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Abstract we used a newly developed Pn tomography method to obtain high-resolution uppermost
mantle velocity and anisotropy structures beneath the Northwest Pacific region. The observed Pn
velocities are consistent with the local tectonic background, where high Pn velocities are observed beneath
the Japan Trench area and Songliao Basin, and low Pn velocities beneath the Kuril Islands, Japan
Archipelago-Izu Islands, Kyushu Island, Changbaishan-Jingpohu volcanoes, Korea Peninsula, and Japan
Basin. The new Pn velocity image outlines the subducting slabs along the trenches and the young seafloor
within the Japan Basin. Our results also support the existence of hot upwelling feeding the Changbaishan,
Jingpohu, and Chuga-Ryong volcanoes, where small-scale mantle convection may exist below the
Northeast China region. Further east, both trench-parallel anisotropy below arcs and trench-perpendicular
anisotropy within the back-arc region suggest subduction-dominant mantle flow, where anisotropy may be
attributable to the lattice-preferred orientation of olivine induced by flow-related strain. The highly
accurate uppermost mantle velocity and anisotropy structures provide crucial information outlining the
complex dynamic processes near convergent plate boundaries.

1. Introduction

The Northwest Pacific region has experienced widespread tectonic deformations during the Cenozoic as a
result of complex plate interactions in the region. The Pacific and Philippine Sea plates are subducting
beneath the Okhotsk and Eurasian plates, resulting in the marginal seas, continental rift zones, and wide dis-
tributed island arcs (Metcalfe, 2006; Northrup et al., 1995; Ren et al., 2002; Zhao, 2017), where earthquakes
and volcanic eruptions occur frequently. It is an ideal and important area for investigation of the underlying
geodynamic processes of plate interactions (Figure 1). Tomographic studies have revealed that the Pacific
Plate subducts from the Japan trench to the mantle and then rests in the upper mantle transition zone, with
the leading edge reaching the interior of China (Fukao et al., 1992; Huang & Zhao, 2006; Lei & Zhao, 2005;
Li et al., 2008; Li et al., 2013; L. Zhao et al., 2012; Zhao et al., 2013). The subduction and dehydration of the
Pacific plate caused a series of volcanoes in the Japanese island arc. Recent works also proposed the existence
of hot mantle upwelling below Northeast China (Guo et al., 2016; Huang & Zhao, 2006; Li et al., 2008;
Li et al., 2017; Liu et al., 2017; Shen et al., 2016; Tang et al., 2014; Wei et al., 2015; Zhang et al., 2013; Zhao
etal., 2015; Zhou & Lei, 2016). However, due to the limitation of data and methods, published imaging results
still lack consensus. For example, the seismic structures beneath the Changbai volcano are debated, where
both slow (Tang et al., 2014; Wei et al., 2015; Zhou & Lei, 2016) and fast (Sun & Kennett, 2016) P wave velocity
of the uppermost mantle are proposed; Pn velocities beneath the Songliao Basin and Korea Peninsula also
differ (Sun & Kennett, 2016; Zhou & Lei, 2016). In addition, the insufficient ray coverage has resulted in
ambiguous images beneath the Japan Sea area (Legendre et al., 2015; Pandey et al., 2014; Schaeffer &
Lebedev, 2013; Takeuchi et al., 2014; Wei et al., 2015). Therefore, it is challenging to understand the
geodynamic characteristics of the Northwest Pacific region. Here we attempt to better address this problem
using Pn velocity and anisotropy tomography with an improved methodology.

