Oganov and Ono, 2004). The triplication phase Scd generates
when S-wave encounters with this high-velocity D" layer (He and Wen, 2012; He et
al., 2006; Ko et al., 2017; Li et al., 2021; Sun et al., 2016; Thomas et al., 2004).

By taking past subduction history into account, geodynamic simulation
reproduces the quasi-circular shape for the Pacific LLVP and elongated shape for the
African LLVP, respectively, as seen in the lower mantle tomographic models
(McNamara and Zhong, 2005). More importantly, the mantle flows associated with
the subducted slab in the lower mantle could shape the LLVPs significantly,
particularly resulting in edges with various slope of the LLVPs and seismic velocity
gradient (i.e. sharpness) between the LLVPs and the ambient mantle. Seismic images
have also shown complex structures at the edge of LLVPs. For example, the Pacific
LLVP has a broad transition with a gentle slope at its northern edge and a sharper
boundary with a steep slope at its eastern edge (Frost and Rost, 2014). The northern
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edge of the African LLVP is steeply overturned (Ni et al., 2002). A similar feature is
also observed along the northern edge of the Pacific LLVP (Li et al., 2022).
Furthermore, the interactions between the slab and LLVPs may also promote
aggregation or fragmentation of the compositionally distinct ultralow velocity zones
(ULVZs) (Li et al., 2017), and hot upwellings due to the intense thermal instability at
the edges of LLVPs, possibly resulting in hotspots and the large igneous provinces
(LIPs) (Burke et al., 2008; Burke and Torsvik, 2004; Davaille et al., 2002; French and
Romanowicz, 2015; Garnero and McNamara, 2008; Tan et al., 2011; Torsvik et al.,
2010; Torsvik et al., 2008). Thus, deciphering the detailed seismic structures at the
edge of LLVPs is crucial for understanding the composition, dynamics, and evolution
in the lowermost mantle. Unlike the African LLVP, whose structures has been well
constrained (Ni and Helmberger, 2003; Ni et al., 2002; Sun et al., 2007; Wang and
Wen, 2007), the Pacific LLVP presents challenges in defining its detailed shape and
finer scale structures, particularly at its edges (Lekic et al., 2012), due to the limited
coverages of seismic ray paths.

Ray paths with events at the southern Pacific Ocean and stations in North
America and Alaska allow for a great deal of investigations on seismic structures in
the lowermost mantle at the northeastern and northern edge of the Pacific LLVP,
respectively (Avants et al., 2006; Frost and Rost, 2014; Hutko et al., 2009; Jenkins et
al., 2021; Lai et al., 2022; Lay et al., 2006; Li et al., 2022; Mori and Helmberger,
1995; Sun et al., 2019; Zhao et al., 2017). However, there have been few studies on
the structures at the western edge of the Pacific LLVP (Figure S1). For example, He
et al. (2006) and He and Wen (2009) detected a ULVZ (6Vs = -13%, H = 30-100 km)
underneath the D" discontinuity along the edge of the Pacific LLVP. Through
waveform migration, Takeuchi and Obara (2010) reported an undulated topography of
the D" discontinuity. Suzuki et al. (2020) identified some small-scale upwellings and
paleoslabs using 3D waveform inversion. Despite of differences among these results,
they collectively suggest that the past subduction processes have great influence on
the geodynamics at the western edge of the Pacific LLVP, yielding strong thermal and
chemical heterogeneities in this region. However, the 1D and 2D simulations
employed in most previous studies are hard to fully capture the 3D structural
variations at the western edge of the Pacific LLVP, which underscores the need of
further waveform-based studies based on 3D simulations for better uncovering the
interplay between the subducted materials and the Pacific LLVP.

Here, we utilize seismic data from events in the southwestern Pacific Ocean
recorded by dense seismic networks along the western Pacific to study the detailed 3D
structures of the western edge of the Pacific LLVP (Figure 1). With an unprecedented
sampling, we first measure the differential travel times and amplitude ratios between
ScS and S to locate the western boundary of the Pacific LLVP. Then, we constrain the
complex seismic structures by detailed 2D and 3D waveform modeling. We observe
the different structures of the Pacific LLVP in the adjacent area, which are believed to
be shaped by the vigorous mantle flow associated with the actively subducted slab.

4



131

132
133
134
135
136
137
138
139
140
141
142
143
144

145
146
147
148
149
150
151
152
153
154

155
156
157
158
159
160
161
162
163

164
165
166
167
168
169

2 Data and Methods

The combination of events in the southwestern Pacific Ocean and dense stations
at the China National Seismic Network (CNSN) (Data Management Center of China
National Seismic Network, 2007; Zheng et al., 2009), F-net in Japan (Okada et al.,
2004), and Global Seismographic Network (GSN) provides a good sampling at the
western edge of the Pacific LLVP (Figure 1 and Figure S2). We select 32 events with
simple source duration between 2005 and 2021 (Table 1). Raw three-component data
are deconvolved with their instrument responses and bandpass filtered to 5-50 s
before horizontal components rotating into radial (SV) and tangential (SH)
components. Noisy seismograms are discarded by visual inspection. The tangential
waveforms of events A-C are modeled in detail (Figure 1). We further stack the
tangential components of events A-C in 0.5° distance bins to improve the
signal-to-noise ratio (SNR) for waveform analysis. The original data of events A-C
are displayed in Figures S3-S5.

Since the almost identical ray paths of S and ScS in the upper mantle (Figure S2),
the ScS-S differential travel time residuals (Otscs.s) are frequently used to estimate the
heterogeneities in the lowermost mantle to avoid the source location and origin time
errors (He and Wen, 2012; Jenkins et al., 2021; Li et al., 2020). We first measure the
Otses-s values for tangential components with epicentral distance smaller than 85°, at
which S and ScS are well separated to avoid interference between them. We also
measure the ScS/S amplitude ratios (Ascs/s) to examine the effects of different high-
or low-velocity anomalies on waveform amplitudes. To eliminate the effect of
radiation patterns of different events on the amplitudes of S and ScS, we calibrate Agcs/s
as follows:

ASCS/S (original)

ASCS/S (corrected) = €Y
ASCS/S (theoretical)

, where Ascs/s (originaty 18 the measured raw amplitude ratios, Ascs/s (theoretical) 1S the

theoretical amplitude ratios assuming source mechanism from the USGS earthquake
catalogue (http://earthquake.usgs.gov), and Ascs/s (correctedy 18 the corrected amplitude
ratios.

