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Abstract To better understand the subsurface behavior of subducting slabs and their relation to the
tectonic evolution of the overriding plate, we conduct a full waveform inversion on a large data set to deter-
mine a high-resolution seismic model, FWEA18 (Full Waveform inversion of East Asia in 2018), of the upper
mantle beneath eastern Asia. FWEA18 reveals sharper, more intense high-velocity slabs in the upper mantle
under the southern Kuril, Japan, and Ryukyu arcs, than previous studies have found. The subducting Pacific
plate is imaged as a roughly 100 km thick high-velocity slab to near 550 km depth indicating relatively little
deformation. Stagnation near 600 km depth is observed over horizontal distances of 600 km or less. The
Pacific plate we image accounts for roughly 25 Myr of subduction with older slab likely located in the lower
mantle. The Philippine plate, subducting beneath the Ryukyu Islands, has a clear termination at about
450 km depth. This may indicate a tearing event in the past or that less Philippine Sea plate has subducted
than previously thought. We found a double-layer high-velocity anomaly above and below 660 km under
the Yellow Sea and eastern coast of North China. This may correspond to parts of the Philippine Sea plate
that detached in the past and Pacific plate that have intersected at depth or a complicated behavior of the
Pacific plate at that depth. Slow cylindrical anomalies cross the entire upper mantle are imaged beneath
major Holocene volcanoes, which are likely upwellings associated with the edges of deep slabs that are
entering the lower mantle.

1. Introduction

Although much progress has been made in recent years, a complete understanding of the dynamics of
deep subducting lithosphere still eludes us. Seismic tomography has shown that some slabs stagnate in the
mantle transition zone (Fukao et al., 2009; Huang & Zhao, 2006; Schaeffer & Lebedev, 2013) but some
appear to descend deep into the lower mantle (Grand et al., 1997; van der Hilst et al., 1997). Recently it has
been proposed that slabs may also stagnate near 1,000 km depth (Fukao & Obayashi, 2013). Explanations
for slab stagnation have been proposed (Ballmer et al., 2015; Billen, 2008; King et al., 2015) but the ultimate
fate of stagnant slab has not been established (Steinberger et al., 2012). Part of the reason for uncertainty is
likely due to resolution issues in seismic tomography. Subduction zones also exhibit diverse behavior, some-
times showing trench retreat and sometimes trench advance. For example, in the Izu-Bonin-Mariana (IBM)
subduction zone, trench retreat has been followed by trench advance with little change in the age of the
subducting plate (Carlson & Melia, 1984). A recent geodynamic modeling study (Faccenna et al., 2017)
shows that slab break-off and reinitiation of subduction of the Philippine Sea plate beneath the Ryukyu
Islands could cause the switch in the IBM trench motion. However, a clear indication of slab break-off is not
seen in seismic tomography models perhaps due to lack of resolution.

The overriding plates in subduction zones also exhibit complicated tectonic behavior, alternating between
back arc compression and back arc extension (Capitanio et al., 2010). Magmatic activity can also extend far
inland of the arc as in the western United States and eastern Asia. In Northeast China, magmatic activity at
Changbaishan volcano has been interpreted as due to upwelling from the top of a flat slab (Kuritani et al.,
2011; Zhao et al., 2009) or due to upwelling through a gap in deep slabs and thus with a deeper source
(Tang et al., 2014). Similarly, the volcanism at Yellowstone has been explained by a deep plume from the
lower mantle (Camp, 1995; Kincaid et al., 2013; Obrebski et al., 2010) or due to a gap between subducting
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plates (Fouch, 2012; James et al., 2011). Slab interaction well inland of the arc may also lead to destabiliza-
tion of cratonic lithosphere (Kusky et al., 2007; Zhu et al., 2011) and possibly delamination.

To develop a more complete understanding of the dynamics of the subduction process and its effect on
the overriding plate, higher-resolution seismic images are necessary. Early seismic tomography studies used
the travel times of body waves and assumed geometric ray theory (high-frequency approximation) to deter-
mine their sensitivity to Earth structure (Aki & Lee, 1976; Dziewonski et al., 1977). Montelli et al. (2004) intro-
duced finite frequency kernels to global tomography providing a more accurate calculation of the
sensitivity of body wave travel times to mantle structure. The dispersion of surface waves has also been
used (Knopoff, 1972; Leeds et al., 1974) and recent studies have provided very detailed maps of shear veloc-
ity variation in the shallow mantle (Shen et al., 2016). However, fundamental mode surface waves have lim-
ited resolution in the deep mantle.

With advances in computational power, 3-D numerical simulation of seismic wave propagation in realistic
Earth models has become feasible (Komatitsch & Tromp, 2002a, 2002b). This has led to efforts to invert
waveforms with full wave dynamics and 3-D numerical/asymptotic sensitivity kernels at both global and
regional scales (Bozda�g et al., 2016; Chen et al., 2015; Fichtner et al., 2009; French & Romanowicz, 2014;
Tape et al., 2009; Zhu et al., 2015). However, most previous studies use phase measurements, e.g., cross-
correlation or frequency-dependent (multitaper) travel time differences as data in inversion. Due to global
upper mantle discontinuities as well as variable low-velocity zones, P and S waves that turn within the upper
mantle consist of multiple arrivals (triplications) at essentially all distances from 108 to 308. Figure 1 shows P
and SH synthetics calculated using the IASP91 velocity model (Kennett & Engdahl, 1991) illustrating the
complicated waveforms resulting from upper mantle discontinuities. For upper mantle triplicated waves,
the cross correlation between synthetics and data is dominated by the large amplitude main phases and
time shifts measured in one or several frequency bands cannot account for observed waveform distortions.
This limits the resolving power of the data and hence the model resolution. Modeling upper mantle tripli-
cated waveforms has been a powerful tool in constraining upper mantle structure (e.g., Tajima & Grand,
1998; Wang et al., 2014a; Wang & Niu, 2011a). The interference among the three arrivals turning above,
below and refracted off velocity discontinuities creates complex waveform distortions that are sensitive to
details within the transition zone, such as the depth of the 410–660 km discontinuities as well as the veloc-
ity gradients above and below the discontinuities. Past studies of triplicated waveforms focused on forward
modeling the waveforms in either 1-D or 3-D media. Here we incorporate triplicated waves, as well as other
multipathed waves, into a full 3-D waveform inversion by using a misfit function based on the normalized
correlation coefficient between data and synthetics. Tao et al. (2017) have shown this misfit function to be
especially suitable for resolving structure in the mantle transition zone.

In this paper, we perform a full waveform inversion for both P and S wave mantle velocities, utilizing the
cross correlation between data and synthetics as a misfit function. We use a unique data set in East Asia
covering eastern China and its eastern and southeastern marginal seas and subduction zones (Figure 2).
The eastern and southeastern margins of East Asia have had a long, complex history of subduction that is
ongoing today. Furthermore, this subduction has had a major influence on the Late Mesozoic and Cenozoic
tectonic evolution of eastern China, such as the formation of rifting basins and widespread magmatism
(e.g., He, 2015; Huang & Zhao, 2006; Zhu et al., 2011). Although it is accepted that subduction is intimately
connected to the tectonic evolution of eastern Asia, the exact mechanisms of the interaction are still
uncertain.

Our primary goal in this paper is to present the new model in detail. In the following, we briefly review the
geologic history of our study area as well as the extensive past work on the seismic structure of the mantle
beneath East Asia. This is followed by a detailed description of the inversion technique used as well as the
data. We finish by presenting a new model of the mantle beneath East Asia, FWEA18, with a discussion of
some possible implications for the regional tectonics of East Asia.

2. Tectonic History and Past Seismic Work

From north to south, eastern China consists of three parts: Northeast China, North China, and South China
(Figure 3). Northeast China is bounded by the Siberian craton at the Mongol-Okhotsk suture to the north,
and by North China at the Solonker suture zone to the south. During the Early Cretaceous, Northeast China
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Figure 2. Distribution of (a) 95 earthquakes and (b) 1,590 stations used in this study. The blue quadrilateral denotes the SEM simulation region. Colors of beach
balls indicate earthquake depths. Colors of stations denote the number of events for which they contributed waveforms to the inversion.

SHP

Figure 1. P and S synthetic seismograms for a 100 km deep earthquake using the IASP91 velocity model (Kennett &
Engdahl, 1991). The reflectivity method (Fuchs & M€uller, 1971; Wang, 1999) is used to create the synthetics. The source
time function is a half cosine pulse of 3 s width. The red lines represent the travel time curve predicted for the IASP91
model.
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experienced large-scale crustal extension and extensive volcanism (Meng et al., 2003; Ren et al., 2002), lead-
ing to the formation of the Songliao basin. Cenozoic basaltic volcanism was widely distributed across North-
east China, southern East Siberia, and Central Mongolia with some magmatic centers still active today. The
cause of the magmatism is uncertain (Chen et al., 2017; Cunningham, 1998, Zorin et al., 2006).

