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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: 11 

• Complex structures are present at the western edge of the Pacific LLVP 12 

• Drastically varied waveforms in azimuth suggest a sharp transitional boundary 13 
among the complex structures 14 

• The 3D structures of the western edge of the Pacific LLVP are strongly 15 
influenced by the subducted slab 16 

  17 
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Abstract 18 

Large Low Velocity Provinces (LLVPs) are situated oppositely in the lowermost 19 
mantle beneath the Pacific Ocean and Africa. Deciphering the detailed seismic 20 
structures at the edge of LLVPs can provide key information on the composition and 21 
dynamics in the deep Earth. Here, we provide a detailed seismic image at the western 22 
edge of the Pacific LLVP by dense recordings. Differential travel time residuals and 23 
amplitude ratios between ScS and S outline the S-wave western boundary of the 24 
Pacific LLVP, suggesting the complex structures including low/high-velocity patches 25 
in the lowermost mantle in our study region. We determine the 3D low-velocity 26 
structure by modeling the delayed ScS and high-velocity D″ layer structure by 27 
modeling the anomalous Scd, with tight constraints from multiple events data. The 28 
drastically varied waveforms in azimuth suggests a sharp transitional boundary among 29 
the complex structures. After comparing the velocity structures in adjacent regions, 30 
we propose that the 3D structures of the western edge of the Pacific LLVP are 31 
strongly influenced by the vigorous mantle flow associated with the actively 32 
subducted slab. 33 

 34 

Plain Language 35 

Seismic studies reveal two large-scale low-velocity anomalies in the lowermost 36 
mantle beneath the Pacific Ocean and Africa, respectively. Resolving the detailed 37 
structures at their edges is crucial for understanding the geodynamic evolution in the 38 
deep Earth. In this study, we determine the location of the western boundary of the 39 
Pacific anomaly by the measured travel time and amplitude of seismic waves that 40 
across through our study region. Dense recordings show that there are complex 41 
structures at the western edge of the Pacific anomaly, and we determine the 3D 42 
structures by modeling the seismic recordings. We conclude that the 3D structures of 43 
the western edge of the Pacific anomaly are majorly influenced by the actively 44 
subducted materials after comparing the greatly different structures in adjacent 45 
regions. 46 
  47 
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1 Introduction 48 

 Global tomographic models reveal two Large Low Velocity Provinces (LLVPs) 49 
situated in the lowermost mantle beneath the Pacific Ocean and Africa, respectively 50 
(French and Romanowicz, 2015; Grand, 2002; Houser et al., 2008; Lei et al., 2020; 51 
Lu et al., 2019; Ritsema et al., 2011; Simmons et al., 2010; Simmons et al., 2012). 52 
The S-wave velocity perturbations (δVS) in the LLVPs with respect to the ambient 53 
mantle vary from -1 to -5% (He and Wen, 2009, 2012; He et al., 2006; Ni et al., 2005; 54 
Ni et al., 2002; Wen, 2001) while P-wave velocity perturbations (δVP) from -1 to -3% 55 
(Frost and Rost, 2014; Houser et al., 2008; Koelemeijer et al., 2016), but the density 56 
variations in the LLVPs are difficult to be resolved (Ishii and Tromp, 1999, 2001, 57 
2004; Koelemeijer et al., 2017; Lau et al., 2017; Romanowicz, 2001). The 58 
anti-correlation of δVS and bulk sound velocity, as well as the sharp boundaries 59 
between the LLVPs and the ambient mantle suggest that the compositions of the 60 
LLVPs are more likely to be different from that of the ambient mantle (Frost and Rost, 61 
2014; He et al., 2006; Ni et al., 2002; Sun et al., 2007; Wang and Wen, 2004), 62 
although a pure thermal origin of the LLVPs cannot be totally ruled out (Davies et al., 63 
2012; Schuberth et al., 2009). Moreover, the geochemical isotope studies requiring 64 
untapped reservoirs for LLVPs support a primordial origin of the LLVPs (Boyet and 65 
Carlson, 2005; Carlson and Boyet, 2006). 66 

 Tomographic models also demonstrate that LLVPs are bounded by high-velocity 67 
anomalies (e.g., the circum-Pacific), which are believed to be debris of the ancient 68 
subducted slabs (Garnero and Helmberger, 1995; Richards and Engebretson, 1992). 69 
The transition from bridgmanite to post-bridgmanite under lower mantle conditions is 70 
suggested to be sensitive to temperature, preferentially occurring in relatively cold 71 
conditions, such as regions related to subduction (Murakami et al., 2004; Oganov and 72 
Ono, 2004). The sharp seismic velocity increase with depth resulting from the 73 
transition from bridgmanite to post-bridgmanite has been suggested as the source of 74 
the D″ discontinuity within ~ 300 km above the core-mantle boundary (CMB) 75 
(Murakami et al., 2004; Oganov and Ono, 2004). The triplication phase Scd generates 76 
when S-wave encounters with this high-velocity D″ layer (He and Wen, 2012; He et 77 
al., 2006; Ko et al., 2017; Li et al., 2021; Sun et al., 2016; Thomas et al., 2004). 78 

