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Abstract We conducted high-pressure phase equilibrium
experiments in the systems MgSiO; with 15 wt% H,0
and Mg,Si04 with 5Swt% and 11 wt% H,O at
20 ~ 27 GPa. Based on the phase relations in these
systems, together with the previous works on the related
systems, we have clarified the stability relations of dense
hydrous magnesium silicates in the system MgO-SiO,-
H,O in the pressure range from 10 to 27 GPa. The re-
sults show that the stability field of phase G, which is
identical to phase D and phase F, expands with in-
creasing water contents. Water stored in serpentine in
the descending cold slabs is transported into depths
greater than 200 km, where serpentine decomposes to a
mixture of phase A, enstatite, and fluid. Reaction se-
quences of the hydrous phases which appear at higher
pressures vary with water content. In the slabs with a
water content less than about 2 wt%, phase A carries
water to a depth of 450 km. Hydrous wadsleyite, hy-
drous ringwoodite, and ilmenite are the main water
reservoirs in the transition zone from 450 to 660 km.
Superhydrous phase B is the water reservoir in the up-
permost part of the lower mantle from 670 to 800 km,
whereas phase G appears in the lower mantle only at
depths greater than 800 km. In cold slabs with local
water enrichment greater than 2 wt%, the following
hydrous phases appear with increasing depths; phase A
to 450 km, phase A and phase G from 450 km to
550 km, brucite, superhydrous phase B, and phase G
from 550 km to 800 km, and phase G at depths greater
than 800 km.
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Introduction

Water plays important roles in the Earth’s interior, i.e.,
it promotes magma generation and phase transforma-
tion kinetics, and affects the mantle dynamics by soft-
ening the mantle minerals (e.g., Kubo et al. 1998).
Therefore, it is essential to clarify the state of water in
the Earth’s interior.

Various dense hydrous magnesium silicates (DHMS)
have been synthesized to date in the system of MgO-
Si0,-H,0 (e.g., Ringwood and Major 1967; Liu 1987;
Gasparik 1990; Kanzaki 1991), and these phases are
expected to exist in the cold subducting slabs descending
into the lower mantle. DHMS phases, hydrous wads-
leyite, and hydrous ringwoodite (e.g., Inoue et al. 1995)
are the candidates for water reservoirs in the mantle.
However, detailed phase relations of these hydrous sili-
cate phases at high pressures in the Earth’s interior are
still a matter of great debate. The chemical compositions
of DHMS phases discussed in this paper are summarized
in Fig. 1.

The purpose of this work is to conduct high-pressure
phase equilibrium experiments in the systems Mg,SiOy4-
H,0 and MgSiO5-H,0 at pressures up to 27 GPa and to
evaluate the possibility of water reservoirs and water
transportation into the deep mantle by subduction
processes.

Experimental
Sample preparation

Several starting materials with the bulk compositions of Mg,SiO4
with 15 and 11 wt% H,O and MgSiO3 with 15 wt% H,O were
prepared as the mixtures of the reagents Mg(OH),, SiO, and syn-
thesized forsterite Mg,SiO,4 in appropriate proportions. Composi-
tions of the starting materials are summarized in Fig. 2. The
starting materials were stored in a vacuum desiccator to avoid
formation of hydroxycarbonate Mg(OH),MgCOj3 by absorption of
carbon dioxide. The sample was enclosed in a platinum capsule
sealed by welding to protect from water loss during the run.
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Fig. 1 Compositions of dense hydrous magnesium silicates

(DHMS) phases in the MgO-SiO,-H,O system. A4 Phase A;
E phase E; SuB superhydrous phase B; G phase G; D phase D by
Yang et al. (1997); F phase F by Kanzaki (1991); Hy-W hydrous
wadsleyite; Hy-R hydrous ringwoodite
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Fig. 2 Compositions of the starting materials; MgSiO;-15 wt%
H,0, Mg,Si04-5 wt% H>0, and Mg,SiO4-11 wt% H,O composi-
tions

High-pressure and high-temperature experiments

High-pressure and high-temperature experiments were carried out
using the Kawai anvil (MAS8 type multianvil) driven by a 3000-ton
uniaxial press with a DIA-type cubic guide block system at Tohoku
University (Ohtani et al. 1998). The MA8-type multianvil is called
here the Kawai anvil in honor of the pioneering work by Kawai (e.g.,
Kawai and Endoh 1970). Our DIA-type guide block has anvils with
an edge length of 50 mm. The Kawai anvil used here is composed of
eight tungsten carbide cubic anvils with a truncated edge length
(TEL) of 2 mm. Preformed pyrophyllite gaskets were used between
the cubes. Figure 3 shows a typical furnace assembly used for the
anvils with 2-mm truncation. Semisintered zirconia (ZrO;) octahe-
dra were used as the pressure medium, and lanthanum chromite
(LaCrOs3) tubes as the heating element. A magnesia sleeve was
placed between the lanthanum chromite heater and the platinum
capsule for electrical insulation. Pressure was calibrated on the basis
of the phase boundaries of ilmenite-perovskite transition in MgSiOs
(Kato et al. 1995) and the decomposition reaction of ringwoodite,
Mg,SiOy, to perovskite, MgSiO3, and periclase, MgO (Ito and Ta-
kahashi 1989), at 1600 °C. The pressure was increased to the desired