The North China consists of two major blocks (Ordos Block and North China Plain), separated by the Trans-
North China Orogenic belt. The Ordos Block has a thick lithospheric root (Chen et al., 2009; Li & van der Hilst,
2010), low heat flow and has experienced little internal deformation since the Precambrian (Zhai & Liu,
2003). In contrast the North China Plain has high seismic activity, high heat flow, widespread Cenozoic mag-
matism, and a thin lithosphere reflecting the lack of a thick cratonic root (Chen, 2009; Chen et al., 2008).
Gao et al. (2008) have shown that the craton had a root prior to the Early Mesozoic, but that it has since
been replaced by asthenospheric mantle. Zhu et al. (2012) propose that the subduction of the NW Pacific
plate underneath North China may have destabilized the deep lithosphere during and after the Late Creta-
ceous. Tian and Zhao (2011) proposed that large-scale Late Cretaceous lithospheric extension in East China
also played a role in the lithospheric destruction in the North China Plain.

To the south, the North China is joined to South China along the Qinling-Dabieshan-Sulu orogenic belt. The
final integration between the North and South China is inferred to have occurred in the Late Triassic (Meng
& Zhang, 1999). The South China was formed by amalgamation of the Yangtze Craton in the NW and South
China Block in the SE during the early Neoproterozoic (Li et al., 2009; Zhao & Cawood, 1999), giving rise to
the Jiangnan Orogen. The lithosphere thickness decreases significantly from> 210 km beneath the Sichuan
Basin in the western Yangtze Craton, to �180–210 km beneath the Jiangnan Orogen and �90 km beneath
the eastern Yangtze Craton and South China Block (Shan et al., 2016). Based on receiver function studies,

Figure 3. Tectonic and topographic map of eastern Asia. Red triangles mark Holocene volcanoes. Dark lines define main
tectonic units and basins. ‘‘V.’’ stands for volcano, and TNCO: Trans-North China Orogenic belt. Tectonic unit boundaries
are included in later figures as grey lines for reference. Red lines delineate plate boundaries. The white box denotes the
simulation region.
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He et al. (2013) inferred that the collision between the Yangtze Craton and South China Block in the Paleo-
zoic and Triassic generated a thick lithospheric root and subsequent delamination and asthenospheric
upwelling in the Jurassic and Early Cretaceous, led to extensive lithospheric extension and thinning in the
eastern part of South China.

There have been many seismic studies of the mantle beneath East Asia that show consistent large-
scale features and have been connected to surface tectonics (e.g., Chen et al., 2015; Friederich, 2003;
Huang & Zhao, 2006; Kustowski et al., 2008a; Li et al., 2013; Li & van der Hilst, 2010; Obayashi et al.,
2013; Obrebski et al., 2012; Panning et al., 2012; Wei et al., 2012, 2015; Zhao et al., 2012). High-velocity
anomalies in the upper mantle are seen associated with the subducting western Pacific and Philippine
Sea slabs. These studies agree on the fact that Pacific slab appears to ‘‘stagnate’’ in the upper mantle
(Fukao et al., 2009) but the lateral extent of stagnant slab is still not clear nor the ultimate fate of slab
in this region. Other common features of previous seismic studies are high-velocity lithospheric roots
beneath cratons (the Ordos Block and Yangtze Craton) as well as shallow low-velocity zones beneath
back arc regions. However, some structural details are still unclear that are important for understanding
the regional tectonics. For example, some studies suggest that the stagnant Pacific slabs actually con-
sist of several separated segments (Li & van der Hilst, 2010; Obayashi et al., 2013) while other studies
do not show clear segmented structures (Chen et al., 2015; Huang & Zhao, 2006). In addition slab
detachment may have a profound influence on the surface tectonics (e.g., volcanic activity, lithosphere
deformation, changes in trench motions), but current tomography images do not have the resolution
to clearly address whether such detachments have occurred. For example, a slab gap imaged beneath
the Changbaishan volcano (Tang et al., 2014) has been proposed to allow upwelling of subslab
entrained hot asthenospheric material that feeds the volcano. However, Chen et al. (2017) do not
support the existence of the slab gap based on their joint local and teleseismic travel time inversion.
Thus, improving the resolution of seismic images of the upper mantle is still an important goal in
geophysics.

3. Data Set

We used 95 earthquakes in our inversion (supporting information Table S1). The earthquakes were chosen
to evenly distribute along the Southern Kuril, Japan, Ryukyu, Manila, and Philippine subduction zones in the
northwestern Pacific and Philippine Sea, the north-south seismic zone in western China and the boundary
between the Eurasia and Amur plates in the north (Figure 2a). Most events occurred between 2009 and
2016, with magnitudes ranging from 5.3 to 6.9. The lower bound of the magnitude range is chosen to have
enough signal-to-noise ratio in the recorded data, and the upper bound is chosen to exclude sources with
complex rupture processes, which violate the point source approximation used in the modeling. We prefer-
entially chose deep events, whenever possible, because the data are less affected by reflections from shal-
low structures and thus generate high quality body wave phases sampling the transition zone. A total of
1,590 seismographic stations were used in this study (Figure 2b). The data used are from permanent net-
works in China (CEArray; Zheng et al., 2010), Japan (F-net, www.fnet.bosai.go.jp), South Korea (web.kma.-
go.kr), and temporary networks in Northeast China (NECESSArray; Tang et al., 2014), Mongolia (He et al.,
2016), and other stations available from the Incorporated Research Institutions for Seismology Data Man-
agement Center (IRIS DMC). We provide websites and contact information for all the data sources in sup-
porting information Table S2. The instrument response was removed from the raw seismic data to obtain
band passed ground displacement. A zero-phase second-order Butterworth band pass filter with 8–100 s
corner frequencies is applied to P wave records and 10–100 s for S wave records. Surface waves are filtered
from 40 to 100 s. We use higher frequency P wave data because P waves have longer wavelength than S
waves. Thus for a given element size, the SEM simulation can reach higher frequency for P waves than S, at
least for direct arrivals. The data were subsequently rotated into vertical, radial and transverse components.
The time windows in which the waveforms are inverted are chosen based on body wave travel times pre-
dicted by the AK135 model (Kennett et al., 1995) with 20 and 50 s before and after the arrival time, respec-
tively. When two arrivals are close to each other, such as the direct and depth phases for shallow
earthquakes, we only use one time window including both phases. Surface wave data are cut in a slowness
window from 24 to 33 s/deg (3.3–4.6 km/s) with 50 s padded on both sides. Surface waves were only
included in the inversion for earthquakes shallower than 250 km. The seismic phases inverted include S, sS,
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SS on all three components, P, pP, sP, PP and Rayleigh waves on the vertical and radial components, and
Love waves and ScS on the tangential component. The final data set is composed of �1.35 million body
wave windows and �72 thousand surface wave traces. Examples of data are shown later in the text.

4. Inversion

The gradient based method is used to iteratively update the model, minimizing the difference between syn-
thetic and recorded seismograms as determined by a misfit function. The gradient of the misfit function is
calculated by the adjoint method (Fichtner et al., 2006; Tarantola, 1984; Tromp et al., 2005). Synthetic seis-
mograms are first calculated for a starting model and compared to data. The adjoint wavefield is calculated
by propagating the data misfit (adjoint source) backward in time from the receivers. The adjoint source
used depends on the form of the misfit function (Tromp et al., 2005). The misfit gradient (sensitivity kernel)
is obtained by correlating the forward wavefield with the adjoint wavefield at each model grid point. The
model is updated iteratively by the nonlinear preconditioned conjugate gradient algorithm (Fletcher &
Reeves, 1964; Hestenes & Stiefel, 1952). To alleviate the local minimum problem, we chose a recent tomo-
graphic model as the starting model and start the inversion at long periods so that the starting model is
able to predict the phase arrivals within half the dominant period. Shorter period data are gradually added
as the model improves. Below, we discuss in detail how we implemented the above steps.