The Pn wave travels along the topmost mantle and can be used as the dominant and most sensitive phase to
constrain the velocity and anisotropy structure beneath the Moho. Variations of Pn wave velocity reflect the
internal thermal state around the Moho depth and can be used to reveal the properties of the shallow mantle
material (Hearn et al., 2004; Pei et al., 2007, 2011; Wang et al., 2013). Upper mantle anisotropy is generally
considered a result of mantle flow-induced lattice-preferred orientation (Kaminski & Ribe, 2001; Zhang &
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Figure 1. Simplified tectonic map of the study area. CR = Chuga-Ryong volcano; CV = Changbaishan volcano;

ECS = East China Sea; IT = Izu-Bonin Trench; IZ = Izu Islands; JB = Japan Basin; JT = Japan Trench; JV = Jingpohu
volcano; KI = Kuril Islands; KP = Korea Peninsula; KT = Kuril Trench; KY = Kyushu Island; NT = Nankai Trough;
OP = Okhotsk Plate; PSP = Philippines Sea Plate; RT = Ryukyu Trench; SLB = Songliao Basin. Triangles denote
Quaternary volcanoes, and gray lines denote plate boundaries. Background colors represent topography.

Karato, 1995). Proposed tectonic origins for anisotropy under the upper plate include absolute plate motion
(e.g., Fouch et al., 2000) and subduction-induced mantle flow (e.g., Hu et al., 2017; Long, 2013). Pn wave
anisotropy can reflect orientation of peridotite crystals in the uppermost mantle and provide information
about the deviatoric stress field (Karato & Jung, 1998; Ribe, 1992). Thus, a good image of Pn velocity and
anisotropy in the uppermost mantle is of great help for understanding the thermal state of the mantle and
related dynamic processes. Recently, we improved the accuracy of the Pn velocity and anisotropic
inversion method by considering the variation of crustal thickness (Lii et al., 2017). The increasing quality
and quantity of seismic data in the Northwest Pacific has enabled a good coverage of Pn rays in the Japan
Sea and Northeast China. We applied the newly developed method and obtained a high-resolution Pn velo-
city and anisotropy map, which provides an improved seismological basis for studying plate subduction and
mantle dynamics, as well as the mantle structure below the volcanic zone and back-arc basins.

2. Data and Method
2.1. Data

The study area is located at 30-50°N and 125-150°E. The Pn data we used are from the ISC-EHB catalog of
International Seismological Centre (1960-2013) and the China National Seismic Network (1990-2017). To
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Figure 2. Events, stations, and raypaths for Pn travel times used in this study. Events are represented by black crosses, and
stations are denoted by red stars.

ensure the data quality, the following criteria were used: epicentral distances are between 2° and 12°; each
station has at least five Pn records, and each event is recorded by at least five stations; the event depth is
above the Moho given in the CRUST 1.0 model (Laske et al., 2013); travel time residuals are limited to a
range of +5 s. In total, 191,649 seismic data from 11,606 events recorded by 1,156 stations within 20-60°N
and 115-160°E were used in this study (Figure 2).

2.2. Method

The Pn tomography method was first developed by Hearn (1984, 1996). The uppermost layer of mantle is
divided into a set of two-dimensional cells in which the slowness (the inverse of velocity) of the cell is to
be inverted. To reduce the errors caused by the Moho depth variation, we proposed a modified Pn velocity
and anisotropy tomography method by considering the Moho depth variation using the CRUST 1.0 model
(Li et al., 2017).

For a Pn ray traveling from the event to the uppermost mantle,

Ab;y,  Ahy,-tan o
ATin =2 - (hin_ have) .
Ve Vm

ey

where Ah;, is the change in Moho depth at the entrance point, AT}, is the change in travel time by Ah;,, Ab;;,
is the change in travel distance in the crust of the entrance raypath, a is the entrance angle, v, is the average
crustal velocity, v, is the average uppermost mantle velocity, h;, is the Moho depth at entrance point of the
ray, and h,,, is the average Moho depth.
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Similarly, for the Pn ray traveling from the uppermost mantle to station

1 1
ATout - (hout_ have) : V_Z_VT (2)
c m
thus, for the Pn ray
1 1
AT = ATin + ATout = (hin + hout_Zhave) ‘N2 2 (3)
Ve Vm

where AT is the change in travel time by the Moho depth variation for the Pn ray, AT,,, is the change in tra-
vel time by Moho depth variation at the exit point of the ray, and h,,, is the Moho depth at the exit point.

