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a b s t r a c t

We determined the depths of the 410-km and 660-km seismic discontinuities (called “410” and “660,”
respectively, hereafter) beneath the Philippine Sea and the northwestern Pacific by the receiver function
method; we used the broadband data obtained from broadband ocean-bottom seismographs. We found a
very deep “660” at 691 km in the stagnant slab beneath the Philippine Sea. In the surrounding Philippine
Sea regions and northwestern Pacific, the “660” appears at depths of 659–674 km. Comparison of the “660”
depth and P-velocity anomalies indicated that temperatures in the stagnant slab are lower than that in
the mantle transition zone (MTZ) beneath the northwestern Pacific by about 500 K. The temperature in
the MTZ beneath the Parece Vela Basin and West Philippine Sea Basin, which surrounds the stagnant slab,
is lower than that in the MTZ beneath the Pacific by about 200 K. The water content in the stagnant slab
ditor
ark Jellinek

eywords:

(∼0.2 wt% H2O) is higher than that in the other regions; however, the large uncertainty in the estimated
water content (±0.2–0.3 wt% H2O) prevents us from arriving at a definitive conclusion regarding the
presence of water in the stagnant slab. Therefore, it is desirable to use other geophysical parameters (e.g.,
electrical conductivity) along with the seismic parameters in order to obtain an accurate estimate of the
water content in the MTZ.
tagnant slab
ater content
antle transition zone

. Introduction

The presence or absence of the water in the mantle has great
mplications for the dynamics and evolution of the earth (e.g.,

illiams and Hemley, 2001; Rüpke et al., 2006), since the water
ecreases the viscosity (e.g., Dixson et al., 2004) and solidus tem-
erature (e.g., Karato and Jung, 1998). There is increasing evidence
or the transport of water into the upper mantle beneath subduc-
ion zones (e.g., Shito et al., 2006; Iwamori, 2007; Kawakatsu and

atada, 2007). The oceanic crust and sediment in a subducted slab
n the upper mantle are dehydrated, and the released water reduces
he solidus temperature of the materials in the overlying upper

antle. This results in magma production, which is responsible for
rc volcanism (e.g., Tatsumi, 1989). However, the depth to which

ater can penetrate the mantle transition zone (MTZ) and the lower
antle has not yet been clarified. The MTZ, which lies between

he 410-km and 660-km seismic discontinuities (called“410” and
660”, respectively), can act as a large water reservoir (e.g., Smyth,

∗ Corresponding author. Tel.: +81 468 67 9750; fax: +81 468 67 9315.
E-mail address: dai@jamstec.go.jp (D. Suetsugu).

031-9201/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.pepi.2010.09.004
© 2010 Elsevier B.V. All rights reserved.

1987; Inoue et al., 1995; Kohlstedt et al., 1996). Wadsleyite and
ringwoodite can store up to 2–3 wt% of water and hence have
greater storage capacity than do olivine in the upper mantle and
perovskite and magnesiowüstite in the lower mantle (e.g., Bolfan-
Casanova et al., 2003; Ohtani et al., 2004; Mosenfelder et al., 2006;
Inoue et al., this issue). Extensive studies have been performed to
demonstrate the presence of water in the MTZ from seismic struc-
ture (e.g., Van der Meijde et al., 2003; Suetsugu et al., 2006; Meier et
al., 2009; Yamada, 2009) and electrical conductivity structure (e.g.,
Ichiki et al., 2006, 2001; Huang et al., 2005; Yoshino et al., 2008;
Dai and Karato, 2009; Kelbert et al., 2009). However, no conclusive
results have been obtained thus far.

There are three possible routes for the transportation of water
into the MTZ. (1) The subducted oceanic crust can transport water
even after dehydration in the uppermost mantle. Recent experi-
mental and simulation studies have indicated that the crust should
be fully dehydrated before it reaches the MTZ (Iwamori, 2007).

(2) Water may be transported from the “mantle” of a subducted
slab (Rüpke et al., 2004), because of which deep earthquakes may
occur (Omori et al., 2004). (3) The overlying upper mantle may be
hydrated by the water released from a slab in the upper mantle.
The water may be transported into the MTZ by the downgoing flow

dx.doi.org/10.1016/j.pepi.2010.09.004
http://www.sciencedirect.com/science/journal/00319201
http://www.elsevier.com/locate/pepi
mailto:dai@jamstec.go.jp
dx.doi.org/10.1016/j.pepi.2010.09.004


D. Suetsugu et al. / Physics of the Earth and Planetary Interiors 183 (2010) 270–279 271

F

a
2

a
d
“
F
(
w
S
t
w
d
(
b
S

2

P
p
a
t
s
a
r
F
w
P

Table 1
Coordinates of stations used in the present study.

