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deep earthquakes occurring beneath northeast China. Velocity-spectrum and beam-forming analyse

reveal that this arrival has a lower slowness value than the direct P wave and a back azimuth slightl

different from the great-circle direction. The measured slowness and arrival time indicate that it is
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We observe a clear seismic arrival at �35–45 s after the direct P wave in USArray recordings of tw

transmitted S to P conversion from structures below the sources. We employ the common-conversion

point (CCP) stacking and diffraction migration methods to determine the location and geometr

features of the seismic structures. The CCP stacking image indicates that the structure is a localize

discontinuity at �1000 km with a dimension at �200 km by �50 km along the E–W and N–

directions, respectively. It is located at �150 km northeast to the two events. The 2D migrated image

on the other hand, indicate that the sources structure are reflectors dipping northeastwards by �171 a
a slightly shallower depths. The reflectors have a length scale of �100 km ant their centers are �50 km

away from the epicenters of the two earthquakes. Forward waveform modeling suggests that th

dipping reflectors may be thin layers with a thickness of few kilometers. The layers have a lower shea

velocity and a higher density than that of the surrounding mantle, which matches well with thos

predicted for mid-ocean-ridge basalt (MORB) at mid-mantle depths, according to a recent ab initi

study. Combined with the results from previous studies, our observations here suggest that the forme

oceanic crust may be ubiquitously present in the lower mantle beneath subduction zones.

& 2013 Elsevier B.V. All rights reserved
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1. Introduction

Many seismic studies have revealed that the Earth’s lower mantl
is featured by two large lower velocity structures beneath Africa an
central Pacific, known as the Africa and Pacific Large-Low-Shear
Velocity Provinces (LLSVPs), surrounded by seismically fast anomalie
that are interpreted as the subducted slabs in later Mesozoic an
Cenozoic (Dziewonski, 1984; Su et al., 1994; Grand et al., 1997
van der Hilst et al., 1997; Ritsema et al., 1999). The origin an
evolution of the two LLSVPs, however, have remained poorly under
stood (e.g., Ohta et al., 2008; Schuberth et al., 2009; Zhang et al., 2010
Dziewonski et al., 2010; Nakagawa and Tackley, 2010). There ar
speculations that the LLSVPs are piles of dense mid-ocean-ridg
basalt (MORB) accumulated above the core–mantle boundar
(CMB) (Ohta et al., 2008; Nakagawa and Tackley, 2010). Mappin
subducted oceanic crust in the lower mantle thus is crucial t
understanding whether oceanic crust can sink to the CMB to form
the two large piles.
-
).
f
o

V. All rights reserved.

atural Gas Research Institute,

xue Road, Changping, Beijing,
Kaneshima and Helffrich (1998, 1999) observed strong cod
waves from teleseismic recordings in western US from deep earth
quakes occurring in Mariana and interpreted them as the S to
converted waves from scatterers in the mid-lower mantle depth
The scatterers appeared to be thin lower velocity layers with hig
dipping angles, which led them to speculate that the scatterers ma
be former oceanic crust subducted into the lower mantle. In th
paper, we define a volumetric anomaly with an arbitrary shape as
scatterer, and a thin layer with distinct velocity/density as a reflecto
As such a reflector is a special type of the broadly defined scatterer
Niu et al. (2003) found a strong seismic reflector at �1100 km dee
beneath the Mariana subduction zone. The reflector is a �12 km
thick layer with an S-wave velocity of 2–6% lower and a density 2–9
higher than those of the surrounding mantle. The difference in P
wave velocity is rather trivial (o1%). Due to the lack of data on th
elasticity of oceanic crust at lower mantle condition at the time,
was not conclusive whether the observed reflector is a piece o
subducted oceanic crust or not. In addition to these studies, severa
recent studies also suggested these reflectors exist over a wide rang
of depth (�800–1850 km) beneath various subduction zones sur
rounding the Pacific (e.g., Kaneshima and Helffrich, 2003, 2009, 2010

