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a b s t r a c t

This study reports a compilation of reflectivity synthetic modeling for the structure of the upper mantle
transition zone with high velocity anomalies (HVA’s), associated with the northwestern Pacific subduc-
tion zones. Here, the employed method of reflectivity synthetics effectively determines the structure of
flattened HVA, i.e. stagnant slab, as triplicated regional body waves are very sensitive to the velocity dis-
continuities in the transition zone. Results show a distribution of HVA’s with or without a depression of
the “660 km” discontinuity depth, which indicates a possible variation of geochemical properties at the
bottom of the upper mantle. A hypothesis is proposed for this implication, i.e. that the structural variation
may represent the contrast between a hydrous garnet-rich layer (subducted crust) and bulk peridotite
associated with a stagnant slab, which is supported by the results of recent laboratory experiments. The
garnet-rich layer can flow and descend faster than bulk peridotite as hydrous garnet is weaker and denser
than peridotite in the transition zone. Given that the Clapeyron slope for hydrous garnet–perovskite is
positive at ∼660 km, two zones of HVA with, and without a depression in the discontinuity depth may

exist next to each other at the bottom of the transition zone. This variation of the discontinuity depths
coincides with the segmentation identified at deeper depths (>629 km) in a P-wave travel-time tomogra-
phy model although the resolution of the tomography inversion is limited to elaborate the discontinuity
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. Introduction

The fate of subducted slabs has long been a focus in mantle
ynamics. Mineral physicists predicted possible presence of stag-
ating slabs, or megaliths in the mantle transition zone (MTZ)
ssociated with phase transformation of the cold slab above the
iscontinuity depth at ∼660 km (Ringwood, 1967; Ringwood and

rifune, 1988), where ringwoodite (the gamma-Mg2Sio4 high-
ressure phase of olivine) transforms to a denser phase assemblage
perovskite + magnesiowüstite), but this phase change may be
elayed and occur at depths below 660 km due to the negative
lapeyron slope of this phase transition. In these circumstances, the
ubducted cold slab may deform and form a megalith at the base
f the MTZ (Ringwood and Irifune, 1988; Ringwood, 1994). In the
TZ, majorite–garnet is the primary mineral phase of subducted
ceanic crust (mid-ocean ridge basalt, MORB) and may persist to
epths of 660–690 km, corresponding to the range where the den-
ity of model pyrolite crosses MORB, becoming 100–200 kg/m3

enser (Irifune and Ringwood, 1993). Buoyancy of the upper MORB
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ayer may promote separation from the denser peridotite beneath,
eading to a growth of slab megalith at the base of the MTZ.
he importance of the role of the subducted crust layer is clear.
owever, recent results of seismological and experimental studies

uggest that a correction in this scenario is necessary. This correc-
ion arises largely from seismic observations on the variation of the
660 km” phase transformation depth, and new findings of man-
le rheology and phase transformation characteristics in water-rich
nvironments.

. Seismic observation of stagnant slab

.1. Long-wavelength features

In the early 1990s, seismic tomography models (van der Hilst
t al., 1991; Fukao et al., 1992) presented three-dimensional (3D)
mages of the velocity structure of the mantle, in which vari-
ble high-velocity anomalies (HVA) were detected in subduction

egimes. The stunning images of the large bulk of flattened HVA
n the MTZ, denoted the “stagnant slab”, stimulated debate about

hether subducting slabs penetrate into the lower mantle or not.
Since then a number of seismic tomography models show long-

avelength HVA structures which are interpreted to be stagnant
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Fig. 1. Images of stagnant slab (HVA, navy) captured in the tomography model of Fukao et al. (2001) in the northwestern Pacific in the depth range: (a) 478–551 km, (b)
551–629 km, (c) 629–712 km, and (d) 712–800 km. The equi-depth contours of the subduction zone are drawn from 0 to 600 or 700 km with an interval of 100 km. Note the
segmentation boundary of the HVA coincides the equi-depth contours at >629 km (dashed pink line in (c)). (e) layered seismic velocity models to represent stagnant slab
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tructure in relation to a standard model iasp91 (green): M3.11 (navy) that has HV
90 km, M.2.0 that has HVA similar to M3.11 but without depression of the discontin
erturbation. The horizontal dotted lines show the depths (such as 478, 551, 629, 71

labs above the 660 km discontinuity in the northwestern Pacific
see Fig. 1 after the model of Fukao et al. (2001)], penetration of
he HVA into the lower mantle before stagnation in the uppermost
ower mantle in the Java subduction zone, or even an extended HVA
one to the bottom of the lower mantle (Fukao et al., 2001; Grand
t al., 1997; Widiyantoro and van der Hilst, 1996; van der Hilst et
l., 1997; Grand, 2002). The lateral extent of an HVA that is shal-
ower than 551 km (Fig. 1a) is a broad, continuous region beneath
akhalin, the northeastern Eurasian plate and the Philippine Sea
late. However, the HVA region appears to be segmented at depths

elow 629 km, i.e. the HVA image beneath southeastern China is
eparated from the HVA zone beneath Sakhalin to the west (Fig. 1c
nd d).