Station code Latitude (◦N) Longitude (◦E) Seafloor depth (m)

T01 19.688 127.018 5276
T02 22.047 130.875 5894
T03 26.491 132.999 5328
T05 23.734 134.995 4866
T06 29.989 134.975 4626
T07 27.901 135.924 5265
T08 25.767 137.005 4896
SWSB1 27.767 137.012 4915
SWSB2 27.767 137.012 4915
T09 30.669 137.322 4266
T11 22.670 137.984 4786
T12 27.498 138.513 4688
T13 24.973 139.297 4793

ever, in many cases, the Ps waves from the “410” and “660” are
not sufficiently large to be analyzed in individual radial-component
records; this is because of the small P-to-S conversion coefficient
and waveform complexity, which in turn is due to a source effect.
igure 1. Station locations (a) and event distribution (b) used in the present study.

long a subducted slab (Iwamori, 2007; Kawakatsu and Watada,
007).

In the present study, we address the second possibility described
bove for the region beneath the Philippine Sea, where the sub-
ucted Pacific slab is considered to be horizontal on or below the
660” (stagnant slab) (Okino et al., 1989; Van der Hilst et al., 1991;
ukao et al., 1992, 2001). The stagnant slab covers a large area
500 km × 500 km) in the MTZ, and this facilitates the detection of
ater in the slab. We employ the methods proposed by Blum and

hen (2004) and Suetsugu et al. (2006) to determine the water con-
ent and temperature anomalies in the MTZ; for this determination,
e use the seismic velocity as well as depth of the “660.” Recent
eployment of long-term broadband ocean-bottom seismographs
BBOBSs) in the Philippine Sea enables direct observation of the
ody waves traveling in the stagnant slab beneath the Philippine
ea.

. Data

Ocean-bottom geophysical observations were carried out in the
hilippine Sea and northwestern Pacific (Shiobara et al., 2009) as
art of an interdisciplinary project, “Stagnant Slab Project,” which
lso includes high-pressure experiments and computer simula-
ions (see Section 1 of this special issue). After neglecting the
tations where the instruments could not function satisfactorily

nd/or the data recorded were too noisy, we analyzed the data
ecorded at 16 BBOBSs for the period 2005–2007, as shown in
ig. 1a and Table 1. Among these BBOBSs, SWSB1 and SWSB2
ere in operation before the commencement of the Stagnant Slab

roject, and their locations were almost the same as the loca-
T17 29.326 145.333 5794
T18 27.142 147.174 5582
T19 23.993 148.009 5772

tion of T08. Development of the BBOBSs was commenced in the
1990s by the Earthquake Research Institute, the University of
Tokyo (Kanazawa et al., 2001). Each BBOBS has a three-component
CMG-3T broadband sensor (Guralp Systems, Ltd.) that continuously
records data sampled with 24-bit and 100-Hz resolutions and stores
the recorded data in two 40-GB hard disk drives. The observations
reveal good spatial coverage of the P-to-S converted waves at the
“410” and “660” in the stagnant slab and its vicinity (Fig. 2). The epi-
central distances of the earthquakes used here ranged from 30◦ to
90◦ (Fig. 1b), and the magnitudes of these earthquakes were greater
than 6. In total, 127 earthquakes were selected for the present
study.

3. Method

We employed the receiver function method to determine the
depths of the “410” and “660.” A discontinuity beneath a station
is expected to generate a P-to-S converted wave, which arrives
after the P wave and is dominant in the radial component. How-
Figure 2. Sub-regions. STS (stagnant slab region); IZB (Izu-Bonin Back-arc region);
PVB (Parece Vela Basin); WPB (West Philippine Sea basin); PAC (Pacific Ocean).
Crosses are P660s piercing points at a depth of 660 km. P-velocity perturbations
near “660” (Obayashi et al., 2006) are drawn in the background. The color scale for
the P-velocity perturbation is given in percentage.
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and water content ıw (in wt%) immediately above the “660” are the
igure 3. Receiver functions for the stagnant slab region. Theoretical arrival time
urves of P410s and P660s computed from the iasp91 model are also shown.

o suppress the source effect, the radial component of a P wave is
econvolved by the vertical-component P wave, which is defined
s a receiver function (Langston, 1977; Owens and Crosson, 1988).
low-pass Gaussian filter with a corner period of 10 s is used to

educe the large noise from the oceanic waves. As the source effect
s suppressed, we can stack the receiver functions for a number of
vents having different source processes and thus enhance weak Ps
onversion waves. We employ the velocity spectrum stacking (VSS)
ethod (Gurrola et al., 1994) and identify large stacked amplitudes

n order to locate discontinuities. The receiver functions for differ-
nt events are stacked for grids of conversion depths ranging from 0
o 800 km with a 1 km interval and average S velocities ranging from
2.5 to +2.5% with a 0.1% interval; in this interval, we can account

or the lateral velocity variations observed beneath the analysis
egion. The reference model used for the time-to-depth conversion
s iasp91 (Kennett and Engdahl, 1991), and the lateral velocity vari-
tions are accounted for by using the existing three-dimensional
-velocity models. To compute the average S velocity beneath each
tation, we use the CRUST2.0 model (Bassin et al., 2000) for the
rustal structure and the global S-velocity model (Ritsema and van
eijst, 2000) for the mantle structure. We compute the confidence

evels for the discontinuity depths by using the bootstrap method
Efron and Tibshirani, 1986). In this method, the receiver functions
re randomly resampled (300 times) prior to stacking. See Suetsugu
t al. (2005) for more details.