Besides the lower mantle reflectors, there were also reports o
the existence of sharp discontinuities at depths from 900 t
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1100 km in the middle mantle (Kawakatsu and Niu, 1994; Niu
and Kawakatsu, 1997; Vinnik et al., 1998; Vanacore et al., 2006)
Possible causes of these mid-mantle discontinuities, however, have
remained poorly understood. It is unclear whether these disconti
nuities are related to the seismic reflectors as mentioned above. In
this study, we analyze an unusual later arrival recorded by the
USArray from two deep earthquakes occurring in NE China. We
employ seismic imaging techniques to locate the source structure
and utilize forward waveform modeling to estimate the seismi
properties of these structures. With the newly available minera
physics data, our goal is to better constrain the nature of the lowe
mantle reflectors, as well as to understand whether the two types o
seismic structures being reported previously are caused by resolution
ambiguity in the short-period data.
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2. Data and analysis

The seismic data used in this study are recorded by the
transcontinental USArray (Fig. 1), which consists of 400þ trans
portable broadband seismic stations. Although the primary goal o
the USArray deployment is to obtain high-resolution seismic
images of the North American lithosphere, with an aperture o
more than 2000 by 1000 km, the USArray is also ideally suited fo
detecting weak signals associated with small-scale 3D structure
within Earth’s deep interior around the globe. We use seismogram
of two deep focus earthquakes occurring in the border region o
China, Russia and North Korea (Fig. 1b). The two earthquake
USAr

05/19/2008

50
0 

km

60
0 

km

02/18/2010

A

B

Fig. 1. Maps showing (a) the source–receiver geometry, (b) geographic locations of

dashed lines indicate the Wadati–Benioff zone. Line AB indicates the location of t

(c) geographic locations of the USArray stations. (For interpretation of the reference

Table 1
Source parameters and the estimated S to P conversion depths.

Origin time Epicenter

Date Time Lat.

(deg.)

Lon.

(deg.)

05/19/2008 10:08:36.31 42.503 131.872

02/18/2010 01:13:19.51 42.587 130.703

a Source depth relocated based on the differential time of pP–P.
occurred in the May 19 of 2008 and February 18 of 2010
respectively. Details on the origin time, hypocentral location, and
magnitude of the two events are listed in Table 1
The deployment of USArray stations at one site is approximately
18 months, so the two events were recorded by two sets of station
with slightly different locations, as indicated by the black and blue
triangles in Fig. 1c, respectively.

We show part of the USArray seismograms of the two event
in Fig. 2a and b, respectively. All the seismograms are aligned
along the direct P wave, and plotted as a function of epicentra
distance. Major arrivals based on the 1D iasp91 velocity mode
(Kennett and Engdahl, 1991) are indicated by lines. The record
sections show a clear arrival at �35–45 s after the direct P wave
that is not predicted by the iasp91 model. This later phase
exhibits a P-wave particle motion (i.e., the dominant motion i
observed on the vertical component), and its arrival time appear
to be inversely proportional to focal depth. The 02/18/2010
earthquake occurred approximately 50 km deeper than the
05/19/2008 event, and we find that the later arrival shows up
�5 s earlier in the records of the 02/18/2010 event. These
observations suggest that this arrival is likely an S to P converted
phase from a structure located below the sources (Kawakatsu and
Niu, 1994; Niu and Kawakatsu, 1997; Vinnik et al., 1998
Kaneshima and Helffrich, 1998, 1999, 2003, 2009, 2010; Niu
et al., 2003; Vanacore et al., 2006).

The raw broadband data are first pre-processed by a decon
volution of instrument response, and then by a convolution with
the WWSSN (WorldWide Standardized Seismograph Network
ray

the two deep earthquakes near the border of China, Russia, and North Korea. White

he depth cross section of the CCP stacking and migration images shown in Fig. 3,

s to color in this figure, the reader is referred to the web version of this article.)

Depth Mw ‘1000’ km

(km)

ISC pP–Pa

513 520 5.7 1043

577 569 6.9 987
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Fig. 2. (a) A portion of the USArray records of the 05/19/2008 deep earthquake. Straight lines indicate theoretical arrival times of the major body waves computed from the

iasp91 model. Note that a clear arrival at �40–45 s after the direct P wave (indicated by red arrows) can be seen in most of the individual seismograms. The phase has a

slightly negative slowness compared to the P wave. (b) Record section of the 02/18/2010 event. Note that in this case the unexpected phase arrives at 35–40 s after the

direct P arrival, a few seconds earlier than those observed from the 05/19/2008 event. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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short-period instrument response. The WWSSN short-period pas
band appears to possess the best signal-to-noise ratio (SNR) fo
the direct P and the later arrivals. Seismograms with a SNR45 ar
selected and further filtered with a 1 s low-pass filter. Th
seismograms are subsequently aligned such that the maximum
amplitude of the direct P wave, which is normalized to unity
occurs at time zero.