 By taking past subduction history into account, geodynamic simulation 79 
reproduces the quasi-circular shape for the Pacific LLVP and elongated shape for the 80 
African LLVP, respectively, as seen in the lower mantle tomographic models 81 
(McNamara and Zhong, 2005). More importantly, the mantle flows associated with 82 
the subducted slab in the lower mantle could shape the LLVPs significantly, 83 
particularly resulting in edges with various slope of the LLVPs and seismic velocity 84 
gradient (i.e. sharpness) between the LLVPs and the ambient mantle. Seismic images 85 
have also shown complex structures at the edge of LLVPs. For example, the Pacific 86 
LLVP has a broad transition with a gentle slope at its northern edge and a sharper 87 
boundary with a steep slope at its eastern edge (Frost and Rost, 2014). The northern 88 
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edge of the African LLVP is steeply overturned (Ni et al., 2002). A similar feature is 89 
also observed along the northern edge of the Pacific LLVP (Li et al., 2022). 90 
Furthermore, the interactions between the slab and LLVPs may also promote 91 
aggregation or fragmentation of the compositionally distinct ultralow velocity zones 92 
(ULVZs) (Li et al., 2017), and hot upwellings due to the intense thermal instability at 93 
the edges of LLVPs, possibly resulting in hotspots and the large igneous provinces 94 
(LIPs) (Burke et al., 2008; Burke and Torsvik, 2004; Davaille et al., 2002; French and 95 
Romanowicz, 2015; Garnero and McNamara, 2008; Tan et al., 2011; Torsvik et al., 96 
2010; Torsvik et al., 2008). Thus, deciphering the detailed seismic structures at the 97 
edge of LLVPs is crucial for understanding the composition, dynamics, and evolution 98 
in the lowermost mantle. Unlike the African LLVP, whose structures has been well 99 
constrained (Ni and Helmberger, 2003; Ni et al., 2002; Sun et al., 2007; Wang and 100 
Wen, 2007), the Pacific LLVP presents challenges in defining its detailed shape and 101 
finer scale structures, particularly at its edges (Lekic et al., 2012), due to the limited 102 
coverages of seismic ray paths. 103 

Ray paths with events at the southern Pacific Ocean and stations in North 104 
America and Alaska allow for a great deal of investigations on seismic structures in 105 
the lowermost mantle at the northeastern and northern edge of the Pacific LLVP, 106 
respectively (Avants et al., 2006; Frost and Rost, 2014; Hutko et al., 2009; Jenkins et 107 
al., 2021; Lai et al., 2022; Lay et al., 2006; Li et al., 2022; Mori and Helmberger, 108 
1995; Sun et al., 2019; Zhao et al., 2017). However, there have been few studies on 109 
the structures at the western edge of the Pacific LLVP (Figure S1). For example, He 110 
et al. (2006) and He and Wen (2009) detected a ULVZ (δVs = -13%, H = 30-100 km) 111 
underneath the D″ discontinuity along the edge of the Pacific LLVP. Through 112 
waveform migration, Takeuchi and Obara (2010) reported an undulated topography of 113 
the D″ discontinuity. Suzuki et al. (2020) identified some small-scale upwellings and 114 
paleoslabs using 3D waveform inversion. Despite of differences among these results, 115 
they collectively suggest that the past subduction processes have great influence on 116 
the geodynamics at the western edge of the Pacific LLVP, yielding strong thermal and 117 
chemical heterogeneities in this region. However, the 1D and 2D simulations 118 
employed in most previous studies are hard to fully capture the 3D structural 119 
variations at the western edge of the Pacific LLVP, which underscores the need of 120 
further waveform-based studies based on 3D simulations for better uncovering the 121 
interplay between the subducted materials and the Pacific LLVP. 122 

Here, we utilize seismic data from events in the southwestern Pacific Ocean 123 
recorded by dense seismic networks along the western Pacific to study the detailed 3D 124 
structures of the western edge of the Pacific LLVP (Figure 1). With an unprecedented 125 
sampling, we first measure the differential travel times and amplitude ratios between 126 
ScS and S to locate the western boundary of the Pacific LLVP. Then, we constrain the 127 
complex seismic structures by detailed 2D and 3D waveform modeling. We observe 128 
the different structures of the Pacific LLVP in the adjacent area, which are believed to 129 
be shaped by the vigorous mantle flow associated with the actively subducted slab. 130 
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2 Data and Methods 131 

The combination of events in the southwestern Pacific Ocean and dense stations 132 
at the China National Seismic Network (CNSN) (Data Management Center of China 133 
National Seismic Network, 2007; Zheng et al., 2009), F-net in Japan (Okada et al., 134 
2004), and Global Seismographic Network (GSN) provides a good sampling at the 135 
western edge of the Pacific LLVP (Figure 1 and Figure S2). We select 32 events with 136 
simple source duration between 2005 and 2021 (Table 1). Raw three-component data 137 
are deconvolved with their instrument responses and bandpass filtered to 5-50 s 138 
before horizontal components rotating into radial (SV) and tangential (SH) 139 
components. Noisy seismograms are discarded by visual inspection. The tangential 140 
waveforms of events A-C are modeled in detail (Figure 1). We further stack the 141 
tangential components of events A-C in 0.5° distance bins to improve the 142 
signal-to-noise ratio (SNR) for waveform analysis. The original data of events A-C 143 
are displayed in Figures S3-S5. 144 

Since the almost identical ray paths of S and ScS in the upper mantle (Figure S2), 145 
the ScS-S differential travel time residuals (δtScS-S) are frequently used to estimate the 146 
heterogeneities in the lowermost mantle to avoid the source location and origin time 147 
errors (He and Wen, 2012; Jenkins et al., 2021; Li et al., 2020). We first measure the 148 
δtScS-S values for tangential components with epicentral distance smaller than 85°, at 149 
which S and ScS are well separated to avoid interference between them. We also 150 
measure the ScS/S amplitude ratios (AScS/S) to examine the effects of different high- 151 
or low-velocity anomalies on waveform amplitudes. To eliminate the effect of 152 
radiation patterns of different events on the amplitudes of S and ScS, we calibrate AScS/S 153 
as follows: 154                                      𝐴 /  ( )  = 𝐴 /  ( )𝐴 /  ( )                                           (1) 

, where AScS/S (original) is the measured raw amplitude ratios, AScS/S (theoretical) is the 155 
theoretical amplitude ratios assuming source mechanism from the USGS earthquake 156 
catalogue (http://earthquake.usgs.gov), and AScS/S (corrected) is the corrected amplitude 157 
ratios. 158 

This amplitude correction is particularly important for data with small epicentral 159 
distance (< 80°), at which notable difference in the taking-off angles between ScS and S 160 
is present. Also, the AScS/S (theoretical) may vary greatly among events with distinct focal 161 
mechanisms. To ensure the stable measurements of amplitudes, we retain data only 162 
with ray paths of S or ScS away from the S-wave nodal plane (Figure S6). 163 