This amplitude correction is particularly important for data with small epicentral
distance (< 80°), at which notable difference in the taking-off angles between ScS and S
is present. Also, the Ascs/s (theoretical) may vary greatly among events with distinct focal
mechanisms. To ensure the stable measurements of amplitudes, we retain data only
with ray paths of S or ScS away from the S-wave nodal plane (Figure S6).

To better assess the effects of lateral heterogeneities on both travel time and
waveforms, we perform 2D and 3D wave propagation calculations. For 2D
simulations, we apply a finite-difference code, which has been widely used to
generate 2D global synthetics at high frequency up to 1.0 Hz with high efficiency (Li
et al., 2014). For 3D simulations, we apply the SPECFEM3ED GLOBAL package
with the shortest period at ~ 4.8 s (Komatitsch et al., 2016). The event information
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and focal mechanism used in the simulations are selected from the Global
Centroid-Moment-Tensor (GCMT) solutions (https://www.globalemt.org). Then,
same processing procedures as for the data are applied to the synthetics.

We define misfit functions to evaluate the goodness of waveform fit between the
data (D) and synthetics (S) (Li et al., 2022), to quantify how well we model the
waveform. Three misfit functions including the average normalized cross-correlation
coefficient (CC), L1-norm (o;;), and L2-norm (o;>) in the given time window [#y, #/]
containing the target seismic phase are used as follows:

N
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, Where N is the number of traces, D; and S; are aligned and normalized to S arrivals.

3 ScS-S differential travel time residuals (0tscs.s) and ScS/S amplitude ratios
(Asesss)

We pick S and ScS arrivals after waveforms alignment by cross-correlating for
each event. In our study region, the otscs.s’s correlate negatively with travel time
residuals of S (8ts) and positively with travel time residuals of ScS (6tscs) relative to the
prediction of the 1D PREM model (Dziewonski and Anderson, 1981). The Pearson’s
R-values show the similar degree of correlation (Figure 2a-b), which means that dtgcs.s
are controlled by both tscs and dts, i.¢., structures at shallower depth that sampled by S
rays also contribute to ots.s.s. Thus, it is necessary to correct the travel time anomalies
caused by the shallow 3D structures from tomographic models. Here, we summarize
the relationships between dts.s.s and dts.s/dts for several tomographic models in Table
2, which suggests GyPSuM (Simmons et al., 2010) enables a better background
model compared to others. We thus construct several modified GyPSuM models by
substituting the Vs below a certain depth with that in the 1D PREM model. Figure S7
shows the correlations of Otg/dts.s with dtses.s for such modified 3D models with
different depths separating the Vs in the PREM from that in the GyPSuM. When the
Vs in the GyPSuM at a depth of 0-2600 km is adopted, the correlation between dts and
Otscs with dtses-s becomes the weakest and strongest, respectively (Figure S7 and Figure
2c-d), suggesting that dtscs.s anomalies are mainly from the structures in the lowermost
300 km mantle.
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Figure 3a-b displays the observed 6tscs-s’s projected at the ScS bouncing points at
the CMB relative to PREM and GyPSuM, respectively, which exhibit complex
structures at the western edge of the Pacific LLVP. Generally, the transitional boundary
from positive to negative Otscs.s’s relative to GyPSuM agree with the western boundary
of the Pacific LLVP mapped by He and Wen (2012) (Figure 3b). dtscs.s values are
generally positive (red color in Figure 3b) in the LLVP, corresponding with the rays of
ScS sampling the low-velocity LLVP. In contrast, with the rays of ScS sampling away
from the LLVP, 8tgcs.s values become negative (blue color in Figure 3b). In the western
part, around 130°E-150°E/5°S-10°N (marked by red polygon in Figure 3b), a zone with
Otses-s of ~ 1 s extends further northwest from the major LLVP anomaly, suggesting
that the LLVP may extend further northwest as a limb (referred to as LLVP limb
hereafter). In addition, a small-scale anomaly around 160°E/10°N with Stgcs.s up to 4 s
is obvious at the northwestern edge of the LLVP, which could be contributed from a
localized low-velocity patch, such as ULVZ.

To intuitively show the complex structures in the lowermost 300 km above the
CMB, we convert the dtscs s values to the average 0Vs and height (H) of the anomalies
(Figure S8). We first smooth the measured Otscs.s values through the whole study
region with a radius of caps 1°. Then, we estimate the average Vy in the lowermost 300
km above the CMB at a grid space of 0.2°x0.2° in longitude and latitude, respectively.
The average H is assumed to be 300 km when we estimate the JVs while the average
0V is assumed to be -3% when we estimate the H. In general, the inferred 0V ranging
from -3% to 3% show a low-velocity region in the LLVP surrounded by normal- or
high-velocity regions (Figure S8a). The thickness of the low-velocity layer varies from
0-300 km, with thicker layer corresponding to the lower 6V (Figure S8b). Although no
evidence for the exact 0Vsand H values of anomalous structures in our study region, the
general 0Vs and H variations demonstrate a noticeable difference in seismic structures
between inside and outside the LLVP.

Besides from 0tgcs.s, we further display the measured original and corrected Ascs/s
after correction for radiation patterns, to show the relationship between the travel time
anomalies and the amplitude variations in our study region (Figure 3c-d). On the
whole, Ascsis images before and after correction show similar patterns and correlate
well with otscss. Specifically, ScS rays sampling the interior of the LLVP result in
elevated Ascsss, indicating the focusing effect of the low-velocity LLVP on the ScS
wavefield.