. Results

We divided the analysis region into five sub-regions on the basis
f tectonic setting, as shown in Fig. 2: the stagnant slab, the Parece
era Basin (south of the stagnant slab), the West Philippine Sea
asin (southwest of the stagnant slab), the Izu-Bonin Back-arc (east
f the stagnant slab), and the northwestern Pacific. We classified the
eceiver functions into five subsets, which correspond to the afore-

entioned sub-regions, on the basis of the pierce points of the Ps
aves at the “660.” Fig. 3 presents the receiver functions for the

tagnant slab region. Signal alignments occurred near the expected
ravel times of the P410s and P660s waves, but their amplitudes
lanetary Interiors 183 (2010) 270–279

were too small for them to be analyzed individually. We then
stacked the receiver functions in each sub-region to enhance the Ps
energies from the mantle discontinuities. Fig. 4 shows the stacked
amplitudes plotted in the space of the conversion depth and the
average S velocity; plus marks denote the “410” and “660” positions
identified by assuming average S velocities. Stacked amplitude vari-
ation with conversion depth is presented in Fig. 5 to show the
statistical significance of the P410s and P660s signals. Fig. 6 shows
the estimated depths of the “410” and “660” for the sub-regions.
The “410” depth beneath the Pacific Ocean was 396 km, which was
shallower than those beneath the Parece Vera basin and the Izu-
Bonin back arc regions of the Philippine Sea. This was consistent
with the shallow “410” oceanward of the Japan Trench deduced
from P-waveform analysis (Obayashi et al., 2006). For the West
Philippine Sea Basin and stagnant slab region, the scatter in the
receiver functions was large near the “410,” and signals from the
“410” were below the 95% confidence level. In contrast, signals from
the “660” were greater than the confidence level for all sub-regions.
The “660” was deepest (691 km) in the stagnant slab region, mod-
erately deep beneath the Parece Vera Basin (674 km) and the West
Philippine Sea Basin (670 km) regions, and comparable to the global
average (e.g., Flanagan and Shearer, 1998; Gu et al., 2003) beneath
the Pacific Ocean (662 km) and the Izu-Bonin Back-arc (659 km).
The very deep “660” was confined in the stagnant slab, and there
was a sharp contrast in the “660” depths of 20–30 km between the
stagnant slab and its surrounding regions. While this contrast has
been suggested by previous regional studies that were carried out
using triplicated P waves (e.g., Shito and Shibutani, 2001; Tseng
and Chen, 2004), the seafloor observation of P660s waves that were
directly sampled in the “660” beneath the stagnant slab revealed
the abrupt depth change of the “660” in greater detail.

5. Estimation of temperature and water content

We estimate the temperature anomalies and water content in
the region immediately above the “660,” from the tomographically
determined P-velocity anomalies and the “660” depths obtained
in the present study. For this purpose, we take into account the
equilibrium post-spinel phase change. We assume that the dis-
continuity depths and P-velocity have a linear dependence on the
temperature anomalies and water content. We ignore the effect
of anelasticity on the seismic velocity because this effect can be
minor in the cool stagnant slab, of which the anelasticity effect
is relatively weak. For simplicity, we ignore other compositional
factors such as Mg/(Mg+Fe) since the effect of Fe content on the
pressure associated with the post-spinel phase change is small (Ito
and Takahashi, 1989). We express the velocity perturbation and
discontinuity depths in terms of temperature and water content as
follows:

ıV = ∂V

∂T
ıT + ∂V

∂w
ıw

ıd = ∂d

∂T
ıT + ∂d

∂w
ıw,

(1)

where ıV and ıd are the seismic velocity perturbation (P-velocity
perturbation in km/s in the present study) determined from the
one-dimensional laterally averaged model of the earth and the
deviation of the discontinuity depth from the global average (in
km), respectively. We consider 660 km the average “660” depth
(Flanagan and Shearer, 1998). The temperature anomaly ıT (in K)
unknown variables in these equations. The estimated water content
and temperature are expressed as relative values with respect to
the global average, and therefore, the estimated water content can
be a negative value.
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Figure 4. Velocity spectrum stacking (VSS) plots for sub-regions STS, IZB, PVB, WPB, and
S-velocity tomographic models (see text for details). Amplitudes of stacked receiver functi
to the Ps conversion depths and average S-wave velocity perturbations. The determined d
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on water content) may be the most unconstrained parameter of
the four partial derivatives in the high pressure and temperature
conditions of the MTZ. For ringwoodite, it has been estimated at
−0.23 km/s/wt%H2O from Inoue et al. (1998), −0.15 km/s/wt%H2O
igure 5. Stacked and depth-converted receiver functions for the sub-regions. The
5% confidence levels are shown by shaded areas.

