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Abstract

The phase boundary of the transformation of garnet to perovskite in hydrous mid-ocean ridge basalt (MORB) was determined
by in situ high-pressure and high-temperature X-ray diffraction (XRD) experiments. The garnet-bearing assemblage was formed in
experiments at pressures below 21 GPa. In contrast, an assemblage of Mg-perovskite, Ca-perovskite, stishovite, CF phase and/or
NAL phase is stable at pressures above 21 GPa. Garnet- and perovskite-bearing assemblages were synthesized at a pressure range
of 20–25 GPa and a temperature range of 1000–1600 ◦C. On the basis of our results, we have located the garnet–perovskite phase
boundary and find that it can be described by the following equation: P (GPa) = 0.004T (◦C) + 17.5, which positions it 2 GPa lower

◦
under dry conditions. If the top 7 km of the slab is colder than 1200 C in the transition zone, perovskite will appear at a depth
shallower than that where ringwoodite decomposes. This result indicates that the MORB layer becomes denser than the peridotite
portion of the slab throughout the transition zone and the lower mantle, and thus no density crossover would exist between basalt
and underlying peridotite along the cold subducting slab geotherm.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

It is believed that the subducting lithosphere consists
of an upper mid-ocean ridge basaltic (MORB) layer and

a lower peridotite layer (e.g., Poli and Schmidt, 2002).
The mineral components in a subducting slab transform
to high-pressure phases as the slab descends into the
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deep mantle. In the peridotite layer, the ringwoodite-
bearing lithology transforms to a denser perovskite-
bearing lithology at the base of the mantle transition
zone. However, garnet, which is a major component
of the MORB layer, survives to higher pressures (e.g.,
Irifune and Ringwood, 1993). This difference in the
depth at which perovskite appears may cause a density

crossover between the MORB layer and the surrounding
mantle. As a result, the oceanic crust in the subducting
slabs may become buoyant at the base of the transition
zone to form a megalith (e.g., Ringwood, 1994).
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While the garnet–perovskite transformation is impor-
ant in the discussion of slab dynamics, there is disagree-

ent about the location of the phase boundary. In dry
ORB, Hirose and Fei (2002) used quench experiments

o show that the transformation takes place at 26 GPa
nd concluded that there is no buoyancy deeper than
20 km. Irifune and Ringwood (1993), on the other hand,
uggested that garnet can survive to a depth of 800 km.
ecently, Litasov et al. (2004) conducted in situ X-ray
iffraction studies and found that the phase boundary has
positive Clapeyron slope that is larger than that found

n previous studies.
Subduction zone are regions where water is trans-

orted into the mantle by hydrous phases or defects
n nominally anhydrous minerals (e.g., Ono, 1998). It
s widely accepted that water has a great influence on
he transport properties of minerals (e.g., Kubo et al.,
004) and phase relations (e.g., Litasov and Ohtani,
005). Litasov and Ohtani (2005) used quench experi-
ents to show that the liquidus phase in MORB changes

n the presence of water, and that perovskite appears
t pressures of about 1.5 GPa lower than that in a dry
ystem. The purpose of this study is to determine the
hase boundary of the garnet–perovskite transformation
n hydrous MORB by in situ X-ray diffraction experi-

ents and to discuss the effect of water on the fate of the
ubducting slab.

. In situ X-ray diffraction experiments

In situ high-pressure and high-temperature X-ray
iffraction experiments were performed using a 1500-
on uniaxial press (SPEED1500) at beamline BL04B1
t SPring-8 and a 700-ton uniaxial press (MAX III) at
eamline BL14C at the Photon Factory. Sintered dia-
ond anvils were used as the second-stage anvils for

he experiments carried out at the Photon Factory, while
ungsten carbide anvils were used in the experiments car-
ied out at the SPring-8 facility. A white X-ray beam pro-
uced by synchrotron radiation was collimated through
ollimating slits; diffraction signals were collected by
he energy dispersive method using a pure germanium
olid-state detector with a fixed diffraction angle (2θ) of
◦. The diffraction angle was calibrated before and after
he experiments using diffraction from a gold pressure

arker.
The cell assembly used in the current study was

imilar to that of Litasov et al. (2004). The furnace

ssembly consisted of a cylindrical LaCrO3 heater with a
raphite X-ray transparent window in the central region.
Pd70%Ag30% alloy was chosen as the capsule mate-

