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Synthesis of high-pressure hydrous magnesium silicates: Observations and analysis
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ABSTRAcT

Specimens of dense high-pressure hydrous magnesium silicates, notably phase A, phase

B, and superhydrous phase B, have been synthesized for use in calorimetric and spectro-
scopic experiments. X-ray diffraction and electron microprobe analysis were used to study
both major and minor phases occurring in the experimental products. We observed the
formation of phase A at 16 GPa, I172'C; phase B at 15 GPa, 1158 "C; chondrodite at l2
GPa, I 158 .Q; and clinohumite at 12 GPa, I 170 "C. These pressures and temperatures are
higher than those reported in previous studies. We also observed the formation of phases

E and superhydrous B at conditions at which they have been previously observed. How-
ever, we propose that there is a high-low transition in superhydrous B. We have not
identified phase C in the pressure-temperature-bulk compositional space where it has been
observed in previous studies. We conclude that this phase may be identical with super-
hydrous B, as previously suggested, or that in some studies a humite may have been
misidentified as phase C.

Ixrnonucttolt

Water plays a key role in crustal and surface geology,
but little is known about its role in the Earth's deep in-
terior. To be able to predict the importance of HrO in
the mantle we must learn about the ability of mantle
minerals to contain H as a function of pressure and tem-
perature, either dissolved in nominally anhydrous min-
erals or as a component in hydrous phases. For many
years it was thought that the mantle was anhydrous, in
part because known hydrous phases react to form anhy-
drous assemblages with increasing pressure and temper-
ature. However, we now know that, in addition to some
K-rich amphiboles [stable to 14 GPa at temperatures
<1200 "C (Tronnes et al. 1988; Trsnnes 1990)1, phlog-
opite [a mica stable to 7 GPa at < 1200 "C (Sudo and
Tatsumi 1990)1, and lawsonite [a hydrous calcium alu-
minum silicate stable to about 13 GPa at <800'C (Paw-
ley 1994)1, there are many hydrous phases within the
MgO-SiOr-HrO system with mantle-pressure stabilities,
some ranging as high as 20 GPa (Ringwood and Major
1967; Gasparik 1993). In addition, anhydrous minerals
such as olivine, pyroxene, and in particular wadsleyite [B-
(Mg,Fe)rSiOol can contain significant amounts of HrO
(Smyth et al. 199 1; Young et al. l99l;- Bell and Rossman
1992; Smyth 1994; Inoue et al. 1995). It is also possible
that HrO, once evolved in dehydration reactions, may
not be as mobile as previously envisioned (Selverstone et
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al. 1992). High-pressure hydrous magnesium silicates
constitute a potential reservoir for HrO in the mantle and
a vehicle for carrying subducted HrO deep into the man-
tle. Because subduction of hydrated crust could recycle
an amount of HrO equivalent to several oceans back into
the mantle over geologic time, subducted HrO may be an
important component of the planet's volatile budget
(Peacock 1990).

The presence of hydrous phases would have a signifi-
cant effect on the mantle. These phases have different
physical properties and a different Mg/Si ratio than the
bulk mantle. Their presence would tend to increase the
modal amount of phases that have complementary com-
position. For example, it has been suggested that super-
hydrous phase B (sB) could stabilize stishovite or increase
the proportion of pyroxene (Gasparik 1993). As the de-
scending slab is heated these phases would eventually de-
hydrate; endothermic dehydration reactions could locally
depress the geotherm, or the HrO released could cause
melting if it moves out of the slab. HrO released by de-
hydration would change the kinetics of slab processes as
well as the physical properties of the slab, including elec-
trical conductivity, seismic attenuation, and rheology. In
addition, by lowering the effective pressure, HrO could
facilitate brittle fracture and seismicity as it does in the
crust (Raleigh and Paterson 1965; Meade and Jeanloz
l  99 1) .

