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The high-pressure synthesis of lawsonite in the MORB1H2O system
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ABSTRACT

Lawsonite is an important water reservoir in subducting oceanic crust below the am-
phibole dehydration depth ;70 km. To determine the maximum pressure stability of law-
sonite in the MORB1H2O system, experiments were carried out using a 1000 ton uniaxial
multi-anvil apparatus (SPI-1000). Mixtures of synthetic gel12wt% H2O were used for the
starting materials with the average MORB composition. Experimental P-T conditions were
T 5 700–900 8C and P 5 5.5–13.5 GPa. Run durations were 12 and 24 h.

Lawsonite was synthesized stably up to 10 GPa and T , 700 8C in the stishovite stability
field, and ,900 8C at 8 GPa and 750 8C at 5.5 GPa in the coesite stability field, with a
steep positive slope for the lawsonite-out reaction. The lawsonite-out reaction in the coesite
stability field changes to have a gentle negative slope in the stishovite stability field. The
reaction leading to the disappearance of lawsonite is a continuous reaction due to the
compositional enlargement of garnet toward the grossular end-member with increasing T
and P. Lawsonite disappears when the tie line connecting grossular-rich garnet with om-
phacitic clinopyroxene reaches the bulk composition on the conventional AC(FM) ternary
diagram.

INTRODUCTION

The role of water in the genesis of magma in subduc-
tion zone environments has been widely recognized (e.g.,
Wyllie 1988). Magma in subduction zones has been at-
tributed either to direct melting of the hydrous slab (e.g.,
Nicholls and Ringwood 1973; Wyllie and Sekine 1982;
Brophy and Marsh 1986) or to the release of fluids from
the slab to decrease the melting temperature of the mantle
wedge (e.g., Ringwood 1975; Delany and Helgeson 1978;
Tatsumi et al. 1986). The dehydration due to isobaric am-
phibole breakdown, traditionally taken as the amphibo-
lite-eclogite transformation reaction, is believed to
provide the water necessary to trigger partial melting of
the overlying mantle wedge. However, several high-pres-
sure hydrous minerals have been documented to be stable
at coesite and diamond isograds in many ultrahigh-pres-
sure metamorphic terranes (see reviews by, e.g., Liou et
al. 1994; Chopin and Sobolev 1995; Schreyer 1995). Re-
cent experimental studies (Schreyer 1988; Poli 1993; Poli
and Schmidt 1995) have shown that hydrous phases such
as lawsonite, chloritoid, staurolite, phengite, and zoisite-
clinozoisite are valid candidates in subducting oceanic
crust as minerals that may transport water to depths great-
er than the amphibole stability field.

Lawsonite is an important ultrahigh-pressure (UHP)
hydrous mineral that forms along a cold geothermal gra-
dient. It is present commonly in metabasites and meta-
greywackes, and is less common in metapelites formed
under blueschist facies conditions. However, lawsonite is
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rare in rocks formed under eclogite facies conditions,
there being just four well-known examples. One is from
lawsonite-bearing eclogite nodules from Garnet Ridge,
Arizona (Helmstaedt and Doig 1975; Helmstaedt and
Schulze 1988), and the other three are from Corsica (Ca-
ron and Pequignot 1986), Pinchi Lake, British Columbia
(Ghent et al. 1993), and Java Island (Parkinson et al.
1998). All of these lawsonite-bearing eclogites occur spo-
radically, and are never exposed as a coherent regional
metamorphic belt. Experimental evidence, on the other
hand, shows that lawsonite should occur under conditions
where the regional geothermal gradient is low.

The stability field of lawsonite has been determined
using a multi-anvil apparatus in the CASH system
(Schmidt and Poli 1994; Pawley 1994). Conflicting re-
sults show that lawsonite of its own bulk composition is
stable to a pressure of either 13.5 GPa at 800 8C (Pawley
1994) or 12 GPa at 800 8C (Schmidt 1995), and between
6.5 and 12 GPa at 1000 8C (Pawley 1994). In the
NCFMASH and KNCFMASH systems, lawsonite is sta-
ble at 6 GPa and 800 8C (in a basalt system) and 870 8C
(andesite system) (Poli and Schmidt 1995). However, the
maximum P, T stability of lawsonite in the MORB1H2O
system has not been determined (Fig. 1).

If the subduction zone geotherms are cold enough, law-
sonite may be an important water reservoir in slabs sub-
ducting to depths greater than that of amphibole dehy-
dration (above 6 GPa). It is therefore important to
determine the precise dehydration conditions of lawsonite
in the subducting oceanic plate to clarify the mechanism
by which water may be transported into the deep mantle.
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FIGURE 1. Stability fields of lawsonite in CASH and
MORB1H2O system. Thin lines delineate the stability fields of
lawsonite in the CASH system (Pawley 1994; Schmidt 1995) and
the quartz, coesite, and stishovite stability field (Bohlen and
Boettcher 1982; Zhang et al. 1996). The thick lines delineate the
stability field of lawsonite in the MORB1H2O system below 6
GPa (Poli and Schmidt 1995) and the thin dashed lines delineate
the stability field of lawsonite above 6 GPa from this study. Ab-
breviations: lws 5 lawsonite, zo 5 zoisite, qtz 5 quartz, V 5
vapor, ky 5 kyanite, coe 5 coesite, grs 5 grossular, toz 5 topaz-
OH, stish 5 stishovite, egg 5 phase egg, and dsp 5 diaspore.

Several recent experiments suggest that H2O may be
stored at higher pressures in several other hydrous phases
(phase-A, phase-E, hydrous-b, and hydrous-g) in the up-
per mantle transition zone (e.g., Kawamoto et al. 1996;
Smyth and Kawamoto 1997; Inoue et al. 1995). Lawson-
ite may therefore be key in transporting water to depths
where dense hydrous magnesium silicates (DHMS here-
after) are stabilized. The aim of this study was to deter-
mine the maximum pressure stability of lawsonite in the
MORB1H2O system.

