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Abstract

The dehydration-induced earthquake hypothesis for intermediate-depth earthquakes in a sub-
duction zone was examined semi-quantitatively in the light of multi-component phase equilibria of
the mantle. Based on the expected dehydration equilibria in subducting peridotite, we found a
further organized structure in the hypocentral distribution observed in northeast Japan to the
double seismic zone (DSZ). The structure of the seismic zone is possibly controlled by a chemical
rather than a mechanical process.

We first constructed a phase diagram in the model system MgO-Al,0s-SiO»-H,O (MASH) using
thermodynamic calculations. Then possible hypocenter distributions in subducting mantle were
semi-quantitatively predicted on the assumption that: 1) any dehydration induces earthquakes; 2) a
subducting slab is more or less hydrated; 3) hydrated mantle is approximated by the MASH model
system; and, 4) dehydration proceeds near equilibrium. The predicted topology of dehydration-
induced seismic zones reproduces the double seismic zone (DSZ); also predicted are multiple seismic
zones, multiple convergences of the seismic planes, and thermal structure dependence of the
convergence depth of the DSZ. These predictions are compared to seismic observations in NE Japan
and the world’s subduction zones. In NE Japan, the geometry of the double seismic zone and the
hypocenter clusters between the double seismic planes compare well to the predicted dehydration-
induced multiple seismic zones and multiple convergences, assuming a simple prograde P-T path for
the coldest thermal center of the slab. The correlation of the age of the subducting plate and the
depth of the convergence of the world’s DSZ is also consistent with the prediction. The assumption
of a hydrated mantle is examined by seismic tomography beneath the Kanto area. The Poisson’s
ratio calculated between the two seismic planes at a depth ca. 50-80 km suggests the existence of
serpentinized peridotite in the subducting mantle at those depths, even though the degree of
hydration is not so strong (ca. 50-30%) and is heterogeneous. Transform faults, oceanic fracture
zones, and faults at the trench are all considered to be possible hydration sites of the oceanic mantle.
Using the dehydration induced-earthquake model, the link between the dehydration and the seismic
zone provides us with the thermal structure in the subducting slab. The estimated thermal
structure exhibits a higher temperature than previous numerical simulations, particularly within
the slab. Our estimate suggests viscous heating has been underestimated in previous numerical
simulations and heat transfer by a fluid produced by the dehydration of the slab mantle must be
included in the model. The dehydration model is also applicable to deep seismicity in the mantle
transition zone.
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Introduction

Wadati-Benioff zone is a distinct

hypocenter distribution in the subduction zone, and

has been known to mark the

position of a down-
going oceanic plate, since the paradigm of plate tec-
tonics was established. However, some subduction
zones exhibit a double seismic zone (DSZ herealter)
at an intermediate depth of ca. 50-250 km. After the
discovery of a DSZ in NE

first Japan (Umino and

Hasegawa, 1975), DSZs have been reported, rather

often, from most subduction zones, except those

where a very voung lithosphere is subducting, such
as Cascadea in N. America and SW Japan. DSZs at an
intermediate depth have been confirmed in Alaska-
Aleutian Scholz, 1977;

Ratchkovsky et al., 1997), N. Chile (Comte and Suarez,

[slands (Engdahl and
1994), NE Japan (Umino and Hasegawa, 1975; Zhao et
al., 1997), Kamchatka-Kuril (Kao and Chen, 1994; Gor-
batov et al., 1994), New Britain (McGuire and Wiens,
1995), Tonga (Kawakatsu, 1985), the Philippine Sea
plate subduction zone at lzu (Hori, 1997; Seno el al.,

2001) (Fig. 1). However, there remains uncertainty

about the hypocenter location and recognition of
DSZ should be done carefully; e.g., in the Aleutian

subduction zone, some of the hyvpocentral locations

identified by local observations (Engdahl and Schols,

structure of

World map showing the distribution of double s

zones (modified after Peacock, 2001).

area: oceanic plates younger than 40 Ma.
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Fig. 2. Vertical cross-section of NE Japan (39N)
showing hypocenter distributions of a typical
double seismic zone (Hasegawa el al, 1994 Solid

curve is estimated upper slab boundary.

1997) differ from the locations identified by teleseis-
mic observations (Barazangi and Isacks, 1979). Deep
carthquakes in the Izu-Bonin subduction zone also
exhibit DSZ (lidaka and Furukawa, 1994). The upper
plane of a DSZ at an intermediate depth is separated
from the lower plane by about 30-50 kilometers, and
the two planes gradually merge as depth increases.
In NE Japan (Fig. 2) the upper plane may be partly
within the oceanic but

crust, the lower plane is

definitely within the slab mantle (Zhao et al. 1997).



Morphology of the intraslab seismic zone and devolatilization phase equilibria of the subducting slab peridotite

The formation of a double seismic zone is one of
the major targets to solve the origin of an intraslab
earthquake, because it occurs without doubt not
along the top shearing surface of the slab, but within
the slab. At this depth, peridotite is expected to be
ductile at a high-T (Paterson, 1978), hence, some intra-
slab earthquakes cannot be explained by the brittle-
deformation model. Thus an alternative model is
proposed to explain a failure at depth. Among inter-
mediate depth earthquakes, upper plane earthquakes
were once interpreted to be induced by the dehydra-
tion of the hydrated oceanic crust (Kirby, 1995). How-
ever, upper plane seismicity seems not to be re-
stricted to a narrow band less than the thickness of
the crust, but it expands to as much 30 km, although
hypocentral determination errors of as much as 10
km should be included in this estimate. In addition,
the oceanic crust contains serpentinite in the form of
a solid intrusion. Therefore, reactions in hydrated
peridotite should be considered for some part of the
upper plane, as well as for lower plane earthquakes.
Previously proposed models are metastable garnet
formation from Al-enstatite along the isotherm (Kao
and Liu, 1995) and serpentine decomposition in the
topmost, presumably hydrated, mantle below the
capped MORB crust (Nishiyama, 1992; Seno and Ya-
manaka, 1996; Omori et al., 2000; Peacock, 2001); both
are reaction-induced earthquake models in the sub-
ducting mantle.

Reaction-induced earthquake models are fa-
vored because they seem to be able to explain both
the faulting under high-P and T conditions and the
morphology of the hypocenter distribution. The re-
lation of dehydration by serpentine decomposition
and earthquake was experimentally determined by
Raleigh and Paterson (1965) and Meade and Jeanloz
(1991) as a dehydration embrittlement of serpentinite.
Previous studies (Nishiyama, 1992; Seno and Ya-
manaka, 1996; Peacock, 2001) emphasized the similar-
ity of the morphology of DSZ and the reaction. Pea-
cock (2001) tried to explain the correlation between
serpentine break-down and the lower plane of DSZ
using a numerically simulated thermal structure of
the subducting slab. However, the result shows a
very large discrepancy between the P-T location of

the serpentine break-down reaction and earthquake

distribution. The range of P-T conditions of lower
plane earthquakes is too wide to be explained by

single serpentine dehydration (Fig. 3), even though
possible uncertainties of hypocentral determination,
upon modeling the thermal structure, in the experi-
ments that determined the P-T condition of serpen-
tine decomposition, and some kinetic effects on dehy-
dration are taken into account.