ial when the target temperature was lower than 1400 ◦C,
etary Interiors 159 (2006) 118–126 119

whereas platinum was used at higher temperatures. Tem-
perature was measured with a W3%Re–W25%Re ther-
mocouple with no correction for the effect of pressure
on the electromotive force (EMF) of the thermocouple.
Pressure was calculated using equation of state of gold
proposed by Anderson et al. (1989), Shim et al. (2002)
and Tsuchiya (2003) using the observed unit cell vol-
umes of gold. Gold powder was mixed with the sample
in a 1:20 weight ratio of gold to sample when using the
Pd70%Ag30% capsule. However, for the platinum cap-
sule material, the gold powder was mixed with MgO and
placed outside of the capsule. The pressure uncertainty
is approximately 0.1–0.5 GPa. This figure was based on
the uncertainty of the unit cell volume of gold, as cal-
culated by the least squares approximation of the X-ray
diffraction data.

Anhydrous glass with an average mid-ocean ridge
basalt composition (Melson et al., 1976) was synthesized
under a controlled oxygen fugacity of log fO2 = 10−9.
The chemical composition of the glass is shown in
Table 1. The starting material was loaded in the capsule
and distilled water (about 10% by weight) was added
before welding the capsule.

For the Pd70%Ag30% alloy capsule, we determined
the stable phases at each P–T condition using in situ
X-ray diffraction method. The effect of transformation
kinetics has been an important issue in determining phase
relations using in situ X-ray diffraction. Furthermore,
the transformation of garnet to perovskite is particularly
sluggish (Kubo et al., 2002). To avoid the possibility of
sluggish kinetics when crossing the garnet to perovskite
phase boundary, we used synthesis experiments (except
for run, S1314) in an effort to bracket the transition.
Oil pressure was increased to a target sample pressure at
ambient temperature, and the sample was then heated to a
target temperature until the formation of either a garnet-
or a perovskite-bearing assemblage was observed at a
constant press load. We collected at least two sets of
diffraction profiles, each with duration of 300–1000 s,
at each pressure and at temperatures of 600–1500 ◦C.
Diffraction patterns were constantly cross-checked with
previous patterns to determine whether or not the forma-
tion of garnet or perovskite had occurred. In run S1314,
we conducted an additional experiment, which crossed
the phase boundary from the perovskite to garnet stabil-
ity field, and found the results to be consistent with those
of the synthesis runs.

When platinum was used as the capsule material for

experiments at higher temperature, diffraction from the
samples could not be detected because of the high X-ray
absorption by the capsule. For these runs, we measured
only the pressure at high-temperature using in situ X-ray
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Table 1
Compositions of phases synthesized from the MORB starting material at 24.4 GPa and 1600 ◦C (Run S1102)

S.M. Mg-Pv Ca-Pv CF NAL St

SiO2 51.0 33.4 (0.8) 47.7 (1.4) 25.5 (0.3) 18.4 (2.0) 96.0 (1.0)
TiO2 1.5 3.3 (0.2) 2.6 (0.3) 1.0 (0.2) 0.9 (0.2) 0.1 (0.02)
Al2O3 15.7 15.8 (0.5) 4.0 (1.1) 37.9 (0.5) 45.9 (2.0) 3.0 (0.2)
FeO 9.8 26.5 (0.6) 2.6 (0.9) 13.5 (0.4) 10.8 (1.0) 0.3 (0.1)
MgO 7.7 17.8 (0.7) 2.0 (0.4) 9.8 (0.1) 15.2 (0.5) 0.1 (0.05)
CaO 11.5 1.4 (0.8) 38.3 (2.1) 1.4 (0.3) 2.3 (0.5) 0.2 (0.1)
Na2O 2.7 0.4 (0.1) 0.7 (0.1) 9.8 (0.6) 5.3 (0.5) n.d.
K2O 0.2 n.d. 0.2 (0.2) n.d. 0.6 (0.3) n.d.