The early generation tomography models, which were derived
sing primary P-wave travel-time data from the International Seis-

T
o
a
o
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e deeper part of the transition zone and depression of the discontinuity depth to
epth, and the tomography reference model (red solid line) with dotted lines for its
km) where the boundaries of the blocks are set in the tomography model.

ological Centre seismicity catalog, had limitations in resolving
tructure in the MTZ (Tajima and Grand, 1995, 1998). The mod-
ling algorithms of long wavelength tomography analyses do not
ecessarily have resolving ability of the structure near the phase
ransformation depth (see Inoue et al., 1990). The reference model
f Fukao et al. (1992, 2001) has a structure with a smooth increase in
elocity with depth, in which no discontinuities were included (see
ig. 1e). The 660 km seismic discontinuity depth, which is critically
mportant for slab dynamics, was included in the blocks set in the
epth range between 629 and 712 km in the tomography inversion.

hus, while tomography techniques are robust for capturing images
f anomalies, they are limited for resolving the detailed structure
ssociated with the mantle fabric distribution located at the bottom
f the MTZ. There is still a substantial variation between the models
n terms of their shorter wavelength features (Grand, 2002).



nd Pla

2
a

t
d
o
(
r
t
e
b
a
M
(

s
p
d
b
a
p
C
t

p
s
d
i
t
i
p
l

t
z
m
A
t
w
l
m
e
w
F
o

H
a
d
u
P
w
r
o
a
d
v
w
d

d
s
w
a

2

e
f
e
p
T
t
a
fl
6

e
t
t
n
(
M
f
A
t
m

t
i
r
a
d
i
a
w
t
r

H
m
t
e
A
m
A
A
t
(
T
r
a
e
f
i
s
S
2

s
(
H
b
t

F. Tajima et al. / Physics of the Earth a

.2. Broadband waveform modeling and velocity models M3.11
nd M2.0

On the other hand, seismic body waves recorded at regional dis-
ances show waveforms of triplicated arrivals due to the velocity
iscontinuities at ∼410 and 660 km and provide a strong sampling
f the MTZ as they turn in that depth range. Tajima and Grand
1995, 1998) determined layered models for the subhorizontal HVA
egion using a reflectivity method (Fuchs and Müller, 1971). Here,
he reflectivity synthetic modeling is effective to determine a lay-
red structure incorporating the secondary arrivals of triplicated
roadband waveforms that are highly sensitive to the structure
round the turning depths near the discontinuity. Models M2.0 and
3.11 thus derived delineate the MTZ structure with stagnant slab

Fig. 1e; see also Tajima and Nakagawa, 2006).
Model M3.11 is characterized by HVA of up to +3% relative to a

tandard model, iasp91 of Kennett and Engdahl (1991) in the deeper
art of the MTZ (∼525–660 km) above the discontinuity, and the
iscontinuity is depressed to 690 km. The HVA in the depth range
etween ∼525 and 660 km may represent the flattened cold slab,
nd the depression of the discontinuity depth is consistent with the
rediction by mineral physics studies in context with the negative
lapeyron slope of ringwoodite to perovskite and magnesiowüstite
ransformation (Ringwood and Irifune, 1988).

Model M2.0 represents the structure that has HVA in the deeper
art of the MTZ like M3.11 but is not accompanied by broad depres-
ion of the 660 km discontinuity depth. Whether the discontinuity
epth is depressed (M3.11) or not (M2.0), affects little the veloc-

ty at the phase transition depth, i.e. velocity is almost constant in
he range between 660 and 690 km. Note that this depth range is
ncluded in the blocks set between 629 and 712 km in the tomogra-
hy model of Fukao et al. (2001) (see the comparison between the

ayered models and the tomography reference model in Fig. 1e).
The sensitivity of the triplicated waveforms is demonstrated in

he examples of seismic data, which strongly sampled the HVA
one in the MTZ and were recorded at the Chinese Digital Seis-
ic Network station HIA for three deep focus events A5, A6 and
2 in the Kurile subduction zone (Fig. 2; see Fig. 3 for the loca-

ions). The observed P waveforms (top bold traces) are compared
ith the corresponding synthetic waveforms (thin traces) calcu-

ated using an optimum model (M3.11 or M2.0), and the other
odels including iasp91 (Fig. 2a). Note that the seismic rays of these

vents sampled the structure closely to each other in the region
here a broad HVA was captured in the tomography model (see

ig. 1) but the optimum structural model is different from each
ther.