EXPERIMENTAL PROCEDURE

Experiments were carried out using a 1000 ton uniaxial
multi-anvil apparatus (SPI-1000) at the Tokyo Institute of
Technology. The SPI-1000 was designed by E. Takahashi
and constructed by the Riken Co. in 1991 and installed
in his lab at the Tokyo Institute of Technology. The multi-
anvils are doubled-stage, and bucket-type guide blocks
(neither split sphere nor cylinder) were newly designed
to drive the cubic-octahedral anvils (see detail in Taka-

hashi et al. 1993). Similar to double-stage multi-anvil
presses in other laboratories (Ito et al. 1984), pressure
media of various octahedral sizes were used in the SPI-
1000 by changing the final truncation size of the tungsten
carbide anvils. The assembled tungsten carbide anvils
leave an octahedral cavity. Pressure calibrations of this
apparatus were shown in Takahashi et al. (1993). In the
present experiments, octahedral MgO pressure media of
18 mm edge length (18M) and 14 mm edge length (14M)
were used in which a few percent of Cr2O3 was added to
reduce thermal conductivity. Furnace assemblages are
shown in Figure 1 of Okamoto and Maruyama (1988). A
LaCrO3 furnace was used with the ZrO2 sleeve for heat
insulation in the 18M assembly, although no ZrO2 sleeve
was used in the 14M octahedron. A gold capsule con-
taining 0.3 mg of starting material was used. Temperature
was measured with W95-Re5/W74-Re26 thermocouples. Re-
corded pressure is considered to be accurate to 60.2 GPa.

Experiments were heated from room temperature to
900 8C or higher within approximately 30 min and
quenched to 100 8C in approximately 30 s. In most ex-
periments, the total compression time was approximately
2 h. Fluctuations in the oil pressure and the furnace tem-
perature were on the order of 0.1 MPa and 3 8C, respec-
tively (cf. Takahashi et al. 1993). The sealed gold cap-
sules retained H2O in all runs.

At the end of each experiment, the capsule was sec-
tioned longitudinally using a Buehler Isomet saw and
mounted in epoxy. The cut surface was vacuum impreg-
nated with epoxy to cement porous crystal aggregates.

Mineral identification, phase relations, and chemical
analyses of major elements for run products were per-
formed with a mircofocused X-ray diffraction (XRD), la-
ser Raman spectrometer (NRS-2000), SEM-EDS, and
electron probe microanalyzer (JEOL-JXA8800). In each
capsule, only the top portion of the sample within 100
mm nearest to the thermocouple was analyzed to mini-
mize the temperature error. Textural relations and chem-
ical heterogeneity of garnet and clinopyroxene were ex-
amined using backscattered electron (BSE) imaging and
SEM-EDS. All microprobe analyses were performed with
an accelerating voltage of 15 kV, 12 nA beam current,
and counting times of 10–20 s. A full oxide ZAF correc-
tion was applied to all analysis.

Laser Raman spectroscopy was used to identify the
SiO2 polymorph and fine-grained phases in run products.
The ambient laser Raman spectra were recorded from 200
to 2000 cm21 for all run products. All spectra were ob-
tained with the 514.5 nm line from a Spectra Physics
model 2020 argon ion laser using 10 mW power at the
samples, and 2 accumulations at 3 s integration time. A
503 microscope objective was used to focus the laser
beam and to collect the scattered light. The focused laser
spot on the samples was estimated to be approximately 1
mm in diameter.

Micro-focused X-ray diffraction analysis was carried
out to identify minerals in run products. The focused X-
ray on the samples was approximately 50 mm in diameter



364 OKAMOTO AND MARUYAMA: LAWSONITE SYNTHESIS

TABLE 1. Major element composition (wt%) of the starting
material determined by XRF analysis

SiO2

TiO2

Al2O3

Fe2O3

MgO
CaO
Na2O
K2O

50.63
1.74

14.72
11.09
7.61

11.13
2.91
0.13

Notes: Analysis normalized to 100% (anhydrous) with total iron as
Fe2O3.

TABLE 2. P-T condition, run duration, and mineral assemblages of run products

Run
code

Pressure
(GPa)

Temperature
(8C)

Starting
material Grt Omp SiO2 Lws Phen Crn Glass

S290
S280
S611
S293
S362
S393
S706
S349
S345
S347
S348

5.5
7.5
8
9.5
9.5

10
10
10.5
11.5
12.5
13.5

700
700
700
700
700
700
700
700
700
700
700

A
C
B
A
B
B

S-611 1 S-362
B
B
B
B

C
C
C
C
C
C
C
C
C
C
C

C
C
C
C
C
C
C
C
C
C
C

C
C
C
C
C
C
C
C
C
C
C

C
C
C
C
C
—
—
—
—
—
—

C
—
—
—
—
—
—
—
—
—
—

—
—
—
—
—
—
—
—
—
—
—

—
—
—
—
—
C
—
—
—
C
—

S400
S398
S394

8
8.5
9

750
750
750

B
B
B

C
C
C

C
C
C

C
C
C

C
C
—

—
—
—

—
C
—

—
—
—

S306
S297
S402
S397
S395
S298
S351

5.5
7.5
8
8.5
9
9.5

10.5

800
800
800
800
800
800
800

A
A
B
B
A
B
B

C
C
C
C
C
C
C

C
C
C
C
C
C
C

C
C

C
C
C
C

—
C
C
C
—
—
—

—
—

—
—
—
—

—
—
C
—
—
—
—

—
—
—
—
C
—
C

S610 8 850 B C C C C — — —
S709
S358

8
10.5

900
900

S-400 1 S-402
B

C
C

C
C

—
—

—
—

—
—

—
—

—
—

S612 8 950 B C C C — — — —

Notes: A 5 synthetic amphibolite, B 5 hydrous glass, and C 5 gel 1 H2O. C 5 present, — 5 absent, Grt 5 garnet, Omp 5 omphacite, Lws 5
lawsonite, Phen 5 phengite, Crn 5 corundum.

on the polished surface of the run charges. XRD patterns
were obtained using Cr radiation (40kV, 30mA). The X-
ray signals were taken between 208 and 1408 2u at inter-
vals of 0.028 and 1 s interval.