Total 100.0 98.6 (1.1) 98.0 (0.9) 98.9 (0.8) 99.4 (1.1) 99.6 (1.3)

O 3 3 12 12 2
Si 0.666 0.933 1.958 1.384 0.970
Ti 0.050 0.038 0.055 0.053 0.001
Al 0.373 0.093 3.430 4.088 0.036
Fe 0.443 0.042 0.866 0.681 0.003
Mg 0.529 0.057 1.121 1.709 0.001
Ca 0.029 0.802 0.116 0.182 0.002
Na 0.014 0.026 1.452 0.780 n.d.
K n.d. 0.006 n.d. 0.059 n.d.
Cations 2.105 1.998 8.999 8.937 1.012

vskite; C
Abbreviations are as follows: S.M., starting material; Mg-Pv, Mg-pero
Values in parentheses represent one standard deviation.

diffraction of the gold pressure standard. After heating
for 60 min at high-pressure and high-temperature, sam-
ples were recovered and analyzed using a micro-beam X-
ray powder diffractometer (MacScience M18XCE) and a
micro-Raman spectrometer (Jasco NRS-2000). Chemi-
cal compositions of the recovered samples were analyzed
with an electron microprobe (JEOL JXL8800M) with
operating conditions of 15 kV and 10 nA.

3. Transformation of garnet to perovskite in
hydrous MORB

Nine in situ X-ray diffraction experiments were car-
ried out in the pressure range of 19.9–25.5 GPa at tem-
peratures up to 1600 ◦C. In two experiments conducted at
1400 ◦C (S1334) and 1600 ◦C (S1102), we measured the
pressure based on the in situ determination of the lattice
parameter of gold, and the stable phase was identified
by X-ray diffraction of the recovered samples. Fig. 1
and Table 2 summarize the experimental conditions
and results. During the experiments, three phase assem-
blages were observed, namely, (1) Ca–Mg–Al (CMA)-
perovskite and stishovite; (2) garnet, stishovite and an
aluminous phase; and (3) Mg-perovskite, Ca-perovskite,

stishovite and an aluminous phase. CMA-perovskite is
an orthorhombic Ca–Mg–Al perovskite with a high Ca
content, which is synthesized from a glass starting mate-
rial (Funamori et al., 2000).
a-Pv, Ca-perovskite; CF, CF phase; NAL, NAL-phase; St, stishovite.

In all runs, with the exception of run mb51, we
observed the appearance of a metastable CMA-
perovskite phase with orthorhombic symmetry at 1000–
1100 ◦C from the glass starting material during heating.
The coexistence of stishovite with CMA-perovskite
was observed only during one run (S1219). When
the temperature was increased from 1100 to 1200 ◦C,
CMA-perovskite decomposed into a garnet-bearing
assemblage: garnet, stishovite and aluminous phases
(calcium-ferrite type (CF) phase (Irifune and Ringwood,
1993) or M3Al4Si1:5O12 (M = Mg, Fe, Ca, Na, K) phase
(NAL phase) (Miyajima et al., 1999)) in the runs at
pressures below 21 GPa (mb41, S1221). We observed
that garnet remained stable up to 22 GPa and 1300 ◦C. In
contrast, CMA-perovskite decomposed into an assem-
blage of Mg-perovskite, Ca-perovskite, stishovite, CF
phase and/or NAL phase in several other runs at pres-
sures above 21 GPa. We could not distinguish between
CF phase and NAL phase from the X-ray diffraction pat-
terns, but electron microprobe analysis of the recovered
samples suggests the existence of both phases (Table 1).

The presence of CMA-perovskite, which has a density
between that of garnet and Mg-perovskite, is a matter of
debate. Funamori et al. (2000) reported the formation of

CMA-perovskite from glass starting material at 50 GPa,
and concluded that this phase is stable in the subduct-
ing MORB layer at conditions prevalent in the lower
mantle. Recently, it has been argued that this phase is
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Table 2
Experimental conditions and results

T (◦C) PAnd (GPa) PShim (GPa) PTsu (GPa) Result

Run no. mb41
1000 21.1 (0.2) 21.7 22.2 Glass → CMA
1100 20.9 (0.5) 21.6 22.0 CMA → Gt + St
1200 20.6 (0.1) 21.4 21.8 Gt + St

Run no. mb42
1100 25.5 (0.3) 26.3 26.9 Glass → CMA
1200 24.8 (0.1) 25.6 26.1 CMA → MPv + CPv + Al + St