Then, the modified Pn travel time residuals can be described approximately by the perturbation equation
Ty—ATy = a; + by + Sdy- (Sk + Ay cos2y, + By sin2¢,-jk> @)
k

where Tj; is the travel time residual for event j at station i, AT}; is the Moho depth correction for the ray ij, a; is
the static delay for station i, b; is the static delay for event j, d;; is the travel distance of ray ij in mantle cell k,
Si is the slowness perturbation for cell k, A, and By are the anisotropy coefficients for cell k, and ¢;;. is the
back azimuth angle of the ray ij in cell k. The magnitude of the anisotropy is given by4/AZ + B, and the
direction of the fastest wave propagation is given by 90° +- : arctanﬁ—i (Pei et al., 2007), where the arctangent
function is evaluated to lie between -180° and +180° depending on the signs of Ay and By. The unknown
parameters in equation (4) are the mantle slowness perturbation Sy, the anisotropy parameters A, and By,
and the station and event delays a; and b;, respectively. The set of equation is solved by the LSQR algorithm
(Paige & Saunders, 1982). Two damping constants are applied to the unknown slowness and anisotropy coef-
ficients, respectively, and damping is not considered for the station or event terms.

In this study, the cell size is set as 20" X 20’. Two-hundred iterations of inversion are conducted with a con-
stant damping value of 500 for both velocity and anisotropy parameters, chosen by the trade-off analysis of
velocity variation and travel time fitting. The standard deviation of residual decreased from 1.9 to 0.8 s dur-
ing the inversion (Figure 3).

2.3. Resolution Test

Checkerboard tests were conducted to determine the size of features that can be reliably imaged and inter-
preted. The checkerboard test was created by assigning both sinusoidal velocity and anisotropy anomalies to
the model cells. The average amplitudes (maxAv/+/2) of the sinusoidal velocity and anisotropy were 0.3 and
0.15 km/s, respectively. Synthetic arrival times were calculated for the test model for different checkerboard
sizes with the same distribution of earthquakes, stations, and raypaths as those used in the tomographic
inversion of the real data. Gaussian noise with a standard deviation of 0.8 s, which is comparable to the root
mean square residuals after inversion, was added to the synthetic travel times. The tests indicate that for
most of the study region, 1.5° X 1.5° cells can be resolved well for the Pn velocity (Figure 4a). The spatial reso-
lution of velocity in regions with high ray coverage can reach 1.0° X 1.0° or better. The resolution for the ani-
sotropy model can reach 2.5° x2.5° or better in regions with high ray coverage (Figure 4b). In the areas where
the raypath coverage is poor or the raypath direction are not equally distributed, the anisotropy inversion
results may be affected by the different travel depths of different travel distances. Nevertheless, the high
dense raypath coverage and the strong true Pn anisotropy structure can overcome the noise caused by this.
Therefore, in this study, we only discuss the strong signatures of the anisotropy model.

2.4. Station and Event Delays

The station delay and event delay parameters were used to absorb the travel time delay due to errors in the
crustal model and event locations. The station delays in our study (Figure 5a) are primarily related to the
differences between the CRUST 1.0 model and the real earth. For example, positive station delays indicate
the crust beneath the stations are thicker or has lower seismic velocity than that in CRUST 1.0. The confor-
mity of the station and event delay patterns indicates the good quality of the inversion. In addition, the event
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Figure 3. Distribution of Pn travel time residuals versus epicentral distance (a) before and (b) after inversion.

delay items (Figure 5b) also reflect errors in the earthquake location or focal depth and are therefore larger
than the station delay.