STARTING MATERIALS

A gel12wt% H2O was used in all experiments. The
bulk composition of the gel represents the average com-
position of MORB after Shido and Miyashiro (1971) (Ta-
ble 1). A hydrous glass1seed crystals and a synthetic
amphibolite were both made from the gel12wt%H2O. A
hydrous glass was made using a gas apparatus and a syn-
thetic amphibolite was made using a piston cylinder.

EXPERIMENTAL RESULTS

Twenty-five runs were conducted. Experimental tem-
peratures were from 700 8C up to 950 8C. Experimental
pressures were from 5.5 to 13.5 GPa. Run durations were
12 and 24 h. The experimental results are listed in Table

2 and plotted on a P-T diagram in Figure 1. Run products
were composed mainly of garnet, clinopyroxene, SiO2

phase (coesite or stishovite), and 6 lawsonite. Lawsonite
was not observed at temperatures higher than 750 8C at
5.5 GPa, and at 8 GPa the boundary line passes between
850 8C and 900 8C. This indicates that the lawsonite-out
reaction line has a positive steep P-T slope (0.75 GPa/
100 8C). Above 8 GPa, however, the lawsonite-out reac-
tion has a negative P-T slope (20.13 GPa/100 8C) as it
passes between 9.5 and 10.0 GPa at 700 8C, and between
8.5 and 9.0 GPa at 800 8C. Minor phengite, corundum,
and glass were observed in several charges. The glass
possibly originated from a supercritical fluid that dis-
solved considerable amounts of rock-forming compo-
nents as described later in detail.

In BSE images, several different textures suggesting
equilibrium or proving disequilibrium were observed.
Textures in all run charges are characterized by clinopy-
roxene porphyroblasts in a fine-grained matrix composed
of garnet, clinopyroxene, SiO2 polymorph, and 6 law-
sonite. No garnet porphyroblasts were observed.

With increasing pressure and temperature, clinopyrox-
ene increases in size from ;10 to 80 mm, whereas garnet
and lawsonite remain generally ,10 mm (Fig. 2a). Law-
sonite is typically very fine grained and appears in the
matrix, forming composite grains with porphyroblastic
clinopyroxene (Fig. 2b). Some rounded reaction margins
are observed for clinopyroxene at high temperature (Fig.
2c). The clinopyroxenes are fragmented, recognized as
aggregates of fiber shaped or sheaved crystals. Idiomor-
phic garnet crystals are commonly included in clinopy-
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roxene at higher temperature (Fig. 2d). The larger garnet
inclusions (.8 mm) in clinopyroxene porphyroblasts pre-
serve the relict inner core formed at an earlier stage.

Lawsonite grows larger and is euhedral at high tem-

perature (Fig. 2e). No lawsonite was observed in run
products from experiments carried out above 850 8C.

Glass was observed in lawsonite-absent charges; at 700
8C, 10 and 12.5 GPa, and at 800 8C, 9 and 10.5 GPa.
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FIGURE 2. Backscattered electron images of experimental run
products. G 5 garnet, Omp 5 omphacite (clinopyroxene), Si 5
SiO2 phase, LW 5 lawsonite. The lengths of bars 5 10 mm. (a)
Clinopyroxene (omphacite) ranges in size from 5–20 mm. Two
types of garnet are recognized; garnet having idiomorphic out-
lines ranging .3 mm in size, and newly formed garnet ,2 mm.
(b) Lawsonite is recognized in clinopyroxens (omphacite) and in
the matrix. (c) The porphyroblastic clinopyroxenes are frag-
mented, recognized as aggregates of the fiber shaped or sheaved
crystals. Rounded reaction margins are also observed. (d) Idio-

morphic garnet crystals are commonly included in clinopyroxene
at higher temperature. The larger garnet inclusions (.8 mm) in
clinopyroxene porphyroblasts preserve the relict inner core
formed at an earlier stage. (e) Lawsonite grows larger and occurs
as euhedral crystals at higher temperature. (f ) The glass is dom-
inantly found with the SiO2 phase aggregate .10–50 mm across.
The SiO2 phase does not have an idiomorphic outline. Matrix
garnet is also included in the SiO2 phase-dominant aggregates.
The garnet is characterized by irregular anhedral rims, suggesting
partial melting.

←

BSE images show that the glass is found mainly with the
SiO2 phase in aggregates more than 10–50 mm across
(Fig. 2f ). Matrix garnet is also included in the SiO2

phase-dominant aggregates. The glass is distributed in-
terstitially around the SiO2 phase. The SiO2 phase does
not have an idiomorphic outline. It is noteworthy that the
garnet is characterized by irregular anhedral rims, sug-
gesting partial melting. If the glass was quenched from a
melt, garnet and the SiO2 phase should rather have the
idiomorphic surfaces. An SiO2 phase was observed in all
runs except those at 8 GPa, 800 8C; 10.5 GPa, 900 8C;
and at 8 GPa, 900 8C. The absence of an SiO2 phase at
higher temperatures may be due to the dissolution of SiO2

into the fluid. The melt does not appear in the triple point
defined by the silica phase, garnet, and clinopyroxene,
which is one of the characteristic aspects of a partial melt
that is different from fluids.