Run no. mb43
1100 23.5 (0.3) 24.3 24.8 Glass → CMA
1200 23.1 (0.2) 23.9 24.4 CMA → MPv + CPv + Al + St

Run no. mb51
1100 21.6 (0.2) 22.3 22.7 Glass → MPv + CPv + Al + St

Run no. S1219
1100 24.1 (0.4) 24.8 25.4 Glass → CMA + St
1200 24.3 (0.5) 25.1 25.6 CMA → MPv + CPv + Al + St
1250 24.1 (0.5) 25.0 25.5 CMA → MPv + CPv + Al + St
1300 23.4 (0.5) 24.3 24.7 CMA → MPv + CPv + Al + St
1350 24.0 (0.4) 25.0 25.4 CMA → MPv + CPv + Al + St
1400 23.2 (0.1) 24.2 24.6 MPv + CPv + Al + St
1500 23.1 (0.3) 24.2 24.5 MPv + CPv + Al + St

Run no. S1221
1000 20.3 (0.5) 20.9 21.3 Glass → CMA
1200 20.6 (0.3) 21.4 21.7 CMA → Gt + St + Al
1150 20.6 (0.3) 21.4 21.8 Gt + St + Al
1200 21.7 (0.3) 22.6 23.0 Gt + St + Al
1300 22.3 (0.5) 23.2 23.6 Gt + St + Al

Run no. S1314
1000 23.0 (0.1) 23.6 24.1 Glass → CMA
1200 22.6 (0.1) 23.4 23.8 CMA → MPv + CPv + Al + St
1150 21.7 (0.2) 22.4 22.8 MPv + CPv + Al + St → Gt + CPv + St + Al
1200 21.8 (0.1) 22.7 23.1 MPv + CPv + Al + St → Gt + CPv + St + Al

Run no. S1102 (Pt capsulea,b)
1600 24.4 (0.1) 25.6 25.9 MPv + CPv + Al + St

Run no. S1334 (Pt capsulea)
1400 22.7 (0.5) 23.7 24.3 MPv + CPv + Al + St

CMA, CMA-perovskite; St, stishovite; Gt, garnet; MPv, Mg-perovskite; CPv, Ca-perovskite; Al, aluminous phase (calcium-ferrite type phase and/or
NAL phase). Arrows indicate reaction from former mineral assemblage to latter mineral assemblage. All phases were coexisted with water rich
fluid. Pressure was calculated based on the equation of state of gold by Anderson et al. (1989), PAnd; Shim et al. (2002), PShim; Tsuchiya (2003),
PTsu. The error of pressure in Anderson’s scale is shown in parenthesis.
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a In situ determination of pressure at high-temperature was made. I
pectra of the recovered run products.
b Temperature was estimated by power–temperature relation.

etastable when glass was used as the starting material
Asahara et al., 2005). In the present study, we observed
he disappearance of CMA-perovskite at 1200 ◦C. On
he other hand, Asahara et al. (2005) found that it sur-

ives up to 1800 ◦C and 34 GPa, and Litasov et al. (2004)
eported its survival up to 1300 ◦C and from 21 to 29 GPa
nder dry conditions. The temperature variations under
hich CMA-perovskite appears might be explained due
ation of the phases is made by EPMA, X-ray diffraction and Raman

to enhanced transformation kinetics by the presence of
water. It is important to clarify whether CMA-perovskite
is thermodynamically stable under low temperature con-
ditions of the slabs, since it may play an important role in

determining the density profile of the subducting slabs.

In one run (S1314), we carried out isothermal decom-
pression until we observed the appearance of gar-
net following the growth of perovskite at 22.5 GPa
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Fig. 1. Garnet–perovskite transformation in hydrous MORB. Dashed
line represents the boundary of garnet disappearance in hydrous
MORB, filled symbols indicate perovskite-bearing assemblage, open
symbols indicate garnet-bearing assemblage, and crosses indicate
existence of CMA-perovskite. Triangles represent transformation of
CMA-perovskite to garnet, open circles represent transformation of
perovskite to garnet and filled circles represent transformation of
CMA-perovskite to Mg-perovskite bearing assemblage. Filled square
symbols represent Mg-perovskite bearing assemblage from recovered