ZrO2 pressure medium

\ Mo electrode

Sample | — MgO
| LaCros |2-0mm

Pt capsule | heater
1.41mm

Graphite sleeve
W3Re-W25Re
thermocouple 2 0 mm

Fig. 3 The furnace assembly for the anvils with the truncated edge
length of 2 mm

value first and held constant, and then AC power was supplied to the
lanthanum chromite tube heater in the furnace assembly. Temper-
ature was measured with a W3%Re-W25%Re thermocouple
0.1 mm in diameter. The temperature difference within the capsule
was less than 50 °C. After heating at high pressure, the charge was
quenched by shutting off the electric power supply. The samples
were recovered after releasing pressure slowly in 1 day.

Characterization of run products

Recovered samples were mounted in epoxy resin and carefully
polished for measuring the chemical composition using an electron
probe microanalyzer (EPMA, JEOL JXL8800M). The operating
conditions were 15 kV and 10 nA. The phases were identified by
X-ray powder diffraction or micro-Raman spectroscopy. The X-ray
powder diffraction was carried out by a Debye-Scherrer Camera
with a Gandolfi attachment. A micro-area X-ray diffractometer
(RINT 2000) was also used for analyzing the run products from
some experiments. Raman spectra were measured using a micro-
Raman spectrometer (JASCO NRS-2000). The Ar* laser with a
wavelength of 514.5 nm and laser power of 30 mW was focused on
an area of the sample about 1 pm in diameter.

Hydrogen in some hydrous phases was identified by micro-
Raman and infrared (IR) spectroscopies. The IR spectra of some
run products were measured using a micro-Fourier-transform in-
frared spectrometer (JEOL Diamond-20). The water contents in
hydrous ringwoodite (Mg,SiO4) were measured by the secondary
ion mass spectrometry (SIMS) using a Cameca IMS-3F ion mi-
croprobe at the Tokyo Institute of Technology. SIMS is an ideal
tool for the determination of hydrogen contents in a micro-area of
the sample (Yurimoto et al. 1989). A 10-nA and 10-kV 'O~ pri-
mary beam was focused to a spot about 50 um in diameter. Sec-
ondary '"H™ and 3°Si™ ions were collected at the central region
(10 ~ 20 pm in diameter) of the sputtered area using a mechanical
aperture and analyzed by —100 V offsetting of the sample acceler-
ating voltage. The energy slit was set to accept a 20-eV window,
resulting in a mass resolution M/AM = +500. The pressure in the
sample chamber was maintained below 0.5 pPa. The samples for
SIMS measurements were coated by gold film on the surface in
order to eliminate electrostatic charging. Other analytical and in-
strumental conditions were similar to previous studies (Kurosawa
et al. 1992; Miyagi and Yurimoto 1995). For quantitative analysis,
natural hornblende (Miyagi and Yurimoto 1995), San Carlos olivine
(Kurosawa et al. 1992), and MgSiOj; glass were used as standards.

Results
MgSiO3-H,0 system

Experimental conditions and the results are summa-
rized in Table 1. The backscattered electron images of



Table 1 Experimental conditions and results in the MgSiOs-
15 wt% H,O bulk composition. I/ Ilmenite; Pv perovskite; Pc
periclase; St stishovite; L liquid; G phase G; SuB superhydrous
phase B; E phase E; Bc brucite

Run no. Pressure Temperature Time Results
(GPa)  (°C) (h)
EISH09 20 880 12 G + SuB + LP
E15H04 20 1100 3 G + SuB + LP
EHF04* 20 1290 1 L +St+E
EHO1* 22 1050 3 G + SuB + L°
EI15HO05 23 880 125 G + trace Bc + L
G + Pv + trace Bc
E15H03 23 1100 3 G + SuB + L
G + SuB+Il/Pv
EI5SHO08 23 1300 2 L +G + SuB
E15H06 25 880 12 G + trace Bc + L
G + Pv + trace Be
EHO04* 25 1100 3 G + Pc + L
E15HO1 25 1150 5 G + SuB + L
G + SuB + Pv
EI15H02 25 1430 35 L + Pv + St

“The bulk composition is MgSiO;-14 wt% H,O containing
2.6 wt% CO,
®Trace amount of magnesite was observed in the run products

the run products are given in Fig. 4. The phase rela-
tions in the MgSiO3-15 wt% H,O bulk composition are
given in Fig. 5. The experiments were conducted at 20
to 25 GPa pressure and 850 to 1500 °C temperature. At
lower temperatures around 850 °C, we observed the
coexistence of phase G and brucite at around
23 ~ 25 GPa. Phase G coexists with superhydrous
phase B at around 1100 °C in the same pressure range.
The presence of fluid during the experiments was con-
firmed in some runs by the presence of fluid in the
recovered capsule. Liquids in some runs were recovered
as quench crystals with dendritic textures that are
similar to the quench liquids observed in melting ex-
periments under the dry condition. The quench liquids
were highly magnesian in composition. The phases
coexisting with liquids at 1300 °C were phase E, sti-
shovite at 20 GPa, and phase G and superhydrous
phase B at 23 GPa. The Mg/Si ratio of phase E de-
termined by EPMA varies from 1.88 to 1.90. We ob-
served the coexistence of liquid, MgSiO; perovskite,
and stishovite at 25 GPa and 1500 °C in the MgSiOs-
15 wt% H,0, suggesting that the liquid has a magne-
sium-rich composition.