Moreover, the chemical composition of the glass is
quite different from felsic melts. For example, the glass
in the run product (S395) formed at 9.0 GPa, 800 8C is
shown in Figure 2f. The glass is shown in the dark-col-
ored portion that occupies the central part of the photo in
a pentagonal region of about 50 mm across. It is com-
posed of anhedral garnet (G), a mosaic of coesite, and
glass, without clinopyroxene and lawsonite. The chemical
composition of the glass is (in weight percent) SiO2 5
78.64, Al2O3 5 10.90, CaO 5 4.64, FeO 5 0.77, MgO 5
0.36, and K2O 5 0.01; Na2O is below the detection limit
(Table 3). This is quite different from the felsic melt that
is rich in albite component. The glasses of S358 formed
at 10.5 GPa and 900 8C have a rhyolitic composition with
SiO2 5 75.88, although FeO 5 2.42, MgO 5 2.71, and
CaO 5 4.20 are too high compared to the liquids formed
by the partial melting of eclogite.

Schmidt (1996) described the presence of fluid at pres-
sures above the phengite breakdown (.10 GPa, , 1000
8C in the stishovite field) in the alkali basalt1H2O system.
In the coesite field, phengite breakdown produces a melt.
This is quite consistent with the present experimental re-
sult. That is, fluid is stable at pressures above the law-
sonite breakdown in the stishovite field at temperatures
ranging from 700 to 950 8C.

Other minor phases observed were corundum and
phengite. Corundum was recognized at 800 8C, 8 GPa

and 750 8C, 8.5 GPa. Phengite was only observed at 700
8C, 5.5 GPa.

MINERALOGY

Representative chemical compositions of run product
phases (except phengite) are shown together with run
conditions in Table 3. The chemical compositions of min-
erals without evidence of clear disequilibrium such as
zoning or anhedral outlines were selected and plotted in
a series of diagrams. Those are matrix-forming small
grains or outermost rims of large euhedral crystals.

Lawsonites are close in composition to the ideal end-
member, CaAl2Si2O8(2H2O). Minor amounts of Fe2O3

(0.3–1.1 wt%), MgO (0.2–1.0 wt%), Na2O (0.3–0.6
wt%), and TiO2 (0.2–0.4 wt%) are present in most cases.

Garnets are expressed by the grossular-pyrope-alman-
dine components, and contain more than 55%, with the
remaining components being majorite and NaTi garnet.
Garnets formed in a wide range of P (5.5–13.5 GPa) and
T (700–950 8C), and plot in a wide compositional range
of almandine (27–60 mol%), grossular (19–47), and py-
rope (17–42) components (Fig. 3).

At a constant temperature of 700 8C, the garnet XMg

tends to increase from 0.24 (8 GPa) to 0.41 (9.5 GPa)
with a constant XCa value, then the compositional trend
is shifted sharply toward the grossular apex. This shift is
consistent with the disappearance of lawsonite. The value
of XCa increases from 0.22 to 0.50 at constant XMg as
pressure increasing from 10.5 to 13.5 GPa (Fig. 3a).

At a constant pressure of 8 GPa, the compositional
trend of garnet shows a kinked pattern similar to the iso-
thermal (T 5 700 8C) pressure-dependent trend. Values
of XMg increases from 0.25 (T 5 700 8C) to 0.50 (T 5
800 8C) at constant XCa, then XCa in garnet tends to in-
crease toward the grossular apex at a constant XMg value
(Fig. 3b). The kink point coincides again with the P-T
condition of the lawsonite-breakdown reaction.

Under the isothermal condition of 700 8C, the majorite
(Mg4Si4O12) component in garnet increases with increas-
ing pressure. The majorite component is expressed as the
number of excess silicon cations above 3.0 pfu. It ranges
from 3.13–3.34 Si pfu at 8 GPa to 3.46 Si pfu at 13.5
GPa.

At 16 GPa, the eclogite facies is separated by the gar-
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TABLE 3. Representative chemical compositions of omphacite, garnet, lawsonite and glass of run products

Run code S611 S400 S402 S610 S709 S612 S397 S395 S293 S362 S298 S349 S351 S358 S347 S348
Pressure

(GPa) 8 8 8 8 8 8 8.5 9 9.5 9.5 9.5 10.5 10.5 10.5 12.5 13.5
Tempera-
ture
(8C) 700 750 800 850 900 950 800 800 700 700 800 700 800 900 700 700