We use the SPECFEM3D_GLOBE code (Komatitsch & Tromp, 2002a), which is a high degree finite element
method with spectral precision, for both forward modeling and the adjoint simulation. The numerical preci-
sion of the code has been extensively benchmarked against normal mode solutions (Komatitsch & Tromp,
2002a). The simulation domain has lateral dimensions of 508 3 638, covering eastern China and its neigh-
boring seas, the Japan trench and Philippine Sea (Figure 2a). One ‘‘cubed sphere’’ chunk of a global mesh
(Komatitsch & Tromp, 2002b) is used in this study. The total number of elements in the mesh is �1.8 million,
with the horizontal element size approximately 21.7 km on the free surface, resulting in an average spacing
of �5.4 km between Gauss-Lobatto- Legendre (GLL) interpolation points. The minimum period resolved is
�8 s for crustal and mantle waves. Using 336 cores on the Lonestar5 supercomputer at the Texas Advanced
Computing Center (TACC), it takes approximately 50 min to model a 20 min record for one earthquake and
1 h and 50 min for the kernel calculation.

To fully take advantage of the waveform complexities in the data, we choose a misfit function based on
waveform similarity (Tao et al., 2017):
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tion of the adjoint source is given in Tao et al. (2017). The weighting term W is determined by the CC,
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The SNR is measured in decibels from the amplitude ratio between the target signal window and noise sig-
nal before the first arrival. The weighting term helps exclude bad quality data or data that are not ready to
be included in the inversion (e.g., a phase shift larger than half the main filtering period) but can be
included later as the model predictions gradually fit the data. As described in Tao et al. (2017), the CC-based
misfit function is sensitive to both phase and relative amplitude in the measurement window but insensi-
tive to the absolute amplitude difference between data and synthetics. The structure induced waveform
(de)focusing, multipathing or scattering all lead to changes in both the amplitudes and waveform shapes.
However, the absolute amplitude could be affected by many other factors, such as source magnitude, atten-
uation, site effect and even miscalibrated instruments. Our choice of misfit function helps to minimize the
effect of these factors on the structural inversion at the sacrifice of the absolute amplitude. Since it exploits
the waveform similarity the detailed waveform shapes are fit and the model resolution is improved com-
pared with travel time based inversion. Neglecting the absolute amplitude makes the misfit function unable
to determine the source magnitude and the attenuation structure. However, in this paper, our main focus in
on the velocity structure. The Q model could affect the phase velocity through dispersion. In the next sec-
tion we show the effect of different Q models on the synthetic seismogram and conclude that the inversion
results are insensitive to reasonable variations in Q.

Since both earthquake source and 3-D Earth structure contribute to the observed seismic wavefield, we
invert for source parameters and velocity models in consecutive stages. The initial source parameters are
taken from the global Centroid-Moment-Tensor (CMT) website (globalcmt.org). We iteratively update the
source parameters (location, moment tensor, origin time, and source duration) by searching along the nega-
tive misfit gradient to minimize the misfit for each earthquake. The synthetic seismogram u x; tð Þ can be
written as the convolution between the Green’s function and the source time function:

u x; tð Þ5g x; t; x0;Mð Þ � f t2t0; sð Þ; (7)

where g x; t; x0;Mð Þ is the synthetic Green’s function of displacement generated for a point source located
at x0 with a moment tensor M and an impulsive source time function (we use a zero source duration time
in the forward simulation as the high-frequency numerical noise can be safely eliminated after convolution
with the appropriate source time function). We approximate the source time function as a Gaussian
function:

f t2t0; sð Þ5 1ffiffiffi
p
p

s
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s
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" #
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where s is the characteristic time length, and t0 the origin time. For the sth earthquake we first calculate the
misfit gradients dvs

dx0
and dvs

dM by the adjoint method (Tromp et al., 2005). Then we perturb the earthquake loca-
tion and moment tensor simultaneously by a small amount E (0.01 in this study) along the negative gradi-
ent direction to get the perturbation in the Green’s function:

dEg5g x; t; x02E
dvs

dx0
;M2E

dvs

dM

� �
2g x; t; x0;Mð Þ: (9)

By assuming a linear relationship between the model and waveform perturbations (Warner et al. 2013), the
perturbed seismogram at step lengtha can be approximated as

u x; t; a; t0; sð Þ � g1a � E21dEg
� �

� f t2t0; sð Þ: (10)
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In each iteration the earthquake location and moment tensor are searched as one parameter (a) which is
the step length along the current misfit gradient, and the other two search parameters are the origin time
(t0) and source duration (s). 2D grid search on a; t0ð Þ and a line search on s are repeated consecutively to
find the optimal parameters that minimize the misfit. Because of the nonlinear dependence of Green’s func-
tion on the source location, we iterate the above process by recomputing the misfit gradient with the new
source parameters and run the grid search again. Usually only a few iterations (typically 2–3) are needed to
reach stable results. Given the amount of data and the various types of body waves (e.g., p, P, s, S, sS, pS,
pP, sP, SS, and PP) and surface waves we use, the depth and origin time should be well constrained for
most earthquakes we use. For example the depth phases (e.g., sS and pP) are widely used to constrain
earthquake depths, and we observe improved fits to these depth phases during inversion. The moment ten-
sor does not show significant changes from the GCMT solutions. Most changes are in the origin time, depth
and epicenter. We observe that the waveform fits for both the body and surface waves are quite good for
most earthquakes, including the waveforms crossing nodal planes where the polarity changes. We did not
invert for the scalar moment, as we neglect the absolute amplitude in the misfit function.

For the structural inversion, we use a starting model modified from a recent full waveform tomography
model, EARA2014 (Chen et al., 2015). The model is smoothed over a spatial lengths of 100 km. This elimi-
nates the imprint of small-scale structures in the starting model. In EARA2014 the Moho depth is taken from
CRUST2.0, and we change the Moho depth to a newer model CRUST1.0 (Laske et al., 2013). We also allow
radial anisotropy in the crust during the inversion. EARA2014 has radial anisotropy in the upper mantle and
transition zone. Since radial anisotropy is mostly constrained by Rayleigh and Love waves and the surface
wave data we use (40–100 s) are mostly sensitive to depths above 200 km, we limit the depth range of
radial anisotropy to 220 km and defer to later work an investigation of deeper anisotropy. Below 220 km,
we use the Voigt average isotropic model of EARA2014 in the starting model. We use the same 1-D attenua-
tion model QL6 (Durek & Ekstr€om, 1996) as in EARA2014, which is fixed in the inversion.

The 410 and 660 km discontinuity depths are taken from Kustowski et al. (2008b) and are fixed in the inver-
sion. In initial structural iterations, we found thin high-velocity anomalies just below the 410 km discontinu-
ity in many regions where resolution was high. Based on this observation, we adjusted the 1-D background
model (Kustowski et al., 2008b) by slightly increasing the size of velocity jump across the 410 km discontinu-
ity. We feel these anomalies could lead to erroneous interpretation if it is just due to a slightly larger 410 km
discontinuity. Indeed, the thin anomalies do not appear in inversion results with the new starting model.
Furthermore, our starting model is consistent with waveform modeling results with respect to the size of
the 410 km discontinuity (Wang et al., 2014b). The 1-D model that we use as a reference for the later figures
showing 3-D velocity variations beneath East Asia is shown in Figure 4. Note that it is slightly faster than
several other models. We discuss the implications of the reference velocity model as well as the effect of
changing discontinuity depths in the discussion section below.

Following Panning & Romanowicz (2006), we choose to parameterize the radial anisotropy model in terms
of Voigt average isotropic P-velocities and S-velocities (VP and VS), assuming small anisotropy:

V 2
P 5

V 2
PV 14V 2

PH

5
; (11)

V 2
S 5

2V 2
SV 1V 2

SH

3
; (12)

where VPV and VPH are the velocities of vertically and horizontally propagating P waves, VSV and VSH are the
velocities of vertically and horizontally polarized S waves propagating horizontally, and three anisotropic
parameters (/, n and g):
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V 2

PH2V 2
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V 2
P

; (13)

n5
V 2

SH2V 2
SV

V 2
S

(14)

and g is a parameter related to the velocities at angles other than horizontal and vertical (Dziewonski &
Anderson, 1981). Only P-velocities and S-velocities (VP and VS) are used in the isotropic part of the model.
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To make all the parameters dimensionless, we further parameterize VP and VS in terms of perturbations
from the 1-D reference P and S model (VP0 and VS0):

VP5 11að ÞVP0; (15)

VS5 11bð ÞVS0: (16)

Since the data we use have little sensitivity to density, we scale the density to VS perturbation as (e.g., Pan-
ning & Romanowicz, 2006):

q5 110:33bð Þq0; (17)

where q0 is the reference density model in STW105. The SPECFEM3D_GLOBE code allows computation of
the full anisotropic model gradients (21 components) so that the gradients using our parameterization can
be derived through linear combinations of the different components in the full model gradients (e.g., Zhu
et al., 2015).