The partial derivatives ∂V/∂T, ∂d/∂T, ∂V/∂w, and ∂d/∂w are
hosen by referring to experimentally obtained values (Table 2).
y assuming the peridotite composition immediately above the
660,” we adopt ∂V/∂T of −3.5 × 10−4 km/s/K in the present study
y following Irifune et al. (2008), who reported the temperature
ependence of elastic moduli for ringwoodite and majorite (major
inerals of the peridotite in the MTZ) under the high pressure and

emperature conditions of the MTZ.

The values of ∂d/∂T are obtained from the Clapeyron slopes of

he post-spinel phase change. We tentatively adopt −2.0 MPa/K for
he Clapeyron slope in the present study (0.06 km/K for ∂d/∂T). In
he discussion, we change the value from −1.0 MPa/K to −3.0 MPa/K
o examine the sensitivity of the obtained temperature and water

able 2
artial derivatives used in Eq. (1).

Dependence on
temperature

Dependence on
water content

P-velocity −3.5 × 10−4 km/s/K (∂V/∂T) −0.2 km/s/wt% H2O (∂V/∂w)
“660” depth −0.06 km/K (∂d/∂T)
Clapeyron
slope of
−2.0 MPa/K

2.7 km/wt% H2O (∂d/∂w)
PAC. The average S-velocity anomalies (vertical axis) are computed using existing
ons are normalized to 20% of the direct P-wave amplitudes and shown with respect
epths of the “410” and “660” are denoted by pluses.

content to the Clapeyron slope, because experimental values range
from about −3 MPa/K (Ito and Takahashi, 1989; Irifune et al., 1998;
Akaogi and Ito, 1993) to about −2 MPa/K or smaller (Bina and
Helffrich, 1994; Katsura et al., 2003; Fei et al., 2004; Litasov et al.,
2005).

We use the partial derivative ∂d/∂w (dependence of the “660”
depth on water content) of 2.7 km/wt% H2O in the present study.
This is based on high-pressure and high-temperature experiments
showing that the post-spinel phase boundary is depressed by
8–15 km under water-saturation conditions (e.g., Higo et al., 2001;
Litasov et al., 2005). The water content dependence of the discon-
tinuity depths is rather weak, and the estimated temperature and
water content are insensitive to the ∂d/∂w value chosen (Suetsugu
et al., 2006) as shown in Section 6.

The partial derivative ∂V/∂w (which is dependence of P-velocity
Figure 6. “410” and “660” depths for the sub-regions. The color map is same as in
Fig. 2.
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Table 3
“660” depth, number of data for “660” depth determination, P-velocity anomaly, temperature anomaly, and water content.

Sub-region “660” depth (km) Number of data P-velocity anomaly (km/s) Temperature anomaly (K) Water content (wt% H2O)

Stagnant slab 691 ± 6 76 +0.14 ± 0.02 −508 ± 93 +0.19 ± 0.19
3 ± 0.
6 ± 0.
3 ± 0.
0 ± 0.
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Izu-Bonin Back-arc 659 ± 4 48 +0.0
Parece Vela Basin 674 ± 9 67 +0.0
West Philippine Basin 670 ± 7 41 +0.0
Pacific 662 ± 8 37 0.

rom Wang et al. (2003), and −0.4 km/s/wt% H2O from Jacobsen et
l. (2004) under ambient conditions. Recently, Jacobsen and Smyth
2006) measured sound velocities of ringwoodite at a pressure of
0 GPa (and room temperature) and indicated that hydrous and
ry P velocities are similar to each other. The values for majorite,
nother major component in the MTZ, have not yet been mea-
ured. We tentatively adopted −0.2 km/s/wt% H2O as ∂V/∂w in the
resent study, but we will examine the sensitivity of the estimated
emperature and water content to ∂V/∂w in Section 6.