Omphacite
SiO2

TiO2

Al2O3

FeO
MgO
CaO
Na2O
K2O

Total

49.08
1.38

13.76
11.40
8.88

12.96
2.36
0.08

99.90

53.98
1.33

13.35
6.73
7.40

11.08
3.61
0.09

97.57

54.89
0.48

10.94
5.06
8.61

12.12
6.51
0.06

98.67

53.63
0.77

10.46
5.20
9.45

13.42
5.29
0.06

98.28

55.83
0.72
7.48
3.87

11.89
13.15
5.22
0.01

98.17

56.58
0.74

12.28
2.55
8.13

12.23
6.19
0.04

98.74

54.62
1.22

12.85
6.77
7.36

11.53
3.69
0.13

98.17

53.06
0.95

12.49
6.62
8.12

11.52
4.10
0.12

96.98

55.44
0.28
9.00
5.30
9.41

14.81
5.23
0.08

99.55

52.09
1.53

14.62
8.06
7.85

10.58
3.11
0.18

98.02

56.46
0.26

13.64
3.07
7.78

12.39
5.42
0.03

99.05

52.52
1.07

13.71
8.32
7.99

10.19
3.49
0.11

97.40

55.44
0.37

12.73
3.25
7.94

11.08
7.20
0.07

98.08

56.46
0.61

12.93
4.75
7.08

10.91
6.36
0.09

99.19

52.93
1.06

14.48
8.32
7.97
9.75
3.04
0.17

97.72

52.95
1.19

14.04
6.65
7.55

10.00
3.59
0.14

96.11

Formula proportions based on 4 cations
Si
Ti
Al
Fe31

Fe21

Mg
Ca
Na
K
Fe/Mg

1.82
0.04
0.60
0.00
0.35
0.49
0.52
0.17
0.00
0.72

2.03
0.04
0.59
0.00
0.21
0.41
0.45
0.26
0.00
0.51

1.98
0.01
0.47
0.00
0.15
0.46
0.47
0.46
0.00
0.33

1.96
0.02
0.45
0.00
0.16
0.51
0.52
0.37
0.00
0.31

2.02
0.02
0.32
0.00
0.12
0.64
0.51
0.37
0.00
0.18

2.04
0.02
0.52
0.00
0.08
0.44
0.47
0.43
0.00
0.18

2.04
0.03
0.57
0.00
0.21
0.41
0.46
0.27
0.01
0.52

1.99
0.03
0.55
0.00
0.21
0.45
0.46
0.30
0.01
0.46

2.00
0.01
0.38
0.00
0.16
0.51
0.57
0.37
0.00
0.32

1.96
0.04
0.65
0.00
0.25
0.44
0.43
0.23
0.01
0.58

2.04
0.01
0.58
0.00
0.09
0.42
0.48
0.38
0.00
0.22

1.98
0.03
0.61
0.00
0.26
0.45
0.41
0.25
0.01
0.58

1.99
0.01
0.54
0.00
0.10
0.43
0.43
0.50
0.00
0.23

2.04
0.02
0.55
0.00
0.14
0.38
0.42
0.45
0.00
0.38

1.99
0.03
0.64
0.00
0.26
0.45
0.39
0.22
0.01
0.59

2.02
0.03
0.63
0.00
0.21
0.43
0.41
0.27
0.01
0.49

Garnet
SiO2

TiO2

Al2O3

FeO
MgO
CaO
Na2O
K2O

Total

40.50
1.32

19.41
25.31
5.24
7.85
0.62
0.02

100.27

41.18
1.80

22.30
18.49
8.02
8.03
0.22
—

100.04

40.14
0.55

20.96
17.57
11.27
8.56
0.21
—

99.26

41.00
0.83

21.79
16.98
10.10
9.20
0.19
—

100.09

40.09
1.67

20.72
19.54
8.44
8.59
0.22
0.02

99.29

39.81
2.01

20.96
12.52
7.79

15.91
0.22
0.02

99.24

40.82
1.06

20.44
22.02
8.15
7.43
0.29
—

100.21

41.43
0.97

19.45
21.70
8.10
7.78
0.27
—

99.70

39.78
1.41

19.12
24.12
5.74
8.43
0.71
0.02

99.33

42.00
0.93

20.68
19.03
8.29

10.21
0.58
0.01

101.73

39.34
1.33

21.86
18.28
9.02
9.36
0.09
—

99.28

45.85
1.12

15.73
17.62
6.82

11.16
1.23
0.06

99.59

41.61
1.40

19.21
16.56
8.73

11.89
0.33
—

99.73

41.43
0.74

20.74
13.77
8.33

14.03
0.38
—

99.42

Formula proportions based on 8 cations
Si
Ti
Al
Fe31

Fe21

Mg
Ca
Na
K

3.13
0.08
1.77
0.04
1.64
0.60
0.65
0.09
0.00

3.07
0.10
1.96
0.14
1.15
0.89
0.64
0.03
—

3.02
0.03
1.86
0.03
1.07
1.27
0.69
0.03
—

3.05
0.05
1.91
0.04
1.06
1.12
0.73
0.03
—

3.05
0.10
1.86
0.06
1.24
0.96
0.70
0.03
0.00

3.02
0.11
1.87
0.00
0.79
0.88
1.29
0.03
0.00

3.10
0.06
1.83
0.05
1.40
0.92
0.60
0.04
—

3.16
0.06
1.75
0.07
1.38
0.92
0.63
0.04
—

3.10
0.08
1.76
0.01
1.57
0.67
0.70
0.11
0.00

3.12
0.05
1.81
0.03
1.18
0.92
0.81
0.08
0.00

2.98
0.08
1.95
0.03
1.16
1.02
0.76
0.01
—

3.45
0.06
1.40
0.12
1.11
0.77
0.90
0.18
0.01

3.14
0.08
1.71
0.04
1.04
0.98
0.96
0.05
—

3.11
0.04
1.83
0.04
0.86
0.93
1.13
0.06
—

X(Gt)Ca

X(Gt)Fe

X(Gt)Mg

Fe/Mg

0.22
0.57
0.21
2.73

0.24
0.43
0.33
1.29

0.23
0.36
0.41
0.84

0.25
0.36
0.38
0.95

0.24
0.33
0.43
1.29

0.44
0.27
0.30
0.90

0.21
0.48
0.32
1.52

0.22
0.47
0.31
1.50

0.24
0.53
0.23
2.34

0.28
0.41
0.32
1.28

0.26
0.39
0.35
1.14

0.32
0.40
0.28
1.44

0.32
0.35
0.33
1.06

0.39
0.30
0.32
0.92

Lawsonite* glass Lawsonite* glass
SiO2

TiO2

Al2O3

FeO
MgO
CaO
Na2O
K2O

Total

40.34
0.24

29.85
0.92
0.75

15.12
0.57
0.02

87.82

78.64
0.99

10.90
0.77
0.36
4.64
—

0.01
96.30

40.58
0.19

28.72
1.12
0.97

15.11
0.53
0.00

87.22

75.88
0.71
8.40
2.42
2.71
4.20
2.41
0.06

96.79

Si
Ti
Al
Fe31

Mg
Ca
Na
K

Total

2.12
0.01
1.85
0.02
0.06
0.85
0.06
0.00
5.00

2.15
0.01
1.79
0.02
0.08
0.86
0.05
0.00
5.00

* Formula proportions based on 8 O atoms with all iron as Fe31.
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FIGURE 3. Garnet compositions portrayed in almandine-gros-
sular-pyrope triangle. (a) T 5 700 8C (b) P 5 8 GPa.