The velocity model is updated iteratively using the preconditioned conjugate gradient (CG) algorithm
(Fletcher & Reeves, 1964). In each iteration the search direction is determined by

di52Pgi1cdi21; (18)

where di , di21 denote the search directions in the ith and i21th iterations, respectively, P is the precondi-

tioner, gi is the model gradient of the misfit function in the ith iteration, and c5
gi 2gi21ð Þ>Pgi

gi 2gi21ð Þ>di21
is the CG

update parameter (Hestenes & Stiefel, 1952) which is reset to zero when it becomes negative (Hager &
Zhang, 2006). In the first iteration c is set to zero, which corresponds to the steepest descent method. For
the misfit gradient we multiply the individual gradient of each earthquake with Gaussian spheres that
damp out regions around the source and receiver points before summing up contributions from all the

Figure 4. Comparison between the reference model in the inversion (black) and other 1-D models for (a) P-velocities and
(b) S-velocities. ‘‘FWEA18_REF’’ is the 1-D reference used in our inversion and also for cross sections of FWEA18. Other 1-D
models are STW105 (Kustowski et al., 2008b) and AK135 (Kennett et al., 1995).
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earthquakes. The widths of Gaussian spheres at the sources and receivers are 50 and 10 km (one sigma),
respectively. This reduces the extreme gradient amplitudes in the immediate vicinity of sources and
receivers (Zhu et al., 2015). We followed Zhu et al. (2015) and smoothed the misfit gradient as well. This
can be regarded as a regularization procedure to stabilize the inversion. The smoothing kernel, a Gauss-
ian function, has a horizontal length of 30–50 km and vertical length of 15–25 km (one sigma). These
lengths are gradually reduced as the model improves in order to allow more detailed structures to be
imaged.

The preconditioner, P, should be close to the inverse Hessian (Fichtner & Trampert, 2011a; Tarantola, 2005).
In practice the Hessian is neither available nor invertible (Chen et al., 2007b; Fichtner & van Leeuwen, 2015),
and only an approximate Hessian or its diagonal terms are estimated to create a proper preconditioner (Luo
et al., 2013; Pratt et al., 1998). We approximate the diagonal Hessian based on the Hessian-random vector
product, given by the difference between misfit gradients for the actual model and a perturbed model
(Fichtner & Trampert, 2011b; Zhu et al., 2015):

Hdm � g m1dmð Þ2g mð Þ; (19)

where H denotes the Hessian, m is the current model and dm is the model perturbation. For simplicity, we
only perturbed the model parameter b by adding random values of uniform distribution between 20.01
and 0.01 on every model grid. The absolute value of Hbbdb is smoothed by a moving window average of a
radial Gaussian function (80 km one sigma), which we use to approximate the diagonal Hessian (Hbb). The
inverse Hbb is calculated by water-level division to get the preconditioner P.

To determine the step length in updating the model along the search direction, we perturb the model
along the search direction by a small amount E (0.01 in this study) to get the data perturbation:

dEu5u mi1Edi½ 	2u mi½ 	: (20)

By assuming a linear relationship between the model and data perturbations (Warner et al., 2013), the per-
turbed seismograms for any step length can be approximated as

u mi1adi½ 	 � u mi½ 	1a E21dEu
� �

; (21)

where a denotes the step length. Then a grid search was used to find the optimal a value which mini-
mizes the misfit. During each structure inversion we ran 5–10 iterations based on the changes in misfit
value.

Although other studies (e.g., Chen et al., 2015; Zhu et al., 2015) use global data sets with a different misfit
function for source inversion, we use the same misfit function (equations (1) and (2)) and the same data set
for both source and structural inversions to keep the whole inversion self-consistent. We update both
source and structural models by iterating inversions between the two. Although joint inversion of source
and structure is possible, the cross-coupling between different parameter classes requires estimation of the
Hessian, which is expensive to calculate. We did 40 iterations of structural inversion and 10 iterations of
source inversion. Then we stopped the iteration since the waveform fitting and misfit value changed little
among iterations and only small-scale changes in the model were observed, which were under the resolu-
tion limit (see the resolution test in section 5).

5. Model Assessment

In this section, we analyze the quality of the inversion results. First, we present improvements in misfit histo-
grams and examples of waveform fitting of the triplicated waves. We then analyze the model resolution
based on point-spread function tests.

We group data into six categories including the vertical and radial P-SV body waves, SH body waves, vertical
and radial Rayleigh waves and Love waves on the transverse component. In Figure 5, we compare histo-
grams of the normalized correlation coefficients (CC) and cross-correlation time shifts between the starting
and final models. We observe significant improvements for all of the body waves, but for surface waves, the
improvements are mostly on the transverse component (Love wave). The starting model predicts Love
waves systematically slower than observed (Figure 5j). This is due to replacing the Moho depth map in
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EARA2014 by CRUST1.0. Since CRUST1.0 has thicker crust in central China the Love waves are slowed down
in our starting model. The inversion is able to correct this baseline shift in the model and fits the observed
Love wave phases. Since the starting model already fits the long period Rayleigh waves quite well, the final
model only shows small improvements in Rayleigh waves (Figures 5a, 5b, 4e, and 5f).

Figure 6 shows an example of how triplicated SH waves are fit by the new model. The profile is from a deep
earthquake located in the Izu-Bonin subduction zone. Both synthetics from the starting and inverted mod-
els are compared with the observed data. Note that the starting model does a good job fitting the travel
times of the waves. This is not surprising given that model EARA2014 was derived using travel time shifts.
However, it is clearly seen that secondary arrivals are fit better between 218 and 288 by the new model (Fig-
ure 6b). These secondary arrivals are turning within the transition zone and thus provide important con-
straints on velocity variations at those depths. Figure 6c shows the starting and final models along the
profile for which the data sample. Note the far stronger transition zone anomalies required to fit the tripli-
cated waveforms. We also note that the regional average shear wave speed of FWEA18 is �1% faster than
EARA2014 in the transition zone (supporting information Figure S1). Since the travel times are already fit by
EARA2014, fitting the actual waveform shapes as in our choice of misfit function is important for resolving
transition zone structure. For the long period (�40 s) surface wave data we use, the waveform shapes are fit
quite well in the starting model except for a few second time shifts (2–3 s) that are reduced in the final
model (supporting information Figure S2).

It is difficult to determine the resolution in large-scale nonlinear inversions. The traditional checkerboard
test or spike test is often computationally prohibitive (Fichtner & Trampert, 2011a, 2011b; L�ev�eque et al.,

Figure 5. Histograms of cross correlation (CC) and travel time misfit (DT5Tobs2Tsyn) measurements for the starting model (black) and model FWEA18 (red).
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1993). There are approaches based on random probing (Fichtner & van Leeuwen, 2015) or the Fourier trans-
form of a parametric Hessian (Fichtner & Trampert, 2011a) to estimate the vertical/horizontal resolution
lengths. Here we calculate the preconditioned Hessian-vector product PHdm to assess the blurring and dis-
tortion effects in the inversion (Fichtner & van Leeuwen, 2015). To do this, we perturbed the final model by
adding a model variation dm to get the difference in the gradients (equation (19)). We used a model varia-
tion consisting of a 3-D grid of interleaved Gaussian spheres with 61% maximum amplitude and about
80 km in diameter at half amplitude. The horizontal and vertical grid spacing of the Gaussian spheres are 58

and 200 km, respectively. We use the same preconditioner (P) as in the structural inversion, which is esti-
mated based on the Hessian-random vector product as described in the previous section. The precondi-
tioner corrects the gradient amplitude for the geometric spreading, leading to physically more reasonable
updates and faster convergence (Fichtner & Trampert, 2011a). If the final model perfectly predicts the data,
PHdm is just the preconditioned gradient for the perturbed model. Thus, it can be taken as a conservative
estimate of resolution since in the actual inversion many iterations are performed. Supporting information
Figures S3–S7 show the horizontal and vertical cross sections of the point-spread functions for the Vp and
Vs perturbations, respectively. There is little trade-off between Vp and Vs and the model is best resolved in
eastern China (east of 1008E) and the marginal seas (Japan Sea and East China Sea). In the upper mantle
and transition zone, the smearing effect is generally small but in the uppermost lower mantle moderate
horizontal smearing shows up along the NE-SW direction, since most ray paths sampling this depth lie in

Figure 6. Example of triplicated SH waves. (a) The position of the cross section (black line with red dots) and the stations (blue triangles). The epicenter of a
468 km deep earthquake is located at the right end point of the cross section. (b) Compares the synthetic SH waveforms between (left) the starting model and
(right) the final model. The red lines are synthetics and the black lines are the observed waveforms. The two short vertical bars on each seismogram denote the
time window used in the inversion. (c) Compares the Vs cross sections between the (middle) starting model and (bottom) FWEA18. The triplicated SH ray paths
predicted by AK135 are overlaid.
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the NE-SW direction, and by 900 km depth the resolution is noticeably worse. Also note that the edge of
the model space is much less well resolved than in the middle, in particular we do not have detailed resolu-
tion beneath the Philippine Sea. We estimate an average resolution length of 50–80 km throughout the
upper mantle and transition zone beneath eastern China.