We use the “660” depth deviations from the global average and
heir standard deviations obtained by the present study (Fig. 6 and
able 3) as ıd values and their uncertainties, respectively. The val-
es of ıV are taken from the GAP-P1 model (Obayashi et al., 2006).
he GAP-P1 model was obtained using more than seven million P
rst arrival times reported to the Bulletin of the International Seis-
ological Centre (ISC). The model combines the crust and whole
antle of the globe with a block size of 1.4◦ × 1.4◦ beneath the
estern Pacific and Philippine Sea regions. An average velocity
erturbation near the “660” is calculated in each sub-region and
dopted as ıV. The uncertainties in the P velocities are not given
n Obayashi et al. (2006). Inoue et al. (1990) estimated the stan-
ard deviation of their global P-velocity tomographic model to be
.05–0.2%, using ISC data similar to those used in Obayashi et al.
2006). In the present study, we adopted a conservative error esti-

ate of 0.2% (0.02 km/s).
Fig. 7 shows the “660” depth deviations obtained in the present

tudy and the P-wave velocity anomalies (Obayashi et al., 2006),
long with the isolines of temperature anomalies and water content
btained from Eq. (1) and the partial derivatives. The temperature

nomalies vary by 500 K among the five sub-regions, and the water
ontent values are estimated to be around 0.0 wt%, with uncertain-
ies of about 0.2–0.3 wt%. Fig. 8 and Table 3 present the temperature
nomalies and water content beneath the sub-regions obtained by
olving Eq. (1). Large lateral variations in temperature are observed

igure 7. The “660” depth deviations obtained by the present study and the P-
ave velocity anomalies (Obayashi et al., 2006) plotted with isolines of temperature

nomalies (dotted lines) and water content (solid lines) obtained from Eq. (1) and
he partial derivatives.
02 +9 ± 62 −0.17 ± 0.14
02 −229 ± 139 +0.10 ± 0.26
02 −161 ± 108 +0.13 ± 0.21
02 −31 ± 124 +0.05 ± 0.24

in the analysis region. The temperatures are relatively low in the
region beneath the Philippine Sea. The stagnant slab has a temper-
ature anomaly of −500 K, which is the lowest in the studied region.
The Parece Vela and west Philippine Sea regions have tempera-
ture anomalies of −230 K and −160 K, respectively. The sub-regions
near the trench have small temperature anomalies. In contrast, the
water content does not differ significantly. It is largest in the stag-
nant slab (0.19 ± 0.19 wt% H2O) and smallest in the Izu-Bonin back
arc (−0.17 ± 0.14 wt% H2O). However, the uncertainty levels are
±0.14–0.26 wt% H2O for the sub-regions and larger than or com-
parable to the estimates of water content. There is no geographical
correlation between the water content and the stagnant slab. While
the presence of a small amount of water (less than 0.2 wt% H2O) is
still possible, we did not obtain strong evidence for the transport
of water down to the “660” under the Philippine Sea.

6. Discussion

In the present study, we estimate the low-temperature anoma-
lies in the MTZ beneath the Philippine Sea, particularly those in
the stagnant slab (500 K). The estimated water content is less than
0.2 wt% H2O. However, these estimates may be affected by uncer-
tainties in the experimental data used for the partial derivatives
and input seismic parameters (the “660” depth and the P-velocity
anomaly), as well as those in the linear formulation used in the
present study. We discuss in this section how these uncertainties
can affect the water content and temperature anomaly.

6.1. Reliability of seismic parameters
This is the first regional study on the topography of the mantle
discontinuities beneath the Philippine Sea plate by using BBOBSs.
Shito and Shibutani (2001) studied the MTZ structure beneath the
Philippine Sea by analyzing complicated P waveforms at land sta-

Figure 8. Temperature anomalies and water content estimated for the sub-regions.
In each sub-region, the top number is temperature anomaly and its standard error,
and the bottom number is water content and its standard error. The color map is
same as in Fig. 2.
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ions carried out by triplication of the “410” and “660.” Their model
Z41, representing the stagnant slab region, has the “660” at a
epth of about 690 km, which is consistent with the “660” depth of
91 ± 6 km for the stagnant slab obtained in the present study. They
btained a normal “660” depth close to the global average in the
outhern Philippine Sea (south of 20◦N), which is consistent with
he value acquired in the present study for the West Philippine Sea
asin (670 ± 7 km). In the West Philippine Sea Basin, Suetsugu et
l. (2005) obtained 669 ± 9 km for the “660” depth using a receiver
unction analysis of broadband data recorded at a deep-sea bore-
ole station and a BBOBS station, which is also consistent with
he present study. A sharp depth variation of the “660” appears
etween the stagnant slab region (deep “660”) and its southern
eighboring regions (normal “660”). Niu et al. (2005) mapped the
opography of the “410” and “660” beneath Japan and its vicinity
y analyzing land-based Hi-net data of the Japanese islands with
he receiver function method. Although their study did not fully
over the stagnant slab beneath the Philippine Sea, they estimated
he “660” depth to be 685–690 km and about 660 km beneath the
orthern end of the stagnant slab region and the northernmost

zu-Bonin Back-arc, respectively. The sharp east-west transition
etween the stagnant slab and Izu-Bonin Back-arc regions is consis-
ent with that found in the present study. All these results indicate
hat the deep “660” is confined in the stagnant slab and its depth is
bout 690 km.