Fig. 2. Examples of X-ray diffraction profiles during a single run (Run
S1314). (a) Appearance of CMA-perovskite after the increase in tem-
perature from 1000 to 1200 ◦C. (b) Transformation of CMA-perovskite
to Mg-perovskite bearing assemblage after decompression from 21.9 to
22.5 GPa at 1200 ◦C. (c) Appearance of garnet lithology after decom-
pression from 22.5 to 21.9 GPa at 1200 ◦C. (d) Garnet-bearing lithol-
ogy. CMA, CMA-perovskite; St, stishovite; CPv, Ca-perovskite; MPv,
Mg-perovskite; CF, CaFe2O4-type aluminous phase; Gt, Garnet; *,
unknown; t, time elapsed since reaching 22.9 GPa and 1000 ◦C where
the condition of CMA-perovskite appears. The additional peaks are
due to diffraction from the heater.
sample which pressure was determined by in situ observation. Small
diamonds represent conditions where no change in diffraction profiles
occurred. Pressure was calculated from the equation of state of gold
by Anderson et al. (1989).

and 1200 ◦C, for 10 min (Fig. 2b). Fig. 2 shows the
change in diffraction patterns during decompression at
high-temperatures. We observed the growth of garnet
at 21.9 GPa and 1200 ◦C, after a duration of 23 min
(Fig. 2c). After further decompression, Mg-perovskite
finally disappeared at 21.1 GPa and 1000 ◦C (Fig. 2d).
This apparent crossing of the phase boundary is consis-
tent with the result of runs mb41–52 and S1314. We con-
clude that the transformation from perovskite to garnet
is not kinetically inhibited, in contrast to the transforma-
tion of garnet to perovskite (Kubo et al., 2002).

We performed two synthesis experiments at tem-
peratures higher than the melting temperature of the
Pd70%Ag30% alloy capsule (S1102, S1334). The two
recovered samples consisted of an assemblage con-
taining Mg-perovskite (Fig. 3). The phase boundary is
restricted to narrow pressure and temperature conditions
at four data points as follows: where the garnet or per-

ovskite assemblage was formed from CMA-perovskite
or glass starting materials (S1221, mb51), perovskite
transformed to garnet during isothermal decompression
(S1314) and during the synthesis experiment at high-

Fig. 3. Back-scattered electron image of recovered sample (S1102).
St, stishovite; CPv, Ca-perovskite; MPv, Mg-perovskite; NAL, NAL
phase.
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Table 3
Lattice parameters and volumes of minerals of recovered samples

Phase Lattice parameter (Å) Volume (Å3)

S1314 (recovered from 21.8 GPa, 1200 ◦C)
Gt a = 11.58(3) 1560.2(12)
St a = 4.179(3), c = 2.680(3) 46.80(8)
NAL a = 8.816(5), c = 2.789(2) 187.7(2)
CF a = 8.754(8), b = 10.038(8), c = 2.789(1) 245.1(3)

S1219 (recovered from 23.1 GPa, 1500 ◦C)
MPv a = 4.827(2), b = 5.008(2), c = 7.030(1) 167.0(1)
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Fig. 4. Comparison of the garnet–perovskite phase boundary in the
hydrous MORB determined in this study with that of dry MORB
(Litasov et al., 2004) and the post-spinel phase boundary of Mg2SiO4

by Fei et al. (2004) and Katsura et al. (2003). The most negative slope
was adopted of Katsura et al. (2003). (A) Pressures are based on the
equation of state of Anderson et al. (1989). (B) Pressures are based
on the equation of state of Shim et al. (2002). Post-spinel boundary is
recalculated based on the equation of state of Shim et al. (2002). Dashed
lines represent extrapolation. Normal mantle geotherm and tempera-
ture profile at surface of the subducting slab are from Akaogi et al.
St a = 4.179(5), c = 2.700(5) 46.63(1)
CF a = 8.742(4), b = 10.111(3), c = 2.781(1) 245.8(2)

bbreviations are the same as in Fig. 2.