In our inversion the attenuation model is fixed to a 1-D global Q model (QL6, Durek & Ekstr€om, 1996). To
check the effect of 3-D anelasticity we calculate synthetics from a 3-D Q model (QRFSI12, Dalton et al.,
2008). The Q models are compared in supporting information Figure S8a. We use two earthquakes located
at shallow and deep depths, respectively (supporting information Figure S8b). The two different Q models
generate similar waveforms (supporting information Figures S9c and S9d). The correlation coefficients in
the time windows measured are mostly greater than 0.99 (supporting information Figures S8c–S8f), which
means the difference in Q has little effect on both the phase and relative amplitude that the misfit function
are sensitive to. So the main features from the inversion should be stable against unmodeled anelastic
effects.

6. Results and Discussion

6.1. Shallow Structure
The final model (FWEA18), at constant depths, is shown in Figures 7 and 8. The P and S models are shown
as perturbations relative to the reference 1-D model (FWEA18_REF) in Figure 4. Above 220 km depth, where
the model is radially anisotropic, the Voigt averaged isotropic Vp and Vs perturbations are shown (equations
(11) and (12)). From 80 to 200 km depth prominent high velocities (>5%) are associated with the subduct-
ing oceanic lithosphere beneath the Japan and Ryukyu trenches, the Ordos Block and Sichuan Basin (OB
and SCB in Figures 7 and 8) and the subducting Indian lithosphere beneath the eastern Tibetan Plateau
(IND in Figures 7 and 8). The high velocities beneath the Sichuan Basin actually extend much further than
the basin boundary so perhaps it would be better to call this structure western Yangtze Craton (Shen et al.,
2016). The fact that crustal deformation occurs around the Sichuan Basin but the mantle seems uniform
and exceptionally fast may indicate a decoupling of crust from mantle in this region. The Tarim and Qaidam
Basins, in the west, also show high shallow velocities but our resolution in this region is weaker than to the
east so we will not comment further on this region. Slow anomalies span the back arc regions (S1A and S1B
in Figures 7 and 8), beneath the South China Sea (S2) and Red River fault zone (S3), and also beneath the
Trans-North China Orogenic belt, bordering the Ordos Block, and Datong volcano (S4 in Figures 7 and 8).
The S and P anomalies visually correlate well although the amplitude of the P anomalies are generally less
than S.

The overall pattern of shear velocity variations in the shallow mantle agrees with previous surface wave
studies (e.g., Bao et al., 2015; Li et al., 2013; Obrebski et al., 2012; Sun et al., 2010; Zheng et al., 2008, 2011),
although we find higher velocity contrasts (12% at the extremes) and sharper boundaries between tectonic
units. An exception to this is the work of Shen et al. (2016) who used ambient noise and earthquake surface
waves to develop a shear model of the upper 120 km beneath the same region we have studied. Their
model shows almost a perfect correspondence in pattern to our model at 100 km depth, including the thin
slow anomaly in the Trans-North China Orogenic belt, with similar amplitude variations as well. The agree-
ment between our model and the Shen et al. model is likely due to both studies using surface waves and
accounting for wave propagation effects due to three-dimensional structure. With the addition of turning
body waves in the shallow mantle, we are able to image deeper than studies that rely only on surface
waves. Note that the Ordos Block and Western Yangtze Craton bottom at 200 km depth and little signal
associated with those regions is seen deeper. We also note a clear separation of the Yangtze Craton from
the Indian lithosphere to the west with the gap between the two located beneath the Chuandian Block.
This separation extends throughout the lithosphere (to 200 km depth) indicating mantle can likely flow
between the two lithospheric blocks and they are essentially decoupled. Finally, the western Yangtze Craton
is still prominent at 200 km depth while the Ordos Block has essentially disappeared by that depth. Assum-
ing the North and South Chinese cratons were originally similar, it appears the Ordos Block has undergone
some modification in the past, like the North China Plain to the east, and given the extremely slow velocities
in the Trans-North China Orogenic belt to the east and north of the block, Ordos Block may still be undergo-
ing erosion.
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High velocities are seen below 200 km depth beneath the Indian lithosphere (IND in Figure 8) and the Alxa
Block. In these regions we have less resolution than beneath eastern and central China. Thus we are not cer-
tain these deeper high velocities are real.

Extremely slow shear velocities are found at 100 km depth beneath the back arc region of Japan and
beneath the South China Sea. The anomalies are largely confined to the upper 100 km and are significantly
slower than the tectonically modified regions of the mainland such as the South China Block and the North
China Plain. However, in the top 100 km, the Vp/Vs ratio in the back arc regions is only moderately larger or
similar to the background average (Figure 9), which may indicate a mostly thermal origin for the slow
anomalies instead of large-scale melt. At 150 km depth, the Vp/Vs ratio is fairly large, which may correspond

Figure 7. Horizontal cross sections of relative perturbations in isotropic P-velocity at depths ranging from 80 to 800 km. The number on the left top of each figure
shows the depth and the number on the right top shows the average velocity at this depth. OB, Ordos Basin; SCB, Sichuan Basin; IND, Indian plate.
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to horizontal melt-rich layers accumulated beneath the lithosphere-asthenosphere boundary, as proposed
by Kawakatsu et al. (2009).

The largest anomalies in Vp/Vs ratio are beneath the Ordos Block and the Western Yangtze Craton, where
the Vp/Vs ratio is �3%–5% lower than the background averages above 150 km. The negative Vp/Vs anom-
aly disappears by 200 km (Figure 9d), but the high shear velocities still persist at 200 km and drop to nearly
the background average at 250 km (Figures 8d and 8e). Lee (2003) claim a low Vp/Vs ratio for depleted
mantle (low Mg#) but this is controversial (e.g., Afonso et al., 2010). If this relation is true, our observation is
consistent with studies of xenoliths which suggest deep fertile mantle underlying a chemically depleted
layer beneath cratons (e.g., Lee et al., 2005, and references there in). Lee et al. (2005) also estimate that the
chemical boundary layer beneath cratons extends to �175 km and that the thermal boundary extends

Figure 8. Same as Figure 7, but for S-velocity.
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deeper but not significantly exceeding �250 km, which is consistent with our findings in Ordos Block and
Western Yangtze Craton.

Finally, for completeness we show the SH/SV ratio in the shallow mantle (Figure 10). The results show
mostly positive radial anisotropy (SH> SV), peaking at �100 km depth (�3–5%) with decreasing strength
at greater depths. However, small to zero negative radial anisotropy (SH< SV) is also observed under NE
China, the Japan Sea and Tengchong volcano, which could be related to upwellings in the upper mantle.
We only included anisotropy with a vertical symmetry axis in our inversion, neglecting possible azimuthal
anisotropy. The Shen et al. (2016) study did include azimuthal anisotropy yet our model and their model
are remarkably similar. Thus we feel the features discussed above are unlikely to change much with the
inclusion of azimuthal anisotropy. Further investigations of anisotropy should be undertaken in the
future.

6.2. Deep Slab Structure
In our model, high amplitude anomalies below 200 km depth are almost entirely associated with subducted
slabs. In Figure 11, we show the locations of cross sections through three subduction zones sampled by our
study: the Japan subduction zone where the Pacific plate is subducting beneath the Eurasia or North Ameri-
can plates, the Ryukyu subduction zone where the Philippine Sea plate is subducting beneath the Eurasia
plate, and the Izu-Bonin subduction zone where the Pacific plate is subducting beneath the Philippine Sea
plate. The cross sections (Figure 12) are shown along small circles representing the relative motion between
the relevant plates taken from a plate model given in Rowley et al. (2016). The shear wave amplitude anom-
alies are near 5% in the slabs well into the transition zone while the P wave amplitudes are slightly lower
and a little less continuous. Also note, that in the Japan and Ryukyu subduction zones, the slabs are thin (on

Figure 9. Horizontal cross sections of relative perturbations in Vp/Vs ratio at depths ranging from 80 to 200 km. The num-
ber on the left top of each figure shows the depth and the number on the right top shows the average Vp/Vs ratio at this
depth.
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the order of 100 km thick) and show little deformation until reaching near 650 km depth. The slab in the
Izu-Bonin subduction zone is less clear and shows a change in dip within the transition zone but our resolu-
tion analysis shows the mantle to be less well resolved beneath the Philippine Sea plate.