Fig. 2b shows the triplicated seismic rays from these events to
IA. The sampling and bottoming (or turning) depths of multiple
rriving waves vary depending on the source depth and station
istance (i.e. showing whether the rays turn in the MTZ or in the
ppermost lower mantle). Fig. 2c shows the diagrams of reduced
-wave travel-times as a function of distance that were calculated
ith models M3.11, M2.0 and iasp91 for each of these events. The

ange of triplication, and the time interval between the first and sec-
ndary arrivals, vary depending on the structure whether or not it is
ccompanied by the HVA in the MTZ and a depression of the 660 km
iscontinuity, and the source depth. In other words the time inter-
als between the first and later arrivals of triplicated regional body
aves are very sensitive to the structure around the discontinuity
epth.
Using a reflectivity modeling of triplicated broadband waveform
ata, Tajima and Grand (1998) and Tajima et al. (1998) pointed out
tructural variation in the MTZ zone in the northwestern Pacific
here tomography models (e.g. van der Hilst et al., 1991; Fukao et

l., 1992) determined a large scale flattened HVA or a stagnant slab.
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.3. Variable discontinuity depths at ∼660 km

Recently we evaluated the tomographic images of HVA (Fukao
t al., 2001) using an improved data set of broadband waveforms
rom about 50 selected deep focus events (H ≥ 300 km) and sev-
ral mid-depth events (100 < H < 300 km) that occurred during the
eriod 1990–2007 (see the event information in Tables 1 and 2).
he results confirmed the details of the structural variation in
he tomographic HVA regions associated with the Kurile, Japan,
nd Izu–Bonin subduction zones with additional insight for the
attened HVAs that have a normal discontinuity depth (e.g.
60 km).

Fig. 3 shows the individual rays with structural distinction for
vents from the Kurile and Izu-Bonin subduction zones along which
he structures are distinguished among the models: (a) M3.11 by
he solid navy line, (b) M2.0 or M2.0+ by the dotted or dashed
avy line, and (c) others by the black line. Here, the M2.0+ data
dashed navy line) indicates a model that could be either the

2.0 or M3.11 model, and the term “others” includes all wave-
orms that could not be modeled using a layered structure. In
ppendix A the observed waveform data are compared with syn-

hetics calculated using an optimum model and other layered
odels (Fig. A1).
The sensitivity of the triplicated waves is best to the struc-

ure near the turning depth. The small ellipses in different colors
ndicate the approximate bottoming locations where the rays
each the bottom and turn upwards in the HVA region with

discontinuity depression (navy), or without a discontinuity
epression (light blue). The grey ellipses indicate the bottom-

ng locations of the rays for “other”. Here note that the ellipses
re illustrated just to show the bottoming locations with the
idths which are much larger than the estimated Fresnel zones

here. Fig. 4 is the summary of the structure along these seismic
ays.

Many of the body waves, which strongly sampled the regions of
VA, can be modeled using the M3.11 model, the M2.0 model, or a
odel with slight modifications to these. The HVA zones beneath

he equi-depth lines ≥500 km from Sakhalin to the west are delin-
ated by the M3.11 model well (see the rays from events A5, A4,
12, and A16 to the HIA) and bounded by the structure of the M2.0
odel (rays from A6 and Am2 to the HIA, and from A3, A7, A8,
11, and A15 to the BJT) or the M2.0+ model (from A12, A13, and
14 to the BJT). Some waveforms that propagate in the vicinity of

hese ray paths could not be modeled using a layered structure
rays shown with black lines and small gray ellipses in Fig. 3c).
he structure along the rays may have strong heterogeneity of
elatively short wavelength such as a very localized low velocity
nomaly near the deep events resulting in interference of lay-
red modeling. The anomalous broadened P wave at HIA recorded
or A2 was reported as being possible converted SV to P waves
n a localized low-velocity anomaly (LVA) zone in the stagnant
lab while no such anomaly was observed in the corresponding
H waves and P waves at other stations (Tajima and Nakagawa,
006).

Likewise, the central part of the HVA zone from the Izu-Bonin
ubduction zone to the northwest is delineated by the M3.11 data
rays from B19 and B20 to the MDJ, from B16, B18, and B28 to the
IA, and from B2, B7, B14, B21, and B28 to the BJT), and is bounded
y the structure of the M2.0 data on the northern side (A7 and A8
o SSE, B6 and B7 to HIA). There were also some waveform data that

ropagated in the vicinity of the HVA zone but could not be mod-
led using a layered model as mentioned above. The MTZ structure
eneath the southwestern Japan that is modeled with M2.0 may
ave the situation suggested by Niu et al. (2005) (see the discussion

n Section 3.3).
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Fig. 2. Example of triplicated waveforms and sensitivity of triplicated travel-time arrivals to the different structures: (a) waveform data for 30 s (bold traces) recorded at
Chinese station HIA for deep focus events (A5, A6, and A2) in the Kurile subduction zone (see the locations in Fig. 3) in comparison with synthetics (thin traces) calculated
using model M3.11, M2.0 and a standard model iasp91. (b) Triplicated seismic rays from these events to illustrate the structure of strong sampling. Each of the triplicated rays
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ither bottoms in the transition zone, reflects at the discontinuity, or bottoms below
ith models M3.11, M2.0 and iasp91 to illustrate the sensitivity of triplicated trave

tation distances for events A5, A6 and A2, respectively. The time intervals of mult
haracterize the waveforms.