netite facies where omphacite disappears and majorite
garnet becomes a stable monomineralic phase (Irifune et
al. 1986). Under isothermal conditions at 800 8C, Si in-
creases from 2.98–3.05 to 3.07–3.14 pfu with increasing
pressure from 8 to 10.5 GPa. The transformation of or-
thopyroxene into majorite garnet was first documented
experimentally by Akaogi and Akimoto (1977) in the
Mg4Si4O12-Mg3Al2Si3O12 and Fe4Si4O12-Fe3Al2Si3O12 sys-
tem. The present study indicates the continuous replace-
ment of Ca-Mg-Fe components by majorite with increas-
ing pressure below 700 8C, and supports the previous
experimental result of pressure-dependent transformation
of majorite garnet in the upper mantle transition zone.

Under isobaric conditions (P 5 8 GPa), Si decreases
from 3.13–3.34 to 2.99–3.06 pfu of garnet with increas-
ing temperature from 700 to 950 8C. The majorite com-

ponent goes down with increasing temperature. Thus, the
majorite component is favored at higher P-T conditions.

In contrast to the systematic compositional change of
garnet, the clinopyroxene seems to be more scattered and
less systematic with changing P and T. The pyroxene for-
mula proportions were calculated based on six O atoms.
The jadeite content is taken as being equal to the VIAl.
Clinopyroxenes all plot in the compositional field of om-
phacite (Jd35–47Aug53–68Acm0). The acmite component of
clinopyroxene is negligibly small. At a constant pressure
of 8 GPa, the mol% Jd in clinopyroxene tends to increase
from 35 to 47 with increasing T from 700 to 850 8C. The
mol% Jd tends to be stable at 35 with increasing P from
8 GPa to 12.5 GPa, and increases up to 39 at 13.5 GPa
at a constant temperature of 700 8C. The full set of chem-
ical composition of clinopyroxene is available upon re-
quest to the first author.

The Tschermak component of clinopyroxene, taken as
IVAl, ranges from 11 to 7 mol% with increasing P from
8 to 13.5 GPa. It decreases from 11.5 to 0 with increasing
T from 700 through 850 to 900 8C at constant pressure
of 8 GPa. Above 900 8C, it is negligibly small.

PHASE RELATIONS

The P-T region of lawsonite stability determined in this
study is shown by the two straight dashed lines in Figure
1. These two lawsonite-consuming reactions may join at
a point slightly above 8 GPa, where the coesite-stishovite
transition curve ties the two continuous reactions in the
lawsonite-bearing MORB-water system. As discussed lat-
er in detail, the lawsonite-consuming reaction in the stish-
ovite stability field is essentially the same as that in the
coesite stability field except for the difference in the SiO2

polymorph. However, the stability field of the lawsonite
eclogite assemblage delineated in Figure 1 must be ex-
amined by reversal experiments, due to the difficulty of
demonstrating equilibrium owing to sluggish reaction, do-
main equilibrium, local variation of temperature distri-
bution in a small capsule, and other unknown kinetic fac-
tors that may control the equilibrium.

To examine the degree of equilibrium, specifically for
the lawsonite-out reaction boundary, two reversal exper-
iments were conducted at conditions of 10 GPa and 700
8C, and at 8 GPa and 900 8C (Table 2). To reverse the
lawsonite-out transformation, lawsonite-bearing assem-
blages synthesized first at 9.5 and 8 GPa, 700 8C, were
held at 700 8C and 10 GPa. Two previous run products
were mixed together to increase the volume of the starting
mixture. The run product after 24 h showed the complete
disappearance of the lawsonite, which locates the law-
sonite stability field at 700 8C. A second reversal exper-
iment was performed for the lawsonite-out reaction at
lower pressures, using the mixtures of lawsonite-bearing
assemblages synthesized first at 750 and 800 8C, at 8 GPa.
Lawsonite disappeared at 900 8C and 8 GPa, which is
beyond the lawsonite stability field. These reversal ex-
periments confirm the location of the lawsonite-out re-
action shown in Figure 1.
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Strong chemical zonation in garnet is only observed in
run products formed at T higher than 850 8C. With the
exception of those garnets in run charges formed at T
higher than 850 8C, most rock-forming minerals are not
systematically zoned. However, chemical compositions
are variable almost grain by grain to some extent. If no
clear textural evidence for disequilibrium was observed,
we assumed that the mineral compositions were in equi-
librium with matrix phases. Chemically variable mineral
compositions may be due to local domain equilibrium,
temperature gradients within a capsule, disequilibrium by
sluggish reaction kinetics, or some combinations of these
factors. Despite these difficulties, the results indicate that
equilibrium was obtained, to a first-order approximation,
as judged by the phase relations and the Fe/Mg partition-
ing between garnet and clinopyroxene in run products.
The garnet-clinopyroxene pairs that were either in contact
or within two micrometers of each other were selected as
equilibrium pairs. The results show that the isobaric (P
5 8 GPa) lnKD values decrease from 2.5 (700 8C),
through 1.3 (750 8C) to 1.0 (800 8C). The trend of de-
creasing ln KD with increasing T is consistent with the
results of Ellis and Green (1979) and other studies, al-
though the KD values are quantitatively different from,
say, the equation by Ellis and Green (1979). The present
isobaric lnKD values, e.g., at 700 8C, were plotted on their
reference lines ranging from 900 to 1200 8C. A fairly
large discrepancy is obtained mainly from pressure dif-
ferences. Their experiments were done at pressures lower
than 3 GPa, whereas ours were mainly 7.5–12.5 GPa.
Their pressure calibration is limited to less than 3 GPa.