Previous large-scale tomography studies have not shown such high amplitudes within subducting slabs
nor such clear demarcations of slab boundaries to depths well into the transition zone. To illustrate the
difference in our model relative to previous studies, we show in Figure 13 comparison of S-velocity
between FWEA18 and model EARA2014 (Chen et al., 2015) along the same cross sections through the
Ryukyu and Japan subduction zones as shown in Figure 11. Both models are shown with respect to the
same 1-D reference mantle model (Figure 4) and the 3-D crustal model (CRUST1.0). Figure 14 shows a
similar comparison with the global P model GAP-P4 (Obayashi et al., 2013). Note all three models are
clearly imaging the same structures but FWEA18 shows the anomalies as more compact and high ampli-
tude. We feel the sharper images in our new model are largely due to the added information in the wave-
forms, mostly from triplications and other multipathing but also from energy diffracted by the high
amplitude slabs. Figure 15 shows a comparison of S wave data from a deep earthquake in the Japan sub-
duction zone, as well as synthetics computed using models EARA2014 and FWEA18, for waves traveling
up the slab. Note the broadening of the waveforms starting at 98 distance and the development of large
later arrivals. Our new model fits the waveform evolution with distance as well as predicting the later
arrivals whereas the smoother EARA2014 model does not. The sharper slab boundaries (larger velocity
gradient), higher slab amplitude and the low-velocity mantle wedge in FWEA18 generate strong diffrac-
tions and multipathing, which is manifested in the waveforms as increasing broadening of pulse widths
with distance. Such observations have been studied by forward modeling (Chen et al., 2007a) and the
model proposed in their study is similar to what we get, except for a thin (�20 km) low-velocity layer
atop the slab which is beyond our resolution limit. Another cause of the difference could be the amount

Figure 10. Horizontal cross sections of radial anisotropy (SH/SV) at depths ranging from 80 to 200 km. Depths are indi-
cated on the left top of each figure.
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of regularization applied. We applied little regularization in our inversion but the main structures we find
seem reasonable. We note the width and seismic amplitude anomalies in the slabs agree with theoretical
models of subducting slabs (Stadler et al., 2010; Syracuse et al., 2010) as well as detailed travel time and
waveform studies of particular slabs (e.g., Chen et al., 2007a; Deal & Nolet, 1999; Ding & Grand, 1994;
Zhan et al., 2014).

The slab structures we find show several interesting features. We focus here on the S wave structure since
the S wave images are better resolved than P, as discussed above. The Pacific plate subducting beneath
Japan can be seen clearly to 550 km depth (Figures 8 and 12). At 600 km depth, there appears to be flatten-
ing of the slab as well as anomalies in the shallow lower mantle. Across the Japan subduction zone, the
northern section (Figures 12a and 12b) shows a zone �550 km wide with high velocity above and below
660 km depth. Little indication of higher velocities are seen to the west. The southern cross section (Figures
12e and 12f) also shows a flat section �700 km wide at 600 km depth with a lower mantle anomaly beneath
it. The lower mantle anomaly appears separated from the shallower slab by a zone with little velocity anom-
aly near 650 km depth. We will discuss this further below. Finally, the middle cross section (Figures 12c and
12d) does not show a continuous flat slab but rather complicated fast anomalies directly below the exten-
sion of the shallow slab and also some fast velocities at depth to the west. The gap in the deep slab is cir-
cled in Figure 8k and labeled TZ4. This gap is seen in some P tomography models (e.g., Li & van der Hilst,
2010) but not in others (e.g., Chen et al., 2017).

The subducting slab along the Ryukyu Arc (Figures 12g–12j) shows a different character. North of Taiwan,
the Philippine Sea plate can be seen to about 450 km depth where the slab abruptly ends. The cross section
through Taiwan island (Figure 12l) shows a reversal in subduction direction, which is inferred to be subduc-
tion of the Eurasia plate under the Philippine Sea plate (Lallemand et al., 2001). Although the subducting
Philippine plate ends at 450 km depth, a deeper high-velocity body (550–600 km depth) exists to the west
(labeled TZ2 in Figure 8). This structure is underlain by high velocities in the lower mantle at 750 km depth.
At 650 km depth, the high velocities above and below are separated by a zone with little velocity anomaly.
There is also an interesting extension of the high-velocity anomaly at 550 km to the southwest under

(a,b)

(c,d)

(e,f)
(g,h)

(i,j)(k,l)

(m,n)

(o,p)

Figure 11. Location of the eight lines of cross section for which vertical profiles are shown in Figure 12. Red dots along
the lines are marked every 58. The Holocene volcanoes are shown as red triangles.
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Figure 12. Vertical sections of P-velocity and S-velocity perturbations (along lines given in Figure 11) from the Earth’s sur-
face to 1,000 km depth. Black lines at 40, 220, 410, 670, and 900 km are drawn for reference. Earthquakes below 50 km
are shown as white dots. The flat slabs near 600 km are marked by red dashed boxes in (b) and (f). The thick dashed line
in (d) depicts the 21% contour which represents a low-velocity conduit through the stagnant Pacific slab beneath the
Changbaishan volcano. The dashed circles in (g–j) mark the gap between the subducting Ryukyu slab and the stagnant
high-velocity layers around 670 km under eastern China and the Yellow Sea.
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Southern China (TZ3 in Figure 8). This NE-SW striking structure is unconnected to structures at shallower
depths but may be associated with high velocities in the lower mantle although the lower mantle structure
is weak.

Figure 13. Comparison of Voigt averaged isotropic S-velocity perturbations of model FWEA18 with model EARA2014
(Chen et al., 2015) along lines given in Figure 11.
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The Izu-Bonin slab is clearly imaged to 350 km depth in Figures 8 and 12. Below 400 km depth, in the transi-
tion zone, there are generally high velocities beneath the Philippine Sea plate (Figures 8 and 12). The resolu-
tion analysis shown in supporting information Figures S3 and S4 shows that we do not have good

Figure 14. Comparison of Voigt averaged isotropic P-velocities between FWEA18 and GAP_P4 (Obayashi et al., 2013)
along lines given in Figure 11.
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resolution beneath the Philippine Sea plate at depths below 300 km. It is likely there are high velocities in
the transition zone in this region but we cannot image them in detail in this study, as we can for the other
two subduction zones discussed above.

The slab structures discussed above show interesting behavior near 650 km depth with several regions
showing high velocities at 550–600 km depth and high velocities from 700 to 750 km depth with a gap in
between with more subdued velocity anomalies. In Figure 8, this can be seen as a generally lower ampli-
tude range of anomalies at 650 km depth than at depths above and below. This observation may be related
to the 660 km discontinuity, thought to be due to an endothermic phase transition (Ito & Yamada, 1982).
We fixed the 660 km discontinuity depths in our inversion using model S362ANI (Kustowski et al., 2008b) as
shown in Figure 16a. The discontinuity itself is marked by a jump of 6.8% in S-velocity (4.8% in P-velocity).
Errors in discontinuity depths could result in misleading results in the tomography. For example, if we used
a 10 km shallower 660 km discontinuity than the true model in some location, the inversion should find a
10 km thick 6.8% slow S-velocity corresponding to the error in 660 km discontinuity depth. Our inversion is
incapable of resolving features that small so it is likely the inversion would find a lower amplitude slow
anomaly spread over a larger range. Local studies have been conducted investigating the topography of
the 410 and 660 km discontinuities beneath China using receiver functions. In Figure 16b, we show a
smoothed model of 660 km discontinuity depth taken from studies by Wang and Niu (2011b) and Liu et al.
(2015). Note the local studies find a 10–15 km deeper 660 discontinuity beneath eastern China. We per-
formed structural inversions using the local model for 660 depth and compare the results of these