At least nine known hydrous magnesium silicates have
significant high-pressure stability fields (Fig. I and Table
1). Which of these phases could participate in mantle
assemblages depends primarily on the equilibrium phase
relations between them and the nominally anhydrous
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Frcunr 1. Compositional plot of the MgO-SiOr-HrO sys-
tem. Abbreviations are listed in Table 1. Phases with significant
high-pressure stability fields are shown as solid symbols. Ifthese
phases are stable in the presence of olivine and pyroxene, they
may be part of hydrous mantle assemblages.

mantle minerals. Cunently, although high-pressure syn-
thesis delineates the pressure-temperature regions in which
these phases can be made (Ringwood and Major 1967;
Yamamoto and Akimoto 1974, 19771, Akaogi and Aki-
moto 1980; Akimoto and Akaogi 1980; Liu 1987; Gas-
parik 1990, 1993;Kanzaki 1991; Wunder and Schreyer
1992), the thermodynamic properties of these phases are
not known, and virtually nothing is known about the
equilibrium phase relations because of the lack of re-
versed experiments. It is also unclear if there are more
phases yet to be discovered and if all the known phases
have true thermodynamic stabilities [e.g., the l0 A phase
may be metastable (Wunder and Schreyer 1992)1. To learn
more about this system we synthesized samples of phase
A (A), phase B (B), and sB for calorimetric and spectro-
scopic measurements. In this paper we report on the syn-
thesis experiments and observations we made in the pro-
cess of developing a synthesis technique to produce
samples suitable for calorimetric study of heats of for-
mation (to be presented later).

Mrrnoos

The synthesis experiments were conducted in the USSA
2000 uniaxial split-sphere apparatus at SUNY Stony
Brook. Eight tungsten carbide cubes with 7.5 or 8 mm
truncations were used to generate pressure in a 14 mm
semisintered MgO octahedron. The sample assemblies
followed the basic design of Gwanmesia and Liebermann
(1992). Several furnace assemblies were used during the
course of this study, all similar in design to the 14-7.5
KG used by Gwanmesia and Liebermann (1992) and the
l4-7.5 TL of Gwanmesia et al. (1993). Because of the
box design, these furnaces allow for large samples (-40
mg) and produce relatively small temperature gradients.
Gwanmesia and Lieberm anr^ (1992) measured a gradient
of 15 "C/mm from sample center to edge for the l4-7.5
KG furnace; our minor modifications may have in-
creased the gradient but not by more than a factor of two

[see data ofBurnley (1995)].
Synthesis experiments were conducted both with and

without thermocouples. Temperature was measured us-
ing a W3o/oRe vs. W25o/oRe thermocouple (type D) with
the junction formed on the capsule surface to ensure that
the temperature measured was that of the sample. The
W-Re wires were calibrated at room pressure; we estl-
mate that total uncertainty associated with the use of the
wire is +5'C. This and the observed temperature-control
variations are included in the error given in Table 2. Es-
timates of the temperature gradient and the effect of pres-
sure on emf (currently not known) are not included in
this uncertainty. For experiments without thermocou-
ples, temperature was estimated from the power con-
sumed by the furnace, which was calibrated in other ex-
periments with identical furnace assemblies that contained
a thermocouple. Temperature uncertainties quoted for
these experiments reflect observed variations among cal-
ibration experiments. Experiments were quenched by
turning off the power to the furnace. Temperatures
dropped to <300 "C within 2 s. Pressure was released
slowly overnight.

After the sample capsule was removed from the assem-
bly it was sliced in half using a diamond wafering saw.
One-half of the sample was powdered for X-ray diffrac-

TABLE 1. Phases in the system MgO-SiOr-HrO with significant high-pressure stability fields

Name (Abbrev.) Ref.

Phase A (A)
Phase B (B)
Anhydrous phase B (aB)
Superhydrous phase B (sB)
Phase D (D)
Phase E (E)
Phase F (F)
OH-end-member clinohumite (Ch)
OH-end-member chondrodite (Cd)
Brucite (Br)
Forsterite (Fo), B-Mg,SiO4 (B), 7-Mg.SiOa
Enstatite (En), ilmenite, perovskite
Stishovite (St)
Periclase (Pe)

Mg,(SiO.),(OHL
MgrrSilO,e(OHL
Mg,4Si5Orn
Mg,oSi.O,o(OH).
MgSiO,(OHL
MgraSij 6Hr.06
Mgl 2Si1 sH2.Oo
MgrSi4O,s(OHL
MgrSi.O"(OH)"
Mg(oH),
Mg.SiO.
MgSiO3
sio,
Mgo

Horiuchi et al. 1979
Finger et al. 1989
Finger et al. 1989
Pacalo and Parise 1992
Liu 1987
Kanzaki 1991
Kanzaki 1991
Yamamoto and Akimoto 1977
Yamamoto 1977
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TABLE 2. Experimental results