3. Results

The average Pn velocity is 8.02 km/s in the study area, and the velocity perturbations are approximately +4%
(Figure 6). In general, high Pn velocities are distributed beneath the Japan Trench area and Songliao Basin,

125° ’ ) ’ ) 150° 1
(a)s0° 050 (b) 500
45°
40°
35°
30° 30° N T - o 30"
125° . : . - . " : " ; 150-

Figure 4. The checkerboard resolution test results for (a) velocity and (b) anisotropy of the study area. The sinusoidal velo-
city and anisotropy checkerboard sizes are (a) 1.5° X 1.5° and (b) 2.5° X 2.5°.
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Figure 5. Station delays (a) and event delays (b) for Pn travel times of the study area. Crosses represent stations and events. Red circles indicate early arrival times,
and cyan squares indicate late arrival times, with sizes proportional to the delay time.

while low Pn velocities are distributed mostly beneath volcanic arcs, the Kuril Islands-Japan Archipelago-
Izu Islands, Kyushu Island, and the intraplate Changbaishan-Jingpohu volcanoes, Japan Basin, and part
of Korea Peninsula as well.

Figure 7 shows the tomographic image of the Pn velocity and anisotropy in the study area, where several
regions with significant Pn anisotropy and good ray coverage are outlined. The volcanic arcs demonstrate
distinct anisotropy patterns from regions further inland. At the western of Kuril Trench, Nankai Trough,
and Ryukyu Trench (regions A, B, D, and E), the fast Pn directions generally along the NE-SW direction.
At the western of Japan Trench and Izu Trench, the fast Pn direction is mostly N-S (regions C and F).
These directions are largely parallel to the trench. In contrast, the back-arc regions demonstrate clear
trench-normal Pn anisotropy. For example, regions in the northwest Japan Archipelago (G, I, and J) have
a generally NW-SE fast orientation, and region H has an E-W orientation, both perpendicular to the trench
segment nearby.

4. Discussion

In general, high Pn velocities indicate stable lithospheric structures and low temperatures, whereas low Pn
velocities indicate either elevated temperatures in the uppermost mantle or the presence of chemically mod-
ified regions (Hearn, 1999; Karato & Jung, 1998). In addition, low Pn velocities beneath volcanoes can indi-
cate hot mantle upwelling. Pn anisotropy in the uppermost mantle is commonly thought to be associated
with the preferred alignment of olivine crystals and can reflect the stress state in the uppermost mantle
and indicate the deformation pattern along the collision boundary (Hearn, 1999; Ribe, 1992). Due to the lim-
itation of data and method, previous Pn tomography studies (Li et al., 2017; Sun & Kennett, 2016; Wang
et al., 2013; Zhou & Lei, 2016) mostly focus on velocity, with little effort on resolving anisotropy beneath this
region. The newly developed method and denser data coverage in this study provide an unprecedented
opportunity to simultaneously obtain a more accurate Pn velocity and anisotropy structure than before. In
the following, we will discuss the major features of Pn velocity and anisotropy and their associated
tectonic implications.

4.1. Kuril Islands-Japanese Archipelago

Velocity structure beneath this region has been investigated by many seismic tomography studies (Li et al.,
2008; D. Zhao et al., 2012, Zhao et al., 2013, 2016; Wang et al., 2013; Wang & Zhao, 2013; Takeuchi et al.,
2014; Asamori & Zhao, 2015; Legendre et al., 2015; Wei et al., 2015; Liu & Zhao, 2016; Niu et al., 2016;
Sun & Kennett, 2016; Zhou & Lei, 2016; Li, Song, & Li, 2017; Zhang et al., 2019). The Pacific lithosphere
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Figure 6. Pn lateral velocity variations in the study area. Red areas correspond to low velocity, and blue areas correspond
to high velocity. Triangles denote Quaternary volcanoes, and gray lines denote plate boundaries. Dashed black lines
marked a, b, ¢, and d denote four profile lines, respectively.