In general, the regions represented by the M3.11 data adjoin
he zones of the M2.0 data. The preferred model for the structure
eyond the subduction front in the Kuriles is M2.0 (see rays from
m1 and Am4, and perhaps Am3 to the HIA). However, we admit

hat the ray sampling of the region is sparse due to the limited

istribution of seismicity and adequate stations. It is also inter-
sting to note that the boundaries between different structures
pproximately coincide with the segmentation boundaries iden-
ified (as little or no anomalies sometimes) at deeper depths in the
omography model (>629 km, Fig. 1c and d).

fl
w
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ansition zone. (c) Reduced P-wave travel time diagrams for these events calculated
s to the structural variation near the discontinuity depth. The arrows indicate the
rivals are very sensitive to the velocity structure as well as the source depths that

. Interpretation for geochemical properties

.1. Implication of variable discontinuity depths

Model M3.11 is suitable to delineate the structure of a

attened slab (stagnant slab) which consists primarily of ring-
oodite. The structural change from the M3.11 to M2.0 data

akes place via a steep gradient in space. Taking the profile
or the assemblage of ringwoodite, the lack of a depression in
he 660 km discontinuity may be interpreted using the tem-
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Fig. 3. Seismic rays with structural distinction for events (shown with stars; see Tables 1 and 2) from the Kurile and Izu-Bonin subduction zones to stations HIA, BJT, MDJ or
SSE along which the structures are inferred from the waveform modeling in terms of (a) M3.11, (b) M2.0 or M2.0+, and (c) others. The event ID’s of A5, A6 and A2 are slightly
enlarged and underlined in (a), (b) and (c), respectively. The small ellipses in different colors show the bottoming locations with (navy) or without (light blue) depression of
the 660 km discontinuity. The gray ellipses show the bottoming areas of seismic rays for which layered models do not explain the observed waveforms sufficiently.

Table 1
List of deep focus events in the Kurile subduction zone.

Event ID Date Time (UT) Lat (◦N) Lon (◦E) Dep (km) Mag (�, ı, �)

A1 1990/04/21 22:56:54.22 47.49 139.02 490.4 mb 5.5 46, 68, 160
A2** 1990/05/12 04:50:09.00 48.89 141.86 606.0 mb 6.3 172, 29, −151
A3** 1990/08/20 00:03:52.80 46.17 142.31 309.0 mb 5.7 170, 61, 29
A4** 1991/07/05 10:58:28.50 47.82 145.82 465.0 mb 5.5 316, 35, −5
A5** 1992/03/27 20:28:14.80 47.92 147.10 454.0 mb 5.5 23, 40, 122
A6** 1992/05/22 16:19:53.70 49.44 147.81 568.0 mb 5.6 159, 47, 126
A7** 1992/06/16 05:51:03.70 45.70 142.26 317.0 mb 5.7 43, 58, 173
A8* 1993/01/24 21:30:51.08 45.71 142.17 306.6 5.7 63, 38, −147
A9 1994/04/28 18:30:02.70 45.66 142.00 304.4 mb 5.5 None
A10 1995/02/18 13:29:05.35 46.73 145.88 335.3 mb 5.6 59, 39, 149
A11* 1995/03/10 05:22:21.28 46.08 143.50 336.7 5.8 66, 64, −177
A12* 1997/11/28 06:10:47.49 47.11 145.60 390.6 mb 5.6 255, 14, −73
A13* 1999/02/05 14:37:51.62 47.48 147.15 391.0 Mw 5.8 253, 27, −17
A14* 2000/07/10 09:58:18.67 46.85 145.38 352.7 Mw 5.8 290, 36, −24
A15* 2002/02/09 16:56:07.77 46.02 142.72 344.2 Mw 5.5 49, 35, 146
A16* 2002/03/07 00:07:06.41 47.85 146.96 433.6 Mw 5.6 1, 9, 57
A17* 2002/11/05 08:47:26.62 48.98 142.30 604.9 Mw 5.6 314, 52, 6
A18 2002/11/17 04:53:47.65 47.99 146.40 456.4 mb 5.8 316, 9, 30
A19 2003/07/27 06:25:31.76 47.10 139.21 467.5 Mw 6.7 61, 44, 158
A20b 2004/11/07 02:02:26.17 47.95 144.48 474.0 Mw 6.1 231, 60, 154