In general, waves converted from S to P (SdP) at a structur
located below the source arrive at a teleseismic station wit
incident angles steeper than the direct P wave, as they hav
smaller values of slowness, the reciprocal of the apparent velocit
(Kawakatsu and Niu, 1994; Niu and Kawakatsu, 1997). To est
mate the relative slowness of the late arrivals with respect to th
direct P wave, we compute the vespagram for each event b
stacking the seismograms along linear moveouts correspondin
to a range of slownesses (Kawakatsu and Niu, 1994; Niu an
Kawakatsu, 1997). We vary the slowness between �1 and 1 s/deg
with an increment of 0.01 s/deg., which results in a total of 20
stacked traces. Amplitude of a particular arrival shown on the stacke
data varies significantly, and reaches its maximum when th
assumed slowness agrees with its incoming apparent velocity. W
use both the linear and 2nd-root stacking method (Muirhead, 1968
Kawakatsu and Niu, 1994) in summing the seismograms.
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3. Results and discussion

The vespagram of the 05/19/2008 event is shown in Fig. 3a. Th
�40 s later arrival exhibits a negative relative slowness of 0.21 s/deg
with respect to the P wave, suggesting that it is indeed an S to
converted phase from an anomalous structure below the source. Th
vespagram also shows another S to P conversion phase at 12.5 s wit
a slightly negative slowness, �0.03 s/deg. (Fig. 3a). We use iasp9
velocity model and the relocated focal depth of 520 km, which wa
determined by Wang and Niu (2010) using global pP–P travel tim
data, to estimate the S to P conversion depths and obtain a depth o
660 km and 1043 km for the first and second later arrivals, respec
tively. The predicted slowness of S1043P by the iasp91 model
�0.15 s/deg., which is slightly larger than the observed slownes
As shown below, this discrepancy is likely caused by the dipping o
the source structure. We further use the beam-forming techniqu
(e.g., Aki and Richards, 1980) to measure the back azimuth of th
S1043P arrival relative to the great circle ray path, and find it
incoming direction is approximately 0.51 away from the back azimut
defined by the source and receiver (Fig. 3b). Both observation
suggest that a 3D seismic structure is involved in generating th
deeper conversion. When conducting the beamforming, in order t
account for travel time anomalies caused by 3D heterogenities in th
crust and mantle, we first align the direct P waves to the predicte
arrival times of the iasp91 model.

The source time function of the Mw 6.9 02/18/2010 event i
�10 s long and appears to be complicated. After removin
instrument response and converting the raw velocity records t
the displacement data, we further stack all the USArray record
within 901 to obtain the source time function. The displacemen
records are then deconvolved with the source time function t
generate the Green’s functions. The vespgram using 2nd-roo
stacking and the beamforming result are shown in Fig. 3c and d
respectively. The largest later arrival is observed at 33.7 s after th
direct P wave with a slowness of �0.12 s/deg. The arriva
direction is also slightly off (�11) from the great-circle ray path
Using the iasp91 velocity model and a relocated source depth o
569 km (Table 1), we obtain a conversion depth of 987 km.

3.1. Discontinuity or low-velocity layer

Fig. 4a shows the stacked waveforms of the S660P and S1043P i
comparison with the direct P wave. The two S to P conversio
phases have nearly the same waveform as the direct P wave, an
possess a relative amplitude of �0.04 and �0.08 with respect t
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Fig. 3. (a) Normalized energy of the 2nd-root-stacked waveform of the 05/19/2008 event is plotted in color contour as a function of slowness and arrival time relative to

the direct P. Hotter color clusters represent greater energy and may represent possible phase arrivals. Two lateral arrivals with negative slowness are clearly shown in the

vespagram, suggesting that they are S to P conversions at seismic structures located below the earthquakes. (b) Beam power showing the arrival slowness and back

azimuth of the S1043P phase relative to the great circle. Note that a logarithmic scale is used in the vespagram to illustrate the amplitude contrast between the P and later

arrivals, while a linear scale is used in the beamforming to elaborate the amplitude contrast between the S1043P and background noise level. Results of the slant stacking

and beamforming with the data of the 02/18/2010 event are shown in (c) and (d), respectively. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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the P wave (Fig. 4a). If the conversion occurs at a sharp
discontinuity, then a �10% increase of S-wave velocity is required
to generate the observed amplitude of the S1043P phase based on
reflectivity synthetics (Kennett, 1983).