To better assess the effects of lateral heterogeneities on both travel time and 164 
waveforms, we perform 2D and 3D wave propagation calculations. For 2D 165 
simulations, we apply a finite-difference code, which has been widely used to 166 
generate 2D global synthetics at high frequency up to 1.0 Hz with high efficiency (Li 167 
et al., 2014). For 3D simulations, we apply the SPECFEM3ED GLOBAL package 168 
with the shortest period at ~ 4.8 s (Komatitsch et al., 2016). The event information 169 
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and focal mechanism used in the simulations are selected from the Global 170 
Centroid-Moment-Tensor (GCMT) solutions (https://www.globalcmt.org). Then, 171 
same processing procedures as for the data are applied to the synthetics. 172 

We define misfit functions to evaluate the goodness of waveform fit between the 173 
data (D) and synthetics (S) (Li et al., 2022), to quantify how well we model the 174 
waveform. Three misfit functions including the average normalized cross-correlation 175 
coefficient (CC), L1-norm (σL1), and L2-norm (σL2) in the given time window [t0, t1] 176 
containing the target seismic phase are used as follows: 177                                                         𝐶𝐶 = 1𝑁 𝐶𝐶 (𝐷, 𝑆)                                                     (2) 

                                              𝜎 = 1𝑁 |𝐷 (𝑡) − 𝑆 (𝑡)| 𝑑𝑡                                            (3) 

                                          𝜎 = 1𝑁 (𝐷 (𝑡) − 𝑆 (𝑡)) 𝑑𝑡                                         (4) 

, where N is the number of traces, Di and Si are aligned and normalized to S arrivals. 178 

 179 

3 ScS-S differential travel time residuals (δtScS-S) and ScS/S amplitude ratios 180 
(AScS/S) 181 

 We pick S and ScS arrivals after waveforms alignment by cross-correlating for 182 
each event. In our study region, the δtScS-S’s correlate negatively with travel time 183 
residuals of S (δtS) and positively with travel time residuals of ScS (δtScS) relative to the 184 
prediction of the 1D PREM model (Dziewonski and Anderson, 1981). The Pearson’s 185 
R-values show the similar degree of correlation (Figure 2a-b), which means that δtScS-S 186 
are controlled by both δtScS and δtS, i.e., structures at shallower depth that sampled by S 187 
rays also contribute to δtScS-S. Thus, it is necessary to correct the travel time anomalies 188 
caused by the shallow 3D structures from tomographic models. Here, we summarize 189 
the relationships between δtScS-S and δtScS/δtS for several tomographic models in Table 190 
2, which suggests GyPSuM (Simmons et al., 2010) enables a better background 191 
model compared to others. We thus construct several modified GyPSuM models by 192 
substituting the Vs below a certain depth with that in the 1D PREM model. Figure S7 193 
shows the correlations of δtS/δtScS with δtScS-S for such modified 3D models with 194 
different depths separating the Vs in the PREM from that in the GyPSuM. When the 195 
Vs in the GyPSuM at a depth of 0-2600 km is adopted, the correlation between δtS and 196 
δtScS with δtScS-S becomes the weakest and strongest, respectively (Figure S7 and Figure 197 
2c-d), suggesting that δtScS-S anomalies are mainly from the structures in the lowermost 198 
300 km mantle. 199 
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 Figure 3a-b displays the observed δtScS-S’s projected at the ScS bouncing points at 200 
the CMB relative to PREM and GyPSuM, respectively, which exhibit complex 201 
structures at the western edge of the Pacific LLVP. Generally, the transitional boundary 202 
from positive to negative δtScS-S’s relative to GyPSuM agree with the western boundary 203 
of the Pacific LLVP mapped by He and Wen (2012) (Figure 3b). δtScS-S values are 204 
generally positive (red color in Figure 3b) in the LLVP, corresponding with the rays of 205 
ScS sampling the low-velocity LLVP. In contrast, with the rays of ScS sampling away 206 
from the LLVP, δtScS-S values become negative (blue color in Figure 3b). In the western 207 
part, around 130°E-150°E/5°S-10°N (marked by red polygon in Figure 3b), a zone with 208 
δtScS-S of ~ 1 s extends further northwest from the major LLVP anomaly, suggesting 209 
that the LLVP may extend further northwest as a limb (referred to as LLVP limb 210 
hereafter). In addition, a small-scale anomaly around 160°E/10°N with δtScS-S up to 4 s 211 
is obvious at the northwestern edge of the LLVP, which could be contributed from a 212 
localized low-velocity patch, such as ULVZ. 213 

 To intuitively show the complex structures in the lowermost 300 km above the 214 
CMB, we convert the δtScS-S values to the average δVS and height (H) of the anomalies 215 
(Figure S8). We first smooth the measured δtScS-S values through the whole study 216 
region with a radius of caps 1°. Then, we estimate the average VS in the lowermost 300 217 
km above the CMB at a grid space of 0.2°×0.2° in longitude and latitude, respectively. 218 
The average H is assumed to be 300 km when we estimate the δVS while the average 219 
δVS is assumed to be -3% when we estimate the H. In general, the inferred δVS ranging 220 
from -3% to 3% show a low-velocity region in the LLVP surrounded by normal- or 221 
high-velocity regions (Figure S8a). The thickness of the low-velocity layer varies from 222 
0-300 km, with thicker layer corresponding to the lower δVS (Figure S8b). Although no 223 
evidence for the exact δVS and H values of anomalous structures in our study region, the 224 
general δVS and H variations demonstrate a noticeable difference in seismic structures 225 
between inside and outside the LLVP. 226 

 Besides from δtScS-S, we further display the measured original and corrected AScS/S 227 
after correction for radiation patterns, to show the relationship between the travel time 228 
anomalies and the amplitude variations in our study region (Figure 3c-d). On the 229 
whole, AScS/S images before and after correction show similar patterns and correlate 230 
well with δtScS-S. Specifically, ScS rays sampling the interior of the LLVP result in 231 
elevated AScS/S, indicating the focusing effect of the low-velocity LLVP on the ScS 232 
wavefield. 233 