Taking the above problems of Peacock (2001)
into consideration, we test how the dehydration-
induced earthquake model explains natural earth-
quakes that occur within subducting mantle with a
different approach from the previous study; we do
not simulate the thermal structure of a subducting
slab, but consider the topological link between dehy-
dration reaction and hypocentral distribution.

In the present study, we start with four assump-
tions: 1) any dehydration in a subducting slab in-
duces earthquakes; 2) subducting mantle is more or
less hydrated; 3) dehydration proceeds in a near-
equilibrium condition; and, 4) approximation of hy-
drated mantle to the MgO-Al,0;-SiO,-H,O (MASH)
system. First, we semi-quantitatively predict the
topology of possible hypocenter distributions in a
subducting mantle with phase equilibria in the
MASH system, which take into account any possible
dehydration in the subducting mantle, using a hypo-
thetical thermal structure of a subducting slab in-
stead of numerically modeled one. The topological
features of the predicted seismic zone were compared
with natural seismic observations in NE Japan. In
the light of multi-component dehydration phase
equilibria in a hydrated mantle, we found a more
organized structure of an intraslab seismic zone than
a simple DSZ, with a good correlation between pre-
dicted topology and observations. Consequently, we
estimated an approximate thermal structure of the
slab, on the basis of the above four assumptions, by
inversion from the observations of hypocenter distri-
bution. Finally, we emphasize the significance of
chemical processes on the genesis and spatial the
organization of an intermediate earthquake in the
subducting mantle.

Phase relation of hydrated mantle up to 9 GPa
Several high-pressure experimental studies on
hydrous phases of mantle composition have pro-
duced experimental results which differ; for exam-
ple, the decomposition temperature of antigorite at 6
GPa ranges from about 300°C (Wunder and Schreyer,
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Fig. 3. Comparison of calculated P-T condition of
intermediate-depth earthquakes and experimentally
determined antigorite decomposition curves (modi-
fied after Peacock, 2001). Diamonds: lower plane
earthquakes, Triangles: upper plane earthquakes, I,
I,: invariant points; I, = antigorite + forsterite +
enstatite + talc + H, O; I, = antigorite + forsterite +
enstatite+phaseA +H,; O, Numbers on the curves:
references; 1-Ulmer and Trommsdorff (1995); 2
-Wunder and Schreyer (1997); 3-Bose and Navrotsky
(1998).

1997) to 600°C (Bose and Navrotsky, 1998) as shown in
Fig. 3. This discrepancy has been considered to be
due to kinetic problems and differences in natural
starting materials in the experiments. A thermody-
namic calculation has an advantage over such low-
temperature equilibria, when the data are well con-
strained by experiments at a high enough tempera-
ture to achieve equilibrium. Hence, we constructed a
phase diagram of hydrated mantle up to 9 GPa using
thermodynamic calculations, although the effects of
minor components in antigorite were not taken into
account.

The model system MgO-Al;0s-Si0,-H,O (MASH)
was assumed to be applicable to hydrated peridotite.
MgO, Al;Os, and SiO; are the major components in
typical l1herzolite and they constitute 90 wt% of lher-
zolite composition; the remaining components are
FeO (ca. 6-9wt%) and CaO (ca. 1-4 wt%). At present,
the lack of experimental and thermodynamic data on
some Fe end-members of the hydrous phase in the
mantle (e.g. antigorite, phase A) prevent inclusion of
the FeO component in the calculation. If we take
account of CaO in the calculation, clinopyroxene,

Ca-amphibole, and the grossular component in gar-
net can be included in the calculation; however,
these components are minor in the peridoritic sys-
tem. Thus, the MASH model system was chosen for
this study, by balancing reliability and simplicity, to
discuss the topology of dehydration in the slab.

Table 1 lists phases included in the calculation,
their abbreviations, chemical compositions and
source of thermodynamic data. Referring to previ-
ous experimental studies (e.g. Bose and Navrotsky,
1998; Wunder and Schrayer, 1997, Ulmer and Tromms-
dorff, 1999), we included 10 hydrous minerals (anti-
gorite, phase A, clinohumite-OH, chondrodite-OH,
talc, anthophyllite, brucite, clinochlore, MgMgAl-
pumpellyite, and diaspore) and five anhydrous min-
erals (forsterite, low-P clinoenstatite, high-P clinoen-
statite, enstatite , and periclase) in the calculation.
Natural serpentinite consists of three serpentine
group minerals: antigorite, chrysotile, and lizardite.
Chrysotile and lizadite are stable at very low tem-
peratures (<300°C), but antigorite is stable at T >
300°C (e.g. O'Hanley, 1996), thus we included only
antigorite in the calculation. Enstatite was assumed
to be a solid solution with tschermak substitution
(MgSiAl-; Al-,). Figure 4 shows the model bulk com-
position of the system in the MSH section.

For the calculation we have used an internally
consistent thermodynamic dataset of minerals and
fluids by Holland and Powell (1998). Enstatite poly-
morphs, chondrodite, and MgMgAl-pumpellyite,
however, are not included in this database, and some
calculated reaction curves, e.g., clinochlore decompo-
sition reaction, exhibit different positions from those
experimentally determined at a high pressure. There-
fore, we have expanded the dataset and corrected
some parameters according to recent high-P experi-
mental work. We have estimated the standard state
entropies and standard state enthalpies of formation
of clinohumite-OH, chondrodite-OH, high-P clinoen
statite, low-P clinoenstatite, and MgMgAl-pumpel-
lyite. The thermal expansion and incompressibility
of clinochrore, spinel, and pyrope were modified to fit
the experimentally determined equilibria. We used
the computer program “UniEQ” (Omori & Ogasa-
wara, 1998) for all calculations.

Figure 5 is the constructed petrogenetic grid in
the MASH system for a hydrous mantle composition
up to 9GPa, 900°C. The numbers on the curves
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Table 1 Phases included in calculation and source of thermodynamic data.

phase abbreviation  chemical formula data
Anthophyllite Ath Mg,Si;0,,(0H), 1
Antigorite Atg Mg sSiy,055(OH)s, 1
Brucite Br Mg(OH), 1
Chondrodite Chon Mg,Si,0,(OH), 2,3
Clinochlore Chl Mg;Al,Si,0,,(OH), 1,4
Clinohumite cHum Mg,Si,0,,(OH), 1,5
Clinoenstatite (high-P) hcEn Mg,Si,04 3,6
Clinoenstatite (low-P) IcEn Mg,Si,0 3,6
Diopside Di CaMgSi,Oq 1
Enstatite En Mg,Si,04 1
Forsterite Fo Mg,SiO, 1
MgMgAl-pumpellyite Mpum Mg, ALSicO,,(OH), 3,7
Mg-tschermak pyroxene Mtsch MgALSiOg 1
Pyrope Prp Mg,ALSi,0,, 1,4
Spinel Sp MgALO, 1,4
Talc Tc Mg;,Si,0,,(0OH), 1
Enstatite (En/IcEn/hcEn- Ens.s. Mg, ,,Al ), (AL,Si, ),04 8
Mitsch) solid solution