Suetsugu et al. (2006) performed receiver function analysis for
he MTZ beneath the Philippine Sea using data from a linear array of
ong-term semi-broadband ocean-bottom seismographs that were
ligned from the Mariana region to the southernmost part of the
tagnant slab region from 1999 to 2000. For the Philippine Sea,
hey obtained “660” depths from 695 km to 708 km along the array
nd identified a very wet and cold MTZ (1.0–1.4 wt% H2O, −750 to
550 K) by using the same method as in the present study. Despite

he similarity of the studied region, there is a significant differ-
nce in the estimated “660” depths and water content between
uetsugu et al. (2006) and the present study. The difference is
ainly attributed to different quantities and qualities of seismic

ata. The sensors used in Suetsugu et al. (2006) had a narrower
andwidth (0.03 s to 30 s) and lower signal-to-noise ratios than
hose used in the present study, which resulted in much less avail-
ble data for the receiver function analysis (38 receiver functions
n total). We believe that the present estimates of the “660” depths,

ater content, and temperature anomalies are more reliable than
hose reported by Suetsugu et al. (2006) for Philippine Sea. Using
he “660” depths obtained by previous studies (Niu et al., 2005),
uetsugu et al. (2006) estimated the temperature anomalies and
ater content in the stagnant slab beneath western Japan to be
300 to −600 K and approximately 0 wt% H2O, which are consistent
ith the values obtained in the present study.

The estimated “660” depth can be traded-off with the average
velocity beneath a receiver in VSS that is used for the velocity

orrection. We used the global S-velocity model by Ritsema and
an Heijst (2000) to estimate the average upper mantle S veloci-
ies beneath the receivers. When the average velocity in the upper

antle velocity model changes by +1%, the depth of the “660”
hanges by +8 km and then the estimated temperature and water
ontent change by 120 K and 0.2 wt% H2O, respectively. Gu et al.
2003) addressed the trade-off problem by performing a joint inver-
ion of S660S and S410S waves with travel times of various body
aves and surface waves for long-wavelength mantle S-velocity
odel and the topographies on the “410” and “660.” Comparing
esults from separate inversions with which the S-velocity and
opography were determined independently, they indicated that
he S-velocities were not significantly changed by the joint inver-
ion (less than 1%), indicating that the effect of trade-off on the
-velocity is small. We consider that the “660” depth obtained in the
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present study is reasonably accurate, and the systematic errors in
the temperatures and water content (by errors in the “660” depth)
should be less than the abovementioned values (120 K and 0.2 wt%
H2O, respectively).

P-velocity anomalies, the other seismic parameter used for esti-
mating temperatures and water content, could be underestimated
by regularization (damping and smoothing) in seismic tomography.
To examine whether the tomographic image of the stagnant slab
is well reconstructed in the GAP-P1 model, Sugioka et al. (2010)
measured the arrival times of P and S waves traveling through
the stagnant slab beneath the Philippine Sea using Chinese broad-
band data from Izu-Bonin deep earthquakes, which are sensitive to
the velocity anomalies of the stagnant slab. Theoretical travel time
residuals were calculated by accounting for ray bending caused
by the three-dimensional velocity variation. The observed negative
residuals of P waves are consistent with the theoretical residuals,
suggesting that the fast anomalies of the stagnant slab in the GAP-
P1 model are reasonably well imaged. The stagnant slab region of
the GAP-P1 model has a fast velocity anomaly of 1.4 ± 0.2% on an
average, with a maximum perturbation of 2.1%. This result is consis-
tent with fast anomalies inferred in previous waveform modeling
studies (2.0%, Brudzinski and Chen, 1997; 3.0%, Shito and Shibutani,
2001; 1.5 ± 0.5%, Tseng and Chen, 2004).

Another potential source of the systematic error in the P-
velocity anomaly is the trade-off with the topography on the “660”
depth. In the GAP-P1 model, the topography on the “660” depth is
not assumed. The trade-off can be accounted for by jointly invert-
ing P and S wave travel times and Ps-P, however no such study
has been performed. Zhao (2004) inverted P-wave travel times
for whole mantle three-dimensional velocity model, whose tomo-
graphic technique and data are similar to those of the GAP-P1
model. He assumed topography of the Moho, “410,” and “660” dis-
continuities taken from those of the existing models (Mooney et
al., 1998; Flanagan and Shearer, 1998), indicating that the trade-off
with the topographies results in difference of P-wave velocities by
only 0.2%. For the stagnant slab beneath the Philippine Sea, Sugioka
et al. (2010) analyzed P-waves, including waves that are propagated
through the MTZ sub-horizontally with no interfere with the “660,”
and showed that the GAP-P1 model provides a good fit to the travel
time data as mentioned above. This indicates that the P-velocity
anomalies in the MTZ beneath the Philippine Sea are resolved well
with little trade-off with the “660” topography. We estimate the
systematic error in the P-velocity anomalies to be ±0.2%, which
could result in ±0.1 wt% H2O for water content and ±4 K for tem-
peratures, which does not change our conclusion.