Analytical spread of the lnKD values in the present ex-
periment is quite compatible with the experiment of Ellis
and Green (1979; see their Fig. 3). This is partly due to
experimental error of P-T estimates, failure to attain equi-
librium, compositional heterogeneity, minor thermal gra-
dients in the capsules, uncertainties of chemical analysis,
and estimate of Fe31 of the run products, in addition to
the unknown pressure effect of the proposed equations of
Ellis and Green (1979).

The isothermal phase relations at 700 8C are shown on
a ternary conventional ACFM diagram in Figure 4. The
starting bulk composition has 10 components (SiO2-TiO2-
Al2O3-Fe2O3-FeO-MgO-CaO-Na2O-K2O-H2O) (Table 1);
however, TiO2 is a minor trace component, which is main-
ly present in rutile. Na2O is present only in the jadeite
component of omphacite. K2O is minor and mainly pre-
sent in phengite. Garnet and clinopyroxene in the run
product contain traces of Fe2O3. The FeO/MgO ratio of
the starting bulk composition was fixed; thus composi-
tions can be reduced to three components [(Al2O31Fe2O3

2Na2O)-CaO-(FeO1MgO)], with an excess SiO2 phase
(either coesite or stishovite) and an H2O-rich fluid (Fig.
4). At 8 GPa, the three-phase assemblage Grt1Cpx1Lw
is stable. With increasing pressure, the compositional en-
largement of garnet toward grossular end-member is ob-
vious in this diagram.

The tie lines between Grt and Cpx with excess Lw

rotate toward Lw with increasing pressure. When they
reach the bulk-chemical composition shown as a large
solid circle at 10 to 10.5 GPa, lawsonite disappears. A
slight discrepancy exists in the P-T condition of lawsonite
disappearance, i.e., in spite of the absence of lawsonite
in the run product at 10 GPa, the bulk composition falls
in the Lw-Grt-Cpx triangle, although it is very close to
the tie line. The tie lines between Grt and Cpx in all run
products above 10.5 GPa are always on the bulk-chemical
composition (Fig. 4). The minor discrepancy may be de-
rived from the compositional variation of garnet, specif-
ically an (Alm1Pyp)-rich composition due to local equi-
librium, or that possible minor lawsonite avoided
detection.

The systematic compositional enlargement of the gar-
net solid solution toward the grossular end-member is
present with increasing pressure. The values of XCa in-
creases under the buffered assemblage from 0.22 (8 GPa),
through 0.26 (9.5 GPa), 0.30 (10.5 GPa), and 0.42 (12.5
GPa), to 0.44 (13.5 GPa). Lawsonite disappears between
9.5 and 10.5 GPa. This type of reaction leading to the
disappearance of lawsonite is continuous, and is ex-
pressed by the following reaction;

Lw 1 (Alm 1 Pyp)-rich Grt 1 Cpx

5 Grs-rich Grt 1 SiO 1 Water. (1)2

By comparing the chemical compositions between 8.0
GPa and 10.5 GPa, the above reaction can be calculated
as:

6Lw 1 41Grt-1 1 7Cpx

5 47Grt-2 1 8SiO (stishovite) 1 12H O (2)2 2

where Grt-1 and Grt-2 refer to the compositions at 8 and
10.5 GPa, respectively (Fig. 5).

With further increases in pressure, garnet tends toward
the majorite component. In other words, the garnet com-
position moves toward the bulk-chemical composition
with increasing pressure such that by 16 GPa, a mon-
omineralic majoritic-garnet composition would be ex-
pected (Irifune et al. 1986). The isobaric phase relations
show the same tendency as the isothermal relations.

A NEW PHASE DIAGRAM OF MORB1H2O SYSTEM

The present study defines the high-pressure stability
limit of lawsonite in the MORB1H2O system (Figs. 1 and
6). The lawsonite-eclogite facies is bounded by the high-
pressure stability limit of a lawsonite-bearing continuous
reaction defined by the compositional enlargement of gar-
net toward the grossular-rich end-member with increasing
pressure and/or temperature. Lawsonite is stable in me-
tabasites up to 10 GPa and lower than 900 8C.

The eclogite facies is subdivided into four subfacies
(Fig. 6). The dry eclogite facies has the largest P-T space
and is bounded by the garnetite facies at P . 16 GPa
(Irifune et al. 1986) and by the dry solidus at high T. The
low-pressure limit of lawsonite-bearing eclogite facies is
bounded by the epidote eclogite subfacies by a boundary
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FIGURE 4. AC(FM) diagram showing the isothermal transition from lawsonite eclogite facies to dry eclogite facies with increasing
pressures (T 5 700 8C). A 5 Al2O3-Na2O, C 5 CaO, and FM 5 FeO1MgO. Note the phase relations in relation to bulk composition
shown by the larger circle.

reaction with a gentle positive slope at 2–3 GPa (Poli and
Schmidt 1995). The low-pressure and low-temperature
boundary is separated from the blueschist facies by a re-
action curve with a gentle negative Clapeyron slope (Ma-

ruyama 1997). The amphibole eclogite subfacies is stable
below the epidote (zoisite) eclogite subfacies, down to
1.0 GPa. Both the epidote (zoisite)- and amphibole-eclo-
gite subfacies are terminated by the slab-melting curves
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FIGURE 5. Schematic representation of the lawsonite-con-
suming reaction in the AC(FM) system.