In order to investigate the nature of the dipping structure, we
compute synthetic seismograms for sharp discontinuities, gradua
transitionanl boundaries, and thin layer structures, using the
Thomson–Haskell matrix propagator method (Haskell, 1962)
The synthetic seismograms are filtered in a similar way as the
data. Our forward modeling indicates that short-period data have
no resolution on whether a discontinuity is a first-order disconti
nuity or a gradual transitional boundary with a thickness o
r5 km. Our synthetic tests also suggest that even a lowe
velocity layer with a thickness of a few kilometers can explain
the observed relative polarity and amplitude of S1043P/S660P
shown in Fig. 4a. Fig. 4b shows a comparison of the S to P
converted waves computed from two types of velocity bound
aries: a 5-km-thick discontinuity and a 7-km thick low-velocity
layer. The velocity and density contrasts across the discontinuity
are taken from the 660-km discontinuity of the iasp91 model
The low velocity layer has an S-wave velocity and a density
respectively, 4% lower and 5% higher than the surrounding
mantle. The P-wave velocity is kept the same as the background
model. We choose this model based on the velocity structure o
the reflector beneath the Mariana subduction zone reported by
Niu et al. (2003). Using S-to-P reflection just before the critica
angle, Niu et al. (2003) found that the S-wave velocity and density
within the reflector are, respectively, 2–6% lower and 2–9% highe
than those of the surrounding mantle. There is no significan
difference in P-wave velocity between the reflector and the
surroundings. The model that best matches the S to P reflection
has a similar P-wave velocity, 4% lower S-wave velocity and 5%
higher density compared to the surrounding mantle, which i
used here to compute the synthetic seismogram shown in Fig. 4b
The synthetic seismogram computed from either model seems to
be able to replicate the relative polarity and amplitude between
the S660P and S1043P. We have considered the dipping effect of the
reflector in computing the synthetics. The northeastward dipping
of the reflector (Fig. 4b) increases the incident angle of the S wave
which significantly boosts the transmitted coefficient of the S to P
conversion.

3.2. Locating seismic reflectors

We first use a common-conversion-point (CCP) gathering
method (Gilbert et al., 2003; Niu et al., 2004) to back projec
the observed S to P conversion energy to their origins. For an
assumed conversion depth d, we first calculate the ray path of the
converted SdP phase and its arrival time relative to the P wave by
ray tracing the 1D iasp91 velocity model for each source–receive
pair. Since the P-wave ray segment of the S to P conversion phase
is nearly identical to that of the direct P wave, and latera
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Fig. 4. (a) A comparison of the stacked waveforms of the direct P, S660P, and S1043P

waves. They are linearly stacked at slowness of 0.0, �0.03, and �0.21 s/deg.,

respectively. Note that the two converted phases have nearly identical waveform

to the direct P wave, and that the amplitude of the S1043P is almost twice as large

as that of the S660P. (b) Thomson–Haskell synthetic seismograms of the S to P

conversion at a 5-km thick transitional 660-km discontinuity and a 7-km thick

low-velocity layer are shown with the two schematic models. Note that the

waveform of the two converted phases is roughly similar and the conversion at

the lower-velocity layer has higher amplitude than the conversion at the

discontinuity. Both match well with the observations shown in (a).
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heterogeneities below 400 km are relatively weak compared t
those in the upper mantle, we expect that 3D volumetric hetero
geneities have very limited effects on our images. If there is a 1
unmodeled velocity anomaly in the transition zone and the lowe
mantle, the misprediction on the arrival time of the S660P an
S1043P using iasp91 model is �0.12 s and 0.43 s, respectively
which translates to an error of �1.2 km and �4.3 km in th
estimated depths of the two S-to-P conversions. We divide th
study area (43.01N to 44.51N, 132.01E to 134.01E) into 0.11 by 0.1
grids and use a circular cap with a radius of 0.51 for gathering th
S to P conversion data. We vary d from 600 to 1200 km i
increments of 1 km, and linearly sum the seismograms withi
each cap. Fig. 5a shows a depth cross section from the 3D CC
stacking volume. The cross section lies in the great-circle plan
that connects the earthquake and the geometric center of th
array (line AB in Fig. 1b). The S660P and S1043P phases shown o
the vespagram are clearly projected back to nearly flat structure
with a lateral extension of �150 km at 660 km and 1043 km
depths, respectively, although the latter is slightly tilted towar
the northeast.