We observed the assemblage of phase G + super-
hydrous phase B + perovskite/ilmenite in some runs
at 25 GPa and 1150 °C, perhaps due to the tempera-
ture gradient and/or the difference in the water
fugacity. A trace amount of magnesite was detected in
some run products in this system; it was identified by
using micro-Raman spectroscopy, perhaps due to ab-
sorption of a trace amount of carbon dioxide in air in
spite of careful handling. Since magnesite was found
only in trace amounts, we ignored it in the phase re-
lations of the systems MgSiO3-H,O and Mg,SiOy-
H,O0.
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Fig. 4a, b Backscattered electron images (BEI) of the run products
in the MgSiO5-15 wt% H,0 system. a 25 GPa and 1150 °C (run
E15HO01). b 25 GPa and 1430 °C (run E15H02). PhG Phase G, SuB
Superhydrous phase B, St stishovite, Pv perovskite, Lig liquid
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Fig. 5 Phase relation for the MgSiO;-15 wt% H,O bulk compo-
sition. L liquid; E phase E; St stishovite; Pv perovskite; I/ ilmenite;
G phase G, which is identical to phase D and phase F; SuB
superhydrous phase B, which is identical to phase C; B¢ brucite

Mg,Si04-H,0 system

Experimental conditions and results in the system
Mg,Si04-H,O containing 5 and 11 wt% H»O are sum-



536

marized in Table 2 and are shown in Fig. 6a and b, re-
spectively.

Mg,SiO4-5 wt% H,O system

Figures 5 and 6a show that the stability field of phase G
in this system is narrower than in the MgSiO;-15 wt%
H,O0 system. Phase G appears in a limited pressure and
temperature range above 23 GPa and below 1100 °C.
Superhydrous phase B is stable in a wider pressure range
from 20 to at least 25 GPa. Phase assemblages observed
at 900 ~ 1100 °C with increasing pressure can be
summarized as follows; superhydrous phase B + ilme-
nite + stishovite at 20 and 23 GPa, perovskite +
superhydrous phase B + phase G at 25 GPa. Water
partitioned into phase G relative to superhydrous phase
B with increasing pressure, as will be discussed later. At
temperatures higher than that of the stability limit of
superhydrous phase B, phase assemblages such as ring-
woodite + fluid, and the postspinel phases + fluid are
observed.

The phase boundaries of ilmenite-perovskite transi-
tion and the decomposition reaction of ringwoodite into
periclase and MgSiO; perovskite are also shown in
Figs. 5 and 6. Superhydrous phase B and phase G could
be stable in the cold slabs descending into the upper part

Table 2 Experimental conditions and results in the Mg,SiO4-H,O
system. R Hydrous ringwoodite; // ilmenite; Pv perovskite; Pc
periclase; St stishovite; L liquid; G phase G; SuB superhydrous
phase B

Run no. Pressure Temperature Time Results
(GPa)  (°O) (h)

Mg,Si04-5 wt% H,O bulk composition

F5H22 20 1000 30 SuB + St(+11)*

F5H21 20 1450 3 R +L

FSR16 23 880 30 Il + SuB(+St)?*

FSH27 23 1100 30 11 + SuB(+St)*

FSHI11 23 1300 3 R +L

FSH09 23 1450 3 R+ L

FSH15 23 1680 3 R +L

FSH26 23 1800 1 R+ Pv + L

FSH14 25 900 30 Pv + SuB + G

FSHO08 25 1130 3 Pv + SuB(+trace G)

FSHO6 25 1330 3 Pv + SuB + L

FSH12 25 1650 3 Pv + Pc + L

F5H17 25 1980 1 Pv + Pc + L

F5H28 27 1300 3 Pv + SuB(+trace G)

Mg,Si0y4-11 wt% H,O bulk composition

F11H09 20 880 24 R + SuB + trace G

F11H04 20 1300 1 R +L

F11HO5 20 1370 1 R +L

F11H10 23 880 27 R + SuB + G

F11HO3 23 1100 3 SuB + St + L

F11HO6 23 1450 1 R+ L

F11H02 25 880 10 Pv + SuB + G

F11HO8 25 1100 3 Pv + SuB + L
SuB + trace G + L

F11HOlI 25 1320 3 Pv + SuB + L

#The phase is not observed, but expected to exist based on mass
balance
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Fig. 6a, b Phase relation for the Mg,SiO4-5 wt% H,O bulk
composition (a) and that for the Mg,SiO4-11 wt% H,O bulk
composition (b) R ringwoodite; Pc periclase; other abbreviations
are the same as those used in Fig. 5

of the lower mantle. In comparison to the phase
boundaries of the MgSiOj5 ilmenite-perovskite transition
and the decomposition of ringwoodite determined here
under dry conditions, the present experiments suggest
that the stability field of hydrous ringwoodite expands
into higher pressure range by at least 0.5 GPa in the
Mg,Si0y4-5 wt% H,O system, although more careful
studies are needed to confirm this more quantitatively.