 Both δtScS-S and AScS/S patterns reveal the complex structures, including low- and 234 
high-velocity patches, at the western edge of the Pacific LLVP. Besides, the distorted 235 
waveforms are also indicative of these complex structures, which are described in 236 
detail in the next section. 237 
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4 Waveform modeling 238 

4.1 Anomalous ScS and Scd waveforms 239 

Events A and B, located along the similar great circle path from Tonga-Fiji to 240 
China, provide an opportunity to better constrain the detailed structure at the western 241 
edge of the Pacific LLVP (Figure 1 and Figure 4). According to the features of 242 
waveforms, we subdivide the data of events A and B into two adjacent azimuths: 243 
profile I, in the azimuth range of 300°-305°; profile II, in the azimuth range of 244 
305°-310°. The azimuth is taken from event A (Figure 4c). 245 

On profile I, the rays sample along the LLVP limb (Figure 4). Compared to those 246 
on profile II, ScS arrivals of event A at the distance ranging from 85° to 93° on profile 247 
I exhibits significant delays and with large amplitudes (Figure 5a, c). Because the ray 248 
paths of S and ScS are almost identical except for the lowermost mantle at the 249 
distance of ~ 90° (Figure 4a), the strongly delayed ScS supports the existence of the 250 
low-velocity LLVP limb. On profile II, extra arrivals are visible between S and ScS at 251 
the distance of 80°-85° (Figure 5c), which are commonly explained as the Scd phase 252 
generated by a D″ discontinuity (He and Wen, 2012; He et al., 2006; Ko et al., 2017; 253 
Li et al., 2021; Sun et al., 2016; Thomas et al., 2004). Additionally, at the distance of 254 
88°-95°, S waveforms of event B show two arrivals on profile II (Figure 5d and 255 
Figure 6). Due to the proximity of the sampling area for events A and B (Figure 4b), 256 
we regard the anomalous S waveforms of event B as the interference of Scd with 257 
direct S arrival at large distance. 258 

The notable difference in SH waveforms between the adjacent azimuths 259 
described above suggests that the velocity structures are characterized by rapid 260 
changes at the western edge of the Pacific LLVP. In the following sections, we 261 
attempt to construct a 3D model to fit the observed anomalous waveforms and discuss 262 
the interactions among the complex structures. 263 

4.2 Complex structures at the western edge of the Pacific LLVP 264 

 To fit the observed anomalous waveforms, we embed additional structures in the 265 
lowermost mantle outlined by the anomalous δtScS-S values into the GyPSuM. For 266 
simplicity, we start with modeling waveforms of events A and B along profiles I and 267 
II separately with 2D simulations. Then, we perform 3D simulations for events A, B 268 
and C to further demonstrate the complex structures in our study region. 269 

4.2.1 LLVP limb 270 

 In 2D simulations, GyPSuM model has difficulty to predict the delayed ScS 271 
across the whole distance range, particularly for the ScS waveforms with large 272 
amplitudes at the distance of 85°-93° and the broadening S waveforms at the distance 273 
of ~ 95° of event A on profile I (Figure 5a). At the distance smaller than 80°, the ScS 274 
bouncing points fall into the proximity of region with negative δVS in the GyPSuM on 275 
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profile I (Figure 4a), we thus establish a model that enhances the negative δVS by 1.5 276 
times at 700 km above the CMB in the GyPSuM (referred to as the enhanced GyPSuM 277 
hereafter). The 700 km above the CMB selected here is accordance with the height of 278 
the Pacific LLVP in the GyPSuM. The enhanced GyPSuM provides a good fit to the 279 
delayed ScS at the distance smaller than 85° (Figure S9a), but not at larger distance 280 
because the δVS where the ScS bouncing points fall into are too weak to reproduce the 281 
delayed ScS with large amplitudes (Figure 4a). By incorporating the LLVP limb in 282 
Figure 3b into the enhanced GyPSuM on profile I, the anomalous ScS of event A in 283 
both travel time and amplitude can be predicted well (Figure 5a). Here, the anomalous 284 
δtScS-S shown in Figure 3b outlines the extent of the LLVP limb being at the distance of 285 
40°-55° with respect to event A. For event B, the rays of ScS sample the LLVP limb 286 
at the distance smaller than 80° with more vertical incidence (Figure 4a), and the 287 
synthetics for the hybrid model only display slightly delayed ScS with no obvious 288 
waveform distortion due to the relatively weak δVS in the LLVP limb, which agree 289 
with the data (Figure 5b). 290 

 Given that the lateral extent of the LLVP limb has been confined, we further 291 
attempt to constrain the δVS and H of the LLVP limb. The ScS waveforms of event A 292 
are more sensitive to the velocity perturbations in the LLVP limb, compared to those of 293 
event B. Thus, to examine the robustness of the parameters of the LLVP limb, we 294 
only use event A to quantify how different values of the δVS and H of the LLVP limb 295 
can affect the goodness of fit of ScS waveforms on profile I. We grid search the 296 
optimal values for δVS, ranging from -30% to 0 with 1% interval relative to the PREM, 297 
and for H, varying from 0-300 km with 10 km interval. Figure 7 shows that different 298 
misfit functions, i.e. CC, σL1, and σL2, between the data and synthetics give similar 299 
patterns, in which strong trade-off between δVS and H exists. The CC values are high 300 
(σL1 or σL2 values are low) when the product of δVS and H is close to -1.2 km. Figure 301 
S10 displays synthetics for several LLVP limb models with a product of δVS and H 302 
being -1.2 km. If the δVS is stronger than -6%, strong arrivals resulting from multiple 303 
reflections in the LLVP limb layer following ScS are developed, and the S waveforms 304 
at large distance get broader. On the other hand, when the δVS is weak and H is large 305 
(i.e. δVS = -2%, H = 60 km), the amplitude of the ScS is rather small, compared to the 306 
data, at the distance of 90°-93°. In summary, despite the large uncertainties, a LLVP 307 
limb model with δVS = -4%, H = 30 km can provide a reasonable fit for both the travel 308 
time and large amplitudes of ScS at the distance of 90°-93°. Besides from the δVS and 309 
H, synthetics also show negligible waveform difference for a box- and triangle-shaped 310 
model, implying another trade-off between the shapes of the LLVP limb (Figure S11). 311 