Both dtscs-s and Ascsss patterns reveal the complex structures, including low- and
high-velocity patches, at the western edge of the Pacific LLVP. Besides, the distorted
waveforms are also indicative of these complex structures, which are described in
detail in the next section.
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4 Waveform modeling

4.1 Anomalous ScS and Scd waveforms

Events A and B, located along the similar great circle path from Tonga-Fiji to
China, provide an opportunity to better constrain the detailed structure at the western
edge of the Pacific LLVP (Figure 1 and Figure 4). According to the features of
waveforms, we subdivide the data of events A and B into two adjacent azimuths:
profile I, in the azimuth range of 300°-305°; profile II, in the azimuth range of
305°-310°. The azimuth is taken from event A (Figure 4c).

On profile I, the rays sample along the LLVP limb (Figure 4). Compared to those
on profile I, ScS arrivals of event A at the distance ranging from 85° to 93° on profile
I exhibits significant delays and with large amplitudes (Figure 5a, c). Because the ray
paths of S and ScS are almost identical except for the lowermost mantle at the
distance of ~ 90° (Figure 4a), the strongly delayed ScS supports the existence of the
low-velocity LLVP limb. On profile II, extra arrivals are visible between S and ScS at
the distance of 80°-85° (Figure 5c), which are commonly explained as the Scd phase
generated by a D" discontinuity (He and Wen, 2012; He et al., 2006; Ko et al., 2017;
Li et al., 2021; Sun et al., 2016; Thomas et al., 2004). Additionally, at the distance of
88°-95°, S waveforms of event B show two arrivals on profile Il (Figure 5d and
Figure 6). Due to the proximity of the sampling area for events A and B (Figure 4b),
we regard the anomalous S waveforms of event B as the interference of Scd with
direct S arrival at large distance.

The notable difference in SH waveforms between the adjacent azimuths
described above suggests that the velocity structures are characterized by rapid
changes at the western edge of the Pacific LLVP. In the following sections, we
attempt to construct a 3D model to fit the observed anomalous waveforms and discuss
the interactions among the complex structures.

4.2 Complex structures at the western edge of the Pacific LLVP

To fit the observed anomalous waveforms, we embed additional structures in the
lowermost mantle outlined by the anomalous dtses.s values into the GyPSuM. For
simplicity, we start with modeling waveforms of events A and B along profiles I and
II separately with 2D simulations. Then, we perform 3D simulations for events A, B
and C to further demonstrate the complex structures in our study region.

4.2.1 LLVP limb

In 2D simulations, GyPSuM model has difficulty to predict the delayed ScS
across the whole distance range, particularly for the ScS waveforms with large
amplitudes at the distance of 85°-93° and the broadening S waveforms at the distance
of ~ 95° of event A on profile I (Figure 5a). At the distance smaller than 80°, the ScS
bouncing points fall into the proximity of region with negative 6V in the GyPSuM on
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profile I (Figure 4a), we thus establish a model that enhances the negative Vsby 1.5
times at 700 km above the CMB in the GyPSuM (referred to as the enhanced GyPSuM
hereafter). The 700 km above the CMB selected here is accordance with the height of
the Pacific LLVP in the GyPSuM. The enhanced GyPSuM provides a good fit to the
delayed ScS at the distance smaller than 85° (Figure S9a), but not at larger distance
because the Vs where the ScS bouncing points fall into are too weak to reproduce the
delayed ScS with large amplitudes (Figure 4a). By incorporating the LLVP limb in
Figure 3b into the enhanced GyPSuM on profile I, the anomalous ScS of event A in
both travel time and amplitude can be predicted well (Figure 5a). Here, the anomalous
Otscs.s shown in Figure 3b outlines the extent of the LLVP limb being at the distance of
40°-55° with respect to event A. For event B, the rays of ScS sample the LLVP limb
at the distance smaller than 80° with more vertical incidence (Figure 4a), and the
synthetics for the hybrid model only display slightly delayed ScS with no obvious
waveform distortion due to the relatively weak 6Vs in the LLVP limb, which agree
with the data (Figure 5b).

Given that the lateral extent of the LLVP limb has been confined, we further
attempt to constrain the 6V and H of the LLVP limb. The ScS waveforms of event A
are more sensitive to the velocity perturbations in the LLVP limb, compared to those of
event B. Thus, to examine the robustness of the parameters of the LLVP limb, we
only use event A to quantify how different values of the 6Vs and H of the LLVP limb
can affect the goodness of fit of ScS waveforms on profile I. We grid search the
optimal values for 6V, ranging from -30% to 0 with 1% interval relative to the PREM,
and for H, varying from 0-300 km with 10 km interval. Figure 7 shows that different
misfit functions, i.e. CC, o;;, and o;,, between the data and synthetics give similar
patterns, in which strong trade-off between JVs and H exists. The CC values are high
(or; or o> values are low) when the product of 6V5 and H is close to -1.2 km. Figure
S10 displays synthetics for several LLVP limb models with a product of 6V and H
being -1.2 km. If the 6V is stronger than -6%, strong arrivals resulting from multiple
reflections in the LLVP limb layer following ScS are developed, and the S waveforms
at large distance get broader. On the other hand, when the 6V is weak and H is large
(i.e. oVs = -2%, H = 60 km), the amplitude of the ScS is rather small, compared to the
data, at the distance of 90°-93°. In summary, despite the large uncertainties, a LLVP
limb model with 6Vs = -4%, H = 30 km can provide a reasonable fit for both the travel
time and large amplitudes of ScS at the distance of 90°-93°. Besides from the J/s and
H, synthetics also show negligible waveform difference for a box- and triangle-shaped
model, implying another trade-off between the shapes of the LLVP limb (Figure S11).

4.2.2 D" layer

Similar to that on profile I, we also enhance the negative 0Vs in the LLVP region
on profile II (Figure 4b), which fits the delayed ScS of event A well (Figure S9b).
However, it cannot generate the double arrivals, comprising Scd and S waveforms,
observed at the distance of 88°-95° of event B (Figure 6). Thus, we test models by
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introducing a high-velocity D" layer into the enhanced GyPSuM on profile II (Figure
4b). Here, we fix the lateral size of the D” layer based on dtscs.s in Figure 3b and grid
search the 0V across the D" discontinuity and height of the D" layer (Figure 8), which
vary from 0 to +6% and 0-500 km, respectively. For simplification, we only consider
the D" layer structure with a D" discontinuity in which the 6V gradually varied with
depth (Figure 8). The CC, oy, or o7, values all suggest that a model with 6V varying
gradually from +2.2% at the D" discontinuity, 320 km above the CMB, to 0 at the CMB
is optimal to replicate the anomalous Scd+S waveforms of event B on profile II, even
for the depth phase sS (Figure 6 and Figure 8).