has been imaged as a high-velocity slab subducting beneath the Eurasia Plate. Low seismic velocities are also
found beneath the Japan Islands and volcanoes. In the new high-resolution images we obtained, the high Pn
velocity anomaly adjacent to the Kuril-Japan trench confirms the cold subducting Pacific lithosphere. Both
the location and orientation of prominent low Pn velocity patches are consistent with the distribution of
island volcanoes, implying a hot mantle wedge with possible material upwelling above the downgoing
Pacific slab beneath these island arcs. The upper mantle P velocity model by Zhao et al. (2013) and Liu
and Zhao (2016) revealed a similar low-velocity structure around the Japan trench at the Moho depth.
Asamori and Zhao (2015) published a shear velocity model obtained from teleseismic tomography, and their
S wave velocity structure at depth of 40 km is very similar to our Pn velocity image; the main difference is the
S wave velocity in their model is not low beneath the Izu Islands and volcanoes, and we argue that the low
ray coverage of their study at Izu is the reason.

Our Pn image is also consistent with seismic refraction and reflection surveys conducted beneath Japan
Islands. The uppermost mantle P velocity has a value of 7.6-7.7 and 7.6-7.9 km/s beneath profiles a and
b, respectively (Figure 6; Iwasaki et al., 2001; Iidaka et al., 2003). The low velocities imaged in both regions
correspond well to the high volcanic activity since 10-15 Ma, indicating the existence of hot upwelling mate-
rial from the depth greater than the Moho. The profile c crosses the Nankai Trough, and the Pn velocity is
~7.8 km/s (Kodaira et al., 2000), which is consistent with our study. Another profile d is located adjacent
to the Japan trench, with the striking direction roughly parallel to the trench. The Vp velocity from
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Figure 7. Tomographic image of the Pn velocity and anisotropy in the study area. The velocity color bar is the same as in
Figure 6. Short black bars represent the fast direction of the anisotropy with their lengths proportional to the magnitude
of anisotropy. Regions exhibiting large anisotropy and having dense ray coverage are outlined with black ovals. Thick dashed
white arrow lines mark inferred regional mantle flow direction above the slab. The white bars with a pink core indicate the
fast direction measured from previous shear-wave splitting studies (Long & van der Hilst, 2005; Nakajima et al., 2006).

refraction seismic analysis is ~8.0 km/s (Azuma et al., 2018), almost the same value as our Pn image. Since
the seismic refraction and reflection surveys are the most accurate in seismological methods; therefore, the
consistency between our model and the active seismic profiles proves that our high-resolution Pn model
is reliable.

The Pn anisotropy sheds new light on the dynamic evolution of the region. For example, the fast Pn direc-
tions above the Pacific and Philippine Sea subduction zones are remarkably parallel to the collision bound-
aries (Figure 7, regions A-F). The boundary-parallel anisotropy structure had been observed at collisional
boundaries by other researchers (Cai et al., 2018; Hearn, 1999; Huang et al., 2015; Long, 2013; Lii et al.,
2012, 2017; Wang & Zhao, 2013; Wei et al., 2015). This anisotropy pattern can be explained by the dominance
of B-type olivine due to water enrichment beneath the active arc volcanoes. The B-type anisotropy forms in
olivine in the presence of water; unlike normal mantle anisotropy, the fast direction forms perpendicular to
the direction of shearing, thus forming arc-parallel anisotropy. Further west and northwest to the Japan
Archipelago, the fast direction of Pn anisotropy is overall perpendicular to the closest trench segment
(Figure 7, white arrow lines near regions G-J). This trench-perpendicular fast direction can be explained
by the lattice-preferred orientation of olivine induced by flow-related strain (Nakajima et al., 2006;
Nakajima & Hasegawa, 2004; Zhao, 2017). We plot the shear-wave splitting measurements of category I
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Non-subduction
dominant flow

Northeast

Figure 8. A sketch showing the tectonic components and mantle dynamic

with high quality in Long and van der Hilst (2005) and the regional aver-
age shear-wave splitting by Nakajima et al. (2006) in Figure 7. The fast
directions of the shear wave agree well with the Pn fast direction near
the collision boundary. Boundary-parallel shear-wave splitting fast direc-
tion below arcs (C-E) and trench-perpendicular fast direction within
back-arc regions (H-J) are observed. These observations indicate that
the subduction-dominant mantle flow is the primary cause for the
observed seismic anisotropy pattern beneath this region.