4.2.2 Dʺ layer 312 

 Similar to that on profile I, we also enhance the negative δVS in the LLVP region 313 
on profile II (Figure 4b), which fits the delayed ScS of event A well (Figure S9b). 314 
However, it cannot generate the double arrivals, comprising Scd and S waveforms, 315 
observed at the distance of 88°-95° of event B (Figure 6). Thus, we test models by 316 
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introducing a high-velocity Dʺ layer into the enhanced GyPSuM on profile II (Figure 317 
4b). Here, we fix the lateral size of the Dʺ layer based on δtScS-S in Figure 3b and grid 318 
search the δVS across the Dʺ discontinuity and height of the Dʺ layer (Figure 8), which 319 
vary from 0 to +6% and 0-500 km, respectively. For simplification, we only consider 320 
the Dʺ layer structure with a Dʺ discontinuity in which the δVS gradually varied with 321 
depth (Figure 8). The CC, σL1, or σL2 values all suggest that a model with δVS varying 322 
gradually from +2.2% at the Dʺ discontinuity, 320 km above the CMB, to 0 at the CMB 323 
is optimal to replicate the anomalous Scd+S waveforms of event B on profile II, even 324 
for the depth phase sS (Figure 6 and Figure 8). 325 

 On profile II, the Dʺ layer also produces Scd arrivals between S and ScS at the 326 
distance of 80°-85° of event A (Figure 5c) and 75°-80° of event B (Figure 5d) in 327 
synthetics. Due to the interference of SKS arrivals caused by the anisotropic effect 328 
and possible S reverberations within the crust, it is difficult to directly identify the Scd 329 
at the distance smaller than 85° in the waveform data. Nevertheless, the Scd arrivals 330 
at these distance ranges are distinctly observable in the vespagrams (Figure S12). 331 

4.2.3 hybrid 3D structure 332 

 Based on the developed 2D structures above, we construct a hybrid 3D model by 333 
incorporating the LLVP limb and additional Dʺ regions, Dʺ-1 and Dʺ-2 as shown in 334 
Figure 3b, into the enhanced GyPSuM. The southwestern boundary of the Dʺ-1 335 
structure is aligned with the azimuth of 305° relative to event A (Figure 3b). However, 336 
its northeastern boundary cannot be well resolved due to the limited data coverage. 337 
We approximate its northeastern boundary as the transitional boundary of the δtScS-S 338 
values changing from negative (blue color) to zero (green color) in Figure 3b, roughly 339 
following the azimuth of 315° of event A. The southwestern boundary of the Dʺ-1 340 
structure can also be well constrained by the rapid variation in S waveforms with the 341 
azimuth of event B (Figure S13). The Dʺ-2 structure largely coincides with the Dʺ 342 
model sampled in He et al. (2006) (Figure S14). Thus, we simply adopt their Dʺ 343 
model, in which the δVS across the Dʺ discontinuity is +2% and the H is 100-145 km. 344 
The boundaries of the Dʺ-2 structure are also approximately delineated based on the 345 
measurement of the δtScS-S (Figure 3b). 346 

 For event A, the synthetics generated by the 3D hybrid model generally agree with 347 
the data across all azimuth ranges (Figure 9). Moreover, the 3D hybrid model with 348 
sharp boundaries among the LLVP limb, the Dʺ region, and the ambient mantle 349 
successfully reproduce the drastic variations in ScS waveforms with changing 350 
azimuths (Figure 10). In contrast, a LLVP limb model with smooth boundary cannot 351 
capture such strong waveform variations (Figure 10 and Figure S15). For event B, the 352 
Scd+S waveforms are fitted well by introducing the Dʺ structure in 3D hybrid model, 353 
as well as for the depth phase sS followed by S (Figure 11 and Figure S16). For event 354 
C, the rays sample the Dʺ-1 structure within the azimuth range of 300°-310° and the 355 
Dʺ-2 structure at the azimuth larger than 310° (Figure S14). The synthetics generated 356 
by the 3D hybrid model exhibit distinct Scd arrivals at the distance of ~ 80°, in 357 
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contrast to those produced from the GyPSuM (Figures S17-S18). In the azimuth range 358 
of 290°-300°, the Scd is not present due to the related ray paths missing the Dʺ 359 
structures, but the ScS arrivals are delayed, which can be accounted for rays sampling 360 
the low-velocity LLVP limb. Similar to event A, our 3D hybrid model also fit the ScS 361 
well for the trend of abruptly changing from normal to delayed waveforms at the 362 
azimuth of ~ 300° for event C (Figure S19). Well matched ScS and Scd waveforms on 363 
azimuth profiles of events A, B, and C suggest a sharp transitional boundary among 364 
the LLVP limb, the Dʺ-1 region and the ambient mantle, as well as the robustness of 365 
our proposed 3D hybrid model despite the possible existence of small-scale 366 
heterogeneities. 367 

 368 

5 Discussion 369 

5.1 Evaluation of the hybrid model 370 

 Our hybrid model not only enhances the negative δVS in the LLVP region, but 371 
includes the LLVP limb and the high-velocity Dʺ layer at the base of the mantle based 372 
on the GyPSuM (see section 4.2). Besides from the differential travel times between 373 
ScS and S, the complex structural variations in our hybrid model may have effect on S 374 
travel time. Seismograms of event A and event B on profile I and profile II aligned on 375 
S predicted by PREM show that our proposed hybrid model is more capable of 376 
reproducing the S arrivals changing with distance, compared to GyPSuM (Figures 377 
S20-S21). In particular, the low-velocity LLVP limb contributes to the significant 378 
delays of Sdiff of event A at larger distance. Moreover, to show the effect of 379 
structures in the shallow mantle on S arrival times, we test another model that only 380 
includes heterogeneities at 700 km above the CMB and replaces VS values with those 381 
in the PREM at 0-2200 km. Synthetics for this modified model suggest that S arrival 382 
times have the parallel trend as those predicted by our hybrid model on distance 383 
profiles despite of some difference in magnitude (Figure S22), implying that the S 384 
arrival time variations in the data mostly originate from the heterogeneities in the 385 
lowermost mantle. The complex structures we detected in the lowermost mantle are 386 
also independent with the tomographic model. Generally, our hybrid 2D and 3D 387 
models are able to generate the anomalous waveforms as the data for selected events 388 
that sample the different structures, suggesting the complex structures with sharp 389 
boundaries at the western edge of the Pacific LLVP. However, there are some 390 
deficiencies for our hybrid model in waveform modeling. 391 