On profile II, the D" layer also produces Scd arrivals between S and ScS at the
distance of 80°-85° of event A (Figure 5c¢) and 75°-80° of event B (Figure 5d) in
synthetics. Due to the interference of SKS arrivals caused by the anisotropic effect
and possible S reverberations within the crust, it is difficult to directly identify the Scd
at the distance smaller than 85° in the waveform data. Nevertheless, the Scd arrivals
at these distance ranges are distinctly observable in the vespagrams (Figure S12).

4.2.3 hybrid 3D structure

Based on the developed 2D structures above, we construct a hybrid 3D model by
incorporating the LLVP limb and additional D" regions, D"-1 and D"-2 as shown in
Figure 3b, into the enhanced GyPSuM. The southwestern boundary of the D”-1
structure is aligned with the azimuth of 305° relative to event A (Figure 3b). However,
its northeastern boundary cannot be well resolved due to the limited data coverage.
We approximate its northeastern boundary as the transitional boundary of the dts.s s
values changing from negative (blue color) to zero (green color) in Figure 3b, roughly
following the azimuth of 315° of event A. The southwestern boundary of the D”-1
structure can also be well constrained by the rapid variation in S waveforms with the
azimuth of event B (Figure S13). The D"-2 structure largely coincides with the D"
model sampled in He et al. (2006) (Figure S14). Thus, we simply adopt their D”
model, in which the 0V across the D" discontinuity is +2% and the H is 100-145 km.
The boundaries of the D"-2 structure are also approximately delineated based on the
measurement of the dts.s.s (Figure 3b).

For event A, the synthetics generated by the 3D hybrid model generally agree with
the data across all azimuth ranges (Figure 9). Moreover, the 3D hybrid model with
sharp boundaries among the LLVP limb, the D" region, and the ambient mantle
successfully reproduce the drastic variations in ScS waveforms with changing
azimuths (Figure 10). In contrast, a LLVP limb model with smooth boundary cannot
capture such strong waveform variations (Figure 10 and Figure S15). For event B, the
Scd+S waveforms are fitted well by introducing the D" structure in 3D hybrid model,
as well as for the depth phase sS followed by S (Figure 11 and Figure S16). For event
C, the rays sample the D"-1 structure within the azimuth range of 300°-310° and the
D"-2 structure at the azimuth larger than 310° (Figure S14). The synthetics generated
by the 3D hybrid model exhibit distinct Scd arrivals at the distance of ~ 80°, in
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contrast to those produced from the GyPSuM (Figures S17-S18). In the azimuth range
of 290°-300°, the Scd is not present due to the related ray paths missing the D”
structures, but the ScS arrivals are delayed, which can be accounted for rays sampling
the low-velocity LLVP limb. Similar to event A, our 3D hybrid model also fit the ScS
well for the trend of abruptly changing from normal to delayed waveforms at the
azimuth of ~ 300° for event C (Figure S19). Well matched ScS and Scd waveforms on
azimuth profiles of events A, B, and C suggest a sharp transitional boundary among
the LLVP limb, the D"-1 region and the ambient mantle, as well as the robustness of
our proposed 3D hybrid model despite the possible existence of small-scale
heterogeneities.

5 Discussion

5.1 Evaluation of the hybrid model

Our hybrid model not only enhances the negative 6V in the LLVP region, but
includes the LLVP limb and the high-velocity D” layer at the base of the mantle based
on the GyPSuM (see section 4.2). Besides from the differential travel times between
ScS and S, the complex structural variations in our hybrid model may have effect on S
travel time. Seismograms of event A and event B on profile I and profile II aligned on
S predicted by PREM show that our proposed hybrid model is more capable of
reproducing the S arrivals changing with distance, compared to GyPSuM (Figures
S20-S21). In particular, the low-velocity LLVP limb contributes to the significant
delays of Sdiff of event A at larger distance. Moreover, to show the effect of
structures in the shallow mantle on S arrival times, we test another model that only
includes heterogeneities at 700 km above the CMB and replaces Vs values with those
in the PREM at 0-2200 km. Synthetics for this modified model suggest that S arrival
times have the parallel trend as those predicted by our hybrid model on distance
profiles despite of some difference in magnitude (Figure S22), implying that the S
arrival time variations in the data mostly originate from the heterogeneities in the
lowermost mantle. The complex structures we detected in the lowermost mantle are
also independent with the tomographic model. Generally, our hybrid 2D and 3D
models are able to generate the anomalous waveforms as the data for selected events
that sample the different structures, suggesting the complex structures with sharp
boundaries at the western edge of the Pacific LLVP. However, there are some
deficiencies for our hybrid model in waveform modeling.

Neither our hybrid 2D nor 3D model can reproduce the ScS with exceptionally
large amplitude at the distance of 90°-93° of event A on profile I (Figure 5a and
Figure 9a). There are several possible causes that may account for the large amplitude
of ScS. The source may come from the weaker amplitudes of S waveforms when S
rays sampling the particular structure, resulting in the stronger ScS when waveforms
are normalized. Alternatively, our LLVP limb model with a homogeneous Vs and a
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box-like shape may oversimplify the existence of small-scale heterogeneities and
more complicated shape. Besides, our hybrid model also has difficulty to model the
extremely weak ScS amplitudes at the distance of 75°-80° of event B on profile 11
(Figure 5d and Figure S16). Such weak ScS amplitudes may be indicative of more
complicated internal structures in the D”-1 layer which may have high attenuation for
the ScS energy. We also test models with different localized small-scale types of the
CMB topography to show the effects on ScS arrival times and amplitudes (Figure
S23). It suggests that the concave downward shape and the convex upward shape may
play a limited role in increasing and decreasing the ScS amplitudes, respectively.
Nevertheless, given the depth scale of the CMB topography is only several kilometers
(Earle and Shearer, 1997; Sze and van der Hilst, 2003), it is unlikely to be the main
source of the observed anomalous ScS arrival times and extreme ScS amplitudes. To
better resolve these finer-scale structures, it is crucial to include more seismic data
that samples the LLVP limb with ray paths parallel to the LLVP boundary. However,
at current stage, additional constraints on the LLVP limb cannot be provided.