Am-1* 2002/10/16 10:12:23.42 51.87 157.26 123.3 Mw 6.2 101, 18, 163
Am-2* 2004/07/08 10:30:47.13 47.16 151.37 123.0 Mw 6.3 127, 33, −161
Am-3* 2006/05/22 13:08:02.95 54.27 158.45 197.0 Mw 6.2 262, 19. −51
Am-4* 2007/05/30 20:22:12.60 52.14 157.31 116.0 mb 6.4 110, 11, 180

*, ** results are shown; ** see also (Tajima and Grand, 1995, 1998); Events with an ID of Am-no. occurred at mid-depths (100 < H < 300 km).
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Table 2
List of deep focus events in the Izu-Bonin subduction zone.

Event ID Date Time (UT) Lat (◦N) Lon (◦E) Dep (km) Mag (�, ı, �)

B1* 1990/04/14 08:00:14.41 27.28 140.06 464.1 mb 5.6 13, 47, −31
B2* 1990/08/05 01:34:57.84 29.51 137.70 521.7 mb 5.9 28, 52, −177
B3** 1992/01/20 13:37:03.00 27.98 139.40 499.0 mb 5.8 47, 40, −157
B4 1992/06/29 16:04:12.66 27.80 139.60 532.1 mb 5.8 52, 47, −146
B5* 1992/08/29 19:19:05.50 33.19 137.97 289.0 mb 5.9 75, 14, 159
B6** 1992/10/30 02:49:48.10 29.24 138.97 370.0 mb 5.8 43, 40, −150
B7* 1993/07/05 15:20:57.71 30.27 138.94 418.0 mb 5.5 92, 45, −140
B8* 1993/07/20 13:26:04.49 27.37 140.06 464.2 mb 5.6 133, 47, −138
B9* 1993/10/04 06:39:16.11 30.60 137.77 479.8 mb 5.5 45, 54, −138
B10* 1993/10/11 15:54:21.20 32.05 137.80 347.0 mb 6.0 93, 9, −179
B11* 1995/07/07 21:15:19.70 33.97 137.12 333.0 mb 5.8 328, 15, 75
B12** 1995/07/29 16:18:44.80 30.35 138.38 436.0 mb 5.5 73, 19, 175
B13 1996/03/16 22:04:06.72 28.97 138.98 481.5 mb 5.9 68, 213, −163
B14* 1996/05/19 21:19:08.61 28.79 139.80 412.2 mb 5.6 140, 20, −120
B15 1996/06/26 03:22:05.31 27.70 139.88 491.3 mb 5.5 110, 25, −135
B16* 1996/10/18 16:44:48.50 33.78 137.51 341.0 mb 5.7 11, 14, 94
B17* 1998/02/07 01:13:39.13 24.74 141.84 552.3 mb 5.7 128, 31, −122
B18* 1998/06/01 07:35:51.00 33.93 136.10 403.1 mb 5.6 329, 12, 63
B19* 1999/01/12 02:32:28.90 26.73 140.25 476.0 Mw 5.9 10, 51, −27
B20* 1999/07/03 05:30:11.91 26.30 140.56 449.5 Mw 6.1 15, 44, −43
B21* 1999/12/05 22:00:32.54 29.89 138.76 432.0 Mw 5.7 85, 41, −178
B22* 2000/01/10 16:40:44.45 27.32 140.04 476.3 Mw 5.7 155, 47, −127
B23* 2000/06/09 22:35:15.30 30.43 137.70 490.8 Mw 5.8 286, 53, −37
B24 2000/06/09 23:31:46.03 30.45 137.75 494.0 Mw 6.2 245, 36, −77
B25* 2000/10/27 04:21:53.95 26.26 140.56 412.3 Mw 6.1 142, 24, 148
B26* 2002/06/03 09:15:02.04 27.45 139.91 506.9 Mw 5.8 100, 22, −137
B27 2003/11/12 08:26:43.95 33.24 137.05 381.8 Mw 6.3 50, 34, 156
B
B

S

p
a
m
a

28b* 2005/02/22 11:20:25.28 33.18
29b 2005/04/19 01:46:56.95 29.64

ee the notations in Table 1.
erature which is normal beneath the flattened slab (Tajima
nd Grand, 1998). However, the observed structural change is
ore rapid than that expected from the temperature gradient

ssociated with a cold slab. Instead, we postulate a variable

d
u
l
i

Fig. 4. Summary of the structural variation in terms of M3.11, M2.0 or M2.0
137.15 369.5 Mw 5.6 54, 25, 141
138.89 425.8 Mw 5.9 69, 31, −166
istribution of geochemical properties at the bottom of the
pper mantle where the contrast of a hydrous garnet-rich

ayer (subducted crust of MORB origin) versus bulk peridotite
s involved. Two recent experiments under high-pressure and

