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Abstract We performed waveform inversion of the P waveforms recorded by our BroadBand Ocean
Bottom Seismometers (BBOBSs) deployed in the Northwestern Pacific. Consequently, the depth profile
of the P velocity of the oceanic upper mantle, which has not been well resolved by previous surface wave or
receiver function analyses, was revealed. We considered the azimuthal anisotropy in the lithosphere,
which significantly improved the variance reduction from 34% to 44%. The resulting P model exhibited
higher and lower velocities in the lithosphere and asthenosphere, respectively. The velocity contrast was
found to be second/third of that observed in the previous S models; however the obtained model
appeared to have some trade‐off with the VS structures in the vicinity of the source. We compared our
Pmodel with the previous Smodel obtained using our BBOBSs and obtained the VP/VSmodel. The resulting
VP/VS model has two notable features. First, the lithosphere is characterized by a rapid increase in the VP/
VS values with depth, which implies chemical stratification. Second, the VP/VS values in the vicinity of
the lithosphere‐asthenosphere boundary (LAB) are larger than the synthetic values of any major
upper mantle mineral predicted by considering the anharmonic effects, which suggests the effects of
anelasticity or melt.

1. Introduction

The oceanic lithosphere and asthenosphere system is one of the most fundamental features of plate
tectonics. The oceanic asthenosphere is characterized by a lower S velocity and stronger attenuation
(lower Q), which exhibits sharp contrast with the oceanic lithosphere (e.g., Kawakatsu & Utada, 2017).
The origin of the sharp contrast is debated in seismology, geodynamics, and laboratory experiments. It
has been previously attributed to either partial melt (Anderson & Sammis, 1970), elevated water content
(Hirth & Kohlstedt, 1996), or reduced grain size (Jackson & Faul, 2010). Grain boundary softening by a
solid‐state mechanism (Takei, 2017; Takei et al., 2014; Yamauchi & Takei, 2016) and flaws in the regular
atomic packing under oxidizing conditions (Cline et al., 2018) have also been reported by recent labora-
tory experiments.

To identify the aforementioned origin, it is essential to provide new constraints on the seismic structures.
However, most of the information on the oceanic upper mantle obtained thus far is on the S structure. The
higher resolution upper mantle models obtained using surface waves (e.g., Debayle et al., 2016; Isse et al.,
2019; Schaeffer & Lebedev, 2013) are the Smodels. Global S tomography models obtained using broadband
waveforms (e.g., Auer et al., 2014; Chang et al., 2015; French & Romanowicz, 2014; Koelemeijer et al., 2016;
Kustowski et al., 2008;Moulik &Ekström, 2014; Takeuchi, 2012) have better resolution, whereasmany of the
P tomography models obtained using the P traveltime data have poor resolution (e.g., Bijwaard et al., 1998;
Boschi & Dziewonski, 1999; Li et al., 2008; Obayashi et al., 2013; Simmons et al., 2012) in the oceanic upper
mantle. Some joint inversion models (e.g., Bozdag et al., 2016; Houser et al., 2008) apparently have a better P
resolution, but it is primarily constrained by the scaling relations between the P and S anomalies that are
assumed a priori. The use of PP−P traveltimes improves the resolution (e.g., Fukao et al., 2003;Montelli et al.,
2004, 2006); however, the improvements are not enough to enable the discussion of the vertical contrast of
the oceanic lithosphere and asthenosphere. The depth and contrast of the lithosphere‐asthenosphere
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boundary (LAB) are detected using receiver functions (e.g., Kawakatsu
et al., 2009; Rychert & Shearer, 2009) or SS precursors (e.g., Tharimena
et al., 2017); however, they only reveal the S structures.

In this study, we focused on the depth distribution of the P velocity in the
oceanic upper mantle. Between 2010 and 2015, we deployed broadband
ocean bottom seismometers (BBOBSs) in the Northwestern Pacific
(Figure 1) as a part of the Normal Mantle Project (NOMan Project;
http://www.eri.u-tokyo.ac.jp/yesman/). CMG‐3T with an eigenperiod of
360 s were the sensors utilized. Because the stations (the black stars in
Figure 1) are located at approximately 5–21° from the events in the nearby
subduction zones, the P waves directly sample the oceanic upper mantle,
which provides unique opportunities to reveal the vertical profile of the P
velocity. The operation periods of the NOMan BBOBSs were more than
4 years, and we conducted repeated observations by recovering old
BBOBSs and installing new ones at similar locations every year. These
operations obtained an unprecedented quantity and quality of data to
reveal the P structures of the oceanic lithosphere and asthenosphere.

However, there are several difficulties in analyzing the P waves sampling
the oceanic upper mantle. First, the waveforms for higher frequencies are
complicated owing to strong scattering in the oceanic lithosphere (e.g.,
Kennett & Furumura, 2013; Kennett et al., 2014; Shito et al., 2013, 2015;
Takeuchi et al., 2017). Second, the observed higher‐frequency energy sam-
pling the asthenosphere and sub‐asthenospheric upper mantle (hereafter
referred to as mesosphere) is expected to be significantly small owing to
the strong attenuation in the asthenosphere; Q for the P wave, QP, is esti-
mated to be approximately 100–200 (e.g., Booth et al., 2014; Dalton et al.,

2008; Dziewonski & Anderson, 1981; Takeuchi et al., 2017). Finally, it is relatively difficult to resolve the
structures within the oceanic asthenosphere because the low velocity zone (LVZ) causes diffracted waves
that cannot be described using the conventional ray theory. Therefore, in this study, we inverted the
longer‐period P waveforms (0.01–0.1 Hz) using the full‐wave computational method (Direct Solution
Method Kawai et al., 2006; Takeuchi et al., 1996). The use of longer‐period components minimizes the effect
of scattering, and the use of full synthetic waveforms enables us to reveal the LVZ structures by accurately
considering the diffracted waves traversing the oceanic asthenosphere. The results obtained by this study
can enable us to discuss the VP/VS structures in the oceanic upper mantle, which imposes further constraints
on the origin of the enigmatic lithosphere‐asthenosphere system.