Figure 15. Example of SH-waves traveling up the slab and recorded by Japanese stations. (a) The position of the cross section (black line with red dots) and the
stations (black triangles). The hypocenter of a 545.2 km deep earthquake is located at the left end point of the cross section. (b) Cross sections of S-velocity pertur-
bations for (top) EARA2014 and (bottom) FWEA18. The earthquake is marked as a red cross and the ray paths of upgoing S waves predicted by AK135 are overlaid.
(c) Compares waveform fits between (left) EARA2014 and (right) FWEA18. The red lines are synthetics and the black lines are the observed waveforms. The two
short vertical bars on each seismogram denote the time window used in the inversion. Note the waveform broadening and multiple arrivals due to slab
diffractions and multipathing in the data, which are better fit by FWEA18 but not by EARA2014.
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Figure 16. The effect of varying the depth of the 660 km discontinuity on inversions. (a, b) Maps of the depth of the
660 km discontinuity using (left) model S362ani and (right) from a combination of local receiver function studies. (c, d)
Compares the S-velocity perturbations at 600 km from inversions with the above two 660 km discontinuity depth models,
respectively. (e, f) The same as Figures 16c and 16d except at 650 km depth. The dashed box denotes the high velocity
generated by the inversion where the 660 km is depressed.
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inversions with our current model at 600 and 650 km depth. At
650 km depth, the inversion with a deeper 660 km discontinuity show
high-velocity anomalies over the places where the 660 km is
depressed (Figures 16e and 16f). However, at 600 km, the two inver-
sions show similar structures (Figures 16c and 16d). We conclude that
errors in the depth of the 660 km discontinuity do not affect our
model roughly 60 km above and below the discontinuity but likely
have a strong affect at depths near 660 km depth. Uncertainties in
depth migration of receiver functions are largely due to uncertainties
in the P-velocity and S-velocity structure above the discontinuities so
we prefer to use the more conservative model of discontinuity depths
provided by model S362ani (Kustowski et al., 2008b) in this study.
Migrating P and S receiver functions for discontinuity depths with
more accurate P and S mantle models will be the subject of future
work. With better constraints on the depth of the 660 km discontinu-
ity, our images at 650 km depth could well change. Finally, similar
problems to what we discussed above concerning the image at
650 km depth, also apply to the image at 400 km depth. It is likely the
problem at 400 km depth is less severe because the 410 km disconti-
nuity jump in shear velocity is significantly less than the jump at
660 km depth (5.5% versus 6.8% for shear) and the topography varia-
tions of the 410 appear to be less than observed for the 660 (e.g.,
Wang & Niu, 2011b).

6.3. Plate Reconstructions
Most of the slab features discussed above can be seen in previous P
wave tomography studies (e.g., Huang & Zhao, 2006; Li & van der Hilst,
2010; Obayashi et al., 2013; Wei et al., 2015) but less so in S wave stud-
ies. Previous models, however, generally show thick transition zone
anomalies whereas in our study we find slabs relatively undeformed
until below 550 km depth with more compact structures beneath. The
history of subduction off the coast of East Asia is complicated and
uncertain. This is primarily due to uncertainties in the evolution of the
Philippine Sea plate (see Wu et al., 2016 for a review of possible mod-
els). However, what is certain is that an enormous amount of Pacific
plate has been subducted on its north western edge over the past 50
Myr (e.g., M€uller et al., 2008). In Figure 17a, we show the evolution of
plate boundaries through time in a reference frame with Eurasia fixed
using the model given in Rowley et al. (2016). Note how the nature of
subduction zones has changed over the past 30 Ma with the Pacific
plate subducting beneath Eurasia prior to 20 Ma at the location of the
Ryukyu Islands where the Philippine Sea plate is currently subducting.
It is not our purpose to discuss the details of this model nor to advo-
cate for one plate reconstruction over another but rather to give a
basic framework for the history of subduction in the region.

To better understand the ‘‘slab’’ anomalies in our model we recon-
struct subsurface slab positions using a model of plate boundaries
and rotation poles. In Figure 17b, we show the evolution of plates in

the region to 20 Ma. We project 20 Myr of reconstructed western Pacific plate and 20 Myr of Philippine Sea
plate to the subsurface assuming a constant dip, under the Japan and Ryukyu trenches, respectively. We do
not project the subduction of the Pacific plate beneath the Izu-Bonin subduction zone. The dips we use cor-
respond to the current dips of the subducting plates determined by seismicity that are also in accord with
our seismic images to 600 km depth. For depths deeper than 600 km, we recognize that the plates do not
appear to be descending into the lower mantle along the same trajectory as for shallower depths. We show

Figure 17. (a) Locations of plate boundaries through the past 30 Ma and (b)
inferred positions of subducted plates at depth assuming slab dips given by
seismicity. The slabs are continued at the same dip below the seismicity cutoff.
The plates were rotated using poles and angular velocity given in Rowley et al.
(2016). Only sections of plate along the Ryukyu Islands and the Japan trench
were projected.
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them this way just to give an estimate of the volume of slab that has subducted in this time frame. Note
that more Pacific plate has subducted beneath the southern portion of the Japan subduction zone than to
the north.

Comparing Figure 17b with the cross section shown in Figure 12b, the descending Pacific slab from the
trench to 600 km depth under north Northeast China corresponds to �20 Myr of subduction. The stagnant
part, above the 660 km discontinuity, is measured to be �550 km long, corresponding to �5 Myr of sub-
duction. In the middle section through Northeast China (Figure 12d), there is no clear stagnant slab. The
Pacific slab is clearly seen to 600 km depth, corresponding to about 12 Myr of subduction. There is some
indication of high velocity at 660 km extending over a few hundred km laterally with some high velocity in
the lower mantle beneath. If we assume these high-velocity structures are slab, then we can account for
�22 Myr of subducted Pacific slab reaching �750 km depth. In the southern section (Figure 12f) a �700 km
wide double high-velocity layer is located above and below 660 km under the Bohai Sea (TZ2 and LM in Fig-
ures 8 and 12). According to the plate model we use, the Pacific plate to �600 km depth represents about
12 Myr of subduction. If the whole ‘‘double fast layer’’ corresponds to Pacific slab ponding around 660 km, it
represents �10 Ma of subduction, which gives a total of 22 Myr of subduction to account for all the slab we
see along this section, including slab well into the lower mantle. Alternatively, the top layer (TZ2 in Figures
8 and 12) could be detached Philippine Sea plate overlying the western end of the Pacific slab in the upper-
most lower mantle (LM in Figures 8 and 12). Note the projection of the current subduction of the Philippine
Sea and Pacific plates intersect under the Bohai Sea in Figure 11. In the study of Wu et al. (2016), they have
just this scenario although the overlying Philippine plate is shallower than in our image. Also, in their model
the Philippine plate is continuous whereas we find that if the Philippine plate is overlying the Pacific plate,
then it is detached from the currently subducting Philippine plate in the Ryukyu subduction zone. If the top
of the double layer is Philippine Sea plate, then only �5 Myr of subduction is needed to account for the
stagnant Pacific slab in the lower mantle and the total slab that we observe corresponds to �17 Myr of sub-
duction. Finally, we note that there is a continuation of fast anomalies at 550 km and deeper to the south of
the cross section shown in Figure 12f that we labeled as TZ2 in Figure 8. In Figure 17a it is seen that prior to
20 Ma, the Pacific plate was subducting beneath Eurasia to the south of the current Pacific-Eurasia-
Philippine triple junction. The TZ2 anomaly, from 550 to 800 km depth could then be Pacific plate that has
subducted during the past 30 Ma.

For the Philippine Sea slab beneath the Ryukyu subduction zone, the north and middle sections in Figures
12h and 12j show a sharp cutoff in the slab at 400–450 depth which corresponds to 10–15 Ma subduction,
according to the plate model we used, giving a total slab length of �625 km. The reconstruction of Wu
et al. (2016) predicts �900 km of Philippine plate has subducted in this location and they reference other
studies that predict even more Philippine plate has subducted there. As mentioned above, the motion of
the Philippine Sea plate in the past is uncertain. It is beyond the scope of this paper to determine a new
kinematic plate reconstruction, however, we can say that if far more Philippine plate has subducted than
the �625 km length of plate we image to 450 km depth, then the Philippine Sea plate must have had a
major tear in it separating the deeper parts of it from the shallow slab we image. Faccenna et al. (2017), fol-
lowing a suggestion of Lallemand et al. (2001), propose that the subduction of the northern extent of the
Gagua Ridge, could produce an episode of slab break-off �10 Ma. Thus, it is possible that the stagnant fast
layer at 550 km depth and below (labeled TZ2 in Figures 8 and 12) is detached Philippine Sea slab. If this is
the case, Pacific plate that subducted prior to 25 Ma must be well into the lower mantle. Alternatively, it
may be that the Philippine Sea plate subducted beneath Ryukyu trench is less than many plate models sug-
gest (e.g., Seton et al., 2012; Wu et al., 2016).