The assemblage ilmenite, superhydrous phase B, and
stishovite transforms to peroviskite, superhydrous phase
B, and phase G, as shown in Fig. 6a. Although the
quantitative measurement of water in hydrous phases
was not made by the present EPMA analysis, we may
expect the following reaction; Mg,SiO4 + 0.39
H,O (5 wt%) = 0.195SuB + 0.05I1 + 0.365St = 0.44
Pv + 0.148SuB + 0.066G, of which reaction can be
reduced to the following reaction, SuB + 7.8St =
8.3Pv + 1.4G, by presuming that the chemical compo-
sitions of observed phases are approximately constant
with pressure and temperature, i.e., SuB, Mg;oSizOgHy;
phase G, Mg 14Si; 73H5 §,O¢, although the Mg/Si ratios,
together with water contents in superhydrous phase B
and hydrous phase G, vary with pressure and tempera-
ture. The small amount of water contents in ilmenite,



stishovite, and perovskite was also ignored in this ap-
proximation.

Mg,SiOy4-11 wt% H>O system

We carried out experiments in the Mg,SiO4-11 wt%
H,O system in the pressure range from 20 to 25 GPa
and the temperature range from 850 to 1400 °C. Phase
G coexists with superhydrous phase B in the pressure
range of 20 ~ 25 GPa at 900 °C, and the stability field
of phase G in this system expands into the lower pres-
sure range compared to that of the Mg,SiO4-5 wt%
H,O system.

Superhydrous phase B appears above 20 GPa, which
is similar to the Mg,SiO4-5 wt% H,O bulk composition.
Superhydrous B, stishovite, and fluid coexist at 23 GPa
and 1100 °C, whereas superhydrous phase B coexists
with MgSiOs, perovskite, and liquid at 25 GPa and
1100 °C. At higher temperatures around 1300-1400 °C,
hydrous ringwoodite (y-Mg,SiO,4) and liquid are stable
at 20 GPa, whereas superhydrous phase B, MgSiO;
perovskite, and liquid coexist at 25 GPa. The chemical
composition of the liquid coexisting with superhydrous
phase B and MgSiO; perovskite at 25 GPa and 1320 °C
(Run F11HO1), determined by EPMA analysis, is about
48 wt% MgO, 10 wt% SiO,, and about 42 wt% H,O
estimated by the wt% deficiency in the EPMA analyses
of the quench liquid. The highly magnesian nature of the
quench liquid determined here is consistent with the
results by Frost and Fei (1998). Thus, the partition co-
efficient of water between superhydrous phase B and
liquid is estimated to be 0.15 at 25 GPa and 1320 °C.
Superhydrous phase B and phase G are stable in the cold
slabs descending into the upper part of the lower mantle
under locally water-enriched conditions.

The reaction between R + SuB + G and Pv +
SuB + G occurs at around 25 GPa. This reaction can
be reduced to the following reaction, R + 0.18G =
0.93Pv + 0.13SuB by assuming constant chemical
compositions of ringwoodite, phase G, superhydrous
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phase B, and perovskite at various pressures and tem-
peratures.

Water content in hydrous ringwoodite (y-Mg,SiOy)

Water content in hydrous ringwoodite was measured by
secondary ion mass spectrometry (SIMS). We used San
Carlos olivine and natural hornblende as the standard
materials for the SIMS analysis. The H,O contents in
hydrous ringwoodite are summarized in Table 3. The
matrix effects are ignored since the SiO, contents in the
standard materials are close to ringwoodite. The errors
given in Table 3 are caused by the errors in the estima-
tion of the H,O content in the standard material of
natural hornblende, 0.1 wt%, and the reproducibility
and variation of background for the SIMS analysis,
which are within about 10% of the measured values.

The estimated partition coefficients of water between
hydrous ringwoodite and liquid are also given in
Table 3. In the runs conducted at 23 GPa and 1450 °C
(F11HO06), we observed a large pool of quenched silicate
liquid, whose composition was determined by EPMA to
be MgO 53.88 wt%, SiO, 7.54%, and H,O 38.58%,
where the water content was estimated by the wt%
deficit of the analysis total. The water contents of the
liquid in the other runs were estimated based on the
volume fraction of hydrous ringwoodite and liquid and
the composition of hydrous ringwoodite. This result
implies that the partition coefficient of water between
hydrous ringwoodite and liquid, D(R/L), is about
0.02 ~ 0.04 at 20 ~ 23 GPa and about 1300 ~ 1450 °C,
and it decreases with increasing temperature.