H,0 H,0 1
Aragonite Arag CaCO;, 1
Dolomite Do CaMg(COy), 1
Magnesite Mag MgCO, 1
CO,-H,0 fluid Fid (COH,0.5 1

1: Holland and Powell (1998); 2: Vs and bulk modulus were taken from Faust and
Khnittle (1994), AHf°,o; and S°,,; were estimated from Wunder (1998); 3: Cp was
approximated by oxide sum; 4: bulk modulus and thermal expansion were modified to
fit Ulmer and Trommsdorff (1999); 5: AHf®,, and S°,, were estimated from Pawley
(2000); 6: AHf,, and S°,, Vs, bulk modulus and thermal expansion were estimated
from Shinmei et al. (1999); 7: AHf°,; and S°,,, Vs, bulk modulus and thermal
expansion were estimated from Fockenberg (1998) and Artioli et al. (1999); 8: ideal

mixing.

composition

MgO SiO2

Fig. 4. Composition diagram in MgO-SiO,-H,O (MSH)
section. Shaded area is model bulk composition for
the calculation. For the calculation in the MASH
system, clinochlore is assumed to be an initial
aluminous hydrous phase, in addition to the MSH
hydrated mantle.

correspond to the reactions listed in Table 2. Uni-
variant dehydration curves are represented by solid
curves, and solid-solid reactions by dashed lines.
Continuous dehydration reactions correspond to cli-
nochlore or MgMgAl-pumpellyite decompositions to
form the Mg-tschermak component in enstatite.
These reactions occupy an area of the P-T space,
which is shaded in the P-T diagram.

Model cross-section of a subduction zone

Using the calculated phase diagram of the hy-
drated mantle, we can project dehydration curves
onto a subduction zone cross-section, if the thermal
structure of the subduction zone is defined. Peacock
(1996) and Iwamori (1998) undertook numerical mod-
eling of the thermal structure of a subduction zone.
Although the model still has considerable uncer-
tainty depending on thermal and mechanical pa-
rameters, the common features of the model subduc-
tion zone geotherm are: 1) the isotherm in the slab is
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Fig. 5. Calculated P-T diagram in the model system
MASH for hydrous mantle up to 9GPa, 900°C.
Abbreviations are shown in Table 1. Numbers on
the curves correspond to the reactions in Table 2.
Thick solid lines: univariant dehydration reactions,
thin solid lines: continuous dehydration reactions,
dashed lines: solid-solid reactions.

strongly convex toward depth along the subducting
slab; 2) the coldest thermal center is below the slab
upper-boundary, if the subducting plate is not young
; and, 3) the P-T relation of this cold thermal center
shows a relatively high positive P/T ratio. Accord-
ing to these basic features, we semi-quantitatively
modeled the possible thermal structure in the sub-
ducting slab. Fig. 6 shows three model P-T paths for
the coldest thermal center in the slab and selected
possible dehydration reactions during subduction. It
should be noted that the P-T condition of any part of
the slab mantle exists at the higher-T side than this
model P-T path, because this path represents the
coldest temperature at any depth. Figure 7 is the
model slab cross-section with projected dehydration
reactions derived from the P-T pathsin Fig. 6. In Fig.
7, each thick solid line with an arrow corresponds to
the model P-T paths in Fig. 6. The thick dashed line
is the approximate boundary of the slab, and thin
dashed lines are apparent isotherms along the model
P-T path of the coldest thermal center. Because the
thermal structure presented here was not produced
from strict modeling, no horizontal scale is given on
the sections, and the top-sitting oceanic crust of the
subducting plate is not included in these diagrams.
Thick solid lines and circles represent the dehydra-

Table 2 Reactions in Fig. 5.

No. reactions

1 5 Atg = 14 phA + 71 IcEn/heEn + 113 H,0
2 Atg = 14 Fo + 10 IcEn + 31 H,O

3 Atg = 18 Fo + 4 Tc + 27 H,0

4 20 phA + 3 Atg = 142 Fo + 153 H,0
5 Atg +20 Br=34 Fo + 51 H,0

6 Atg +Tc =1cEn + H,0

7 Atg +71 Br= 17 phA + 51 H,0

8 Atg + Chl = Fo + Mpum + H,0

9 Ens.s. + Chl = Fo + Mpum + H,0

10 phA + Ens.s. + Mpum = Prp + H,0
11 cHum + Ens.s. + Mpum = Prp + H,0
12 Fo + Ens.s. + Mpum = Prp + H,0

13 Ens.s. + Chl = Fo + Prp + H,0

14 Chl =Fo + Ens.s. + Sp + H,0

15 IcEn/En in Ens.s. + Chl = Mgts in Ens.s. + Fo + H,O
16 IcEn in Ens.s. + Mpum = Mgts in Ens.s + Fo + H,0
17 2 phA + 3 IcEn=10Fo+ 6 H,0

18 IcEn/hcEn + 2 cHum= 10 Fo + 2 H,0
19 IcEn/hcEn + phA = cHum + 2 H,0
20 hcEn + 5 Chon = 3 cHum + 2 H,0

21 2 hcEn + 3 phA =5 Chon + 4 H,0
22 Atg =17 hcEn + 14 Br + 17 H,0

23 hcEn + 5 Br =phA + H,0

24 Fo 4+ Tc =En+H,0

25 4 Fo+9 Tc =5 Ath +4 H,0

26 2Fo+2Ath=9En+2H,0

27 90 Fo + 62 Tc = 135 En + Atg

28 phA =2 Fo+ 3 Br

29 Ens.s. + Chl = Fo + Atg + Mpum

30 62 phA + 153 IcEn = 152 Fo + 6 Atg
31 10 Fo + phA =3 cHum

32 2 cHum + phA =5 Chon

33 17 phA + 2 Atg =51 hcEn + 113 Br
34 Ens.s. + Sp=Fo + Prp

35 hcEn =IcEn

36 IcEn = En

37 hcEn = En

tion reaction curves and invariant points in Fig. 6,
respectively. Shaded areas comprise continuous de-
hydration.

The dehydration reactions depicted in Fig. 7 are
considered to be relevant to earthquakes because of
the following assumptions: 1) not only antigolite
break-down, but also the other dehydration reactions
induce embrittlement and earthquakes in a subduct-
ing slab, and 2) dehydration proceeds at near-
equilibrium. Earthquakes may occur on the univari-
ant reaction curves, and in an area of continuous
reactions. Hereafter we regard the dehydration reac-
tions in Fig. 7 as seismic hypocenters. The model
cross-sections of the subducting slab in Fig. 7 show
the distinctive structure of a dehydration-induced
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reactions that are possible in the subducting slab,
seismic zone up to 250km in depth. Each section
shows so-called double seismic zones, their multiple
convergence, and also that they are made by a com-
The

convergences reflects the total number of intersec-

bination of multiple seismic zones. number of

tions of the model P-T path of a cold thermal center
and the dehydration curves, and the depth of each
convergence corresponds to the pressure of each in-
tersection. The colder P-T path A predicts four pairs
of seismic zones and convergences. Most outer seis-
mic zones consist of a continuous seismic area and
the deep end of the seismic zone is composed of
dehydration of MgMgAl-pumpellvite, instead of anti-
gorite dehydration. Five pairs of seismic zones and
convergences are predicted for the model P-T path B.
Most outer seismic zones and their convergence are
formed by a continuous zone. The P-T path C shows
there are three pairs of seismic zones and conver-
gences. Most outer seismic zones and their conver-
gence are also formed by continuous dehydration.
Path D is the highest temperature model, and shows
intraslab earthquakes distributed as a single seismic
zone, instead of DSZ.