The synthetic Scd arrivals for 3D hybrid model in the azimuth range of 310°-330°
of event C are generated due to the rays sampling the D"-2 structure (Figures S14,
S18). However, the Scd arrivals are visible only in the azimuth range of 315°-320°
and 325°-330° in the vespagrams (Figure S24), which may suggest that the D"-2
region is composed of several disconnected D" structures. The amplitudes of Scd in
the azimuth range of 315°-320° are also much larger than those in the azimuth range
of 325°-330° in the data (Figure S18), further indicating a more complicated D"-2
structure.

In summary, although our hybrid model has limitations in modeling the
waveform data in finer detail, it efficiently captures the first-order features of the
complex structures with sharp transitional boundaries at the western edge of the
Pacific LLVP.

5.2 Existence of ULVZ at the western edge of the Pacific LLVP?

ULVZs have been routinely found at the northern, northeastern, and eastern edges
of the Pacific LLVP (Avants et al., 2006; Jenkins et al., 2021; Lai et al., 2022; Li et al.,
2022; Luo et al., 2001; Ma et al., 2019; Mori and Helmberger, 1995; Revenaugh and
Meyer, 1997; Sun et al., 2019; Zhao et al., 2017). At the western edge, He et al. (2006)
and He and Wen (2009) report the presence of a ULVZ beneath the D" layer by
modeling the SuS arrival, which is generated from the reflection atop the ULVZ and
has the opposite polarity to ScS. In this study, the rays of event C within the azimuth
range of 310°-320° sample the same region as in He et al. (2006) (Figure S14).
However, no coherent SuS arrival can be identified in our data (Figures S17-S18).
One possibility for this discrepancy is that our analysis primarily relies on relatively
long period data (> 5 s), thereby not detecting the ULVZ here. In essence, it is plausible
that a thin ULVZ exists but below the detection threshold of our data. In addition,
Thorne et al. (2021) image some possible large-scale ULVZs with high probability by
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anomalous SPdKS waveforms. These ULVZs are uncertain because their locations
have ambiguity between source side and receiver side where Pd segment diffracts
along the CMB. If these ULVZs exist, they are exactly located inside the Pacific
LLVP (Figure S1). However, our data cannot validate these ULVZs due to the limited
ray path coverage. We acknowledge that some localized small-scale ULVZs are
possibly present in our study region revealed by the large Otscs.s, and waveform
analysis for recordings at a small-aperture array is necessary to identify them.

5.3 Interactions among the complex structures at the western edge of the
Pacific LLVP

In our model, the low-velocity LLVP limb situated at the western edge of the
Pacific LLVP has a lateral size of ~ 900x600 km and a height of 30 km. Synthetics
suggest that the delayed ScS waveforms at the distance of ~ 90° cannot be modeled by
the isolated LLVP limb model (i.e., the LLVP limb is away from the Pacific LLVP)
(Figure S25). Moreover, the 0Vs of the LLVP limb is also comparable to that of the
enhanced GyPSuM, implying a possible scenario where this limb structure extends
from the main Pacific LLVP. To the north of the LLVP limb, the presence of two D"
regions (Figure 3b) may suggest the existence of a subducted slab near the western
edge of the Pacific LLVP, as the formation of the observed D” discontinuity could be
closely linked to the phase transition from bridgmanite to post-bridgmanite in a cold
subduction environment (Murakami et al., 2004; Murakami et al., 2005; Oganov and
Ono, 2004; Sun et al., 2018). Moreover, the difference in structures between D”-1 and
D"-2 layers, such as height and the magnitude of Vs, may suggest significant
complexity in temperature or/and composition between them when slab entering into
the lowermost mantle.

Knowledge of the structures of the edge of LLVPs will be conductive to evaluate
the dynamic process in the lowermost mantle. For the Pacific LLVP, S-wave studies
show that the Pacific LLVP has both steep and gentle sides at the western and northern
edge (He and Wen, 2009, 2012), and P-wave study suggests a steep and sharp eastern
edge, and a shallow and more diffuse northern edge of the Pacific LLVP (Frost and
Rost, 2014). The dynamic models imply that the mantle flow associated with the
subducted slab in the lower mantle plays a critical role in shaping the LLVP
(McNamara and Zhong, 2005). Based on our observations of various structures along
the different profiles here (Figure 4a-b), we hypothesize that the structures of the
western edge of the Pacific LLVP are largely affected by the mantle flow associated
with the subducted slab in the lowermost mantle. In the southern part of our study
region, along profile I, although tomographic model shows high-velocity patch near the
LLVP limb (Figure 4a), the undetected D" layer based on the observations may suggest
the slab on this profile is absent, which allows the LLVP to extend further outward as a
LLVP limb with a low height (Figure 12a). In contrast, in the northern part (profile II),
the LLVP experiences significant pushing by the subducted slab, which shapes the
LLVP into a dome-like structure without a LLVP limb structure (Figure 12b). The
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sharp boundary among the LLVP limb, the D” layer and the ambient mantle may
suggest that it is plausibly a region with high thermal gradients, which is likely
indicative of an active subduction where crust and lithosphere has recently been
subducted. In addition, the presence of the slab may introduce more complicated 3D
mantle flow, exerting further influence on the 3D structure of the Pacific LLVP. This
hypothesis is expected to be verified in the future geodynamic simulations.