 Neither our hybrid 2D nor 3D model can reproduce the ScS with exceptionally 392 
large amplitude at the distance of 90°-93° of event A on profile I (Figure 5a and 393 
Figure 9a). There are several possible causes that may account for the large amplitude 394 
of ScS. The source may come from the weaker amplitudes of S waveforms when S 395 
rays sampling the particular structure, resulting in the stronger ScS when waveforms 396 
are normalized. Alternatively, our LLVP limb model with a homogeneous δVS and a 397 
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box-like shape may oversimplify the existence of small-scale heterogeneities and 398 
more complicated shape. Besides, our hybrid model also has difficulty to model the 399 
extremely weak ScS amplitudes at the distance of 75°-80° of event B on profile II 400 
(Figure 5d and Figure S16). Such weak ScS amplitudes may be indicative of more 401 
complicated internal structures in the Dʺ-1 layer which may have high attenuation for 402 
the ScS energy. We also test models with different localized small-scale types of the 403 
CMB topography to show the effects on ScS arrival times and amplitudes (Figure 404 
S23). It suggests that the concave downward shape and the convex upward shape may 405 
play a limited role in increasing and decreasing the ScS amplitudes, respectively. 406 
Nevertheless, given the depth scale of the CMB topography is only several kilometers 407 
(Earle and Shearer, 1997; Sze and van der Hilst, 2003), it is unlikely to be the main 408 
source of the observed anomalous ScS arrival times and extreme ScS amplitudes. To 409 
better resolve these finer-scale structures, it is crucial to include more seismic data 410 
that samples the LLVP limb with ray paths parallel to the LLVP boundary. However, 411 
at current stage, additional constraints on the LLVP limb cannot be provided. 412 

 The synthetic Scd arrivals for 3D hybrid model in the azimuth range of 310°-330° 413 
of event C are generated due to the rays sampling the Dʺ-2 structure (Figures S14, 414 
S18). However, the Scd arrivals are visible only in the azimuth range of 315°-320° 415 
and 325°-330° in the vespagrams (Figure S24), which may suggest that the Dʺ-2 416 
region is composed of several disconnected Dʺ structures. The amplitudes of Scd in 417 
the azimuth range of 315°-320° are also much larger than those in the azimuth range 418 
of 325°-330° in the data (Figure S18), further indicating a more complicated Dʺ-2 419 
structure.  420 

 In summary, although our hybrid model has limitations in modeling the 421 
waveform data in finer detail, it efficiently captures the first-order features of the 422 
complex structures with sharp transitional boundaries at the western edge of the 423 
Pacific LLVP. 424 

5.2 Existence of ULVZ at the western edge of the Pacific LLVP? 425 

ULVZs have been routinely found at the northern, northeastern, and eastern edges 426 
of the Pacific LLVP (Avants et al., 2006; Jenkins et al., 2021; Lai et al., 2022; Li et al., 427 
2022; Luo et al., 2001; Ma et al., 2019; Mori and Helmberger, 1995; Revenaugh and 428 
Meyer, 1997; Sun et al., 2019; Zhao et al., 2017). At the western edge, He et al. (2006) 429 
and He and Wen (2009) report the presence of a ULVZ beneath the Dʺ layer by 430 
modeling the SuS arrival, which is generated from the reflection atop the ULVZ and 431 
has the opposite polarity to ScS. In this study, the rays of event C within the azimuth 432 
range of 310°-320° sample the same region as in He et al. (2006) (Figure S14). 433 
However, no coherent SuS arrival can be identified in our data (Figures S17-S18). 434 
One possibility for this discrepancy is that our analysis primarily relies on relatively 435 
long period data (> 5 s), thereby not detecting the ULVZ here. In essence, it is plausible 436 
that a thin ULVZ exists but below the detection threshold of our data. In addition, 437 
Thorne et al. (2021) image some possible large-scale ULVZs with high probability by 438 
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anomalous SPdKS waveforms. These ULVZs are uncertain because their locations 439 
have ambiguity between source side and receiver side where Pd segment diffracts 440 
along the CMB. If these ULVZs exist, they are exactly located inside the Pacific 441 
LLVP (Figure S1). However, our data cannot validate these ULVZs due to the limited 442 
ray path coverage. We acknowledge that some localized small-scale ULVZs are 443 
possibly present in our study region revealed by the large δtScS-S, and waveform 444 
analysis for recordings at a small-aperture array is necessary to identify them. 445 

5.3 Interactions among the complex structures at the western edge of the 446 
Pacific LLVP 447 

In our model, the low-velocity LLVP limb situated at the western edge of the 448 
Pacific LLVP has a lateral size of ~ 900×600 km and a height of 30 km. Synthetics 449 
suggest that the delayed ScS waveforms at the distance of ~ 90° cannot be modeled by 450 
the isolated LLVP limb model (i.e., the LLVP limb is away from the Pacific LLVP) 451 
(Figure S25). Moreover, the δVS of the LLVP limb is also comparable to that of the 452 
enhanced GyPSuM, implying a possible scenario where this limb structure extends 453 
from the main Pacific LLVP. To the north of the LLVP limb, the presence of two Dʺ 454 
regions (Figure 3b) may suggest the existence of a subducted slab near the western 455 
edge of the Pacific LLVP, as the formation of the observed Dʺ discontinuity could be 456 
closely linked to the phase transition from bridgmanite to post-bridgmanite in a cold 457 
subduction environment (Murakami et al., 2004; Murakami et al., 2005; Oganov and 458 
Ono, 2004; Sun et al., 2018). Moreover, the difference in structures between Dʺ-1 and 459 
Dʺ-2 layers, such as height and the magnitude of δVS, may suggest significant 460 
complexity in temperature or/and composition between them when slab entering into 461 
the lowermost mantle. 462 