Inoue et al. (1997) synthesized hydrous ringwoodite
(y-Mg,S104) coexisting with liquid and stishovite in the
composition of Mg,SiO4-11 wt% H,O at 19 GPa and
1300 °C. They determined the water content of the hy-
drous ringwoodite to be 2.2 wt%. In the Mg,SiOy4-
11 wt% H,O bulk composition at 20 ~ 23 GPa and
1300 ~ 1450 °C, hydrous ringwoodite (y-Mg,SiOy)
contains about 1.5 ~ 2.6 wt% H>O, which is consistent

Table 3 The H,O content in hydrous ringwoodite and the coexisting liquid. R + Lig hydrous ringwoodite + liquid

Run no. Pressure ~ Temperature Phases Mg/Si (atm) H,O content (wt%)* H,O content Partition
(GPa) (°O) present in hydrous in hydrous (Wt%) in liquid coefficient,

ringwoodite ringwoodite D (R/L)

F11H04 20 1300 R + Liq 1.96(0.05) 2.6(0.2) 100° 0.025
1.94(0.05) 2.4(0.2) 0.024

F11HOS 20 1370 R + Liq 1.95(0.02) 1.9(0.13) 68.5 ~ 83.4° 0.021 ~ 0.026
1.95(0.04) 1.7(0.12) 0.02 ~ 0.025

F11HO06 23 1450 R + Liq 1.96(0.05) 1.6(0.13) 38.64 0.04
1.97(0.03) 1.7(0.13) 0.044
1.97(0.03) 1.5(0.11) 0.039

F5H1S 23 1680 R + Liq 1.96(0.07) 0.2(0.04) ¢ -

F5H26 23 1800 R + Liq 1.97(0.01) 0.3(0.02) ¢ -

#Determined by SIMS

b Assumed

¢ Calculated by the mass balance and the ringwoodite composition

4 Estimated by the EPMA analysis total
¢Not determined
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Table 4 Compositions of the coexisting phases in some runs

Run no. Press. (GPa) Temp. (°C) Phases

MgO (wt%) Error®

SiO, (Wt%) Error® Total

Mg/Si (atom)

Mg,Si0,-5 wt% H,O

F5H22 20 1000 SuB 64.59 0.18 29.21 0.09 93.8 3.29

F5R16 23 880 1l 39.02 0.66 60 0.39 99.03 0.97
SuB 64.66 0.31 29.61 0.31 94.27 3.26

F5H27 23 1100 11 39.68 0.77 60.46 0.04 100.14  0.98
SuB 65.32 0.45 29.32 0.24 94.64 3.325

F5H14 25 900 Pv 41.78 0.23 62.27 0.27 104.05 1.0001
SuB 64.05 0.72 29.39 0.6 9344 3.25
G 28.75 0.66 63.39 0.1 95.25 0.675

Mg25104-11 Wt% H20

F11H09 20 880 R 55.55 0.05 42.25 0.03 97.8 1.96
SuB 64.26 0.05 29.21 0.3 9347 3.18
G 28.14 0.27 61.05 0.37 89.18 0.69
Du,0 (R/SuB) = 0.336"
Du,0 (R/G) = 0.203

FI1H10 23 880 R 56.8 0.27 42.03 0.18 98.83 2.01
SuB 64.69 0.49 29.55 0.26 94.24 3.26
G 29.92 0.32 60.92 0.42 90.84 0.73
Du,0 (R/SuB) = 0.203
Du,0 (R/G) = 0.128

F11H03 23 1100 SuB 65.14 0.4 28.88 0.27 94.02 3.36

F11H02 25 880 Pv 42.24 0.3 61.57 0.38 103.81 1.02
SuB 63.73 0.41 29.06 0.27 92.81 3.27
G 29.14 1.43 60.07 2.68 89.22  0.73

EI5SHO1 25 1150 SuB 64.1 0.29 29.32 0.2 93.42 3.26
G 28.17 1.34 58.78 0.69 86.95 0.72
Du,0 (SuB/G) = 0.504

EI5H03 23 1300 SuB 66.16 0.41 29.43 0.27 95.59 3.35
G 28.94 1.11 60.92 1.96 89.87 0.71
DHZO (SUB/G) = 0.435

E15H09 20 880 SuB 65.41 0.42 29.23 0.28 94.54  3.35
G 29.01 0.29 58.43 0.37 87.45 0.74
Du,0 (SuB/G) = 0.435

EI5H04 20 1100 SuB 64.61 0.42 29.18 0.28 93.79 3.3
G 25.66 0.08 65.94 0.19 91.59 0.58
DHZO (SUB/G) = 0.738

EI15H08 23 1300 SuB 64.38 0.42 27.86 0.27 9224 3.44
G 26.28 0.27 64.51 0.39 90.79  0.61
Du,0 (SuB/G) = 0.843

*10 error

®The partition coefficients of water were based on the water content estimated from the analysis total

with the result of Inoue et al. (1997). The changes in
water content in hydrous ringwoodite with temperature
at 20 ~ 23 GPa are shown in Fig. 7. Water contents in
hydrous ringwoodite are less than 0.3 wt% at 23 GPa
and above 1600 °C. The present observation implies that
water content in hydrous ringwoodite decreases with
increasing temperature.

Kawamoto et al. (1996) determined the water content
in hydrous ringwoodite to be about 0.7 wt% at 15.5 GPa
and 1300 °C in the KLB1-3.4 wt% H,O system by SIMS
measurement. This is consistent with the present results.
These results suggest that the amount of water retained
in hydrous ringwoodite in the mantle might be equivalent
to that retained in hydrous wadsleyite ($-Mg>SiOy,).

The relationship between Mg/Si ratio and water
content for hydrous ringwoodite is shown in Fig. 8. The
relation for wadsleyite (Inoue et al. 1995) is also shown

in the same figure. We observe a clear difference in de-
pendency of water content with the Mg/Si ratio between
hydrous ringwoodite and hydrous wadsleyite. This ob-
servation suggests that hydrogen ions H" in hydrous
ringwoodite locate in different sites from those of hy-
drous wadsleyite.