OiI  P P
Expt., mix (bars) (GPa) Phases oresent

3 1 9

T I

rc) (min) Coexisting phases

Superhydrous phase-B bulk composition
1496, sB#z
1 561 , sB#2
1660, sB#3
1725, sB#3
1790, sB#4
1857, sB#4
1875, sB#4
1881,  sB#s

1564, B#1
1659, B#2
1669, B#2
1729, B#2
1747, B#3
1752, B#3
1758, B#3
1759, B#3
1817, B#4
1864, B#4a
1876, B#4a

1774, A#1
1783, A#1
1794, A#1
1830, A#1
1841, A#1

1811, aB#2

16(1 .0)
16(1 .0)
16(1 .0)
15.2(1 .0)
15.s(1 .0)
15.2(1 .0)
15.5(1 .0)
15.2(1 .0)

13(1 .0)
14.8(1.0)
12.4(1.0)
11 .8(1 .0)
12.4(1.o)
12.4(1 .0)
12.4(1 .0)
12.4(1 .0)
12.0(1 .0)
12.0(1 .0)
12.2(1.0)

10.2(1 .0)
10.0(1 .0)
10.0(1 .0)
9.7(1.0)
9.8(1.0)

15.5(1 .0)

1 000(6)
1 059(7)
995(33)--

1 1 54(1 5)
1172(401'"

1 394(6)

sB, St, Br, Pe
sB, A, Pe, Mg
A, sB
sB, Pe, fl
sB, A, E, fl
sB, A, E, fl
sB, A, E, fl
sB,  B

600.
600'
600'
590
602
593
605
590

30
120
120
123
127

1158(6) 122
1129(6) 60
11s8(40)-" 72

Phase-B bulk composition

A-E
sB-A, sB-E

sB-B

A-8, B-Fo, A-Fo, A-Br, Br-Pe, B-Br
B-Ch, B-Pe
B-Cd, B-Fo

A-Pe, A-8, B-Cd
B-Cd, B-Ch
B-A, B-Cd

A-Cd, A-Pe
A-Br

o
124
124
120
129

410'
JCU

400
377
400
400
400
400
386
386
39s

304
300
300
291
298

't278(44)"
1 000(34)"
1000(34)-'
1 1 70(20)
1 1 58(2s)
1 1 54(20)
1 1 54(7)
1 1 03(37)"
1 15800)
1 1 55(1 5)
1 1 s8(1 0)

1 091 (1 s)
1 050(6)
1 038(36).'
1 0s0(7)
1 052(1 5)

B, Fo
SB, B
A, B, Fo, Br, Pe
B, Pe, Ch
B, Cd, Fo
B, Fo, Cd
B, FO
B, FO
B, Cd, A, Pe
B, Cd, Ch, A
B, CcJ, A

1
120
120
125
1 3

127
134
124
121
123
120

Phase-A bulk composilion
A, Cd, Br,tl
A, Cd, Pe, Br,1l
A, Pe, Cd, Br,tl
A, Ccl,tl
A, Pe, fl

Anhydrous phase-B bulk composition
71 aB, P

Nofe.'Truncation length is 8 mm unless otherwise noted. Ram force can be calculated from oil pressure by multiplying by ram area, which is 0.1075
m,. Abbreviations in addition to those listed in Table 1: Mg : magnesite, fl : fluid, sB#2 and sB#3 : 3Mg(OH), + TMgO + 3SiOr, sB#4 : 3MgzSiOn
+ 4Mg(OH), ,  sB#s:3(aB#2) + 4Mg(OH), ,  B#1 and B#2:11MgO + Mg(OH),  + 4SiO,,  B#3:4(aB#2) + 4Mg(OH), ,  B#4=B#3 + minor lMgO
+ Mg(OH),], B#4a: B#4 + minor [MgO + Mg(OH)21, A#1 :2Mg,SiO4 + 3Mg(OHL + HrO, and aB#2:sMg,SiO4 + 4MgO. Minor phases are
listed in italics.