Knowledge of the structures of the edge of LLVPs will be conductive to evaluate 463 
the dynamic process in the lowermost mantle. For the Pacific LLVP, S-wave studies 464 
show that the Pacific LLVP has both steep and gentle sides at the western and northern 465 
edge (He and Wen, 2009, 2012), and P-wave study suggests a steep and sharp eastern 466 
edge, and a shallow and more diffuse northern edge of the Pacific LLVP (Frost and 467 
Rost, 2014). The dynamic models imply that the mantle flow associated with the 468 
subducted slab in the lower mantle plays a critical role in shaping the LLVP 469 
(McNamara and Zhong, 2005). Based on our observations of various structures along 470 
the different profiles here (Figure 4a-b), we hypothesize that the structures of the 471 
western edge of the Pacific LLVP are largely affected by the mantle flow associated 472 
with the subducted slab in the lowermost mantle. In the southern part of our study 473 
region, along profile I, although tomographic model shows high-velocity patch near the 474 
LLVP limb (Figure 4a), the undetected Dʺ layer based on the observations may suggest 475 
the slab on this profile is absent, which allows the LLVP to extend further outward as a 476 
LLVP limb with a low height (Figure 12a). In contrast, in the northern part (profile II), 477 
the LLVP experiences significant pushing by the subducted slab, which shapes the 478 
LLVP into a dome-like structure without a LLVP limb structure (Figure 12b). The 479 
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sharp boundary among the LLVP limb, the Dʺ layer and the ambient mantle may 480 
suggest that it is plausibly a region with high thermal gradients, which is likely 481 
indicative of an active subduction where crust and lithosphere has recently been 482 
subducted. In addition, the presence of the slab may introduce more complicated 3D 483 
mantle flow, exerting further influence on the 3D structure of the Pacific LLVP. This 484 
hypothesis is expected to be verified in the future geodynamic simulations. 485 

6 Conclusion 486 

 In this study, we provide a detailed image at the western edge of the Pacific LLVP 487 
by dense seismic recordings. We outline the S-wave western boundary of the Pacific 488 
LLVP by the measured travel time and amplitude anomalies between ScS and S. The 489 
western boundary of the Pacific LLVP is similar to that in a previous study, except for a 490 
northwestward extended LLVP region. Besides, the high-velocity Dʺ layer structures 491 
which are associated with the subducted slab are widely distributed outside the Pacific 492 
LLVP. Drastically varied waveforms on azimuth profiles from different events all 493 
suggest a sharp transitional boundary among the complex structures. Furthermore, we 494 
determine the complex S-wave velocity structures by detailed 2D and 3D waveform 495 
modeling. After comparing the different velocity structures within the adjacent region, 496 
we propose that the 3D structures of the western edge of the Pacific LLVP are 497 
strongly influenced by the vigorous mantle flow associated with the actively 498 
subducted slab. 499 
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Table 1. All events used in this study. Events A-C (shown in red) are modeled in detail. 788 
Date Lat/Lon (°) Depth (km) Mw φ/δ/λ (°) 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 33.82S/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 21.52S/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 24.73S/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 31.92S/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 21.94S/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 15.29S/172.82W 15.98 6.1 13/52/125 Samoa Islands 

 789 
  790 
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Table 2. Pearson’s R-values between the observed S/ScS travel time residuals (δtS/δtScS) and 791 
differential travel time residuals between S and ScS (δtScS-S) after corrections for different 792 
tomographic models: GyPSuM (Simmons et al., 2010), S40RTS (Ritsema et al., 2011), 793 
SEMUCB-WM1 (French and Romanowicz, 2015), TX2019slab (Lu et al., 2019), GLAD-M25 794 
(Lei et al., 2020), SAW24B16 (Megnin and Romanowicz, 2000). 795 

Tomographic models δtS/δtScS-S δtScS/δtScS-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 