The predicted dehydration topologies suggest
two significant features of a dehydration-induced
seismic zone: 1) multiple convergence of the seismic
zones and 2) correlation between the geotherm and
the depth of convergences indicates that the high-T
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convergence to a shallower depth. In path D, where
the youngest slab subducts, earthquakes occur only
at depths shallower than 80 km. In the next section,
we compare these features ol a predicted dehydra-
tion-induced seismic zone with natural hypocenter
distributions. First, we examine the multiple conver-
gence using high-precision hyvpocenter data for the
subducting Pacific plate in NE Japan. Then, by
compiling the world’'s DSZ, we analyze the correla-
tion between a P-T path and morphology of intraslab

seismic zones.

of

depth intraslab earthquakes in NE Japan

Dehydration-induced structure intermediate-

NE Japan in the western Pacific, where a 120-130
Ma old Pacific plate is subducting, is one of the best
studied subduction zones. To see the structure of the
intraslab seismic zone, we projected hypocenters up
to 250 km depth onto a vertical cross-section of the
subduction zone using hvpocentral data from the
Japan University Network Earthquake Catalog from
1985 to 1993. Fig.8 is a 100 km thick cross-section
along the profile. An approximate upper boundary
of the subducting slab is shown with a dashed line
following to Zhao et al. (1997). The cross-section
exhibits typical features of a DSZ: two planes are
separated by ca. 40 km thick, almost blank zone with
less seismicity; two planes seems to merge at a depth
of around 150-200 km; the lower plane occurs at the
center of the subducting slab: and, both upper and
lower planes have a thickness of ca. 30 km.

In addition to the DSZ, there are hypocenter
clusters between the two seismic planes below 40-50
km from the upper boundary of the slab. We define

these earthquakes as interplane earthquakes. Hypo-

Upper boundary after Zhao et

400

300 200 100 0

Distance (km)

Vertical cross-sections of NE Japan at 100 km width along the profiles.

air.

Dots are locations of earthquakes

from 1985 1993. Dashed lines

1997).

1o are approximate

centers also exist at more than 200 km in depth of the
post-convergence of the double planes.
We compare these features with the predicted
topology of a seismic zone in the previous section.
The possible topology ol a dehydration-induced seis-
mic zone depends on the thermal structure of the
slab. In the present study, we do not use a numeri-

cally simulated thermal structure of the slab. To
make the link between the observed hypocenter dis-
tribution and prediction without a thermal structure,
it is necessary to compare prediction and observa-
tion with the whole morphologyv of a hypocenter
distribution. If the observed morphology of the seis-
mic zone is totally linked to the predicted structure
and il the P-T path, which is necessary to establish
the link, is reasonable, it will be confirmed that the

intraslab seismic zone has a close correlation with
dehydration reactions in the subducting mantle.
Although the distinct multi-zonal structure of
the hypocenter distribution predicted in Fig. 7 is not
clearly observed in the cross-section in Fig. 8, the
existence of interplane earthquakes is obvious. If
those hypocenters are clustered at specific depths,
they possibly represent a part of the multiple conver-
gence shown in Fig. 7. We statistically analyzed
hypocenters al every 5km in depth within a 15km
width band at the approximate center between the
two planes (Fig. 9a). Fig. 9b shows depth-frequency
relations of interplane earthquakes at depths greater
than 80km. Fig. 9c¢ shows histograms averaged at
every 1dkm depth-range to see the distribution of
interplane earthquakes. The depth distribution of
interplane earthquake in the section has some peaks.
Identified peaks in Fig. 9¢ exist at the depth in ap-

proximate [ull width at the half-maximum depth
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though the number

interplane seismic cluster is less than that in double
planes, the depth-frequency relationship shown in
Figs. 9b and 9c¢ suggests the existence of an organ-
ized structure of interplane earthquakes; hence such
interplane earthquakes may be compared to the pre-
dicted convergences inside the double planes.

Figure 10 shows the correlation between the

depth of interplane earthquakes and possible dehy
dration at that depth. At each depth-range of inter
plane earthquake, there are several possible dehvdra-
tion reactions depending on temperature. For the

peak at 85-130 km five discontinuous reactions (2, 5, 6,
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conditions where a reaction curve intersects the
pressure of interplane earthquakes. Arrows are

possible P-T paths for the coldest thermal center of

the slab.

7, and 13) and continuous reaction 15 explain the
interplane earthquakes well. Similarly, reactions 2, 6,
7, 13, and 15 are the best candidates for the peak at

145-170 km and reactions 6, 7, 1, and 12 for 170-195

km. According to the model thermal structure of a
subduction zone provided by any numerical model-
is likely that of the subducting slab

ing, it part

mantle >50 km depth follows a simple P-T path with
a positive slope during subduction (e.g. Peacock, 1996
: Iwamori, 1998). Therefore, we can identify which
dehvdration reaction corresponds to the interplane
earthquakes, by choosing the temperatures of dehy-
dration located on a single P-T path with a positive

slope. As a result, two possible P-T paths for the
coldest thermal center in the slab can be considered
Fig. 10). The colder path (I) in Fig. 10 corresponds to
the model P-T path A in Fig. 6, and the correspond-
ing topology of the seismic zone is described by Fig.
7, and the hotter path (11}, corresponding to the model

P-T

path B in Fig. 6 and the model cross-section of
Fig. 7.

Although it is difficult to determine which P-T
path, (I) or (I), is closer to the real thermal structure

of NE Japan only from the distribution of interplane
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earthquakes, we can consider that path (I) is better
than path (II) to explain the hypocenter distribution
of dehvdration-induced earthquakes for the follow-
ing reasons. If the coldest thermal center of the slab
followed path (II), the earthquakes near the end-
convergence of DSZ correspond to the decomposition
However,

of MgMgAl-pumpellvite or clinochlore.

the existence of MgMgAl-pumpellyite and clino-
chlore is constrained by the Al-content in the mantle,
and a relative high content of Al is limited to lherzoli-
tic mantle, rather than harzburgite, which is consid-
ered to exist in a zone several tens of kilometers
below the Moho. In NE Japan, a 130 Ma oceanic plate
should have a 50 km thick harzburgite laver (Fig. 11)
» accordingly, earthquakes in the upper plane and at
the point of convergence must be within the harzbur-
gite laver. The aluminum content in harzburgite (

I wi%,) is lower than that of lherzolite (4-5 wt%), thus
Al-bearing minerals are not expected to be present in
the harzburgite layver, and dehydration of clinochlore
or MgMgAl-pumpellvite should not occur in the
harzburgite layer. These compositional constraints
on Al-bearing phases are inconsistent with the ob-
served hypocenter distribution in NE Japan, there-
fore, P-T path (II) must be rejected. On the other
hand, in the case of path (I) earthquakes near the
end-convergence correspond to the depth limit of the
dehydration of antigorite, so the compositional con-
straints may be clear if the mantle were hydrated.
According to the model cross-section for colder path
A in Fig. 7, observed hypocenters deeper than 200 km
the dehydration of

are interpreted to represent

MgMgAl-pumpellyite. These post-convergence carth-

quakes seem to be an extension of the lower plane

(Fig. 9) and occur in the lherzolite layer. Therefore,

A1
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path (I) is more consistent with the natural observa-
tions than hotter path (II). The consistent relation-
ships between the prediction and the observation
suggest that: 1) interplane earthquakes may corre-
spond to specific type of dehydration; and, 2) the P-T
path for the coldest thermal center, which reliably
correlates the dehvdration and hypocenter distribu-
tions, most the dehydration-

strongly  supports

induced earthquake hypothesis.