The observed seismic features of the S1043P here are ver
similar to those of the S to P conversion phases that have bee
identified in other subduction zones (Kawakatsu and Niu, 1994
Niu and Kawakatsu, 1997; Vinnik et al., 1998; Vanacore et al
2006). Because it has a linear moveout and relatively uniform
amplitude across the array, a flat velocity discontinuity is gen
erally considered to be the cause of the conversion phase, since
spatially limited reflector is expected to generate an S to
conversion with a hyperbolic time–distance moveout. Howeve
we find that the linear movement observed here does no
necessarily argue against a reflector. Assuming a reflector locate
at the centroid of the S1043P conversion points of the array shown
we find that the difference in the predicted S to P scattering tim
and the S to P conversion time is rather small, less than 0.1
(Fig. 6) and is thus indistinguishable from a flat discontinuity. W
thus utilize a migration technique to better image the spatia
extent of the structure.

The migration is performed along the great-circle plane con
necting the source and the geometric center of the USArray (lin
AB in Fig. 1b). We divide a fan section below the source into grid
of 0.011 by 1 km along the lateral and radial direction, respec
tively. For each source–receiver pair, we compute the S to
conversion time at each grid by ray tracing the S-wave ra
segment between the source and the grid and the P-wav
segment from the grid to the receiver using the iasp91 mode
For the same reasons stated above, we expect effects from 3
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unmodeled structure on the migrated image are insignificant
The moveout correction at each grid point is then calculated by
taking the difference between the S to P scattering time and the
travel time of the direct P wave. Amplitudes at the sampling
points closest to the predicted moveout times are then summed
to produce the S to P conversion strength at each grid point
Fig. 5b shows the migrated image of the 05/19/2008 event. The
�40 s later arrivals here are back projected to a northeastward
tilted structure at �1000 km with a dip of �171. A detailed
comparison between the CCP predicted times and the time
predicted by S to P conversion from the dipping structure
indicates that the observed arrival times are better explained by
S to P conversion at the dipping reflector (Fig. 6).

As noted before, the short-period data of the 05/19/2008 even
have no constraints on whether the observed dipping structure i
a discontinuity or a thin lower velocity layer. Here we argue tha
the latter is more plausible for two main reasons: (1) the stacked
Green’s functions of the 02/18/2010 event suggest that the late
phase begins with a small negative pulse that is more consisten
with a lower velocity layer; (2) the large velocity jump and
relatively large dipping required by the data are very difficult to
be explained by a either a phase change or compositiona
boundary. Thus we favor the latter as the interpretation of the
dipping structure. More specifically, we speculate that the late
arrival originates at a reflector located at �1000 km deep righ
below the two sources (grey filled areas in Fig. 7a), rather than a
a sharp discontinuity at �1043 km deep located at a few
hundreds of kilometers away from the two earthquakes (open
squares and circles in Fig. 7). Based on the dominant frequency
(0.5–1 Hz) of the S to P conversion phase, we speculate that the
thickness of the thin layer is �6–12 km.

The seismic structure observed here appears to be very simila
to the dipping reflector observed by Niu et al. (2003) beneath the
Mariana subduction zone. Both suggests that the reflectors have
higher density, lower S-wave velocity and no significant P-wave
velocity anomaly when compared to the surrounding mantle
Based on the observed geometric and seismic properties of the
reflector, Niu et al. (2003) speculated that it is likely a piece o
former oceanic crust, which could either separated from o
attached to the main subducting lithosphere. However, the
speculation was made without robust mineral physics data on
the seismic properties of MORB in the lower mantle condition
A recent ab initio calculation of the elasticity of oceanic crust with
a MORB composition find that oceanic crust is �2% denser than
the pyrolytic mantle under lower mantle pressure condition
(Tsuchiya, 2011). Its shear and bulk sound velocities are approxi
mately �2% slower and faster, respectively, than the surrounding
mantle at �30 GPa (�1000 km) and 4120 GPa (lowermos
mantle). Our observations are compatible with the predicted
elastic properties of oceanic crust, suggesting that the observed
reflector is likely a fragment of subducted ocean crust.