2. Data

We used the vertical component of the BBOBSs deployed under the NOMan project. We deconvolved the
instrumental response to obtain the velocity seismogram and applied a bandpass filter with corner frequen-
cies of 0.01 and 0.1 Hz. We individually inspected the P waveforms for all shallower events (the centroid
depth was shallower than 60 km) with a smaller size (the moment magnitude was smaller than 6.7) in the
Global CMT catalog (Ekstrom et al., 2012) that occurred in the Northwestern Pacific region. We selected
waveforms with higher quality and used them as the data set for our waveform inversion. We only used
the shallower events to ensure that the coherency between the events can be discussed in a straightforward
manner. We only utilized the smaller events because their source‐time functions are expected to be simple.
The resulting data set comprised 541 traces for 76 events (Figure 1).

To discuss the features of the observed data, we defined an appropriate reference model. We employed the
IASP91 model (Kennett & Engdahl, 1991) as the reference model because, generally, this model efficiently
explains the P traveltimes, one of the primary types of information contained in our data set. However,
because our primary target is the oceanic region, there are several inconvenient limitations in the IASP91
model, which is designed to explain continental data. First, the model does not include the sea water layer.
Second, the model assumes that the sensor is on the surface, whereas the actual OBS is located on the ocean

Figure 1. Distribution of events (denoted by deep red circles), stations
(black stars), and great circle paths (thin solid lines) used in our analysis.
For the data from the stations in Area‐A, the azimuth is denoted by the
same color used in Figure 5c. Plate boundaries (denoted by thick black
lines) are overplotted for reference.
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bottom. Finally, the crustal part of IASP91 is a continental model instead
of an oceanic model. Therefore, we replaced the crustal part of the IASP91
model with the oceanic crust model obtained by a survey conducted in the
easternmost region of our array in Area‐A (see Figure 1) (Shinohara et al.,
2008) and utilized it as the reference model (Figure 2). Because we also
required the density and Q structures to compute the synthetic seismo-
grams, we assumed the values in PREM (Dziewonski & Anderson,
1981), with the locations of the internal discontinuities being appropri-
ately shifted to match those in the reference model.

Figure 3a shows a record section of the observed waveforms inverted in
this study. A blow‐up figure for closer distances is also shown
(Figure 4a). A zero phase bandpass filter of 0.01–0.1 Hz is applied. The
time is with respect to the synthetic initial P arrival time computed for
the reference model. The source depths are corrected to the seafloor sur-
face, and the distances are accordingly corrected.

To visualize the arrival timing of the initial P packet, we measured the tra-
veltime residuals by cross‐correlating an observed waveform with a syn-
thetic waveform computed for the reference model (Figure 5a). To
isolate the first packet more efficiently, in these traveltimemeasurements,
we applied a causal bandpass filter of 0.01–0.1 Hz and used seismograms
between −15 s and 10 s to the synthetic initial P arrival time. While com-
puting the synthetic seismograms, we assumed the centroid location, cen-
troid moment tensors, and half duration time in the Global CMT catalog
(Ekstrom et al., 2012). The results demonstrated (i) earlier arrivals at smal-
ler distances (of approximately 6–8°), (ii) a rapid increase in the residuals
(i.e., a significantly slow apparent velocity) at distances in the neighbor-
hood of 12°, and (iii) an increase in the residual at larger distances
(beyond approximately 16°). These features were also confirmed in the
record section shown in Figures 3a and 4a.

Although our primary focus in this study is to reveal the isotropic part
of the structure in the oceanic upper mantle, the observed traveltime
residuals may be affected by the anisotropy in the lithosphere. The litho-
spheric anisotropy is suggested to exist in the Northwestern Pacific (e.g.,

Nishimura & Forsyth, 1989; Shimamura et al., 1983; Shinohara et al., 2008; Takeo et al., 2018), while the
azimuthal anisotropy in the asthenosphere is suggested to be weak (Takeo et al., 2018). If we categorize
the data according to the azimuth of the raypath, the data propagating in faster directions show system-
atically earlier arrivals (Figure 5b). The categories are defined in terms of the model of Shinohara et al.
(2008); if the P velocity for the azimuth of the raypath is in upper, middle, and lower one‐thirds of the
P velocity range of the model, we categorize the data in the faster, moderate, and slower directions,
respectively. Note that the direction of the azimuthal anisotropy of Shinohara et al. (2008) is generally
consistent with that of the model for Area‐A (Figure 1) by Takeo et al. (2018), who performed
two‐station analysis of surface waves observed by our arrays. The results in Figure 5b indicate that the
observed residuals at smaller distances (up to approximately 12°) can be biased by the lithospheric aniso-
tropy and show the importance of considering the anisotropy in waveform inversion.

3. Method

In the waveform inversion performed in this study, we first inferred the anisotropic structure in the litho-
sphere and then inverted the waveforms for the isotropic part of the structures of the oceanic upper mantle.
We also performed the inversion without considering the lithospheric anisotropy and compared the resul-
tant models. Accordingly, we checked the magnitude of the trade‐off between the lithospheric anisotropy
and the isotropic part of the upper mantle structure.

Figure 2. (a) Assumed reference model used to discuss the features of the
observed data. (b) Enlarged picture of the crustal part of the model shown
in (a).
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3.1. Model Parameters for Anisotropy in the Lithosphere

We defined a region 6,283.4 ≤ r ≤ 6,358.4, where r denotes the radius in kilometers, as the lithospheric
part. Note that r = 6,283.4 (87.6 km depth) represents the location of the LAB detected by Kawakatsu et al.
(2009), and r = 6,358.4 (12.6 km depth) represents the Moho location of the reference model. We intro-
duced anisotropy in this region. We considered a weak azimuthal anisotropy embedded in the isotropic
structure whose density and P and S velocities are given by ρ(r), VP(r), and VS(r), respectively. We
assumed that the azimuthal dependence of the horizontal P velocity can be written in the general form
for weak anisotropy (Backus, 1965):