Regional heterogeneity of hypocenter distribution

in NE Japan

We examine here other profiles of the subduc-
tion zone in NE Japan to see regional differences in
the morphology of the DSZ. Figure 12 illustrates
seven cross-sections, each b0km wide in NE Japan,
and Fig. 13 shows the correlations between depth of
interplane earthquakes and dehvdration, together
with the probable P-T path for the coldest center in
the slab of each profile. The DSZ can be seen in all
sections, although the lower plane is weak in some
sections. The cluster of interplane earthquakes ex-
hibits regional heterogeneity, but the correlations
between the depth of the clusters and the dehydra-
tion reactions are similar to the section in Fig. 10, and
possible P-T paths for the coldest thermal center of

the slab are located in a temperature range of 75 C.

Case studies in the world’s subduction zones

We now examine other subduction zones to test
the applicable range of the dehydration-induced
carthquake model. Figure 14 shows representative
cross-sections of eight subduction zones around the
world taken from previous studies. Because of the
fewer number of observations and accuracy in these
subduction zones than for NE Japan, we only quali-
tatively compare the morphology of the seismic zone
with the prediction. We choose plate-age at the
trench (A¢) as the principal parameter of the subduc-
tion zone to discuss the correlation between the ther-
mal structure and the morphology of a seismic zone.
The values of At¢ were taken from Gorbatov and
Kostoglodov (1997).

The Kuril subduction zone has a similar Af to the
NE Japan (ca, 130 Ma) and similar morphology. The
fact that the upper and lower planes merge at about
180 km and some interplane earthquakes cluster at

ca. 80 km, 100 km, and 150Kkm is consistent with the
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becomes indistinct from a depth of ca. 100 km, and
the end of DSZ is at a depth of ca. 180km. This
feature corresponds to model B or C in Fig. 7. North-
ern Chile is a subduction zone of At=84Ma. Two
seismic planes merge at ca. 130 km and DSZ ends at
this depth, but the lower plane at a shallower depth

is not obvious. The distance between two planes is
closer than in NE Japan. Some hypocenters are
located between the two planes at a depth of ca. 80
km. This feature corresponds to model B or C in Fig.
7. The Aleutian subduction zone with At=63Ma

exhibits a convergence of the upper and lower planes
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at 180km, and below this depth, the lower plane
extends to deeper than 200 km. This feature is inter-
preted by model A in Fig. 7. The Izu subductioin
zone, where Philippine Sea plate (At=50Ma) is sub-
ducting northward, exhibits DSZ with the lower
plane near the lower boundary of the slab. The
convergence depth is not clear because of overlap-
ping seismicty with the Pacific plate. At the subduc-
tion zone of Alaska, the Pacific plate (At=46 Ma) is
subducting. The hypocenter distribution exhibits a
DSZ, which merges at ca. 80km and thereafter a
broad single zone continues down to a depth of 200
km. The existence of this broad single zone follow-
ing the DSZ corresponds to the hotter subduction of
model Cin Fig. 7. Southwest Japan is an example of
young subduction (A#=17-30Ma) without a double
seismic zone. Most of the earthquakes are located in
the oceanic crust, but some are in the slab mantle.
The distribution of hypocenters demonstrates a sin-
gle zone, which is ca. 30km thick. The maximum
depth of the earthquakes is ca. 70 km. Such a distri-
bution of hypocenters corresponds to the high-T sub-
duction zone model D in Fig. 7.

In the comparisons above, the variations of hy-
pocenter distributions in the world’s subduction
zones is correlated to differences in the thermal
structure of the slab. The subduction zones of A¢>
100 Ma including NE Japan, Kuril, and Tonga are
considered to have a colder thermal structure; Kam-
chatka (A¢t=96Ma) and northern Chile (At=84 Ma)
are of the intermediate type; Alaska (At=46 Ma) is
relative high-T; and the youngest SW Japan (At=17
-30 Ma) is of the high -T type. These observations are
consistent with the first order approximation that
the subducting slab with older-At is colder, while the
slab with younger-Af has a hotter geotherm at a
constant dip of the subduction, although shear stress
and subduction speed are also important factors for
the thermal structure of subduction zone (Peacock,
1996). The Aleutian subduction zone has a younger-
At (63 Ma) and was interpreted to have a colder ther-
mal structure, because of the existence of earth-
quakes deeper than 200km. This case does not fol-
low the simple Ai-temperature relation. This excep-
tion is considered to be due to a steeper dip of than
other subduction zones. Similarly, in the Alaska
subduction zone, the subduction dip becomes steeper
with depth. This may be the reason why the end of

seismic zone reaches ca.200km instead of its
younger-At.

Our observations and interpretations of the rep-
resentative subduction zones show that the dehydra-
tion-induced earthquake model is possibly applicable
to these subduction zones. The variation of the
morphology of intraslab seismic zones is considered
to represent differences of thermal structure in each
subdaction zone.

Discussion

Starting from four basic assumptions: 1) earth-
quakes are induced by dehydration; 2) the mantle is
hydrated; 3) dehydration is in equilibrium; and, 4)
the mantle has a MASH composition, we have dem-
onstrated that: 1) a DSZ zone and interplane seismic
clusters are highly comparable topologically with
dehydration in a hydrous subducting mantle; and, 2)
the morphology of a subduction zone depends on the
thermal structure of the slab. These observations, at
least, support the dehydration-induced earthquake
hypothesis, although this logic is a circular argu-
ment. In the following sections, we discuss the prob-
ability of the assumptions, as well as the possible
presence of CO,, an insight to the thermal structure
of a subducting slab, and implications for deep (>400
km) earthquakes.
Role of dehydration for intermediate-depth earth-

quake

Our first assumption is that any dehydration
reaction in a subducting slab induces earthquakes.
Two ideas have been suggested to explain how dehy-
dration induces seismicities. One is that the volume
change of a reaction causes an earthquake, and an-
other is that dehydration causes stress relaxation by
releasing fluid. The former model considers that
dehydration itself breaks the rock instead of ambient
stress. The dehydration reactions related to intra-
slab earthquakes have a negative slope at a depth >
80km (Fig. 10); therefore, the volume change of de-
hydration is expected to be negative according to
Clausius-Clapeyron’s equation. Thus, if the volume
change causes a break in the rock, the break may be
induced by implosion, instead of explosive hydraulic
fracturing by increasing the pore pressure on dehy-
dration. Focal mechanism analysis in NE Japan has
shown that the upper plane event exhibits down-dip
compression, whereas the lower plane event shows
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down-dip tension (e.g. Hasegawa et al., 1978; Kosuga
et al, 1996), although, in the subduction zone in
northern Chile, it is reported that the relationship
between the focal mechanism and the two planes is
inverted (Comte and Suarez, 1994). According to the
analysis by Kosuga et al. (1996), most interplane
earthquakes in NE Japan show upper plane-type
focal mechanisms. This observation suggests that
some mechanical factor may contribute to the forma-
tion of intraslab earthquakes. The self-implosion
model for dehydration inducement does not explain
the difference in focal mechanism between upper and
lower plane earthquakes.