A recent geodynamic modeling study suggests that the regional-scale pat-
tern of trench-perpendicular anisotropy in South America reflects the
dominant control on mantle flow from the subducting Nazca slab (Hu
et al., 2017). The Pacific subduction closely resembles the Nazca plate,
in their fast subduction rate, large trench width, and concaved geometry
of the subduction zone. We therefore suggest that the observed anisotropy
in our study region also reflects a subduction-dominant mantle flow field

processes below Northwest Pacific. PAC=Pacific Plate; PSP=Philippines with an overall converging pattern toward the trench (Figure 7), similar to
Sea Plate. Bold black arrows represent plate motion, bold red arrows that below South America (Hu et al., 2017). In comparison to the global
indicate horizontal mantle flow, and green bold arrows indicate vertical anisotropy model used in South America (Hu et al., 2017), our regional

mantle flow. The cyan/blue colors outline slabs.

results clearly resolve more flow features (Figure 7). These include the
local variations of flow structure associated with the abrupt changes of
trench curvature: The curving Pacific trench seems to induce local variations of the anisotropy orientation,
where the patterns next to the sharpest kinks (H & I in Figure 7) display apparent transitions from nearby
trench segment. In addition, the flow associated with the Pacific slab appears stronger than that with the
Philippine Sea slab, as can be seen from larger anisotropy amplitude and more spatially extensive anisotropy
patterns in the north-central part of the region (Figure 7). This is physically consistent with the faster sub-
duction speed and, thus, stronger trench-ward poloidal flow above the Pacific slab. Combining our new
inversion model, previous 3-D tomography models, and current geodynamic understanding on subduction
and mantle flow, we summarize the plausible tectonic components and mantle dynamic processes below
Northwest Pacific in Figure 8.

4.2. Northeast China-Korea Peninsula

Further inland in our study region, it is suggested that there is an upper mantle upwelling beneath the
Changbaishan volcano (Huang & Zhao, 2006; Lei & Zhao, 2005; Li et al., 2012; Takeuchi et al., 2014;
Tang et al., 2014; Wei et al,, 2015). Some high velocities at mantle depth are observed beneath the
Songliao Basin (Guo et al., 2016; Huang & Zhao, 2006; Li et al., 2012; Liu et al., 2017; Sun & Kennett,
2016; Xin et al., 2018; Zheng et al., 2011). Built upon the S wave velocity imaging, Guo et al. (2016) propose
a mantle convection model for Northeast China. Liu et al. (2017) observed low-velocity anomalies in the
upper mantle beneath the Jingpohu volcano using ambient noise adjoint tomography. However, due to
the limited data and methods, previous Pn studies had different results for this area. Both slow (Zhou &
Lei, 2016) and fast (Sun & Kennett, 2016) Pn velocities are obtained beneath the Changbaishan volcano,
and Pn velocities beneath the Songliao Basin and Korea Peninsula also differ (Sun & Kennett, 2016; Zhou
& Lei, 2016).

With the new method and more data, we obtained a more detailed Pn structure beneath this region. In our
study, low Pn velocities are observed beneath the Changbaishan volcano, Jingpohu volcano, and the Korea
Peninsula, and relatively high Pn velocities are found beneath the Songliao Basin. Although the Songliao
Basin is an extended basin, we consider that the high Pn velocity may be caused by some downwelling
due to small-scale mantle convection below the region. Our Pn model also suggests that upper mantle hot
upwelling processes feed the Changbaishan, Jingpohu, and Chuga-Ryong volcanoes. The separate low Pn
velocities beneath the Changbaishan volcano and Jingpohu volcano indicate that, even if the hot upwelling
beneath the volcanoes may be originally from the same deeper source, they are separate in the
uppermost mantle.