6.2. Uncertainty in the temperature anomalies and water content

The partial derivatives in Eq. (1) were obtained by experi-
mental studies, and some derivatives are not well constrained.
In particular, controversy remains regarding the dependence of
the “660” depth on the temperature ∂d/∂T, which is equivalent
to the Clapeyron slope of the post-spinel phase transformation,
and the dependence of P-velocity on the water content ∂V/∂w.
The estimated Clapeyron slope ranges from about −3 MPa/K (Ito
and Takahashi, 1989; Akaogi and Ito, 1993; Irifune et al., 1998)
to −0.5 MPa/K (Katsura et al., 2003; Fei et al., 2004). The partial
derivative ∂V/∂w has never been obtained in the high pressure and
temperature conditions of the MTZ. The value obtained under ambi-
ent conditions ranges from −0.15 to −0.4 km/s/wt% H2O (Inoue et
al., 1998; Wang et al., 2003; Jacobsen et al., 2004). Fig. 9 shows the

sensitivity of temperature and water content to the partial deriva-
tives in eq. (1). We used the “660” depth and P-velocity anomaly
obtained for the stagnant slab region (691 ± 6 km and 1.4 ± 0.2%,
respectively) in Fig. 9, while the trend described below can apply
to other regions.
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ffected by the other coefficients (Figs. 9a, c, and g). Estimates of
he water content are substantially influenced by changes in ∂V/∂T,
V/∂w, and ∂d/∂T (Figs. 9b, d, and f, respectively). The water content

ncreases for smaller absolute values of the Clapeyron slope (equiv-
lent to ∂d/∂T) and greater absolute values of ∂V/∂T. In particular,
smaller absolute value of ∂V/∂w gives a greater amount of water,
lthough the associated error also becomes larger (Fig. 9d). Recently
acobsen and Smyth (2006) showed that P velocities of hydrous
nd dry ringwoodite are similar, but S velocities are reduced by
.7% (0.15 km/s) for 1.0 wt% H2O at the high pressure typical of the
TZ and room temperature. If their result is applicable under the

igh-temperature conditions of the MTZ, the S velocity could be
ore useful than the P velocity. In the stagnant slab region, Sugioka

t al. (2010) estimated the S-velocity anomalies to be 2.0%. Using
V/∂T of −3.0 × 10−4 km/s/K (Irifune et al., 2008) and ∂V/∂w of
0.15 km/s/wt% H2O (Jacobsen and Smyth, 2006) for the S velocity

n Eq. (1), the estimated temperature anomaly and water content
re −504 ± 92 K and 0.27 ± 0.22 wt% H2O, respectively, which are
omparable to the estimates from the P velocity. The coefficient
d/∂w has little effect on the estimates of temperature or water
ontent.

We have assumed a peridotite composition in the MTZ and
gnored the compositional effect on the P-velocity in the present
tudy for simplicity, while it may not be appropriate in a subducted
lab (former oceanic lithosphere), which should have a compo-
itional layering from top to bottom, 6–7-km-thick MORB crust,
0–40-km-thick residual harzburgite, and 40–50-km-thick peri-
otite (e.g., Ringwood and Irifune, 1988), which is formed by partial
elting of mantle peridotite at a mid-oceanic ridge (e.g., Green et

l., 1979; Ringwood, 1982). Recent sound velocity measurements
erformed on the slab materials have revealed that the P-velocities

n the MORB crust and the residual harzburgite are slightly lower
nd higher than those in peridotite in the MTZ, respectively (Kono
t al., 2007; Nishiyama et al., 2009). However, in the present study,
e focus on the stagnant slab immediately above the “660.” This

s the lower peridotite part of the slab, which should have similar
ajor-element composition to the ambient mantle. We thus rea-

onably assume that effects of spatial variation in a major-element
omposition are small in the target depths (650–700 km) of the
resent study.