emperatures (S1334). The uncertainty of the pressure
or Anderson’s pressure scale is given in Table 2. Thus,
he phase boundary can be described by the follow-
ng equation, P (GPa) = 0.004T (◦C) + 17.5 based on the
quation of state of gold by Anderson et al. (1989). Alter-
atively, it is described by P (GPa) = 0.005T (◦C) + 17.2
sing the equation of state of gold by Shim et al.
2002) and P (GPa) = 0.005T (◦C) + 16.8 using that of
suchiya (2003). The uncertainty of the slope of the
hase boundary based on Anderson’s pressure scale is
0.002 GPa/◦C.
Table 3 presents refined unit cell parameters and the

olumes of the minerals at ambient conditions for the
amples recovered from 21.8 GPa and 1200 ◦C (S1314),
nd 23.1 GPa and 1500 ◦C (S1219). The zero pressure
olume of Mg-perovskite is larger than that of pure
gSiO3 perovskite, which is consistent with results of

revious studies (Hirose and Fei, 2002; Litasov et al.,
004), due to high FeO and Al2O3 contents in Mg-
erovskite. The intensity of diffraction lines from the
AL phase was stronger than from the CF phase when

hey coexisted with garnet. These diffraction lines were
bsent in the profile of the perovskite-bearing assem-
lage.

Chemical compositions of minerals recovered from
4.4 GPa and 1600 ◦C are presented in Table 1. The
ssemblage consists of Mg-perovskite, NAL phase, CF
hase, stishovite and amorphous Ca-perovskite (Fig. 3).
g-perovskite is remarkable for its higher Fe and lower
g and Si contents when compared to the results from

ry conditions (Litasov et al., 2004; Hirose and Fei,
002), that is similar to the composition found in a previ-
us study of hydrous MORB (Litasov and Ohtani, 2005).
. Effect of water on subducted oceanic basalt

Fig. 4 shows a comparison of our results with those
f previous studies. Although there is a discrepancy
(1989) and Eberle et al. (2002), respectively. The shaded region repre-
sents the difference of the garnet–perovskite phase boundary between
dry and hydrous MORB.

between the different pressure scales, the post-garnet
phase boundary in hydrous MORB is 2 GPa lower than
that of the dry phase boundary (Litasov et al., 2004),
with a similar slope based on Anderson’s pressure scale
(Fig. 4A). It intersects the post-spinel phase boundary of
Mg2SiO4 (Fei et al., 2004; Katsura et al., 2003) at about
22 GPa and 1200 ◦C, using the equation of state for gold

by Anderson et al. (1989). Litasov and Ohtani (2005)
reported that a garnet-bearing lithology transforms to a
perovskite-bearing one at 25–26 GPa in MORB that con-
tains 2 wt.% H2O based on quench experiments; how-
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ever, we found this phase boundary at a pressure that is
lower by 2 GPa. This inconsistency between the present
study and that of Litasov and Ohtani (2005) may primar-
ily be due to differences in the pressure scales. Litasov
and Ohtani (2005) calibrated pressures in quench exper-
iments based on the results of other quench experiments
and in situ experiments, where the pressures were calcu-
lated by the equation of state of NaCl or platinum, or by
the ruby fluorescence method. The equation of state of
Anderson et al. (1989) is known to provide lower pres-
sures than other pressure scales, such as that of platinum
(e.g., Holmes et al., 1989).

Although there is uncertainty in the pressure scales,
comparing the results made by the same experimental
methods indicates that the shift of the phase boundary
seems to be little affected by the total amount of water
present. The shift of the phase boundary between dry
MORB (Hirose and Fei, 2002) and MORB containing
2.0 wt.% H2O system (Litasov and Ohtani, 2005) was
1.5 GPa in quench experiments, whereas it is 2.0 GPa
in the in situ observations of this study and dry experi-
ments (Litasov et al., 2004). These differences are similar
within the uncertainties of the pressure scales. However,
there remains the possibility that water escapes during
experimentation. Water content in the recovered sample
was difficult to quantify because the grain size is too
small to analyze using IR spectroscopic methods.

The survival of garnet in the MORB layer is believed
to cause a density crossover between the MORB layer
and the lower peridotite layer of subducting slabs (Irifune
and Ringwood, 1993). We are now able to present
two possible scenarios for the behavior of hydrated
slabs at a depth of around 660 km as a function of the
slab geotherm: (1) if the geotherm of the top 7 km of
the slab is located above the intersection of the post-
spinel phase boundary of Mg2SiO4 in peridotite and
garnet–perovskite phase boundary in wet MORB, there
is a narrow depth interval of about 40 km for the den-
sity crossover. The oceanic crust becomes buoyant under
these conditions; (2) if the geotherm of the MORB layer
passes below the temperature of the intersection, the
MORB layer becomes denser at a shallower depth than
the post-spinel transformation and it can continue to pen-
etrate into the lower mantle without accumulation as a
garnetite megalith.