6 Conclusion

In this study, we provide a detailed image at the western edge of the Pacific LLVP
by dense seismic recordings. We outline the S-wave western boundary of the Pacific
LLVP by the measured travel time and amplitude anomalies between ScS and S. The
western boundary of the Pacific LLVP is similar to that in a previous study, except for a
northwestward extended LLVP region. Besides, the high-velocity D” layer structures
which are associated with the subducted slab are widely distributed outside the Pacific
LLVP. Drastically varied waveforms on azimuth profiles from different events all
suggest a sharp transitional boundary among the complex structures. Furthermore, we
determine the complex S-wave velocity structures by detailed 2D and 3D waveform
modeling. After comparing the different velocity structures within the adjacent region,
we propose that the 3D structures of the western edge of the Pacific LLVP are
strongly influenced by the vigorous mantle flow associated with the actively
subducted slab.
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Table 1. All events used in this study. Events A-C (shown in red) are modeled in detail.

Date Lat/Lon (°) Depth (km) Mw @/3/\ (°) Location
2019/04/23 (Event A)  24.71S/178.78W 384.18 6.0 3/84/-81 South of Fiji Islands
2019/03/20 (Event B) 15.58S/167.48E 129.68 6.3 184/61/95 Vanuatu Islands
2019/03/10 (Event C) 17.81S/178.61W 580.73 6.2 32/37/-157 Fiji Islands

2005/10/15 25.29N/123.43E 194.57 6.4 325/22/178 Taiwan
2011/09/03 20.79S/169.72E 151.62 7.0 19/32/161 Vanuatu Islands
2011/11/08 27.13N/125.77E 230.60 6.9 7/57/-68 Taiwan
2012/12/07 38.31S/176.08E 165.12 6.3 179/28/21 New Zealand
2013/03/24 20.76S/173.45E 14.42 6.0 126/89/-162 Vanuatu Islands
2013/06/15 33.825/179.63E 200.45 6.0 232/27/133 Kermadec Islands
2013/08/28 27.73S/179.84E 429.01 6.2 192/65/15 Kermadec Islands
2014/03/02 27.34N/127.46E 124.88 6.5 6/68/-40 Ryukyu, Japan
2014/05/01 21.528/170.12E 119.51 6.6 3/37/179 Loyalty Islands
2014/07/19 15.64S/174.18W 233.80 6.2 246/12/163 Tonga Islands
2014/12/10 25.51N/122.40E 262.02 6.1 89/72/-95 Taiwan
2016/08/04 24 98N/141.91E 522.70 6.3 358/80/-66 Volcano, Japan
2017/08/11 14.03N/120.65E 180.41 6.2 294/42/88 Luzon, Philippines
2018/04/02 24.735/176.75W 93.18 6.1 351/71/-54 South of Fiji Islands
2018/09/06 18.24S/179.86E 686.61 7.9 305/60/15 Fiji Islands
2018/09/10 31.928/179.16W 117.32 6.9 47/84/-50 Kermadec Islands
2018/09/16 25.26S/178.37E 590.96 6.5  252/38/-164 South of Fiji Islands
2018/10/30 39.07S/174.94E 225.84 6.1 168/43/33 New Zealand
2019/01/26 21.04S/179.01W 601.50 6.2 273/16/-64 Fiji Islands
2019/05/30 21.77S/176.13W 180.03 6.0 278/9/-11 Fiji Islands
2019/06/04 29.08N/139.17E 438.98 6.3 347/88/-75 Honshu, Japan
2019/07/27 33.16N/137.13E 376.63 6.3 157/79/59 Honshu, Japan
2019/07/31 16.28S/167.85E 187.81 6.6 290/67/27 Vanuatu Islands
2019/08/24 14.32S/167.07E 127.16 6.0 261/82/90 Vanuatu Islands
2019/10/21 19.07S/169.31E 245.04 6.4 177/59/65 Vanuatu Islands
2019/11/08 21.94S8/179.42W 599.20 6.5 15/88/-77 Fiji Islands
2020/06/04 2.98N/128.15E 121.35 6.4 15/67/132 Indonesia
2020/06/13 28.80N/128.39E 171.48 6.6 1/70/-58 Ryukyu, Japan
2020/07/18 15.295/172.82W 15.98 6.1 13/52/125 Samoa Islands
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Table 2. Pearson’s R-values between the observed S/ScS travel time residuals (dts/ots.s) and
differential travel time residuals between S and ScS (dtscs.s) after corrections for different
tomographic models: GyPSuM (Simmons et al., 2010), S40RTS (Ritsema et al., 2011),
SEMUCB-WMI (French and Romanowicz, 2015), TX2019slab (Lu et al., 2019), GLAD-M25
(Lei et al., 2020), SAW24B16 (Megnin and Romanowicz, 2000).

Tomographic models Otg/dtges-s Otges/Otses.s
GyPSuM -0.11 0.51
S40RTS -0.18 0.30
SEMUCB-WM1 -0.14 0.32
TX2019slab -0.31 0.24
GLAD-M25 -0.29 0.42
SAW24B16 -0.24 0.28
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Figure 1. Map showing locations of events (stars) and stations (triangles). Colored lines show the
S-wave western edge of the Pacific LLVP determined by JVs = 0 from different S-wave
tomographic models: GyPSuM (Simmons et al., 2010), GLAD-M25 (Lei et al., 2020), S40RTS
(Ritsema et al., 2011), SEMUCB-WMI1 (French and Romanowicz, 2015). The ScS bounce points at
the CMB with epicentral distance smaller than 85° are shown with pink dots. The yellow dashed
line shows the representative great circle path from Tonga-Fiji to China. Events A-C modeled in

detail are marked with red stars. The black box indicates the enlarged view in Figure 3.

Figure 2. Relationship between travel time residuals of S (8ts) and ScS (dts.s) and differential travel
time residuals between S and ScS (8tscs.s). (a-b) Results after correction for PREM (Dziewonski and
Anderson, 1981). (c-d) Results after correction for GyPSuM (Simmons et al., 2010) at a depth of

0-2600 km. Pearson’s R-values shown on the top-left corner in each panel quantify the correlations.