+, and others (see the caption of Fig. 1 for the equi-depth contours).
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Fig. 5. Schematic illustration of stagnant slab: (a) side view. The phase transformation depth near 660 km is depressed in the center of the stagnant slab and the depression
gradually disappears toward the boundary of the stagnant slab; (b) cross-sections along B and C in (a). The lateral boundaries of HVA at the bottom of the transition zone
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indicated by W′) are recognized in the segmented tomography images as well as
agnesiowüstite, respectively. The lateral extent of HVA at shallower depths (illustr

one in the tomography images (see Fig. 1a).

igh-temperature conditions provide supportive feedback for this
ypothesis.

.2. Supporting results from experiments

Sano et al. (2006) showed that the Clapeyron slope of garnet to
erovskite in hydrous MORB at ∼660 km is positive, and suggest
hat there may be no depression of the phase transformation depth
f the temperature associated with the slab is lower than 1200 ◦C.
nder these conditions, the M2.0 model may delineate a structure

hat consists primarily of hydrous garnet (subducted crust of MORB
rigin) at the bottom of the upper mantle. Then the next question
s, “why and how does the garnet-rich zone of the subducted crust
xist next to the zone of ringwoodite that is modeled with the M3.11
odel?”
A more recent experiment provides new evidence for a weaker

trength garnet-rich layer than the olivine dominant mantle under
ater-rich conditions (Katayama and Karato, 2008) while dry gar-

et is considered to be harder than olivine (Karato et al., 1995).

n this case, the hydrous garnet-rich subducted crust can flow and
escend over the bulk peridotite in the MTZ as MORB has a higher
ensity than that of pyrolite in the MTZ (Irifune and Ringwood,
993). Here, note that the rheology experiments were carried out

s
b
o

w

he waveform modeling. Scr, pv, and mgw denote subducted crust, perovskite and
s W along B) is broad and continuous from the Kuriles to the Izu-Bonin subduction

t a relatively low-pressure (P = 2 GPa), and a large extrapolation
s needed when these results are applied to the conditions exist-
ng near the 660 km discontinuity. Nonetheless, a systematic study
n garnet with various compositions and analog materials has
hown that garnet follows the homologous temperature scaling
aw (Karato et al., 1995). Accordingly, this scaling predicts that the
onditions where garnet is weaker than mantle phases (wadsleyite
nd ringwoodite are likely harder than olivine (Xu et al., 2005)) are
till within the possible range of water content in the MTZ (COH
1000 ppm H/Si).

.3. Schematic model

Fig. 5 gives a schematic model: (a) a side view of the subducting
lab, and (b) a cross-section along B and C in (a), which show the slab
t a shallower depth and at the bottom of the MTZ, respectively. The
ateral extent (W) of the subducting plate is broad, and no segmen-
ation is observed at shallower depths (cross-section A to B, also

ee Fig. 1a). The subducting slab flattens as it enters the MTZ, and
ulk high-pressure phase of peridotite (ringwoodite) accumulates
ver the depressed phase boundary (modeled using M3.11).

The subducted crust, i.e. the garnet-rich layer that is denser and
eaker than peridotite, may flow over and descend faster than the
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ulk peridotite. Accordingly, an M2.0 zone is formed beyond the
ront and at the sides of the flattened slab in the MTZ. This may
esult in a segmentation of the plate and also cause a reduction
n strength and deformation of the subducted slab. The tomogra-
hy images show a segmentation in the distribution of the HVA

n the deeper MTZ (>629 km in Fig. 1c and d), which may suggest
he boundaries of the subducted slab (illustrated by W′ for cross-
ection C in Fig. 5b), as well as the structural boundaries recognized
n the waveform modeling (Figs. 3 and 4).

However, some of the regions that were modeled with the M2.0
odel may have the situation of a subducting slab as illustrated

long profile B in Fig. 5a, i.e. the subducted cold slab enters the
TZ but has not reached the phase transformation depth. A receiver

unction analysis determined such situation existed in the seismic
elocity structure for the MTZ beneath the Philippine Sea plate (Niu
t al., 2005). The distribution of the possible hydrous garnet rich
ayer at the bottom of the MTZ is yet to be explored as the seismic
ampling of the region is still too sparse to refine it.

. Discussion and summary

We reiterate that the seismic rays of the regional waves bottom
n and sample strongly the MTZ, and the relative time intervals
etween the first and later arrivals in triplicated waveforms are
ery sensitive to the structure near the discontinuity. Thus, we
ffectively determined the variation of the discontinuity depth
ssociated with the flattened part of the subducted slab (stagnant
lab) using an improved data set of regional broadband waveforms.