Figure 3. (a) Observed waveforms analyzed in this study. A zero phase bandpass filter with corner frequencies of 0.01
and 0.1 Hz is applied. The horizontal axis denotes the time with respect to the synthetic initial P arrival time
computed for the reference model (Figure 2). Vertical lines are overplotted at −10 s and 0 s for reference to observe the
onset timing and broadening of the first packets. The vertical axis denotes the distance from the hypocenter with source
depth correction to the seafloor surface. (b) Same as (a), except that the synthetic waveforms for the final anisotropic
model are shown. (c) Same as (b), except that the synthetic waveforms for the final isotropic model are shown.
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αhðr; φÞ−VPðrÞ
VPðrÞ ¼ ϵð2Þ cos2 φ − φð2Þ

m

� �
þ ϵð4Þ cos4 φ − φð4Þ

m

� �
; (1)

where αh is the horizontal P velocity (i.e., velocity of the horizontally traveling P wave), φ is the azimuth,

φðiÞ
m is the azimuth of the maximum velocity, and ϵ(i) denotes the coefficients that describe the strength of

the azimuthal dependence. Note that we assumed that ϵ(i) and φðiÞ
m are depth independent, and ϵ(i)≪1. In

the discussions below, we only consider the first‐order terms of ϵ(i) and ignore the higher‐order terms.

To simplify the problem, we appropriately extrapolated the P and S velocities from the anisotropy para-

meters, ϵ(i) andφðiÞ
m , in Equation 1. Because our data set is primarily sensitive to horizontal P velocities, these

assumptions will not change the primary features of the models obtained below. We used the following
assumptions: (i) the vertical P velocity (i.e., velocity of the vertically traveling Pwave), αv(r,φ), is independent
of the azimuth φ and is equal to the isotropic part of the velocity VP(r), (ii) the P velocity of the azimuth φ and

incident angle θ, α(r,φ,θ), is given by αvðr; φÞcos2θþ αhðr; φÞ sin2θ
� �

, and (iii) the S velocities are completely

isotropic (i.e., independent of the azimuth φ, incident angle θ, and polarization) and are equal to the isotro-
pic part of the velocity, VS(r). These assumptions imply that for each azimuth of φ, the velocity surface (the
dependence of the incident angle θ) is that for the radial anisotropy satisfying the “elliptic condition”
(Thomsen, 1986). We can also state that for each azimuth, the velocity surface is that for the radial aniso-
tropy with ηκ = 1, where ηκ is the new fifth parameter for the transverse isotropy defined by Kawakatsu
(2016). We illustrated the extrapolated velocity surfaces in supporting information Figure S1 with additional
explanations (Text S1). As evident in Figure S1, the effects of anisotropy become weaker for smaller incident
angles (i.e., larger distances), which is consistent with the observations (Figure 5b).

Figure 4. Enlarged representation of Figure 3. (a) Observed waveforms (black) and synthetic waveforms for the final
anisotropic model (red) and final isotropic model (blue). (b) Same as (a), except that the observed and synthetic
waveforms are directly compared.
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3.2. Inference of Anisotropic Parameters

We inferred the anisotropic parameters, ϵ(i) and φðiÞ
m , in Equation 1 using

the traveltimes measured from the higher‐frequency Pn waveforms.
From the waveform traces in our data set, we selected those with an initial
phase of Pn (i.e., the Pwave bottoming inside the lithosphere) for the refer-
ence model. We then applied a causal high pass filter with corner frequen-
cies of 2 Hz and handpicked the onset of the Pn waves. The picked onset
times were translated to the averaged slowness anomalies on the raypath
within the lithosphere. We plotted each slowness anomaly as a function
of the azimuth and inferred the anisotropic parameters (Figure 6).

The largest and smallest slowness anomalies were observed at approxi-
mately 80° and 140° of the azimuth, respectively. This indicates that the
fastest and slowest azimuths are not orthogonal, and the cos4φ term in
Equation 1 is critical. When we fit the observations without thecos4φ term
(i.e., with the assumption ϵ(4) = 0), the regression curve (the green line in
Figure 6) cannot explain the observations well. The importance of the cos
4φ term has also been suggested by a previous study in the old Pacific plate
(Shintaku et al., 2014). From the regression curve with the cos4φ term (the
blue line in Figure 6), we inferred the anisotropic parameters as follows:

Figure 5. (a) Traveltime residuals measured by cross‐correlating the observed waveform and synthetic waveform computed for the reference model. (b) Same as
(a), except that the data points are classified in terms of the azimuth of the raypath. See the text for details. (c) Comparison of the traveltime residuals
measured for the observed waveforms (gray) and the synthetic waveforms computed for the final anisotropic model (blue, green, and red). (d) Comparison of
the traveltime residuals measured for the observed waveforms (gray) and the synthetic waveforms computed for the final isotropic model (green). In all
figures, source depth corrections to the seafloor surface were applied.

Figure 6. Azimuthal distribution of the observed slowness anomalies of
higher‐frequency Pn waves (red crosses). Regression curves for the case
with and without 4Ø terms are plotted with thick blue and thin green lines,
respectively.
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ϵ(2) = 1.48, ϵ(4) = 0.93, φ(2) = 147°, and φ(4) = 131°. Note the difference in sign between the slowness and
velocity anomalies. Our result (the blue line) shows the peak‐to‐peak amplitude and the direction of the
fastest azimuth, similar to those obtained by Shinohara et al. (2008); however, the direction of the slowest
azimuth is somewhat different. Our result shows a significantly smaller peak‐to‐peak amplitude than that
obtained by Shimamura et al. (1983), and the directions of the fastest and slowest azimuth are somewhat
different.

Owing to the limited event‐station coverage, the data set for each azimuthal range basically comprised spe-
cific event‐array pairs. All waveform traces with an initial phase of Pn were recorded by the northwestern
array in Figure 1, and, in general, the data for a larger event latitude were found to have a larger azimuth
(see Figure 1). This implies that the sampling regions for each azimuthal range are different, and the above
parameters may be biased by the lateral heterogeneities in the lithosphere. Therefore, we should assume that
the aforementioned parameters correct both the anisotropy and heterogeneity of horizontal P velocities in
the lithosphere. Because we aim to perform the corrections required to infer the isotropic part of the radial
dependent structure, such parameters are preferable for the analysis of Pn and other horizontal P waves,
even though we cannot correct the effects of heterogeneities of the vertical P velocities.