The disagreement over the different pressure scales
for gold is also a matter of debate. The equation of state
of Anderson et al. (1989) is known to provide lower pres-

sure estimates than other pressure scales. Using the data
from this study, the equation of state of gold of Shim
et al. (2002) results in a phase boundary about 1 GPa
higher (Fig. 4B) and that of Tsuchiya (2003) puts it about
etary Interiors 159 (2006) 118–126

1.5 GPa higher than of the boundary based on Anderson’s
scale. Thus, the intersection between the phase bound-
aries of the post-spinel and garnet–perovskite transitions
in wet MORB is 22.8 GPa according to Shim’s scale
(Shim et al., 2002) (Fig. 4B) and 23.4 GPa according to
Tsuchiya’s scale (Tsuchiya, 2003), with both of them at
about 1200 ◦C.

Shifts in phase boundaries due to the presence of
water have been reported in several systems. For exam-
ple, the phase boundary between olivine and wadsleyite
in (Mg, Fe)2SiO4 shifts to a lower pressure in the pres-
ence of water (e. g., Chen et al., 2002; Litasov and Ohtani,
2003). This shift has been explained in terms of a dif-
ference in partitioning of water between these phases.
However, the concentrations of water in majorite gar-
net and perovskite may be too low to explain such a
large shift of the garnet–perovskite transition boundary,
as suggested by the present study. Litasov and Ohtani
(2005) provided an alternative explanation for the shift,
suggesting that there is a change in the oxidation state
due to the fluid. This is based on the observation that
Mg-perovskite in hydrous MORB contains a higher Fe3+

content than in dry MORB (Litasov et al., 2003). Alu-
minous Mg-perovskite tends to contain more Fe3+ than
garnet (McCammon, 1997) and thus the presence of fluid
may oxidize the garnet-bearing lithology and enhance
the formation of perovskite. This hypothesis is supported
by chemical analyses in the present study (Table 1),
which show that Mg-perovskite contains slightly higher
FeO and Al2O3 than perovskite observed in the dry sys-
tem (Litasov et al., 2005).

Another possible explanation is that the fluid can dis-
solve variable amounts of mantle components such as
Mg and Si (e.g., Kawamoto et al., 2004), which may
alter its mineral composition, resulting a change in the
location of the phase transformation boundary. However,
there is no information regarding the composition of the
coexisting fluid at pressures above 20 GPa. Further stud-
ies are needed to clarify this problem.

Water is transported into the deep mantle by subduct-
ing slabs. In the upper mantle, lawsonite has been shown
to be stable down to a depth of 300 km in a hydrated
basaltic system. After the decomposition of lawsonite,
there is no hydrous phase present in the MORB layer.
However, aqueous fluid, released by the decomposition
of hydrous phases, may be transported into the deep
mantle as a trapped fluid without percolation due to the
large dihedral angle between garnet and fluid (Ono et

al., 2002). In addition, majoritic garnet and Al-bearing
stishovite, which are the major components of MORB
in the upper mantle and transition zone, can contain
1250 ppm OH and 840 ppm H2O (Katayma et al., 2003;
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hung and Kagi, 2002), respectively. In the underlying
eridotite layer, which comprises a large part of the slab,
hase E, superhydrous phase B and phase D are stable as
he slab descends into the transition zone. These dense
ydrous magnesium silicate phases bring with them the
apacity for a great deal of water content in the peridotite
ayer of 2 wt.% in a hot slab and 10 wt.% in a cold slab at
he transition zone (Ohtani et al., 2004). Seismic obser-
ation implies that some slabs stagnate at the transition
one (e.g., Fukao et al., 2001) The stagnation of the slab
hould cause a rise in the slab temperature and dehy-
rate the peridotite layer. This, in turn, would cause shift
he transformation of garnet to perovskite in the MORB
ayer to occur at a shallower depth, and the oceanic crust
ould penetrate into the lower mantle without separation

rom the peridotite layer near the depth of 660 km.
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