The IR spectrum of hydrous ringwoodite is shown in
Fig. 9, and is consistent with that reported by Kohld-
stedt et al. (1996) and Kagi et al. (1997). The broad
absorption peaks observed at around 3100 cm™' are in
the range of the OH-stretching vibration and those ob-
served at 1600 cm™' are assumed to be caused by the
HOH-bending vibration mode by Kagi et al. (1997),
who argued that molecular water in hydrous ringwoo-
dite (y-Mg,SiO4) could occur both as fluid inclusions
and/or as structurally bound molecular water based on
the IR spectrum.
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Discussion

Identification of dense hydrous magnesium
silicates (DHMYS)

Ringwood and Major (1967) investigated the system
Mg,Si04-MgO-H,0 at pressures of 10-18 GPa and re-
ported phases A, B, and C. The stability field of phase A
was determined by several authors (e.g., Luth 1995).
Crystal structures of phases A and B were reported by
Horiuchi et al. (1979) and Finger et al. (1991), respec-
tively.

In spite of the effort to simplify the nomenclature of
the DHMS phases, some ambiguities still remain. Su-
perhydrous phase B was discovered by Gasparik (1990)
at 15-23 GPa, and named on the basis of the chemical
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Fig. 9 IR spectrum of hydrous ringwoodite synthesized at 20 GPa
and 1300 °C (Run F11H04), containing 2.6 wt% of H,O

composition of the phase. Later, Pacalo and Parise
(1992) clarified the crystal structure of the phase and
found that it belongs to the space group Pnnm. Kanzaki
(1993) suggested that superhydrous phase B may be
identical to phase C (Ringwood and Major 1967) on the
basis of the X-ray diffraction data. On the other hand,
Kudoh et al. (1994) reported that the crystal structure of
superhydrous phase B synthesized by Kanzaki (1991)
belongs to the space group P21nm, which is different
from that reported by Pacalo and Parise (1992). There-
fore, there may be two different phases of superhydrous
phase B, as was suggested by Burnley and Navrotsky
(1996). Further work is needed for the characterization
of superhydrous phase B.

Ohtani et al. (1997) reported that phase G exists in
the MgSiO3-H,O system at 22 GPa and 1050 °C, and it
contains 14.5 £ 2.0 wt% H,O based on the SIMS
measurement. The Mg/Si atomic ratio of the phase was
determined to be 0.65 ~ 0.75 by EPMA analysis. The
chemical formula of phase G is Mg1A14Si1A73H2A8106.
Ohtani et al. (1995, 1998) reported the stability of the
assemblages phase G + brucite and phase G + super-
hydrous phase B in the Mg;Si04-20.4 wt% bulk com-
position at around 20 ~ 25 GPa and 900 ~ 1100 °C.

Kudoh et al. (1997) reported the structure of a single
crystal of phase G that was synthesized at 22 GPa and
1050 °C. The results of the structural analysis indicated
that phase G had a trigonal symmetry with the unit cell,
a=479003) A, c=43443) A, V=286.32) A’ Ac-
cording to their work, phase G is composed of two
layers, the S-layer of (SipggMgo 12)Og octahedra and the
M-layer of MgOg¢ octahedra in direction along the c-
axis. The most significant characteristic of the structure
of phase G is that it is composed of six-coordinated Si
ions with few four-coordinated Si ions. The structure of
phase G is close to that of stishovite SiO,. The calculated
X-ray density of phase G is 3.43 g cm ™, which is denser
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than any other DHMS phases, although it contains a
large amount of water.

Yang et al. (1997) independently reported the crystal
structure of the same hydrous phase, Mg; 11Si; go.
H,,,0¢, synthesized in the system Mg,SiO4-H,O at
20 GPa and 1200 °C, and they called it phase D on the
basis of the similarity of the X-ray diffraction pattern
with the original phase D by Liu (1987). The synthesis
conditions and phase relations in the system are given
in Frost and Fei (1998), who redefined phase D as-
suming that the original X-ray data of phase D ob-
served by Liu (1987) and Li and Jeanloz (1991)
contained some contaminant phases although they
could not specify these. Kuroda and Irifune (1998) also
reported a similar phase in the products of the de-
composition of serpentine. Phase D, redefined by Yang
et al. (1997), will be identical to phase G in this
manuscript. Although they preferred to use the term
phase D, we adopt here the name phase G instead of
phase D, in order to avoid the confusion associated
with the name phase D. There is some confusion in the
name of phase D, i.e., we cannot yet deny the possi-
bility of the existence of the original phase D defined by

Liu (1987). Further, the name phase D, as introduced
by Yamamoto and Akimoto (1974, 1977), is a pure
form of hydroxy-chondrodite without Ti and F, and
some authors used the name phase D for this (e.g.,
Finger et al. 1991; Prewitt and Finger 1992; Schreyer
1995). It is likely that the phase F reported by Kanzaki
(1991) is identical with the present phase G, as was
discussed by some authors (e.g., Frost and Fei 199§;
Ohtani et al. 1998).