3.3. Model Parameters for the Isotropic Part

We expanded the perturbation of the isotropic part of the P velocity from the P velocity of the initial refer-

ence model, V ð0Þ
P ðrÞ, in terms of the linear spline functions W(m)(r),

VPðrÞ−V ð0Þ
P ðrÞ

V ð0Þ
P ðrÞ

¼ ∑
mδcm W ðmÞðrÞ; (2)

and defined δcm as the model parameter. In this study, the node locations of the linear spline functions
W(m) (0≤m≤ 10) were defined as shown in Figure 7. Note that we only perturbed the P structure in
the upper mantle (5,711.0 ≤ r ≤ 6,358.4). There are discontinuities in the initial reference model at
r = 5,711.0, 5,961.0, and 6,358.4 km (depths of 660, 410, and 12.6 km depth, respectively), and we set
the nodes there. We also set a node at r = 6,283.4 km (87.6 km depth), where the LAB was assumed.

Because our data set is primarily sensitive to the P structures, the resolving power for S structures is limited.
We therefore assumed the following scaling relation:

VSðrÞ−V ð0Þ
S ðrÞ

V ð0Þ
S ðrÞ

¼ 2
VPðrÞ−V ð0Þ

P ðrÞ
V ð0Þ

P ðrÞ

 !
; (3)

where V ð0Þ
S ðrÞ is the S velocity of the initial reference model. This is one of the scaling relations assumed in

previous studies (e.g., French & Romanowicz, 2014; Panning & Romanowicz, 2004). Other previous stu-
dies used a smaller (e.g., Houser et al., 2008) or larger (e.g., Ritsema et al., 2011) scaling factor than 2
in Equation 3.

Figure 7. Linear spline functions, W(m)(r), used to define model parameters for the isotropic part of the P velocity
structure.
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3.4. Explicit Procedures for Waveform Inversion

We assumed the anisotropic parameters, ϵ(i) andφðiÞ
m in Equation 1, obtained in section 3.2 and inverted the P

waveforms for the isotropic part of the model, δcm in Equation 2. We first assumed that the lithospheric ani-
sotropy is embedded in the reference model (Figure 2) and defined it as the initial model of the inversion for
the isotropic part of the structure. We fixed the source parameters to the global CMT solutions (Ekstrom
et al., 2012) with the triangular source‐time function. Our data set comprised the P wave part of the wave-
forms with a duration of 40 s (between −15 and 25 s to the synthetic initial arrival time for the initial refer-
ence model; Figure 3a). To extract the phase information with equal weights from each trace, we normalized
the r.m.s. amplitude of the trace.

We linearized the inverse problems and iteratively searched solutions until convergence was achieved (four
iterations). In each iteration, we computed the synthetic seismograms and their partial derivatives for the
structure, including the azimuthal anisotropy in the lithosphere. However, huge computational resources
are required for rigorously computing synthetics for models with azimuthal anisotropy. In this study, we
therefore adopted the approximated method. For each event and station pair, we defined an “equivalent
radial anisotropic structure” with the same P and S velocity surfaces for the given azimuth φ (see Figure
S1). The explicit form of the elastic moduli equivalent to the azimuthal anisotropy defined in section 3.1 is
given as follows:

Aðr; φÞ¼ ρðrÞVPðrÞ2 1þ 2ϵð2Þcos2 φ − φð2Þ
m

� �
þ 2ϵð4Þcos4 φ − φð4Þ

m

� �h i
Cðr; φÞ¼ ρðrÞVPðrÞ2
Nðr; φÞ¼ ρðrÞVSðrÞ2
Lðr; φÞ¼ ρðrÞVSðrÞ2

Fðr; φÞ¼ ρðrÞVPðrÞ2 1þ ϵð2Þcos2 φ − φð2Þ
m

� �
þ ϵð4Þcos4 φ − φð4Þ

m

� �h i
− 2ρðrÞVSðrÞ2:

(4)

This is one of the great circle approximations that was widely used in previous global tomographies (e.g.,
Megnin & Romanowicz, 2000; Woodhouse & Dziewonski, 1984). Even if we use this approximation, a long
CPU time is required because the synthetic seismograms and their partial derivatives must be computed for

Figure 8. (a) Comparison of the obtained models and the reference model. The final anisotropic model (red), final
isotropic model (blue), and reference model (green) are shown. The shaded regions denote the estimated 2σ errors of
the final anisotropic model. (b) Results of the recovery test. The input and recovered models are shown in blue and red,
respectively. The reference model, that is, the initial model of this test, is shown in green.
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various equivalent models; the number of models is the same as the num-
ber of waveform traces in the data set (541 different models for this study).
However, each iteration of the inversion can be completed in approxi-
mately 36 hr if the cluster system of our institute with 432 cores is utilized.

4. Results
4.1. Obtained Model

The obtained isotropic part of the P structure, VP(r), is depicted by the red
line in Figure 8a. Hereafter, the obtained model is referred to as the “final
anisotropic model.”We estimated the errors of the obtained model by the
bootstrap method using 10 bootstrap samplings of our data set; the 2σ
errors are represented by the shaded region in Figure 8a. The explicit VP

values and their estimated errors are presented in Table S1. For compari-
son, we also tested the case without anisotropy in the lithosphere (i.e., we
assumed ϵ(i) = 0), and the obtainedmodel is referred to as the “final isotro-
pic model” (the blue line in Figure 8a). The variance reductions for the
final anisotropic and isotropic models were 44% and 34%, respectively,
and the incorporation of lithospheric anisotropy improved the variance
reduction. However, the final anisotropic and isotropic models exhibited
similar features for the isotropic part of the model (Figure 8a). The velo-
city contrast between the lithosphere and asthenosphere (the maximum
andminimum velocities in the lithosphere and the asthenosphere, respec-
tively) was found to be 5.1% and 3.9% for the final anisotropic and isotro-
pic models, respectively.