The latter model, in which dehydration causes
stress relaxation and therefore embrittlement of ser-
pentine, was experimentally observed by Raleigh
and Paterson (1965) and Meade and Jeanloz (1991),
and was adopted for the genesis of DSZ by Seno and
Yamanaka (1996) and Peacock (2001). Raleigh and
Paterson (1965) suggested two possible mechanisms
of dehydration embrittlement of serpentine: 1) re-
duction of confining pressure by increasing pore
pressure of water; and, 2) loss of cohesive strength.
Both models consider that fluid formation is essential
and are nearly independent from the host material of
dehydration.

Meade and Jeanloz (1991) emphasized the sig-
nificance of the shear displacement of atoms during
dehydration, and suggested that a hydrous silicate of
a similar structure to serpentine group minerals (e.g.
talc, pyrophyllite) may exhibit similar behavior to
serpentine. In the present study, antigolite-free de-
hydration reactions relevant to intraslab earth-
quakes involve clinochlore or MgMgAl-pumpellyite.
Clinochlore is an end-member of chlorite and is a
sheet silicate, as is antigorite, but MgMgAl-pumpel-
lyite belongs to a different silicate group (Artioll et
al., 1999).

From the discussions above, we can conclude
that the formation of a fluid is essential for dehydra-
tion embrittlement, thus not only dehydration of
antigolite but most dehydration may act as a trigger
for seismicities in the slab peridotite, whatever me-
chanical stress exists. Therefore, our assumption
that any dehydration in a subducting slab induces an
earthquake is reasonable.

Is subducting mantle really hydrated?
Our second and most critical assumption, i.e., the

subducting mantle is hydrated, is the most contro-
versial part of the dehydration-induced earthquake
hypothesis. Hydration of the sub-oceanic uppermost
mantle has been much discussed since Hess (1962).
The petrogenesis of MORB strongly suggests an al-
most dry mantle at the depth range 30-20km at a
mid-ocean ridge. However, a few possible mecha-
nisms have been proposed to account for the hydra-
tion of oceanic lithospheric mantle during its
traverse from a mid-ocean ridge to a subduction
zone. Seno and Yamanaka (1996) considered hotspot
magmatism as a source of water in the oceanic man-
tle. They envisaged hydration of the oceanic mantle
by water released from solidifying magma within the
plate. However, it is difficult to explain the extent of
dehydration by a hotspot model, because a single hot
spot should leave a 1-dimensional trace on the oce-
anic plate, whereas the extent of hydration in the
oceanic lithosphere is expected to be at least 2-
dimensional, albeit heterogeneous. Wessel (1997)
identified small widespread seamounts in the Pacific
plate from Geosat satellite imaging. If these minor
seamounts in the Pacific ocean are taken into ac-
count, the spatial problem of the hotspot model may
be solved. However, the amount of water released
from a solidifying magma is less at a great depth,
because the solubility of water in the melt generally
increases at a higher pressure. Moreover, a magma
reservoir is present within the crust at depth and not
in the mantle. Even if some magma solidifies in the
oceanic mantle, water may be fixed in the rock,
probably as amphibole. Thus, we consider that ex-
tensive hydration of the oceanic mantle is hardly
explained by the hotspot model.

As an alternative source of water, Peacock (2001)
proposed deep seawater injection along a major fault
in a subducting plate ruptured by a trench-outer rise
event. The close association between a double seis-
mic zone and a present-day deep event beneath the
trench-outer rise was described by Seno and Ya-
manaka (1996). Kanamori (1971) suggested that big
normal faulting caused by bending of the lithosphere
may rupture the oceanic plate for up to a depth of 70
km below the trench; however, the observed maxi-
mum depth of the outer-rise event is limited to ca. 50
km (Seno and Yamanaka, 1996). If the fault reaches
that depth, and if water can infiltrate through such a
fault, the oceanic mantle might be sufficiently hy-
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Hydrated zone along transform faults

Fig. 15. A depiction of hydration in transform faults
and traveling oceanic plate.

drated to the depth of the lower plane of double
seismic zone. However, crack sealing by the interac-
tion of wall rock and water may be a possible barrier
to the deep penetration of sea water via an outer-rise
fault. Neverthless, if the frequency of outer-rise
faulting is not rare on a geological time-scale, succes-
sively formed new faults would provide the resultant
extensive hydration of slab peridotite.

Considering seawater infiltration to oceanic
mantle via a fault, transform fault, or oceanic frac-
ture zone may be another way for water to penetrate
the slab mantle. The possible penetration of seawa-
ter into the oceanic mantle via a transform fault was
reported by Francis (1981), and high-temperature al-
teration of ultramafics in the upper-mantle beneath a
fracture zone by Kimball ef al. (1985). Although the
depth-limit of the penetration of the sea water
through a transform fault or fracture zone is un-
known, it would be higher than via an outer-rise
fault, because transform faulting is a continuous
event, so crack sealing during infiltration may be
prevented.

In Fig. 12, the hypocental distribution of intra-
slab earthquakes in NE Japan differs from section to
section; sections B, C, F, and G exhibit a distinct
lower seismic plane, sections A and D lack the lower
plane, and separation of the upper and lower planes
is not clear in section E. Additionally, the number
and the distribution of interplane earthquakes are
also different section by section (Fig. 13). If earth-
quakes are induced by dehydration, such regional

heterogeneity of hypocenter distribution in NE Ja-
pan suggests a different degree of hydration of the
mantle in the various sections. If a transform fault is
a source of water, the hydrated part may indicate the
wall trace, the strike of which is parallel to the plate
movement in NE Japan (Fig. 15). This expected
mode of hydration via a transform fault is consistent
with the observed heterogeneity of hypocenter dis-
tribution in NE Japan, assuming dehydration-
induced seismicity.