Stability of phase G and superhydrous phase B

The stability relations of the MgO-SiO,-H,O system are
summarized in Fig. 10 in the pressure range from 15 to
27 GPa. In this figure, we summarize the phase relations

Fig. 10 The stability relations of the MgO-SiO,-H,O system in the
pressure ranges from 15 to 25 GPa. This figure summarizes
experimental results determined in this work, Ohtani et al.
(1997), Ohtani et al. (1995), Frost and Fei (1998), those in the
MgO-Si0,-H,0 system reported by Gasparik (1993) and Kanzaki
(1991), and those in the serpentine bulk composition by Kuroda
and Irifune (1998)
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of the MgSi03-H,O system determined in this work and
in Ohtani et al. (1997), those of the Mg,Si04-H,O sys-
tem in this work, Ohtani et al. (1995), and Frost and Fei
(1998), those in the MgO-Si0,-H,0 system by Kanzaki
(1991) and Gasparik (1993), and those in the serpentine
bulk composition by Kuroda and Irifune (1998). This
figure suggests that the stability field of phase G expands
in the system with high water content and low Mg/Si
ratios.

Recent studies using the diamond anvil cell indicate
that superhydrous phase B is stable up to 30 GPa,
whereas phase G decomposes to periclase, MgSiO;
perovskite, and fluid at around 40 GPa (Shieh et al.
1998). Thus, superhydrous phase B and phase G may be
the major host phases of water in the cold slabs sub-
ducting into the uppermost part of the lower mantle and
deep into the lower mantle, respectively.

Partitioning of water among hydrous phases
and liquid

We observed the coexistence of hydrous ringwoodite,
superhydrous phase B, and phase G in the Mg,SiOy4-
11 wt% H,0 bulk composition. The partition coefficient
of water between hydrous ringwoodite and superhy-
drous phase B, D(R/SuB), is around 0.13 ~ 0.34 at
20 ~ 23 GPa and 880 °C, and it decreases slightly with
increasing pressure. On the other hand, the partition
coefficient of water between hydrous ringwoodite and
phase G, D(R/G), is about 0.2 at 20 GPa and 880 °C,
and it decreases with increasing pressure. The pressure
dependencies of the partition coefficients at 880 °C are
given in Fig. 11a. These results imply that water pref-
erentially partitioned into phase G and superhydrous
phase B relative to hydrous ringwoodite, and the parti-
tion coefficients, D(R/SuB) and D(R/G), decreases with
increasing pressure.

Coexistence of phase G, superhydrous phase B, and
fluid was observed in the MgSiOs-15 wt% H,O system
in the pressure and temperature ranges of 20 ~ 25 GPa
and 880 ~ 1300 °C, as is shown in Fig. 6b. The partition
coefficients between superhydrous phase B and phase G,
D(SuB/G), is about 0.73 at 20 GPa and 1100 °C, and it
decreases with increasing pressure and increases with
increasing temperature, as shown in Fig. 11b. This ob-
servation implies that water preferentially favors phase
G relative to superhydrous phase B with increasing
pressure and decreasing temperature.

The partition coefficient of water between hydrous
ringwoodite and liquid, D(R/L), is about 0.02 ~
0.04 at 20 ~ 23 GPa and about 1300 ~ 1450 °C, and
it decreases with increasing temperature. The parti-
tion coefficient values are consistent with that estimated
by Kawamoto et al. (1996), 0.04 at 15.5 GPa and
1300 °C. The partition coefficient of water between
superhydorus phase B and liquid, D(SuB/L), was
estimated to be 0.15 at 25 GPa and 1320 °C, as was
described previously.
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Fig. 11a, b The change with pressure and temperature of the
partition coefficients of water between hydrous minerals. a Partition
coefficients between hydrous ringwoodite and hydrous phase G,
D(R/G), and hydrous ringwoodite and superhydrous phase B, D(R/
SuB). b Partition coefficients between superhydrous phase B and
hydrous phase G, D(SuB/G) coexisitng with the liquid

Stability of dense hydrous magnesium silicates
and H,O storage capacity in the mantle

The stability of dense hydrous magnesium silicates
(DHMS) in the MgO-Si0,-H,0 system under mantle
conditions has been investigated by many workers.
DHMS phases are not stable at temperatures corre-
sponding to the mantle geotherm, but are stable under
subduction zone conditions (Gasparik 1993). According
to the previous works, temperatures in the coldest part
of the old slabs may be as low as about 400 ~ 700 °C at
the 200-km depth, 600 ~ 800 °C at the 410-km seismic
discontinuity, and about 600 ~ 700 °C at the 670-km
discontinuity (e.g., Helffrich and Brodholt 1991).

The stability of the hydrous phases expected to exist
in the descending slabs are schematically shown in
Fig. 12. The hydrous phases present in the sediment and
basalt layers in the slabs are not shown in this figure.
Along the geotherm of the cold slabs, serpentine (an-
tigorite) breaks down, and phase A appears by the re-
action; antigorite = phase A + clinoenstatite + fluid
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basalt layers are not shown

at 7 GPa and 600 °C (Ulmer and Trommsdorff 1995).
Stability of phase A was also reported by Luth (1995).
Host minerals of H,O in subducting slabs may change
with temperature and the H,O contents in the slabs. In
the slabs with H>O content less than about 2 wt%,
phase A carries water up to a depth of 450 km. Hydrous
wadsleyite, hydrous ringwoodite, and ilmenite are the
main H,O reservoirs in the transition zone of the depths
from 450 to 660 km. The stability field of ringwoodite
may expand into higher pressures under wet conditions,
as was discussed in the previous section, although more
careful determination of the stability field of hydrous
ringwoodite is needed. Superhydrous phase B is the H,O
reservoir in the cold slabs subducting into the uppermost
part of the lower mantle of depths from 670 to 800 km,

whereas phase G appears in the slabs in the lower mantle
only at depths greater than 800 km.