The comparisons between the synthetic seismogram for the obtained
models and the observed seismogram are shown in Figures 3 and 4. The
onset time of the synthetic waveforms at closer distances demonstrated
systematic differences between the final anisotropic and isotropic models,
and the final anisotropic model better explained the observations
(Figure 4b). The traveltime residuals were also measured for the synthetic
seismograms for the final anisotropic and isotropic models; additionally,
they were compared with those measured for the observed seismograms
in Figures 5c and 5d. The final isotropic model can explain the rapid
increase in the residuals at distances in the neighborhood of 12° to some
extent (Figure 5d); however, by introducing the lithospheric anisotropy,
we can explain the systematic earlier arrivals in faster directions and bet-
ter fit the traveltime residuals (Figure 5c).

On comparing the final anisotropic model and the referencemodel (the red and green lines in Figure 8a), it is
evident that the primary features of the final anisotropic model include (i) anisotropy in the lithosphere, (ii)
higher and lower velocity anomalies in the oceanic lithosphere and asthenosphere, respectively, and (iii)
lower velocity anomalies in the vicinity of the 410 discontinuity. To confirmwhether we have sufficient reso-
lution, we show the result of our resolution test in Figure 8b. We inverted the synthetic data computed for
the input model (the blue line in Figure 8b) using the same procedure that was used to obtain the models
in Figure 8a. Because the variance reduction is approximately 50% for the final anisotropic model, we added
50% random noise to the synthetic data. The recovered model reproduced the input model approximately up
to 210 km depth (Figure 8b). Therefore we only discuss lithospheric and asthenospheric structures below.
The final anisotropic model in Figure 8a presents somewhat corrugated structures in the lithosphere, which
may be due to the parameterization with the linear spline functions (Figure 7). To confirm that such corru-
gations do not affect the discussions below, we performed inversion using different regularizations,
which are present in Figure 10a. We confirmed that the model changed slightly in the lithosphere and
asthenosphere.

Figure 9. (a) Traveltime curves (solid lines) for the final isotropic model in
Figure 8a (dark blue). Observed traveltime residuals are also plotted in light
blue. Source depth corrections to the seafloor surface were applied.
(b) Same as (a), except that the traveltime curves for the final anisotropic
model are plotted. The dotted line denotes the diffracted Pn. The labels
from a to f in the traveltime curves denote the corresponding cusp locations
for the isotropic (a) and anisotropic (b) cases.
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4.2. Regional Variations of the Observed Waveforms

The obtained model could explain the overall features of the observed waveforms (Figures 3 and 5c); how-
ever, we found that both the observed waveforms and degree of waveform fitting are regionally dependent.
To confirm this, we defined two data bins such that the data in each data bin sample similar regions with
similar azimuths (Text S2 and Figure S2) and separately compared the observed and synthetic waveforms
(Figures S3–S5).

For Data Bin 1, the observed waveforms, including the later packets, could be explained relatively accurately
(Figure S3); however, some waveforms demonstrated a systematic delay in the first packet (Figure S4). The
raypaths of the delayed data are depicted by the red lines in Figure S1. Such anomalies are more pronounced
if the magnified record sections are shown at closer distances (Figure S6); for example, it was observed that
the waveforms abruptly change at approximately 7.9° and 8.2°. The anomalous waveforms in Figure S4 show
either a more emergent onset (at approximately 7.9°, for example) or a narrower packet (at approximately
9.0°, for example) than the synthetic seismograms. As will be discussed later, the initial packet is basically
an overlapping phase composed of the initial (Pn or Pndif) and secondary direct phases. These results sug-
gest that the anomalies occur when the amplitude of the initial phase is significantly smaller than that of
the synthetic seismograms.

For Data Bin 2, the waveform fits were observed to be poor for the later phases (such as the secondary direct
phase and depth phases) at smaller distances (Figures S5 and S7). This is because strong reverberations exist

Figure 10. (a) Comparison between our P model (red) and synthetic VP values of major upper mantle minerals (olivine
in green, garnet in blue, clinopyroxene in purple, and orthopyroxene in light blue). The P model obtained using the
smoothness constraints (gray) is also plotted. See the text for details. (b) Comparison of the Smodel of Takeo et al. (2018)
(red) and synthetic VS values of major upper mantle minerals denoted by the same color conventions as in (a).
(c) Comparison between our VP/VS model (red) and synthetic VP/VS values of major upper mantle minerals denoted
by the same color conventions as in (a). The black arrow denotes the location of the LAB. (d) Comparison between our
VP/VS model (red) and representative standard Earth models: IASP91 (Kennett & Engdahl, 1991) (green),
AK135 (Kennett et al., 1995) (light blue), and isotropic PREM (Dziewonski & Anderson, 1981) (purple). For reference,
our VP/VS model obtained using the VS model in Area‐B is also plotted (blue). In all figures, the shaded regions denote
the estimated 2σ errors.
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after the initial phase, up to approximately 10°. The reason for these reverberations has not been resolved,
but the back‐scattered waves confined to the lithosphere (Kennett & Furumura, 2013) may be one of the pos-
sibilities. Even at smaller distances, we could obtain a fit for the initial portion of the initial packet (i.e., the
initial phase) using the final anisotropic model (Figure S5).

These features have been appropriately confirmed in the record section for specific events (Figure S8); only
the initial onset of P could be fitted for the event contained in Data Bin 2 (Figure S8c), while the initial and
later phases could be both fitted for the event contained in Data Bin 1 (Figure S8a). We also confirmed that
the onset time can be better explained by the final anisotropic model (Figures S8ac and S8bd).

The above regional variations precisely explain the observed scatter in the traveltime residuals shown in
Figure 5c. If we exclude the anomalous waveforms in Data Bin 1, the observed residuals become closer to
the synthetic residuals (Figure S9). Note that the measured residuals are for the overlapping phases of the
initial phase (Pn or Pndif) and later phases, rather than for an isolated phase. If the amplitude of the initial
phase is smaller than that of the synthetic seismograms, the measured residuals become larger. We also
observed systematic shifts at closer distances (denoted by the blue symbols up to approximately 10° in
Figures 5c and S9); however, such shifts can be interpreted to result from the overlapping of strong rever-
berations in Data Bin 2. As shown in Figure S8c, the strong reverberations shift the energy centroid earlier.