Figure 3. Observed otg.s.s and ScS/S amplitude ratio (Ascs/s) projected at the ScS bouncing points
at the CMB. dtg.s s are relative to (a) PREM (Dziewonski and Anderson, 1981) and (b) GyPSuM
(Simmons et al., 2010). Ag.gss are for (c) original and (d) after correction for radiation patterns. The
red dashed line shows the S-wave LLVP boundary from He and Wen (2012). The black dashed lines
show the distances and azimuths taken from event A. The red and blue polygons in (b) show the
extended LLVP region (LLVP limb) and high-velocity D" layers, respectively, outlined by the
measured dtscs.s. Note the number of points of the Ag.g/s are less than those of the dts.s.s due to the

discard of traces with ray paths of S or ScS near the nodal plane.

Figure 4. 2D S-wave velocity model for two adjacent azimuths: 300°-305° (profile I) and 305°-310°
(profile II). (a-b) Cross-sections from Tonga-Fiji to China on profile I and profile II through the
S-wave tomographic model GyPSuM (Simmons et al., 2010). Representative ray paths of S (solid)
and ScS (dashed) with distances of event A (black lines) and event B (purple lines) which are nearly
located at the same arc plane along the great circle path are shown, taking event A as 0°. Distance
between event A and event B is ~ 16°. Locations of event A and event B are not displayed to better
show the structures in the lowermost mantle. 6V in the LLVP region in the GyPSuM are enhanced
by 1.5 times. The red box in (a) indicates the LLVP limb. The blue box in (b) indicates the
high-velocity D" layer with 0V discontinuity, and no further constraints about D” layer structures is
shown with dashed line. (c) Enlarged view of the black box in inset showing ScS bouncing points at
the CMB of event A (black) and event B (purple) on profile I and profile II. The red dashed line
shows the S-wave LLVP boundary from He and Wen (2012). The black dashed lines show the

distances and azimuths taken from event A.

Figure 5. Comparison between stacked data (black) and 2D synthetics (red) of event A and event
B on profile I (Az: 300°-305°, top panel) and profile II (Az: 305°-310°, bottom panel). Synthetics
in left panel in each subfigure are for GyPSuM (Simmons et al., 2010) while in right panel are for
the hybrid model in Figure 4a-b. Waveforms are aligned on S. The black dashed lines in each
panel show the S and ScS arrival times predicted by PREM (Dziewonski and Anderson, 1981).
The misfit functions (CC, o;;, o7;) for the LLVP limb between the data and synthetics are
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calculated in the time window indicated by grey shaded region. The blue dashed line shows Scd
arrivals generated from the high-velocity D” layer. The green dashed line in (a) and (c¢) shows SKS
arrivals on tangential components due to the anisotropy, after comparison with those on radial

components (Figure S2). The blue dashed box in (d) shows the enlarged view in Figure 6.

Figure 6. Comparison between the data (black) and 2D synthetics (red) at the distance of 88°-96°
of event B on profile II (Az: 305°-310°). Synthetics are for GyPSuM (Simmons et al., 2010) (left
panel) and the hybrid model (right panel) in Figure 4b. Waveforms are aligned on S. The depth
phase sS are followed by S. Anomalous Scd+S waveforms generated from high-velocity D" layer
are indicated by red arrows. The misfit functions (CC, o;,, o;,) for the high-velocity D" layer
between the data and synthetics are calculated in the time window indicated by grey shaded

region.

Figure 7. Trade-offs between 6V and H for the LLVP limb on profile I (Az: 300°-305°). Misfit
functions are CC (left), o;; (middle), and o, (right) for event A in Figure Sa, respectively. The
best fitting model (6Vs = -4%, H = 30 km) with highest CC (lowest o;; and a;,) is shown with red
star. Models with constant value of product of Vs and H (-1.2 km, -2.4 km, -3.6 km) are shown
with black dashed lines.

Figure 8. Trade-offs between 6V and H for the high-velocity D” layer on profile II (Az:
305°-310°). (a) Schematic diagram of the high-velocity D" layer described by 6V jump at the
discontinuity and H of the D" layer. (b) Misfit functions are CC, oy, and o, for event B in Figure
6. The best fitting model (6Vs = +2.2%, H = 320 km) with highest CC (lowest o;; and o;>) is

shown with red star.

Figure 9. Comparison between the stacked data (black) and 3D synthetics (red) of event A on (a)
profile I (Az: 300°-305°) and (b) profile II (Az: 305°-310°). Synthetics are for GyPSuM
(Simmons et al., 2010) and 3D hybrid model shown in Figure 3b. Waveforms are aligned on S.
The black dashed lines in each panel show the S and ScS arrival times predicted by PREM
(Dziewonski and Anderson, 1981). The blue dashed lines show Scd arrivals generated from the

high-velocity D" layer.

Figure 10. Comparison between the data (black) and 3D synthetics (red) at the distance of
90°-92° on azimuth profiles of event A. Synthetics are for (a) GyPSuM (Simmons et al., 2010)
and (b) 3D hybrid model shown in Figure 3b. Waveforms are aligned on S. Note the delayed ScS
arrivals at the azimuth smaller than 305° and becomes normal at the azimuth larger than 305°,
showing strong lateral 3D structural variation. Anomalous delayed ScS waveforms generated from

the LLVP limb are indicated by yellow patch.
Figure 11. Comparison between the data (black) and 3D synthetics (red) at the distance of

88°-95° on profile II (a) and on azimuth profile at the distance of 90°-95° (b) of event B. Azimuth
in (b) is taken from event B. Synthetics are for GyPSuM (Simmons et al., 2010) and 3D hybrid
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model in Figure 3b. Waveforms are aligned on S. The depth phase sS are followed by S.
Anomalous Scd+S waveforms generated from the high-velocity D” layer are indicated by yellow
patches. Note the normal waveforms at the azimuth smaller than 310° and anomalous Scd+S

waveforms at the azimuth larger than 310°, showing strong lateral 3D structural variation.
Figure 12. Cartoons showing different morphology at the western edge of the Pacific LLVP. (a)

On profile I, LLVP has a limb with a low height in the case of the absence of the slab. (b) On
profile II, LLVP has a dome-like structure due to the slab pushing.

27



Figure 1.



EventB ,

% Events
A Stations
ScS bounce points
GyPSuM
—GLAD-M25 -«
S40RTS
—SEMUCB-WM1

*/ﬁvent Cc




Figure 2.