Many tomography models (Fukao et al., 2001; Huang and
Zhao, 2006; Li and van der Hilst, 2010) indicate that the subduct
ing Pacific plate starts to bend and lies flat within the transition
zone beneath northeast China. The total length of the flat high
velocity anomaly shown in these models is o2000 km, much les
than the volume obtained from studies of plate reconstruction
(Engebretson et al., 1992), which suggests that roughly 5000 km
of Pacific plate, has subducted at the Japan trench during the pas
50 Ma. Although the limited resolution in seismic tomography
may have contributed to this discrepancy, it is conceivable tha
part of the subducted Pacific slab may have sunk deep into the
lower mantle. In fact, many of the tomographic images also show
high velocity anomalies in the uppermost lower mantle that can
be interpreted as subducted slab materials. Li and Yuan (2003
found that the 660-km discontinuity is moderately deep over a
broad area, and is locally depressed by 435 km where the slab
encounters the discontinuity. This also suggests that part of the
slab penetrates into the lower mantle when it reaches the
boundary and piles up in the transition zone in response to the
resistance from the lower mantle. Our observations here are
consistent with this scenario.

We further speculate that the large volume of high velocity
anomaly in the transition zone obtained by tomography studies
together with the reflectors observed here forms a megalith
(Fig. 8) as proposed by Ringwood and Irifune (1988). The
subducted oceanic crust is compositional buoyant immediately
below the 660-km before its decomposition into perovskite
although it is denser than its surroundings over most of the
depth range of the mantle. While this compositional buoyancy
can result in trapping of young slabs in the transition zone, the
large thermal initial of a mature plate, like the one beneath the
study area, can lead to deeper slab penetration and the accumula
tion of large amount of slab materials across the 660-km
discontinuity, which eventually sink into the lower mantle
The formation of a megalith may partly be attributed to the
‘‘soft’’ nature of a subducting slab due to the fine grain size o
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Fig. 8. A cartoon showing the stagnant slab with a local penetration into the lower

mantle beneath NE China. The slab pile appears like a megalith proposed by

Ringwood and Irifune (1988). The later arrival observed here is generated at one of

many fragments of former ocean crust with a favorable orientation.
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ringwoodite (Yamazaki et al., 2005). We speculate high deforma
tion rates within the megalith could separate former oceanic crus
from mantle into different fragments, allowing them to drop int
the lower mantle separately from the rest of the oceanic litho
sphere. If this scenario has been occurring within the megalith
one would expect a large number of reflectors in the lowe
mantle, which can be in principle imaged with favorabl
source–receiver geometry. In fact, various reflectors at depth
from �800 km to �1850 km (Kaneshima and Helffrich, 1998
1999, 2003; Kruger et al., 2001; Niu et al., 2003) have bee
observed beneath the Mariana subduction with arrays in Austra
lia, Japan and North America. Thus it is plausible that thes
reflectors are ubiquitous in the lower mantle near subductio
regions, and may ultimately aggregate to form the low-velocit
piles at the base of the mantle. On the other hand, if the oceani
crust stays with subducting slabs as shown by some dynami
modeling (Gerya et al., 2004), then the presence of seismi
reflectors in the deep lower mantle is a strong evidence fo
continuous subudction of slabs deeper than 1800 km depth
where slabs are less clearly shown in the tomographic image
(van der Hilst and Karason, 1999).
4. Conclusion

We observe an unexpected later arrival at the USArray record
of two deep earthquakes beneath NE China. Using array proces
sing techniques, we find that the arrival is best explained by a
S to P conversion from a dipping structure at about �1000 km
While synthetic tests suggest either a discontinuity or a thin low
velocity layer can explain the observed short-period data, w
argue that the latter is the more physically likely source for th
S to P conversion, as the required seismic properties agree we
with those predicted for the subducted oceanic crust.
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