To test the effects of the biases resulting from the aforementioned regional variations, we separately inverted
Data Bins 1 and 2 under the assumption of isotropy and compared the obtained models with the final isotro-
pic model (Figure S10a). The results showed that the final isotropic model effectively averages the two mod-
els for the uppermost 210 km, which demonstrates that the effects of the lateral heterogeneities are largely
canceled out, at least for the lithospheric and asthenospheric structures. Furthermore, the apparent discre-
pancies in the lithospheric structures between Data Bins 1 and 2 appear to be largely due to the anisotropy. If
we correct the lithospheric anisotropy using the parameters obtained in Figure 6, both models approach the
final anisotropic model (Figure S10b). We will show later in this paper that the uncertainties presented in
Figure S10 are unlikely to affect the conclusions of this study. Evidently, the obtained 1‐D model in
Figure 8a is an averaged structure and does not represent the true velocity structure of specific regions. In
the discussions below, we first identify the features using the averaged 1‐Dmodel and confirm that the iden-
tified features can be verified using the models for Data Bins 1 and 2 in Figure S10.

4.3. Robustness of the Obtained Model

One of the largest uncertainties in the models obtained by this study include the effects of the VS structures.
In this study, we assumed the scaling relation of Equation 3 instead of performing inversions for the VS struc-
ture. The obtained VS structure was found to be completely different from the previous VS models in this
region (e.g., the Area‐A model of Takeo et al. (2018) obtained by regional surface wave analysis; see
Figure S11a). The VS model in the final anisotropic model had lower and higher velocities in the upper
and lower parts of the lithosphere, respectively, than the Area‐A model of Takeo et al. (2018).

To verify how the VS structures affect the synthetic seismograms, we compared the synthetic seismograms
computed for two different models (Figure S12); (i) the VP and VS models of the final anisotropic model
and (ii) the same model but the VS structure of the final anisotropic model was replaced with that of the
Area‐A model of Takeo et al. (2018) for the top 210 km (smoothing by polynomial functions was applied;
denoted by the blue line in Figure S11a). We can observe that the initial packets are significantly close to
each another, but significant differences exist in the later packets. In the synthetic seismograms for the latter
model, the later packets arrived earlier; this implies that the VS structure in the shallower regions should
strongly affect the waveforms (see Figure S11a). These results suggest that the VS structures primarily affect
the depth phases and have minimum effect on the direct phases.

To observe the degree of uncertainties in the obtained model resulting from the VS structures, we performed
a test inversion. In this test, we inverted for the VP structure and fixed the VS structure to the model denoted
by the blue line in Figure S11a. The results demonstrated that (1) the VP velocities in the uppermost mantle
decrease; (2) the VP velocity gradient in the upper portion of the lithosphere becomes steeper, and (3) the VP

velocities in the lower portion of the lithosphere increase (Figure S11b). Because we assumed higher VS velo-
cities in the uppermost mantle, these results may be interpreted as follows: (1) To achieve similar arrival
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times for the later packets, lower VP velocities are required in the uppermost mantle (at approximately
Moho‐30 km depths); and (2) to achieve similar arrival times for the initial packets, higher VP velocities
are required in the deeper regions (at approximately 40–80 km depths) (i.e., steeper velocity gradient in
the shallower lithosphere and larger VP values in the deeper lithosphere). By comparing the degrees of wave-
form fitting (Figures S8ac and S13ab), it can be observed that the model obtained by this test inversion
degrades the fitting of the initial phases. This model improves the fitting of the later phases of Data Bin 2
(compare Figures S8c and S13b), but it slightly degrades the total variance reduction from 44% to 42%.
These results show that assuming plausible oceanic VS structures is not necessarily effective.

In the discussions below, we use the VP structure of the final anisotropic model as a plausible model in this
region. The source side VS structures should affect the waveforms because they affect the amplitudes and
timing of the depth phases. Because the events occur in the subduction zone, the VS structures in the subduc-
tion zone (e.g., lower velocities in the mantle wedge and higher velocities in the subducting slab) should be
considered. Although we do not intend to resolve these structures, the VS model in our final model some-
what mimics such structures in the shallower portion of the lithosphere whose VS structures are sensitive
to the depth phases (Figure S11a). It is an important future research topic to solve this trade‐off problem.
However, we believe that it is worth noting that, as will be shown in the next section, interesting and impor-
tant features can be discussed and are beginning to be imaged using the VPmodel obtained via in situ BBOBS
observations.

5. Discussion
5.1. Velocity Contrast Between Lithosphere and Asthenosphere

In this study, we quantified the P structures in the Northwestern Pacific, where the seafloor age is approxi-
mately 100–150 Ma (Seton et al., 2012). To identify the primary information source constraining the lower P
velocities in the asthenosphere, we plotted the synthetic traveltime curves for the final isotropic and aniso-
tropic models (Figure 9). Note that the anisotropic model considered here is the isotropic part of the struc-
tures of our preferred model. At closer distances, we can observe Pn (the P wave bottoming inside the
lithosphere) up to approximately 17° and 4° for the final isotropic and anisotropic models, respectively; how-
ever, beyond that distance, its diffracted waves can be observed (hereafter referred to as Pndif). The ab, cd,
and ef branches are the P wave bottoming in the mesosphere, transition zone, and lower mantle, respec-
tively. Before the b cusp, the diffracted waves traversing the asthenosphere can be observed (hereafter
referred to as Pbdif).