.1. Velocity models and measured properties

The mantle composition properties estimated by seismic stud-
es, which are not unambiguous, can be checked for various
onditions and validated through synthetic high pressure and
emperature experiments. However, there have been only limited
elocity measurements on majorite (the high-pressure phase of
arnet) in laboratory experiments (e.g. Sinogeikin and Bass, 2002;
ono et al., 2007; Irifune et al., 2008). A study on the seismic velocity
f the garnet-rich layer in the MTZ (Shen and Blum, 2003) has dis-
ussed garnet having a lower seismic velocity than the surrounding
antle (pyrolite) (Ita and Stixrude, 1992), but its exsolution to Ca-

erovskite at depths deeper than 600 km (Irifune and Ringwood,
987) may increase the velocity (Duffy and Anderson, 1989), and
he inclusion of stishovite (about 10 vol%) in MORB (Li et al., 1996)

ay also contribute to an increase of velocity.
Recently, Kono et al. (2007) show that the garnetite with a

ORB composition has significantly lower P- and S-wave veloc-
ties than wadsleyite and ringwoodite with a composition of
Mg0.9,Fe0.1)2SiO4 under the pressure conditions of the MTZ. How-
ver, the ultrasonic P- and S-wave velocity measurements of dry
aterials were performed at pressures up to 14.3 GPa at room tem-

erature, and then the estimates of elastic properties for the MTZ
ondition has been made with a large extrapolation. They also
ointed out that the MORB majorite has very different bulk and
hear moduli from those of the Mg end-member garnets and sug-
est possible misleading interpretations for seismic wave speed
tructures should they adopt elastic properties of simple end-
embers under the MTZ conditions.
Irifune et al. (2008) carried out combined in situ X-ray and
ltrasonic measurements under the pressure and temperature
onditions of the MTZ and showed that majorite exhibits sub-
tantially lower velocities relative to wadsleyite and ringwoodite.
owever, they also suggested the possibility of progressive for-
ation of CaSiO3-rich perovskite (which has high velocities) from

z
w
a
m
d
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he majorite phase leaving possible support for the increase of the
eismic velocities at the bottom of the MTZ (Irifune et al., 2008).
he experimental technology has advanced in recent years, but the
ontrol of experimenting in situ high pressure and temperature con-
itions in the MTZ is still limited having substantial uncertainties in
he estimated elastic properties. Thus, the subducted crust (hydrous

ajorite) accumulated at the bottom of the MTZ that is represented
y the M2.0 model is plausible given the present state of rheological
nowledge.

The structure that could not be modeled using a layered model
n the vicinity of the M3.11 or M2.0, like the one which was sam-
led by the waveform recorded at HIA from event A2, may be a
ery localized anomalous narrow zone with fluid or melt produced
rom dehydration of hydrous slab materials (Tajima and Nakagawa,
006). A recent study of seismic waveform modeling using a 3D
nite difference method provides supportive results for the exis-
ence of a highly localized or very narrow LVA due to melts or
uids (Nakagawa and Tajima, submitted for publication). This study
howed that the broadened P waveform was produced as the results
f SV to P conversion at the LVA zone. However, the LVA zone has
ery little effects on the travel times of P or SH waves since it is
ery narrow. The phase relationship of peridotite–2 wt% water to
pressure of 30 GPa is complicated due to the lateral tempera-

ure gradient with the cold-slab geotherm (Ohtani et al., 2004),
hich may result in a distribution of very localized anomalous

ones.

.2. Tomography image of stagnant slab

As was pointed out for the tomographic models, first arriv-
ng P waves used in the inversion of ISC travel-time data do not
ecessarily sample the MTZ structure strongly, and have very lit-
le resolution for the structure around the 660 km discontinuity
epth. The smooth structure as a function of depth of the refer-
nce model also limits the resolution of the structure in the depth
ange between 629 and 712 km. Nonetheless, Nakagawa and Tajima
submitted for publication) confirmed the stable but blurred image
f stagnant slabs in the tomography model of Fukao et al. (2001)
lthough the actual size of a stagnant slab should be smaller than
he image. They applied the tomography perturbation to a 2D or
D model constructed from iasp91 with or without a lowered dis-
ontinuity depth to 690 km and computed synthetic waveforms
sing a finite difference method. The synthetic waveforms are
ery close to the waveforms which are modeled either with M3.11
r M2.0.