To summarize, the slabs beneath China that we imaged to �750 km depth, can be identified with about
22–25 Myr of subduction history with the caveat that there is some uncertainty in the amount of Philippine
Sea plate that has been subducted. Slab stagnation, in our model, appears to begin at 550 km depth or
even a bit deeper and thus is likely related to the 660 km discontinuity. The stagnant portion of slabs extend
only over distances of 500–700 km in the downdip direction and only represent 5–10 Myr of subduction his-
tory. If this is the case, slab stagnation in the transition zone may not represent a significant impediment to
whole mantle convection nor require an explanation beyond a viscosity increase across the 660 km discon-
tinuity (e.g., Gurnis & Hager, 1988) and the endothermic phase transition at 660 km itself (e.g., Tackley et al.,
1993). A possible exception to only relatively recently subducted slab stagnating near 660 km depth is an
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enigmatic northeast striking fast anomaly at 600 km depth that we labeled as TZ3 in Figure 8. The orienta-
tion of the anomaly as well as its location in southern China is difficult to explain by recent subduction of
the Pacific plate or the Philippine Sea plate. Li and van der Hilst (2010) observed this anomaly and inter-
preted it as slab that subducted 60–80 Ma along the southeastern coast of China. Throughout central and
northern China, we do not see any evidence for slab in the upper mantle that is even close to that old.
Therefore, we think it is unlikely that this structure is slab that subducted that long ago. Wu et al. (2016) pro-
pose that ‘‘proto-South China Sea’’ subducted 20–30 Ma in a location close to the current South China Sea.
The orientation of their proposed subduction zone is parallel to the TZ3 anomaly we image but the
location is to the east of TZ3 (see Figure 24 in their paper). Subduction of a proto South China Sea is speculative
(J. Wu, personal communication, 2017) but we propose that as a possible explanation for the TZ3 anomaly.

Finally, we image the Pacific plate subducting in the Izu-Bonin subduction zone (Figures 12m–12p). Our res-
olution beneath the Philippine Sea plate is not as good as beneath China so we hesitate to interpret the
anomalies deeper than 400 km depth seen in Figures 12g–12j, 8k, and 12l as distinct slabs. We note, how-
ever, that the Philippine plate moved northward from 20 to 30 Ma riding over the Pacific plate (Figure 17a).

Figure 18. Upper mantle structure beneath some major Holocene volcanoes. (top) Lines of cross sections. 2–4 rows: cross sections of S-velocity perturbations
through each volcanoe along different directions (08, 458, 908, and 1358 from the the north).
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Some of the deeper high velocities beneath the Philippine Sea plate may be Pacific plate consumed during
this time.

6.4. Deep Slow Anomalies
We have focused on fast anomalies in our model and related them to subducting slabs. Our model also
shows a number of slow anomalies in the deeper upper mantle although their amplitudes are not as large
as the fast anomalies. Two broad regions that show generally slower transition zone velocities are beneath
eastern Mongolia (S5 in Figure 8) and beneath the eastern sea board of South China (S6 in Figure 8). Both
regions are the sites of active volcanism. There are many eruption sites in Mongolia and northwestern
China. Beneath southwestern China, Hainan Island has been the site of several eruptions in the late Tertiary
and Holocene (Lei et al., 2009a). Figures 18b–18e show a number of cross sections through Hainan Island. It
should be noted that this region is not particularly well resolved in our model and other studies have shown
higher-resolution images (Huang, 2014; Lei et al., 2009a). The generally slow transition zone velocities in
these regions are seen in previous tomography models (e.g., Chen et al., 2015; Huang & Zhao, 2006; Li &
van der Hilst, 2010). Neither region has been associated with a deep mantle (from the core-mantle bound-
ary) upwelling (e.g., French & Romanowicz, 2014; Grand, 2002; Montelli et al., 2004; Obayashi et al., 2013;)
and thus most interpretations of the volcanism in these regions have been related to return flow from the
top of the lower mantle due to the long history of subduction in the area (Lei et al., 2009b, Li & van der Hilst,
2010; Wang & Niu, 2011a; Wang et al., 2012; Zhang et al., 2017; Zou & Fan, 2010).

More unique to our study are the existence of very narrow low wavespeed anomalies, crossing the upper
mantle, associated with a number of volcanic zones within northern China where our resolution is highest.
Tang et al. (2014) imaged a narrow ‘‘plume’’ feeding Changbaishan volcano located at the North Korea-
China border. They proposed warm mantle rises through a gap in deep slabs in the region. Their model has
been controversial. Zhao et al. (2009) and Chen et al. (2017) have proposed that Changbaishan volcano is
the result of upwelling from the top of flat slabs. Figures 12d and 183q–18t show cross sections through
Changbaishan volcano that shows a thin low-velocity zone from the top of the lower mantle to the surface.
The feature shown here is very similar to the structure imaged by Tang et al. (2014). It should be noted that
the Tang et al. (2014) study used teleseismic data and the data we used are primarily from regional earth-
quakes. The agreement in structure between the two studies leads us to believe it is a well resolved feature.
A similar feature is imaged beneath the Datong volcanic center in the north of the Trans-North China Oro-
genic belt. Figures 18g–18j show cross sections beneath Datong that show a narrow slow anomaly from the
base of the upper mantle to the surface. In Figures 18l–18o, we show cross sections beneath the Dariganga
volcanic center near the China Mongolia border. It also has a slow velocity anomaly crossing the entire
upper mantle beneath it.

The above examples of narrow slow anomalies beneath volcanoes share several features. First, they all
seem to arise from the bottom of the upper mantle (near 650 km depth) and, second, they seem to be adja-
cent to deep high velocities that we would interpret to be semistagnant slab at the base of the upper man-
tle that may be entering the lower mantle. Faccenna et al. (2010) proposed that focused upwellings should
occur at the edge of deep or fragmented slabs. We feel that the structures we have found beneath several
Holocene volcanoes are consistent with their model predictions. The fragmentation, partial stagnation and
ultimate descent of lithospheric slab into the lower mantle results in upwellings that can cause magmatism
at the surface. Whether the plume like anomalies we imaged are warm mantle, relative to a global average,
or perhaps wet is difficult to tell from our inversion results. Recall that the 1-D model we have used to pre-
sent our results, is slightly faster than the global average model, STW105 (Kustowski et al., 2008b; see sup-
porting information Figure S1), so perhaps the upwellings are close to average in velocity and the entire
transition zone beneath central and eastern China is slightly cool. We also begin to lose resolution in the
lower mantle so that the details of the source of the upwellings is difficult to discern. Future high-resolution
regional seismic studies as well as detailed geodynamic modeling may shed further light on this interesting
phenomenon.

7. Conclusions

We conducted a 3-D full waveform inversion for P and S seismic velocities in the mantle beneath East Asia
using a data set consisting of �1.35 million body wave waveforms and �72 thousand surface wave traces
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from 95 earthquakes recorded at 1,590 seismic stations. Using a misfit function that incorporates waveforms
greatly increased the resolution of our model relative to previous inversions using travel times alone. New
model FWEA18 reveals sharper, more intense structures that allows easier interpretation of the seismic
structure in terms of tectonic history. From our image, we conclude the following points.

1. We find strong seismic anomalies beneath the western Yangtze Craton and the Ordos Block with a clear
termination at 200 km depth. Vp/Vs ratio maps show an anomalously low value in the cratons indicating
a depleted mantle to 175 km depth.

2. Very slow shear anomalies at shallow depth beneath the Sea of Japan are not accompanied by an anom-
alously high Vp/Vs ratio. Whether a purely thermal anomaly can produce such low shear velocities with-
out producing a high Vp/Vs ratio will the subject of further work.

3. We find little deformation of the subducting Pacific and Philippine Sea plates until 550 km depth at
which point the slabs appear to stagnate and thicken before entering the lower mantle. Beneath north
and central China, all the slab we image can be accounted for by about 30 Ma of subduction and we pre-
sume older slab has descended into the lower mantle.

4. The Philippine Sea plate, subducting beneath the Ryukyu Islands, has a clear termination at about
450 km depth and an overall slab length of about 650 km. This may be the entire amount of Philippine
Sea plate that has subducted. If not, there must have been a tearing event in the past that separated
deeper Philippine Sea slab from the shallow part we image.

5. An enigmatic northeast trending fast seismic anomaly 600 km deep beneath southern China is difficult
to explain by recent (<30 Ma) subduction of the Pacific plate. It is possible it is the remnant of the proto-
South China Sea that Wu et al. (2016) have proposed to exist in their model.

6. We find the transition zone to be relatively slow beneath a broad region near eastern Mongolia as well
as offshore South China. Both regions exhibit active volcanism, showing a likely correlation of upwelling
from the deep transition zone and enigmatic intraplate volcanism.

7. Within China, where our resolution is best, narrow cylindrical slow anomalies that cross the entire upper
mantle are seen beneath Dariganga, Datong, and Changbaishan volcanoes. The slow anomalies are
rooted at the base of the upper mantle and tend to be adjacent to where slab is entering the lower man-
tle. The anomalies are likely upwelling mantle through gaps in the deep slab but further geodynamic
study is required to better understand them.
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