The Pn anisotropy in this region demonstrates a different pattern from that further east. Although the fast
anisotropy orientation related to Pacific subduction seems to extend into Northeast China to the north of
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45°N, this continuity of anisotropy structure clearly breaks down further south, where recent intraplate vol-
canoes outlined by low-velocity anomalies mark a distinct transition of anisotropy pattern from that asso-
ciated with subduction on the east (Figure 7). Huang et al. (2014) revealed a similar P wave anisotropy
pattern of uppermost mantle on both sides of the 45°N in Northeast China. This observation implies a dif-
ferent pattern of mantle flow below Northeast China from that to the east. Relevant geodynamic features
for the region include a single upper-mantle upwelling beneath the Changbaishan volcano (Tang et al.,
2014), isolated slow anomalies at the uppermost mantle (Figure 6), and cold downwelling beneath the
Songliao Basin (Guo et al., 2016). Collectively, we interpret that the different low anomalies at the uppermost
mantle depth associated with the active volcanoes (Figure 6) likely all originate from the same upper-mantle
upwelling (Tang et al., 2014) and that these imaged high and low anomalies under Northeast China are den-
sity anomalies that drives the local convection (Figure 8).

4.3. Japan Sea

The Japan Sea is an important part of the western Pacific trench-arc-basin composite system and belongs to a
typical back-arc sea. It is a key area for studying the subduction dynamics of the northwest Pacific and the
evolution of the back-arc basin. Studies have revealed a very thin crust and high Bouguer gravity anomalies
beneath the Japan Basin (Wang et al., 1999; Watts & Bodine, 1978). Based on a combination of bottom sam-
pling data, geomagnetic data, and seismic refraction and reflection survey, it is confirmed that there are typi-
cal oceanic crusts in the Japan Basin and continental or transitional crusts at the southern part of the Japan
Sea (Hirata et al., 1992; Horne et al., 2017; Jolivet et al., 1994; Xu et al., 2014; Yoon et al., 2014). However, due
to the lack of stations and earthquakes within the region, previous travel-time tomography studies only
revealed low resolution and large-scale low-velocity anomalies in the upper mantle beneath the Japan Sea
(Legendre et al., 2015; Pandey et al., 2014; Schaeffer & Lebedev, 2013; Takeuchi et al., 2014; Wei et al.,
2015), making it difficult to effectively infer the details of oceanic crust development in the Japan Sea.
Due to the unique propagation path of Pn waves, the use of abundant stations and earthquakes around
the Japan Sea results in a dense Pn-wave ray coverage of the uppermost mantle below the Japan Sea, where
the traditional travel time inversion is less capable to resolve. Our Pn velocity imaging reveals a large patch
of low velocity anomaly just beneath the Japan Basin, whose spatial extent is consistent with the oceanic
crust distribution (Horne et al., 2017; Watts & Bodine, 1978). From our high-resolution image, we also found
that the Pn velocity beneath the other areas of the Japan Sea is not as low as the Japan Basin. The large-scale
low velocity beneath the whole Japan Sea in previous tomography studies may be due to low-density ray cov-
erage and the low seismic resolution beneath the Japan Sea area. Our study thus provides new tomographic
evidence of the lithospheric heterogeneity beneath the Japan Sea.