We observed a rapid increase in the traveltime residuals at distances in the neighborhood of 12° (Figure 5a).
It is notable that the observed residuals between approximately 6° and 15° are mostly located between the
arrival timings of Pndif and Pbdif (Figure 9), and they are close to Pn (or Pndif) and Pbdif in the neighbor-
hood of 6° and 15°, respectively. In this distance range, we have two phases, Pn (or Pndif) and Pbdif; how-
ever, they overlap with each other in longer‐period waveforms of 0.01–0.1 Hz. The apparent residuals in
Figure 5a depend on how the two phases overlap. As the distance increases and approaches the distance
of the b cusp, the amplitude of Pn (or Pndif) decreases relative to Pbdif. The apparent residuals are expected
to be close to the arrival times of Pn (or Pndif) at smaller distances, but they gradually approach those of
Pbdif. Themagnitude of the increase in the apparent residuals in this distance range should therefore be sen-
sitive to the offset between the traveltime branches of Pn (and Pndif) and Pbdif, which provides important
information on the velocity contrast between the lithosphere and asthenosphere. Therefore, the larger
delays of approximately 5 s in the observed apparent residuals (Figure 5a) constrain the larger velocity con-
trasts of 5.1% and 3.9% in the final isotropic and anisotropic models (Figure 8a), respectively.

Several previous studies quantified the S structures in this region using surface waves (e.g., Nishimura &
Forsyth, 1989; Takeo et al., 2018) and receiver functions (Kawakatsu et al., 2009; Kumar et al., 2011).
Nishimura and Forsyth (1989) performed surface wave tomography and inferred an S velocity contrast of
7.6% between the lithosphere and asthenosphere in the oldest part of the Pacific (>110 Ma). Takeo et al.
(2018) analyzed our NOMan array for S structures beneath the northwestern (Area‐A) and southeastern
(Area‐B) subarrays (see Figure 1) and inferred a contrast of 7.3% and 4.2% for Area‐A and Area‐B, respec-
tively. Kawakatsu et al. (2009) and Kumar et al. (2011) performed a receiver function analysis and detected
an S velocity jump of 7–8% in the Northwestern Pacific. These results suggest that the S velocity has a
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contrast of approximately 7% in the Northwestern Pacific. The final anisotropic and isotropic models
(Figure 8a) demonstrated a P velocity contrast of 5.1% and 3.9%, respectively, implying that the P velocity
drop in the asthenosphere is approximately 2/3 of the S velocity drop.

To determine whether the obtainedmodel can be interpreted by simple temperature and pressure effects, we
compared our Pmodel (the final anisotropic model) and the Smodel of Takeo et al. (2018) with the synthetic
VP and VS values predicted by pure anharmonic effects (Figures 10a and 10b). We believe that these are cur-
rently the best available models for minimizing the biases caused by limited resolutions. In Figure 10a, we
also plotted the VP model obtained using different regularizations (smoothness constraints instead of norm
damping) and verified that the model is significantly consistent with the final anisotropic model. The results
showed that our models have good resolution and they are mostly constrained by the observed data, instead
of the a priori information assumed in the inversion. The VS model by Takeo et al. (2018) has better resolu-
tion than other S models in this region because they constrained the regional VS structures using in situ
BBOBS observations. The errors for the VP and VS models were estimated by the bootstrap method; the
errors for the VP model are the same as those shown in Figure 8a, and the errors for the VS model were esti-
mated using 100 bootstrap samplings of the data set of Takeo et al. (2018). Takeo et al. (2018) presented mod-
els for two different subarrays, but we selected the model for Area‐A because it is located at the center of our
sampling region. The results for the case using the Area‐B model are discussed later. The velocities in the
models by Takeo et al. (2018) are the S velocity constrained by the Rayleigh waves under the assumption
of the elliptic condition (Thomsen, 1986), which should be assumed to be βv (i.e., velocity of the horizontally
traveling and vertically polarized S wave) instead of VS. The effects of this approximation are also discussed
later.

The synthetic VP and VS values in Figures 10a and 10b are computed using several approximations. We
assumed the thermal model for the oceanic upper mantle of 130 Ma computed by the plate‐cooling model
(Parsons & Sclater, 1977) with a plate thickness of 125 km and a potential temperature of 1350°C, which
was the preferred model of Takeo et al. (2018) because it explains their model in Area‐A. To compute the
synthetic VP and VS values, we used the elastic parameters presented in Table A1 of Cammarano et al.
(2003) and a linear approximation to compute the elastic wave velocities for the given pressure and tempera-
ture. We computed the synthetic values for the major upper mantle minerals, that is, olivine (green), garnet
(blue), clinopyroxene (purple), and orthopyroxene (light blue). In the computations for olivine, clinopyrox-
ene, and orthopyroxene, we assumed the mole fraction of iron to be 11%. In the computation for garnet, we
assumed pure pyrope. In the evaluation, we ignored the anelastic effects and melt. Figures 10a and 10b con-
firm that the observed P and S velocity contrasts between the lithosphere and asthenosphere are comparable
with those of major minerals. However, the vertical gradients of VP and VS in the lithospheric region above a
depth of approximately 50 km and that of VP in the asthenospheric region between depths of approximately
90 and 120 km appear to be steeper than the velocity gradient of any major mineral. These anomalous fea-
tures are demonstrated again in the discussion of VP/VS in the next subsection.

5.2. Unique Features in the Observed VP/VS Structure

We compared the Pmodel obtained in this study with the Smodel in Area‐A obtained by Takeo et al. (2018)
and obtained the VP/VS model (Figure 10c). The errors of the obtained VP/VS models were estimated using
the errors presented in Figures 10a and 10b. We compared our VP/VS model (thick red) with the synthetic
VP/VS values for olivine (green), garnet (blue), clinopyroxene (purple), and orthopyroxene (light blue).
Consequently, two unique features were found in the observed VP/VS structure.

First, our VP/VS model exhibits different features between the lithosphere and asthenosphere. The litho-
sphere is characterized by a rapid increase in the VP/VS values with depth, whereas the asthenosphere is
characterized by approximately constant VP/VS values. It is especially notable that the vertical gradient
observed for the VP/VS values in the lithosphere is larger than that of any major mineral. This implies that
simple anharmonic effects cannot explain the observation. Because the temperatures in the lithosphere
should be significantly below the solidus, anelasticity effects (e.g., Takei, 2017; Yamauchi & Takei, 2016)
or melt (e.g., Takei, 2002) are unlikely to be observed; chemical inhomogeneity (i.e., chemical stratification)
is required to explain the observation.
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Second, our VP/VS model exhibits larger values in the vicinity of the LAB. Between depths of approximately
80 and 200 km, the observed VP/VS values are larger than the value of any major mineral. This indicates that
neither the anharmonic effects nor chemical inhomogeneity can explain the observation. However, because
the temperatures in the vicinity of the LAB can be close to or beyond the solidus, the effects of anelasticity or
melt can explain the observation. The observed VP/VS values between 80 and 200 km are also larger than
those of the standard Earth models (isotropic PREM, Dziewonski & Anderson, 1981; IASP91, Kennett &
Engdahl, 1991; and AK135, Kennett et al., 1995) (Figure 10d), which again suggest special phenomena in
the vicinity of the LAB.