(a) Relative to PREM (b) Relative to PREM

15 L L L L 15 | -
R—yalue =-0.40 R- value 0. 46 .
10 - -
g 5 2
o ]
© 04 - )
-5 5
—10 T T T T
-10 -5 0 5 10 15
6tScS—S (S)

(c) Relative to GyPSuM (0-2600 km) (d) Relative to GyPSuM (0 -2600 km)

15 ! 15 |
R- value = -0 11 R- vaIue 0 55 e

10 A

_10 1 1 1 I
-10 -5 0 5 10 15




Figure 3.



Data-GyPSuM

Data-PREM

150° 160°

140°

130°

-20°

130° 140° 150° 160° 170°

120°

170°

120°

o'l 80 90 0 ¢o 00

160° 170°

150°

Corrected A o
140°

130°

120°

o
~
™
o
o
™
1
2 .
o
&l . B Te)
< . -~
©
£
D =)
. -
o =
o
i ) =
. ~
o
_ «
N

©)
20° 1
10° -
0
~10° -
-20°



Figure 4.



(b)

Height (km)

Az: 300°-305° (Profile 1) 60°

Az: 305°-310° (Profile I1)

0 2.0%
dinVs (%)

0

320 km

CMB

S EventA

Eve

o

60
Eve
‘S‘Qy ‘S\CJ‘
N>
6:17 2o
$(8295) La2ztiangie T
G o discontin™

ntB

(€)

20°

10"

-10°

140°

dinVs(%)

160°



Figure 5.



Distance (°)

Distance (°)

Az: 300°-305°
(a) EventA (GyPSuM) Event A (Hybrid)  (b) Event B (GyPSuM)

e

105 A

100 1 A

A

;j; i
M\%w

7\ — . = MW\ \/\x—w s

, r*\* — <~ A\ SINAA v\v’ 4 R v/\\v’ =
95 = /}‘\\\\W'vv‘ F ] ‘VQ\V&V{J- - 807 :\ "\Vﬁ.{ﬁ\v 1 u{%}-&‘;}({wﬁ%
S AN AN SIS = S e
BN B 75 et B e

9% N A= NAAZE AR

A <Y Jf»"‘ — “\VA :: A A
\

70 =

J

U4
\_.>,:)\

N

(

2l
s
(

{
41

_I\\A
7.." :; -~:’::‘\\;":‘
N —] N = V=
SN ﬁ&fj{; =\
3 Y —=K3 VAl WA
"‘V’\M}“\' A %»\"’"‘:ﬁ 7
T T T - T T : T | - T T 60 T T T T '~ T T '~
~10 0 10 20 30 40 50 —10 O 10 20 30 40 50 20 0 20 40 60 80 10020 0 20 40 60 80 100
Time (s) (aligned on S) Time (s) (aligned on S)
Az: 305°-310°
(C) EventA (GyPSuM)  EventA (Hybrid)  (d) EventB (GyPSuM)  Event B (Hybrid)
i A % L ~oaad 1= ;
S
Y

N

AU N e——
jﬂm\%@@

N ‘"'V/‘\ ;

105 +—7 - 90 - IRETT
e N \}»g{e;; RS
— S
100 EINSE—=2 ] 85 :Vé’.éi‘//\«i: =y
N INEZ VY n
= v: Vit Y <
B /&\ e 80 - IS
95 /Ab-—-—_ -
Y \»-F e ‘1\\
90 B 75 R 7 }%’é‘ﬁ_‘ ,7&
A
70 T \',\v“’"‘-““'\’a\' -

=
;,\ AN VaVAVAl "W'vf.“ "”J!
85 “_e.\‘ NV S A
\V/kf\y'&\& ‘}‘/_‘k, A

= e

RS S SR s,

80 1 i w‘ﬁ*\w\“ e N | s?’*’ﬁ'/\" P
N ANZEIN NALPS SRV \ASS

'S S\8C! : 2 N 60 1S eS |8/ "S6S

-10 0 10 20 30 40 50 -10 0 10 20 30 40 50 -20 0 20 40 60 80 100-20 0 20 40 60 80 100

Time (s) (aligned on S) Time (s) (aligned on S)



Figure 6.



Distance (°)

96

94

92

90

88

GyPSuM

L —
Pt
B

=

S sS

v/ N

\:,'/\ ANF
J/ N\

N TN\

0 20 40 60 80

40 60 80

Time (s) (aligned on S)



Figure 7.



300
] 250
] 200
] 150

] 100

-30 -25 -20 -15 -10 -5 0 -30 -25 -20 -15 -10 -5 O -30 -25 -20 -15 -10 -5 O
dinVs (%) dinVs (%) dinVs (%)

Height (km)



Figure 8.



D" discontinuity

Height

dinVs

aEmms 4222200202 a.S.
8 10 12 14 16 18

- 100

dinVs (%)

dinVs (%)

1 2 3 4
dinVs (%)

Height (km)



Figure 9.



Distance (°)

110

105

100

95

90 A

85

80

Az: 300°-305°
GyPSuM 3D Hybrid

(b)

Az: 305°-310°
3D Hybrid

il
il

'z;"\?/

i

Q
J_“Q\I ]

Lt

litet

SeS
(
>
7

\ ]
i
i

ARSI

Y

\

A
4
el
i
eI
1\

/S\(;
> >
(}\
)

K

;‘&
1
)

,t

?
W
N

)
{

¢

)

T

&
{
Y
=
2
{

>SS
I{.
(4

%

>>>
74
2@
)
a

N

2
0
v

/

USH \4‘"‘\ @
[ il
0
(Qﬁ
1
LS

%)
OTTA
%)

(
2

110

105

100

95

90 -

85

80

-10 0 10 20 30 40 50 -10 0 10 20 30 40 50
Time (s) (aligned on S)

—10 0 10 20 30 40 50 —10 O 10 20 30 40 50
Time (s) (aligned on S)



Figure 10.



Azimuth (°)

330

325

320

315

310

305

GyPSuM 3D Hybrid

- PN\ A90%-92° |- PN\ A90°%-92° |

10 0 10 20 30 -10 0 10 20 30
Time (s) (aligned on S)



Figure 11.
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Figure 12.
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