Although possible mechanisms of the hydration
of oceanic mantle have been proposed from different
evidence, it is not sufficient to assume that hydrated
slab peridotite exists even at a depth of 30 km. Seis-
mic tomography with a calculated Poisson’s ratio is
the only current method that can provide evidence
for deep hydration in the oceanic mantle (Kamiya
and Kobayashi, 2000). We have applied this method
to the Kanto area, near Tokyo, where the Pacific
plate is subducting and a distinct DSZ is observed
(Fig. 16). Poisson’s ratio is well known to be sensitive
to the modal ratio of minerals in a rock, particularly
the degree of serpentinization. The values of Pois-
son’s ratio (o) for various rocks are reported by Chris-
tensen (1996). Assuming the hydrous mantle is a
mixture of two end-members, dry peridotite (0=0.25)
and completely hydrated serpentinite (¢=0.35), the
modal amount of serpentine is proportional to Pois-
son’s ratio. Fig. 16 shows seismic tomographic im-
ages, the velocities of P and S waves, and Poisson’s
ratio in a NS cross-section of the Kanto area. The
Pacific plate (PAC) is subducting from east to west,
and the Philippine Sea plate (PHS) is subducting
from south to north vertical to this section (see bot-
tom figure of Fig. 16). The seismic clusters beneath
the forearc represent earthquakes in the PHS. Areas
of high-Poisson’s ratio are observed at: 1) the mantle
wedge beneath the volcanic front; 2) above the PHS;
3) within subducting PAC at a depth range from 40-
90km, to ca. 100km on the lower seismic plane, and
120-140 km between the double seismic planes; and,
4) beneath the PAC. These areas possibly represent
heterogeneity in the mantle. 1) may represent par-
tially molten peridotite as a source of arc volcanism.
2) and 3) correspond to partially serpentinized perido-
tite. One possible interpretation of the area 4) is that
it corresponds to the head of an upwelling plume
which starts from a minimum depth of 660 km. The
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maximum degree of serpentinization is estimated to
reach 50% (vol.), assuming a linear correlation of
Poisson’s ratio to the modal proportion of serpentine
in peridotite. We emphasize that the elongated por-
tion of serpentinized slab peridotite continues down-
wards, following the lower seismic plane (Fig. 16).
The seismic tomography of a DSZ indicates the pos-
sible existence of serpentinite in slab peridotite, and
this supports the assumption of a hydrated mantle.
Uncertainty of hypocenter location, kinetic eflect,
and continuous reaction

The third and fourth of our assumptions, equilib-
rium dehydration and MASH mantle, are related to
the link between dehydration and hypocenter distri-
bution. Hypocenter distribution in NE Japan seems
to have a good correlation with dehydration reaction;
however, as shown in Figs. 9b and 9c¢, peaks of inter-
plane earthquakes have a relatively broad range and
there are minor seismicities where no dehydration is
expected. These discrepancies from the prediction
are considered to be due to a combination of uncer-
tainties: 1) hypocenter location, 2) kinetic effect on
the dehydration reaction and, 3) effect of continuous
reaction. The precision of the hypocenter location is
considered to be sufficient for the required accuracy
of the present study. Earthquake data provided by
the Japan University Network Earthquake Catalog,
which are deeper than 50 km, contain uncertainty in
the location of the hypocenter with a maximum=10
km. The difference of 10 km in depth corresponds to
a difference in pressure of ca. 0.3GPa in the P-T
diagram. This uncertainty may have some effect on
the morphology of the DSZ; therefore, the morpho-
logical discussion of the hypocenter distribution
must be larger in scale than this uncertainty.

The assumption of equilibrium dehydration is
considered to be reasonable, because numerous stud-
ies on metamorphic rocks have indicated that dehy-
dration in the prograde stage may take place at P-T
condition just above the equilibrium curve (e.g.
Spear, 1993; Miyashiro, 1994). Therefore, the uncer-
tainty, based on the kinetic effect, is considered to be
small if the slab is hydrated; and, the predicted reac-
tion topology in the model slab may represent actual
dehydrations in a natural subduction zone.

The compositional difference between natural
rock and the assumed MASH model system may be
the most dominant cause of a broader hypocenter

distribution compared to the prediction from a
MASH model system. Natural serpentinite contains
some Fe and Ca, in addition to the model MASH
system. Incorporation of these components into the
phase equilibria turns the individual reactions into a
continuous reaction that includes solid solution (e.g.
Mg-Fe substitution in antigorite, talc, enstatite; and
Ca-Mg-Fe substitution in garnet); a continuous reac-
tion occurs in a specific range of P-T conditions, but
not on a univariant curve. Some part of the broader
distribution of interplane earthquakes than the pre-
diction is considered to represent the range of con-
tinuous reactions, although the range is not esti-
mated quantitatively due to a lack of both experi-
mental and thermodynamic data for Fe end-
members of antigorite, phase A, etc.

Other volatile component: CO,

In previous sections, we considered the volatile
component in the subducting mantle to be only H,O.
However, the presence of CO; in shallow serpentini-
zation in a fracture zone of the mid-Atlantic ridge
was reported by Charlou et al. (1998). This observa-
tion suggests that CO; is also a possible volatile
component, if the hydration of deep upper mantle is
induced by the penetration of sea water. Kirby (1995)
also suggested CO, in the subducting slab mantle. He
proposed that a possible cause of lower plane earth-
quakes was reactivation of a fault by decarbonation
of carbonate along it. As discussed in the previous
section, the formation of a fluid plays an important
role in the embrittlement of a rock; therefore devola-
tilization including CO, can be a candidate to trigger
an intraslab earthquake. Therefore, we calculated
the position of possible COs-bearing devolatilization
in the subducting mantle in a P-T space and com-
pared it to the distribution of interplane earthquakes.
The P-T diagram in Fig. 17 shows the correlation
between the depths of interplane earthquakes in NE
Japan and possible dehydration and additional
COy-bearing devolatilization. The primary carbonate
coexisting with antigorite was assumed to be CaCQO;.
The devolatilization reactions including CO; occur in
a depth range of ca. 80-100 km, which corresponds to
the shallower cluster of interplane earthquakes. This
result provides a better link between interplane
earthquakes and fluid formation than the MASH
model, because a broad peak at 85-135km is inter-
preted to be the combination of a carbonate-bearing
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reaction and dehvdration ol antigorite + brucite. By
including carbonates in the calculation, we achieved
a better link between the prediction and observa-
tions of the intraslab earthquakes. This result sup
ports the idea that CO. should be included as a vola-
tile component of hyvdrated mantle.
Thermal structure of the subducting slab

We have compared dehvdrations with interme
diate-depth earthquakes using multiple reactions
and multiple seismic zones, and estimated a P-T path
of the coldest thermal center. Fig. 18a shows a su
perimposed possible location of dehydration reac-
tions on a cross-section of NE Japan, assuming the
P-T path (I) for the coldest thermal center in Fig. 10
The estimated isotherm from Fig. 18a is drawn in
Fig. 18 b. Our result is remarkably different from the
numerically simulated thermal structure (Fig. 18c¢).
Our estimate indicates a distinctly higher tempera-
ture on the inside of the slab, even taking into ac

count the considerable uncertainty in the phase dia-

one and devolat
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distribution along A-B profil

Temperature

is shown in Fig. 19.
gram and the observations. The temperature diffe-
rence reaches ca. 250°C. If this is correct, the discrep-
ancy must be derived from the model and the arbi-

trary choice of parameters used in the numerical
simulations.