Published models suggest that the Pacific plate has subducted
t the Kurile to Japan trenches since 84 Ma continuously while
he formation of the Philippine Sea plate ∼50 Ma was followed by
n eastward trench retreat ∼30–17 Ma and westward advance of
lesser extent since 17 Ma (Seno and Maruyama, 1984). For the

outhern Kurile subduction zone the volume of subducted slab in
he past 17 My is estimated by the thickness of slab ∼80 km times
0 cm/year times 17 My (Tajima and Grand, 1998; Tajima et al.,
998). This volume is roughly equivalent to the volume of a stag-
ant slab estimated from model M3.11, i.e. the thickness of 170 km
imes the extent of less than 1000 km.

The result suggests that the stagnant slab either moves
omewhere else out of the MTZ, or descends further into the
ower mantle. The tomography image in the deeper transition

one (>629 km) indicates segmentation of the subducted plate
hich had a broad extent at shallower depths (see Fig. 1a, b,

nd c). The characteristics of variable geochemical properties
ay have caused the plate segmentation that affects the slab

ynamics.
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.3. Variable geochemical properties and relative flow speed

Based on the rapid change of the discontinuity depth, we pos-
ulated a variable distribution of geochemical properties at the
ottom of the upper mantle, i.e. a hydrous garnet-rich layer (sub-
ucted crust of MORB origin) is represented by model M2.0 and
ulk peridotite by M3.11.

We roughly estimate the relative flow speed of a hydrous garnet-
ich layer over bulk peridotite by adopting a simple model of a one-
imensional channel flow on an inclined plane (see Problem 6-4 in
urcotte and Schubert, 2002). The velocity profile u in the channel
s given by

= � · g · sin ˛

2�
(h2 − y2) (1)

here h is the thickness of the flow (originally crust), y is the coor-
inate measured perpendicular to the inclined plane (y = h is the
urface of the plane), ˛ is the inclination of the plane to the horizon-
al, � is the viscosity, and g is the gravity acceleration. The average
peed of the flow is given by

˜ = � · g · h2 · sin ˛

3�
(2)

Replace � in (2) with the density contrast of MORB versus
yrolite which is 200 kg/m3 (Irifune and Ringwood, 1993) as our
oncern is to estimate just the relative flow speed. If a value
f h = 7.00E + 3 m (7 km) is used for the crustal thickness, and
= 9.8 m/s2, � = 1.00E + 19 Pa s, and ˛ = 45◦ are used for the gravity
onstant, viscosity, and the angle of inclination in (2), the average
ow speed ũ is calculated to be 2.26E–09 m/s or about +7.0 cm/year
relative to the plate subduction). This order of the relative flow
peed is comparable to the speed of mantle convection and suit-
ble to assume the accumulation of the subducted crust next to the
ulk peridotite over the discontinuity.

.4. Summary
This study attempted to reduce the gap between long-
avelength seismic tomography and mineral physics studies,
rimarily using a broadband waveform analysis of triplicated
egional body waves. Results elaborate the structure near the dis-
ontinuity depths, effectively supplement the resolution data from

t
a
t
e
p
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omography modeling, and provide additional insight into the
roperties associated with stagnant slabs. Numerical modeling may
e helpful to synthesize the slab dynamics accounting for variable
istribution of geochemical properties associated with stagnant
labs (Tajima et al., 2005).
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ppendix A

The observed waveform data (bold traces on top) are compared
ith the synthetics (thin traces) calculated using a reflectivity
ethod and the layered models (Fig. A1). Here, the waveforms with
good S/N are selected for comparison (see the list of events in

ables 1 and 2). The observed waveform data are retrieved for a
ime window of 30 s that starts 5 s prior to the theoretical arrival
ime calculated with iasp91. The time intervals of triplicated arrivals
re tested for an optimum model. Groups a, b and c correspond to
he groups in Fig. 3, i.e. the optimum structural model for group a
s M3.11, that for group b M2.0, and that for group c is others.

The synthetic waveforms calculated with an optimum model
second traces from the top) are in good agreement with the
bserved waves and distinguished from those calculated using
ther models. The time intervals between the first and later arrivals
re very sensitive to the velocity structure around the turning
epths along the rays as well as the source depths and propaga-

ion distances (see Fig. 2). On the other hand the calculated first
rrival times using the layered structures do not necessarily fit
he observed ones. The reflectivity synthetic modeling with a lay-
red structure is often limited to fully model the waveforms which
ropagated through the 3D structure in the subduction zone.
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Fig. A1. Observed waveform data (bold traces on top) in comparison with synthetics calculated using different models (thin traces) in groups (a) M3.11, (b) M2.0 or M2.0+,
and (c) others that correspond to the groups (a), (b) and (c) shown in Fig. 3. The source depth, station distance (deg) and azimuth (deg) are labeled below each of the event
ID’s.
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Fig. A1. (Continued )
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Fig. A1. (Continued )
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Fig. A1. (Continued )
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Fig. A1. (Continued )
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Fig. A1. (Continued ).
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