FIGURE 6. P-T diagram showing the temperature distribution
on the Benioff surface and the estimated H2O wt% of the sub-
ducting oceanic crust (circled number). The H2O wt% below the
eclogite facies is from Peacock (1993). The calculated H2O wt%
in the lawsonite eclogite facies is from Poli and Schmidt (1995)
and this study. Abbreviations: PA 5 pumpellyite-actinolite fa-
cies, GS 5 greenschist facies, EA 5 epidote-amphibolite facies,
AM 5 amphibolite facies, GR 5 granulite facies, HGR 5 high-
pressure granulite facies, BS 5 blueschist facies, Am Ec 5 am-
phibole eclogite facies, and Ep Ec 5 epidote eclogite facies.
Diamond-graphite curve is after Bundy (1980). Jadeite-quartz-
albite equilibria is after Newton and Smith (1967) for low albite
and Holland (1980) for high albite. The other index reaction
curves are same as Figure 1. For more details, see Maruyama et
al. (1996) and Maruyama (1997).

at the high T side (Fig. 6). The metamorphic facies below
2.0 GPa are after Maruyama (1997).

The stability field of lawsonite in the CASH system
(Schmidt 1995) is significantly larger than in the
MORB1H2O system (Figs. 1 and 6). These differences
have already been described in Pawley (1993), Schmidt
(1995), and Poli and Schmidt (1995, 1997), and may be
explained by the addition of FeO1MgO causing: (1) di-
lution of grossular by pyrope and almandine in a garnet
solid solution, thereby reducing the activity of grossular,
and (2) crystallization of clinopyroxene, displacing the
lawsonite-consuming reactions to lower pressures and
temperatures. In the CASH system, lawsonite break-down
reactions are described as:

lawsonite 5 zoisite 1 Al phase (kyanite)

1 SiO (quartz, coesite) 1 H O (3)2 2

or

lawsonite 5 grossular

1 Al phase (kyanite, topaz, ‘‘egg,’’ diaspore)

1 SiO (stishovite) 1 H O.2 2 (4)

In the following, the fate of water from mid-oceanic ridge
to subduction zone is discussed, based on the newly pro-
posed phase diagram and additional laboratory-field
constraints.

WATER IN THE OCEANIC CRUST

New oceanic crust is created at the mid-oceanic ridge
and suffers hydrothermal fluid-alteration (Miyashiro
1973). The oceanic crust generated at the mid-oceanic
ridge is about 7 km thick, and the top 600–700 m are
hydrated by reaction with circulating hydrothermal water.
Beneath 700 m, the crust is essentially dry except along

fracture zones. The H2O added to the oceanic crust by
hydrothermal metamorphism is difficult to estimate pre-
cisely. Water is present both as loosely bound (H2O2) and
structurally bound molecular water (H2O1). The mea-
sured structural water from the DSDP hole 504B (Alt et
al. 1986) is approximately 1–2 wt% from the top of the
pillow lava zone down to 600 m. However, it increases
to 4–6 wt% from 600 down to 800 m depth (the transi-
tional zone from the pillow to the dike zone). The struc-
tural water of dredged basaltic samples has been esti-
mated to range from 1 to 8 wt% (Hart 1976). Staudigel
et al. (1995) estimated the structural water content at the
crust at about 2.7 wt% and the interstitial water as at least
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2 wt%, on the basis of the void volume of the crust [es-
timated at approximately 5 vol% by Johnson (1979)]. The
present study uses 6 wt% H2O1, which is stored in hy-
drous minerals due to ocean-floor hydrothermal
metamorphism.

Dredged gabbros and ultramafic rocks from fracture
zones are highly altered and suffer high-grade greenschist
to amphibolite facies metamorphism. These rocks contain
several hydrous minerals. However, such hydrated rocks
are restricted to fracture zones. Oceanic crust is subse-
quently subducted at convergent plate margins. Fluid
trapped in the pore space of the subducting oceanic crust
and overlying sediments is expelled within the top 10–
15 km (e.g., Moore 1992). Loosely bound water (H2O2)
is also released at shallow depths, probably between 15
to 20 km. Afterward, the subducted oceanic crust suffers
subduction-zone metamorphism and continues to release
H2O by dehydration reactions to the overlying mantle
wedge.

To estimate the water content of subducting oceanic
crust, we have combined our results with the previous
estimates of Poli and Schmidt (1995) and Peacock (1993)
to produce Figure 6. Previous experimental studies have
demonstrated that the subducting oceanic crust releases
most of its H2O by the amphibolite-eclogite transforma-
tion at 75 km depth and retains ,1 wt% H2O beneath the
volcanic front about 100 km depth if the temperature is
below 650 8C. However, if the temperature is above 650
8C, at 30–80 km, subducting oceanic crust reaches the
solidus temperature condition, causing the partial melting
of amphibole-bearing metamorphosed oceanic crust. The
released H2O moves into the melt; the remaining sub-
ducting oceanic crust transforms to dry eclogite. Once it
turns to dry eclogite, the crust never melts due to the
abnormally high-T solidus of more than 1500 8C at 200
km depth.

The H2O content in the subducting oceanic crust de-
pends on the variation of the P-T path of the Benioff
surface. In the case of subduction of a very old oceanic
plate along an extremely low geothermal gradient (2–3
8C/km), the subducting oceanic crust suffers progressive
high P-T metamorphism from blueschist to lawsonite
eclogite facies. Lawsonite-eclogite facies assemblages are
stable in a P-T field extending from 2.5 GPa, ,500 8C,
through 8 Gpa, ,800 8C to 9.5 GPa, ,700 8C. That is,
lawsonite is stable at depths ranging from 75 km to 300
km. Lawsonite is continuously dehydrated with increas-
ing temperature in the coesite field, and with increasing
pressure and temperature in the stishovite field. Extreme-
ly old oceanic plate subduction releases 3 wt% H2O con-
tinuously from 75 km to 100 km depth by the blueschist-
lawsonite eclogite transformation and retains 1 wt% H2O
in the subducting slab (Fig. 6). At the depths of the law-
sonite eclogite facies, continuous dehydration of lawson-
ite releases small quantities of the remaining H2O; the
subducting oceanic crust retrains ;0.5 wt% H2O even at
depths .200 km. In the stishovite field, the descending

slab continuously releases all H2O at the lawsonite eclo-
gite stability limit, at 300 km depth.
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