Figure 19 shows the temperature profile across
the slab according to our estimate compared to the
numerical simulation of Peacock (2001). According to

Peacock (2001) the temperature difference is maxi-
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oceanic
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this study
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Fig. 19. Comparison of thermal profiles across the
slab A-B section in Fig. 18. black curve: estimated
temperature from this study. gray curve:
temperature obtained by numerical simulation of
Peacock (2001), thin dashed line: oceanic geotherm
of the Pacific plate in front of the trench, thick
dashed line: slab boundary.

mum on the inside of the slab at ca. 20km from the
upper boundary, and it is minimum near the slab
boundary. Our estimate requires more heating on
the inside of the slab than the calculation of Peacock
(2001). Parameters, which could contribute sig-
nificant uncertainty to the degree of heating to the
slab, are thermal conductivity and viscous heating.
If the thermal conductivity of the slab upper bound-
ary is higher than that used in the simulation, the
inside of the slab may become warmer due to con-
ductive heat from the mantle wedge. Shear stress
causing frictional heating would also produce addi-
tional heat. According to the thermal model of the
subducting slab by Peacock (1996), shear stress is one
of the most dominant parameters used to define the
thermal structure of the subducting slab by thrust
heating at shallower depth (ca. <70km). Because
shear stress is not an observable parameter, it may
contribute to uncertainty in the calculation. If heat-
ing inside the slab is due to high frictional heat, the
temperature difference between the observations
and the simulation should also be large at the upper
boundary of the slab. Thus the temperature of the
slab upper boundary is also important to constrain
the thermal parameter of the slab. However, our
estimate is based on the link between dehydration

and the seismic zone in peridotite; therefore, the tem-
perature in MORB at the upper boundary of the slab
is not relevant. If the isotherm estimated in perido-
tite is simply extended to the MORB crust (dashed
line in Fig. 18 and Fig. 19), the temperature difference
becomes smaller near the upper boundary of the slab.

A possible interpretation of the relatively colder
slab surface is that a low-T hydrous fluid derived
from dehydration underneath the slab cooled the
upper portion of the slab. Fluids released from the
colder interior of the slab may move upwards to
refrigerate the upper portion of the slab. Although
we do not discuss the thermal modeling of the slab
quantitatively, our estimate of the thermal structure
of the slab on the basis of the dehydration-induced
earthquake hypothesis suggests that a re-evaluation
of parameters, thermal conductivity, and shear
stress, and of the modeling that includes heat trans-
port by fluid from inside the slab, is necessary for
more precise thermal modeling of a subduction zone.
Deep earthquakes

We have discussed the dehydration-induced
earthquake model for intermediate depths in the pre-
vious sections. It is well known that most subduc-
tion zones with intermediate depth earthquakes also
have deep earthquakes in the range from ca. 400 km
to 700 km, except those with young plates (Fig. 20).
In previous studies, it has been suggested that meta-
stable phase transformation of olivine in dry- and
cold-subducting peridotite induces earthquakes at a
depth greater than 410km (e.g. Green and Burney,
1989). This model is based on the assumption that a
very cold subducting slab prevents equilibrium
phase transformation; and, the temperature of 600°C
is a critical temperature for initiating metastable
olivine transformation in the equilibrium stability
field of high-P phase. However, in the present study,
we estimated that the temperature of the slab is
higher than 600°C at a depth of 400 km. Therefore,
our dehydration-induced earthquake model is incon-
sistent with the metastable transformation model for
deep earthquakes; consequently, it is necessary to
provide another model for the origin of deep earth-
quakes. In this section, we show that the dehydra-
tion-induced earthquake model is also applicable to
deep earthquakes.

Figure 21 is a P-T diagram showing possible
dehydration reactions and superimposed depth-
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frequency relations of the whole world's subduction
zone earthquakes. A high frequency of earthquakes

in the depth range of ca. 0-300 km corresponds to

shallow and intermediate-depth earthquakes. The
depth range of 300-450 km is characterized by the
less seismicity.  Although it is known that dense

(DHMS)

in this depth range (Irifune et al., 1998), the steep P-T

hvdrous magnesian silicates are still stable
path cannot cross a dehydration reaction and dehy-
dration does not occur in the subducting slab after
decomposition of antigorite or MgMgAl-pumpellyite.
We suggest the lack of dehyvdration represents fewer
earthquakes in this depth range,

The second frequency peak of the earthquakes is
at a depth of about 600 km, which is close to the 660
boundary, where ringwoodite trans-

km thermal

forms to perovskite + wiistite. The phase transition

at 660 km has a negative Clapevron slope, thus the

subducted cold peridotite may stagnate at this

boundary. Moreover, the viscosity difference be-
tween the upper and lower mantle reaches two or-
ders of magnitude; this observation also suggests a
stagnant slab at 660 km. A stagnant slab at 660 km
was also demonstrated by P-wave tomographyv un-
1992).

derneath NE Japan by Fukao A steep tem-
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perature gradient between the lower mantle and the
overlying subducted slab is expected at the 660 km
boundary, thus the cold subducted slab must be
affected by conductive thermal heating from the
lower mantle at a nearly isobaric condition (P-T path
indicated by dashed arrow in Fig. 21). In this depth
range, dehydration of phase E is at ca. 17GPa by
high-pressure experiments with peridotite+H.O
(Kanzaki, 1991; Ohtani et al, 1995) and serpentine
bulk composition (Irifune et al., 1998) (Fig. 21). Chon-
drodite and clinohumite are also possible candidates
for the source of dehydration (Stalder and Ulmer,
2001), although the stabilities of these minerals are
not confirmed at this depth. Isobaric heating in a
stagnant slab may easily induce dehydration of these
minerals at a depth of about 600 km.

From the above discussion, deep earthquakes
seem to have corresponding dehydrations, thus the
dehydration model adequately explains deep earth-
quakes, as well as intermediate-depth earthquakes,
although we need a more precise determination of
the position of dehydration with high-pressure ex-
periments, and a better evaluation of the thermal
structure of the subducted slab in the mantle transi-

tion zone.

Conclusions

We applied dehydration phase equilibria of hy-
drated mantle in the MASH system to the morphol-
ogy of the intraslab seismic zone. The following five
results came from the present study.

1) The whole morphology of a double seismic
zone, including the depth distribution of interplane
earthquakes, is closely correlated with the P-T condi-
tion of dehydration reactions in the subducting slab
peridotite. The structure of the intraslab seismic
zone at intermediate depths is probably controlled
by dehydration reactions including serpentine, bru-
cite, talc, clinochlore, and MgMgAl-pumpellyite.

2) The assumption of hydrated mantle down to
depth of 30-40km in the oceanic lithosphere is con-
firmed from the distribution of Poisson’s ratio in a
subduction zone and seismic tomography.

3) Decarbonation reactions are also considered
to be one of the sources of intraslab earthquakes. The
earthquakes at about 100 km in depth probably cor-
respond to the decarbonation in the subducting peri-
dotite.

4) The thermal strucure of the subducting slab
in NE Japan is estimated from the link between
dehydration and the seismic zones. Our estimated
temperature is significantly higher than that derived
from a numerical simulation. The thermal parameter
of a slab, e.g., shear stress and conductivity, should
be re-evaluated.

5) Our dehydration-induced earthquake model
is also applicable to deep earthquakes (>400km).
Detailed determination of the P-T positions of the
dehydration of phase E, clinohumite, and chondro-
dite, and a new insight into the thermal structure of
the subducted mantle in the transition zone require
further discussion of the dehydration-induced deep
earthquake model in the future.
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