In the cold slabs with local water saturation, on the
other hand, the following hydrous phases appear with
increasing depth; phase A to 450 km depth, phase A and
phase G from 450 to 550 km, brucite, superhydrous
phase B, and phase G from 550 to 800 km, and phase G
at depths greater than 800 km.

In the upper mantle, olivine can accommodate only a
limited amount of about 1090 ppm of H,O at about
13 GPa and 1100 °C, although the amount of water
stored in olivine increases with pressure (Kohlstedt et al.
1996). The small amount of H,O, however, has a great
effect on its rheology, i.e., hydrolytic weakening (e.g.,
Karato 1986).

The major constituent minerals in the transition zone,
wadsleyite and ringwoodite, can accommodate a large
amount of about 2 wt% of H,O at 1000 ~ 1200 °C, and
at least up to about 0.1 wt% of H,O at 1600 °C. The
maximum H,O storage potential of wadsleyite and
ringwoodite is estimated to be about 0.1 ~ 1 wt% along
the normal geotherm (e.g., Inoue and Sawamoto 1992;
Kawamoto and Holloway 1997).

The lower mantle minerals such as Mg-perovskite do
not contain significant H,O; preliminary results imply
that the H,O content in Mg-perovskite synthesized at
1600 °C under the hydrothermal conditions is only
about 100 ppm (Meade et al. 1994). Both superhydrous
phase B and phase G in the lower mantle decompose at a
temperature around 1500 °C (Shieh et al. 1998). Thus,
the water storage potential will be very small at the
lower mantle conditions.

There is a possible layered structure of the mantle in
terms of its water-storage capacity; i.e., the upper and
lower mantles have relatively small water-storage ca-
pacities, whereas the transition zone has a larger ca-
pacity. Thus, the water content in the transition zone
might be large because the primordial water trapped in
the lower mantle and the recycled water circulated due
to the slab subduction have been stored in the transition
zone during geological time.

Summary

High-pressure and -temperature phase equilibria in the
system of MgO-SiO,-H,O were investigated in the
pressure range from 20 to 27 GPa.

1. Phase equilibrium studies in the systems MgSiOs-
15 wt% Hzo, Mg25104-5 wt% HQO, and MgZSiO4-
11 wt% H>O revealed that phase E, phase G, and
superhydrous phase B appear as DHMS phases in the
pressure range from 20 to 25 GPa in these systems. The
stability field of phase G expands with increasing H,O
contents and decreasing the Mg/Si ratio of the system.

2. The H,O contents in hydrous ringwoodite
(y-Mg,Si04) coexisting with the liquid decrease with
increasing temperature; from 1.5 ~ 2.6 wt% H,O at
1300 ~ 1400 °C and 20 ~ 23 GPa to about 0.3 wt% at



1700 ~ 1800 °C and 23 GPa. Partition coefficient of
H,O between ringwoodite and superhydrous phase B,
D(R/SuB), is about 0.34 at 20 GPa and 880 °C, and
decreases with increasing pressure. Partition coefficient
of H,O between ringwoodite and phase G, D(R/G), is
about 0.2 at 20 GPa and 880 °C, and decreases with
increasing pressure. Partition coefficient of H,O between
superhydrous phase B and phase G, D(SuB/G), is about
0.73 at 20 GPa and 1100 °C, and it decreases with in-
creasing pressure and with decreasing temperature. The
partition coefficient of H,O between hydrous ringwoo-
dite and liquid, D(R/L), is around 0.04, which is smaller
than that between wadsleyite and liquid, D(Wad/L),
estimated by Kawamoto et al. (1996) to be 0.1.

3. Water stored in serpentine in the cold descending
slabs can be transported into depths greater than
200 km. Serpentine decomposes to a mixture of phase
A, enstatite, and fluid. In the slabs with H,O content
less than about 2 wt%, the following hydrous phases
appear with depth: phase A carries water up to a depth
of 450 km. Hydrous wadsleyite, hydrous ringwoodite,
and ilmenite are the main H,O reservoirs in the tran-
sition zone from 450 to 660 km depth. The stability field
of hydrous ringwoodite may expand into higher pres-
sures relative to anhydrous ringwoodite. Superhydrous
phase B is the H,O reservoir in the uppermost part of
the lower mantle from 660 to 800 km, whereas phase G
appears in the lower mantle only at depths greater than
800 km. In the cold slabs with local H>O saturation, the
following hydrous phases appear with increasing
depths: phase A to 450 km, phase A and phase G from
450 to 550 km, brucite, superhydrous phase B, and
phase G from 550 to 800 km, and phase G at the depths
greater than 800 km.
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