To verify the robustness of the observed features in our VP/VSmodel, we compared ourmodel with the VP/VS

model obtained using the Smodel in Area‐B of Takeo et al. (2018) (Figure 10d). Because Area‐A and Area‐B
were formed at different plate boundaries (Area‐A was formed at the Izanagi‐Pacific ridge and Area‐B was
formed at the Pacific‐Farallon ridge) (Seton et al., 2012), the comparison tests the bias using different sam-
pling regions of the P and S models. Both models demonstrated a rapid increase with depth in the litho-
sphere and larger values in the vicinity of the LAB; thus the robustness of these features was verified.
Note that, if we analyzed teleseismic waves, we could develop regional VP models for Area‐A and Area‐B,
but the obtained VP models have much poorer vertical resolutions because the vertical resolution of our
VP models are primarily provided by refracted P waves with various bottoming depths. We also examined
the VP/VS models obtained using the VP models in Figure S10, which were obtained by separately inverting
Data Bins 1 and 2 (Figure S14). The differences in VP/VS values between the models can be assumed to be an
index of the uncertainties due to the lateral heterogeneities. Even though relatively large uncertainties were
observed in the shallower part of the lithosphere and the vicinity of the LAB, the general trends appear to be
robust.

5.3. Effects of Radial Anisotropy

One of the limitations of our analysis is that a βv model is used to obtain the VP/VS model. It is also an issue
that our VP model is essentially an αh model because our data set is more sensitive to αh than αv. The elliptic
condition (Kawakatsu, 2016; Thomsen, 1986) was also arbitrarily assumed (see Figure S1 and Text S1). To
estimate the bias resulting from using these assumptions, we corrected our VP/VS values using plausible ani-
sotropy parameters to see whether the observed unique features can be still confirmed in the corrected VP/VS

model.

We used the anisotropy parameters in the model by Nishimura and Forsyth (1989); the ξ, φ, and η values in
their oldest oceanic model (>110 Ma) was obtained without assuming parameter correlations (Table 4 of
Nishimura & Forsyth, 1989), where ξ, φ, and η are the anisotropy parameters defined in Takeuchi and
Saito (1972). Their model exhibits strong P radial anisotropy in the lithosphere and strong S radial anisotropy
in the lithosphere and asthenosphere. The overall features of their model are as follows: βh is larger than βv
by approximately 2–3% in both the lithosphere and asthenopshere; αh is larger than αv by approximately
0–2% in the lithosphere; and ηκ (Kawakatsu, 2016) is approximately 1.00–1.04 in the lithosphere and 1.00
in the asthenosphere.

We assumed our P model and the Area‐A model of Takeo et al. (2018) to be the αh and βv models, respec-
tively, and evaluated the isotropic part of the P and S velocities using the anisotropic parameters of
Nishimura and Forsyth (1989). We then obtained the corrected VP/VS model (Figure S15a). Owing to the
smaller βv and larger αh values in comparison to the isotropic P and S velocities, the corrected values were
systematically smaller than the uncorrected values. However, the systematic shifts were not sufficiently
large to alter the primary features; this demonstrates that the radial anisotropy is unlikely to change the con-
clusions of this study.

5.4. Implications for the Evolution of the Lithosphere‐Asthenosphere System

Chemical stratification can be produced in the lithosphere via several processes. Yoshii et al. (1976) proposed
the layered structure of the oceanic lithosphere caused by an age‐dependent crystallization process. The
LABs of the younger oceanic plate are expected to be in the environment at a lower pressure and higher
degree of melting. The olivine‐rich rocks (e.g., dunite) should be crystallized, while the garnet‐rich rocks
(e.g., eclogite) are expected at the LABs of the older plate owing to the higher pressure and lower degree
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of melting. Therefore, in the older oceanic plate, the rocks crystallized in the shallow lithosphere at younger
ages are expected to be more olivine‐rich than the underlying garnet‐rich rocks that were formed later. This
may explain the large lithospheric gradient in VP/VS observed in our study region.

5.5. Future Outlook

In this study, only the P structures were constrained; further efforts are required to specifically minimize the
trade‐off with the source side VS structures. This can be potentially solved by developing an appropriate algo-
rithm to select time windows that are primarily sensitive to the VP structures. We can also constrain the VS

structures by analyzing S and Rayleigh waves. Subsequently, the averaged VP/VS values on the raypath can
be constrained, which mayminimize the bias due to different sampling regions between the VP and VS struc-
tures. Of course, attempting to constrain 3‐D structures using 3‐D kernels could be a challenging topic for
future research.

Because the P velocities in the oceanic upper mantle were not sufficiently constrained in other regions, we
cannot ascertain whether the larger VP/VS values in the vicinity of the LAB are ubiquitous. Although P reso-
lutions are considerably limited, several previous studies (e.g., Gaherty & Jordan, 1996; Nishimura &
Forsyth, 1989) have attempted to resolve both P and S structures, but the obtained VP/VS values do not show
consistent features (Figure S15b). The systematic deployment of BBOBSs in the Pacific under the Pacific
Array initiative (http://eri-ndc.eri.u-tokyo.ac.jp/PacificArray/) is now in progress, and data from such a net-
work will provide important clues for the solution to this problem.

Data Availability Statement

We used the computer systems of the Earthquake Information Center of the Earthquake Research Institute
and Information Technology Center, University of Tokyo. All waveform data used in this study are publicly
available at OHPDMC (http://ohpdmc.eri.u-tokyo.ac.jp).
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