.3. Nonlinearity

We assume a linear relationship in Eq. (1), although some of
he partial derivatives may depend on water content. Litasov et
l. (2005) estimated the Clapeyron slope of the post-spinel phase
hange (equivalent to ∂d/∂T) to be in the range −0.5 to −0.8 MPa/K
or dry ringwoodite and −2.0 MPa/K for wet ringwoodite. The
artial derivatives ∂V/∂T and ∂V/∂w could also depend on water
ontent via anelasticity. Water enhances the anelasticity of the
inerals in the upper mantle (e.g., Jackson et al., 1992; Karato,

995), which should reduce seismic velocities through physical
ispersion (Kanamori and Anderson, 1977) and increase the depen-
ence of seismic velocities on temperature ∂V/∂T and water content
V/∂w (e.g., Karato, 1993, 2004; Shito and Shibutani, 2003). Rig-
rously speaking, the problem needs to be solved by nonlinear
echniques [unlike Eq. (1)] using the anelastic (Q) structure in the

TZ beneath the Philippine Sea, which are currently not avail-
ble. Instead, Suetsugu et al. (2006) has estimated the influence
f anelasticity on temperature and water content with Eq. (1) by
orrecting ∂V/∂T and ∂V/∂w for anelasticity with the Q values of

REM (Dziewonski and Anderson, 1981). The anelastic effect does
ot change the estimate of temperature and water content signifi-
antly (+10 K and +0.2 wt% H2O, respectively). The above estimate
f the anelastic effect is, however, highly sensitive to experimen-
al data on the anelasticity of ringwoodite and majorite, though
lanetary Interiors 183 (2010) 270–279 277

most of the data is lacking. It is desirable to obtain more experi-
mental data on elasticity and anelasticity and use a fully nonlinear
treatment to solve for the temperature and water content.

Recently a non-equilibrium (kinetic) effect on post-spinel phase
changes was studied through laboratory experiments under MTZ
conditions (e.g., Wang et al., 1997; Kubo et al., 2002). In subducted
cold slabs, the phase change is delayed because of slow reaction
rates, which could be a partial cause of the deepened “660” in the
slab. This kinetic effect on mineralogical phase changes depends
strongly on water content (e.g., Kubo et al., 1998) as well as tem-
perature. It is pronounced in dry conditions and reduced by a small
amount of water. Kubo et al. (1998) indicated that 0.05 wt% H2O
of water accelerates the phase change substantially. If the kinetic
effect is seismologically detected, then it can also be used to esti-
mate the temperature and water content, although this is beyond
the scope of the present study.

In the present study we constrained the water content near the
“660” beneath the Philippine Sea region by less than 0.2 wt% H2O,
but could not conclude whether the smaller amount of water exists
because of large uncertainties in seismic parameters and exper-
imental data. To detect, say, 0.1 wt% H2O of water with statistical
significance, we need to have an accuracy better than ±3 km for the
“660” depths and ±0.2% for the P-velocity anomaly. Though it is not
impossible, it is a challenging task when employing the receiver
function and tomographic methods. Another method to resolve
the small amount of water is to use other geophysical parameters
jointly with the seismic parameters. For instance, it could be use-
ful to analyze electrical conductivity in the MTZ simultaneously
with the seismic parameters, since dependence of the conductivity
on water content, temperature, and major element compositions
is different from that of the seismic parameters. It is known that
sensitivity to water content may be greater than those of tempera-
ture and major element composition under the MTZ condition (e.g.,
Huang et al., 2005; Dai and Karato, 2009). In a future study, we
will analyze the conductivity structure beneath the Philippine Sea
together with the seismic structure, because ocean-bottom elec-
tromagnetometers were deployed at the same sites as the BBOBS
under the Stagnant Slab Project (Shiobara et al., 2009).

7. Conclusions

We determine the “660” depths beneath the Philippine Sea and
northwestern Pacific by the receiver function method using the
broadband data obtained from BBOBSs. The results are summarized
below:

(1) A very deep “660” is present at 691 km, confined to the stagnant
slab beneath the Philippine Sea. The surrounding Philippine Sea
regions and northwestern Pacific have the “660” at depths of
659–674 km.

(2) Comparison of the “660” depths and P-velocity anomalies indi-
cates that the temperature in the stagnant slab than is lower
than that in the MTZ beneath the northwestern Pacific by about
500 K. In the MTZ beneath the Parece Vela Basin and West
Philippine Sea Basin, which surround the stagnant slab, the
temperature is lower than that beneath the Pacific by about
200 K. The water content beneath the studied area is estimated
to be less than 0.2 wt%, which is comparable to or less than the
uncertainty in the water content (±0.2–0.3 wt%). The geograph-
ical distribution of the water content is not spatially correlated

with the stagnant slab, and there is no clear evidence for the
presence of water in the stagnant slab.

(3) More accurate seismological and experimental data are
required for a quantitative estimation of small amounts of
water (less than the uncertainty level of 0.2 wt% in the present
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study) in the MTZ. More in-depth studies must be carried out to
determine the dependence of the seismic velocity on the water
content under MTZ conditions. Simultaneous analysis of the
electrical conductivity of the water present in the MTZ is also
expected to be useful to provide tighter constraints to water
content, because electrical conductivity is highly sensitive to
the water content.
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