The distribution of temperature and seismic velocity within young oceanic lithosphere represents an out-
standing scientific question. Nishimura and Forsyth (1989) conducted a basic study on the seismic velocity
variation of Rayleigh wave and Love wave on both sides of the mid-ocean ridge and found that the surface
wave velocity increases with age on both sides of the mid-ocean ridge. More recent surface wave imaging
studies found that the surface wave velocity of ~20-Ma lithosphere is about 5% lower than global average
(Yao et al., 2011; Zhou et al., 2006). Due to the lack of seismic station distribution on the flanks of the
mid-ocean ridge, high-resolution mantle P wave imaging results are lacking in the past. The Japan Basin
was the center of postarc extension occurred at ~30-15 Ma, during which the oceanic crust of the Japan
Basin was produced (Wang et al., 1999; Xu et al., 2014). In this Pn study, our results show that the P wave
velocity of uppermost mantle below young ocean crust of ~15-30 Ma age is 4-5% lower than normal. It pro-
vides a new seismological basis for studying seismic wave velocity variation on both sides of the mid-ocean
ridge. The spread direction of Japan Basin was N-S at ~30-15 Ma (Hirata et al., 1992; Jolivet et al., 1994; Xu
et al., 2014). The present E-W fast Pn direction beneath the Japan Basin indicates the lattice-preferred orien-
tation of olivine was rearranged by the subduction-induced mantle flow since then.

5. Conclusions

Our high-resolution uppermost mantle Pn velocity and anisotropy measurements beneath the Northwest
Pacific region provide new insights on the complex mantle structures and dynamic processes. The observed
Pn velocities are consistent with the local tectonic background, including the high velocities beneath Japan
Trench and Songliao Basin, and low Pn velocities beneath the Kuril Islands, Japan Archipelago-Izu Islands,
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Kyushu Island, Changbaishan-Jingpohu volcanoes, Korea Peninsula, and Japan Basin. Our new Pn velocity
image outlines the subducting slabs along the trenches and the young seafloor within the Japan Basin. The
result also supports the existence of hot upwelling feeding the Changbaishan, Jingpohu, and Chuga-Ryong
volcanoes, where small-scale mantle convection may exist underneath. This 3-D mantle dynamics is further
confirmed by Pn anisotropy, where an E-W contrast of mantle flow patterns is observed: Both boundary-
parallel anisotropy below arcs and trench-perpendicular anisotropy within the back-arc regions suggest
subduction-dominant mantle flow, and the distinct anisotropy pattern below Northeast China implies a dif-
ferent flow regime, possibly due to local convection below the volcanoes and basins.

Appendix A: Comparison With Isotropic Inversion
To show the effectiveness of the anisotropy tomography, we also obtained the isotropic velocity model fol-
lowing equation (A1) with the same parameters as those in the anisotropic Pn tomography.

TU_ATU =a; + bj + Zdijk-Sk (Al)
k

The isotropic velocity model (Figure A1) has similar major patterns with the anisotropic model. High velo-
cities are observed beneath the Japan Trench area and Songliao Basin, whereas low velocities are found

125° 130° 135° 140° 145° 150°
50°

45° 45°

35° 35°

-0.30-0.15 0.00 0.15 0.30
Pn Anomaly (km/s)

CTO N o — - _ ———— ™ 30°
125° 130° 135° 140° 145° 150°
Figure Al. Isotropic Pn velocity inversion results in the study area. Red areas correspond to low velocity, and blue areas

correspond to high velocity. Triangles denote Quaternary volcanoes, and gray lines denote plate boundaries. Dashed black
lines marked a, b, c and d denote four profile lines, respectively.
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beneath the Japan Archipelago, Japan Sea, Changbaishan-Jingpohu volcanoes, and Korea Peninsula
regions. The main differences include the following: (1) The low Pn velocities beneath Honshu in the isotro-
pic model is not as prominent, and (2) the low velocities beneath the north Japan Sea is not as continuous as
that in the anisotropy model. These differences are attributed to the strong anisotropy beneath these regions.
In addition, compared with the results from seismic refraction and reflection surveys beneath profiles a-c,
the isotropic model shows less consistency than the anisotropic model. Therefore, we believe, with the
high-density raypath coverage, the two-dimensional Pn tomography method can provide a high-accuracy
seismic velocity and anisotropy structure of the uppermost mantle.
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