 796 
  797 
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Figure 1. Map showing locations of events (stars) and stations (triangles). Colored lines show the 798 
S-wave western edge of the Pacific LLVP determined by δVS = 0 from different S-wave 799 
tomographic models: GyPSuM (Simmons et al., 2010), GLAD-M25 (Lei et al., 2020), S40RTS 800 
(Ritsema et al., 2011), SEMUCB-WM1 (French and Romanowicz, 2015). The ScS bounce points at 801 
the CMB with epicentral distance smaller than 85° are shown with pink dots. The yellow dashed 802 
line shows the representative great circle path from Tonga-Fiji to China. Events A-C modeled in 803 
detail are marked with red stars. The black box indicates the enlarged view in Figure 3. 804 
 805 
Figure 2. Relationship between travel time residuals of S (δtS) and ScS (δtScS) and differential travel 806 
time residuals between S and ScS (δtScS-S). (a-b) Results after correction for PREM (Dziewonski and 807 
Anderson, 1981). (c-d) Results after correction for GyPSuM (Simmons et al., 2010) at a depth of 808 
0-2600 km. Pearson’s R-values shown on the top-left corner in each panel quantify the correlations. 809 
 810 
Figure 3. Observed δtScS-S and ScS/S amplitude ratio (AScS/S) projected at the ScS bouncing points 811 
at the CMB. δtScS-S are relative to (a) PREM (Dziewonski and Anderson, 1981) and (b) GyPSuM 812 
(Simmons et al., 2010). AScS/S are for (c) original and (d) after correction for radiation patterns. The 813 
red dashed line shows the S-wave LLVP boundary from He and Wen (2012). The black dashed lines 814 
show the distances and azimuths taken from event A. The red and blue polygons in (b) show the 815 
extended LLVP region (LLVP limb) and high-velocity Dʺ layers, respectively, outlined by the 816 
measured δtScS-S. Note the number of points of the AScS/S are less than those of the δtScS-S due to the 817 
discard of traces with ray paths of S or ScS near the nodal plane. 818 
 819 
Figure 4. 2D S-wave velocity model for two adjacent azimuths: 300°-305° (profile I) and 305°-310° 820 
(profile II). (a-b) Cross-sections from Tonga-Fiji to China on profile I and profile II through the 821 
S-wave tomographic model GyPSuM (Simmons et al., 2010). Representative ray paths of S (solid) 822 
and ScS (dashed) with distances of event A (black lines) and event B (purple lines) which are nearly 823 
located at the same arc plane along the great circle path are shown, taking event A as 0°. Distance 824 
between event A and event B is ~ 16°. Locations of event A and event B are not displayed to better 825 
show the structures in the lowermost mantle. δVS in the LLVP region in the GyPSuM are enhanced 826 
by 1.5 times. The red box in (a) indicates the LLVP limb. The blue box in (b) indicates the 827 
high-velocity Dʺ layer with δVS discontinuity, and no further constraints about Dʺ layer structures is 828 
shown with dashed line. (c) Enlarged view of the black box in inset showing ScS bouncing points at 829 
the CMB of event A (black) and event B (purple) on profile I and profile II. The red dashed line 830 
shows the S-wave LLVP boundary from He and Wen (2012). The black dashed lines show the 831 
distances and azimuths taken from event A. 832 
 833 
Figure 5. Comparison between stacked data (black) and 2D synthetics (red) of event A and event 834 
B on profile I (Az: 300°-305°, top panel) and profile II (Az: 305°-310°, bottom panel). Synthetics 835 
in left panel in each subfigure are for GyPSuM (Simmons et al., 2010) while in right panel are for 836 
the hybrid model in Figure 4a-b. Waveforms are aligned on S. The black dashed lines in each 837 
panel show the S and ScS arrival times predicted by PREM (Dziewonski and Anderson, 1981). 838 
The misfit functions (CC, σL1, σL2) for the LLVP limb between the data and synthetics are 839 
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calculated in the time window indicated by grey shaded region. The blue dashed line shows Scd 840 
arrivals generated from the high-velocity Dʺ layer. The green dashed line in (a) and (c) shows SKS 841 
arrivals on tangential components due to the anisotropy, after comparison with those on radial 842 
components (Figure S2). The blue dashed box in (d) shows the enlarged view in Figure 6. 843 
 844 
Figure 6. Comparison between the data (black) and 2D synthetics (red) at the distance of 88°-96° 845 
of event B on profile II (Az: 305°-310°). Synthetics are for GyPSuM (Simmons et al., 2010) (left 846 
panel) and the hybrid model (right panel) in Figure 4b. Waveforms are aligned on S. The depth 847 
phase sS are followed by S. Anomalous Scd+S waveforms generated from high-velocity Dʺ layer 848 
are indicated by red arrows. The misfit functions (CC, σL1, σL2) for the high-velocity Dʺ layer 849 
between the data and synthetics are calculated in the time window indicated by grey shaded 850 
region. 851 
 852 
Figure 7. Trade-offs between δVS and H for the LLVP limb on profile I (Az: 300°-305°). Misfit 853 
functions are CC (left), σL1 (middle), and σL2 (right) for event A in Figure 5a, respectively. The 854 
best fitting model (δVS = -4%, H = 30 km) with highest CC (lowest σL1 and σL2) is shown with red 855 
star. Models with constant value of product of δVS and H (-1.2 km, -2.4 km, -3.6 km) are shown 856 
with black dashed lines. 857 
 858 
Figure 8. Trade-offs between δVS and H for the high-velocity Dʺ layer on profile II (Az: 859 
305°-310°). (a) Schematic diagram of the high-velocity Dʺ layer described by δVS jump at the 860 
discontinuity and H of the Dʺ layer. (b) Misfit functions are CC, σL1, and σL2 for event B in Figure 861 
6. The best fitting model (δVS = +2.2%, H = 320 km) with highest CC (lowest σL1 and σL2) is 862 
shown with red star. 863 
 864 
Figure 9. Comparison between the stacked data (black) and 3D synthetics (red) of event A on (a) 865 
profile I (Az: 300°-305°) and (b) profile II (Az: 305°-310°). Synthetics are for GyPSuM 866 
(Simmons et al., 2010) and 3D hybrid model shown in Figure 3b. Waveforms are aligned on S. 867 
The black dashed lines in each panel show the S and ScS arrival times predicted by PREM 868 
(Dziewonski and Anderson, 1981). The blue dashed lines show Scd arrivals generated from the 869 
high-velocity Dʺ layer. 870 
 871 
Figure 10. Comparison between the data (black) and 3D synthetics (red) at the distance of 872 
90°-92° on azimuth profiles of event A. Synthetics are for (a) GyPSuM (Simmons et al., 2010) 873 
and (b) 3D hybrid model shown in Figure 3b. Waveforms are aligned on S. Note the delayed ScS 874 
arrivals at the azimuth smaller than 305° and becomes normal at the azimuth larger than 305°, 875 
showing strong lateral 3D structural variation. Anomalous delayed ScS waveforms generated from 876 
the LLVP limb are indicated by yellow patch. 877 
 878 
Figure 11. Comparison between the data (black) and 3D synthetics (red) at the distance of 879 
88°-95° on profile II (a) and on azimuth profile at the distance of 90°-95° (b) of event B. Azimuth 880 
in (b) is taken from event B. Synthetics are for GyPSuM (Simmons et al., 2010) and 3D hybrid 881 
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model in Figure 3b. Waveforms are aligned on S. The depth phase sS are followed by S. 882 
Anomalous Scd+S waveforms generated from the high-velocity Dʺ layer are indicated by yellow 883 
patches. Note the normal waveforms at the azimuth smaller than 310° and anomalous Scd+S 884 
waveforms at the azimuth larger than 310°, showing strong lateral 3D structural variation. 885 
 886 
Figure 12. Cartoons showing different morphology at the western edge of the Pacific LLVP. (a) 887 
On profile I, LLVP has a limb with a low height in the case of the absence of the slab. (b) On 888 
profile II, LLVP has a dome-like structure due to the slab pushing. 889 
 890 
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