- 7.5 mm truncation.
.* No thermocouple, temperature estimated from furnace power.
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tion and the rest was polished and mounted in Crystal
Bond resin for microprobe analysis. Backscattered elec-
tron (BSE) micrographs were taken of each bisected sam-
ple, providing a method for observing the spatial rela-
tionships among phases. The various phases were
significantly different in density and therefore could be
distinguished by the contrast level in BSE images. The
microprobe was used to identify several grains at each
BSE contrast level, and then the images were used to
study grain relationships and the distribution of phases
in the capsule. In choosing grains for microprobe analy-
sis, an effort was made to pick grains that shared grain
boundaries with other grains that had already been ana-
lyzed. Thus, a catalog of grain-touching-grain relation-
ships was compiled. In addition, with the exception of
minor phases, phase identification was confirmed by
powder X-ray diffraction.

Synthesis experiments lasted for 2 h. Our goal was to
synthesize pure-phase samples of A, B, and sB. To ac-
complish this we used starting mixtures with the same
bulk composition as the desired phase or, in the case of
phase A and sB, that phase plus HrO. However, most
experiments contained mixtures of phases. In particular,

we found that refractory starting materials such as quartz
and periclase led to incomplete reaction. Even with start-
ing materials 5 pm in size, refractory materials were
trapped in growing product crystals and failed to react
further. To obtain complete reaction we used fine-grained
forsterite (MgrSiOo) and microcrystalline brucite to the
maximum extent possible, eliminating or minimizing the
amount of refractory material used. Our best results were
obtained using the following mixtures: forsterite and
brucite (sB#3) for synthesis ofsB; forsterite, brucite, and
periclase (B#a{ for synthesis of B; and forsterite, brucite,
and distilled water (A#l) for synthesis of A. The majority
of the experiments contained the target phase as the ma-
jor phase; however, the formation of accessory phases
was inevitable, probably because of small weighing errors
and the compositional proximity of many of the hydrous
phases. For calorimetric samples accurate quantification
of the amount of minor phases is critical. We chose to
determine the modal analysis of calorimetric samples (re-
sults will be presented elsewhere) by point counting on
BSE images of the polished half capsules. For this reason,
we synthesized B using a bulk composition slightly richer
in HrO and MgO than that of B to ensure that the minor
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Frcunn 2. Synthesis diagram for phase B. Data from previ-
ous studies are also shown. Open symbols indicate the presence
of B. Solid symbols, plus signs, and Xs indicate conditions at
which phase B did not form. Solid right-pointing triangle rep-
resents assemblage aB * sB, solid left-pointing triangle indicates
sB replacing B as the breakdown product ofA (Kanzaki 1993).
Solid lines are phase boundaries from Akaogi and Akimoto
( I 980). Dashed boundary indicates approximate position of high-
pressure decomposition reaction. Experimental uncertainties as-
sociated with our pressures and temperatures are shown as error
bars. Previous work would have similar or larger experimental
uncertainties.

phase was A rather than forsterite, which cannot be dis-
tinguished from B in BSE images. Several types of cap-
sules (folded rhenium, folded platinum, and welded plat-
inum) were used. To contain water as a phase, particularly
at <16 GPa, it is necessary to use arc-welded capsules;
therefore, all our experiments, with the exception of nos.
1496,1561, and 1564, used welded platinum capsules.

The cell pressure generated by the 8 mm truncations
was calibrated using the equilibria between quartz-coesite
(1600 "C), CaGeO. (1000'C), coesite-stishovite (at 1200
and 2000 "C), and a-B MgrSiOo (1200'C) (Leinenweber,
personal communication). Pressures generated by the 7.5
mm truncations were estimated using the calibration of
Gwanmesia and Liebermann (1992).

Rnsur.rs
The results of the synthesis experiments are listed in

Table 2. The table gives the phases present in each ex-
periment as well as observations regarding phase coex-
lStence.

Phase B formed in experiments at 12-16 GPa and
1000-1278 "C (Fig. 2). It formed small, l-5 pm, subhe-
dral equant crystals. In phase-B bulk-composition exper-

o r r Ymmoto ard Akinoo (197) O rhis study
Kilzki (1991) o Lurh 6995)

o Akimo and Akrcgi (1980)

1200 1400

Ioryoam("C)

Frcunp 3, Synthesis diagram for phase A. Open symbols in-
dicate presence of A, solid symbols show the presence of assem-
blages that replace A. Duplicate data points are not plotted for
clarity. Data from previous studies are also shown. At low pres-
sures, the fields are labeled according to the assemblages ob-
served. Solid lines are phase boundaries from Yamamoto and
Akimoto (1977). Dashed lines at high pressure and high tem-
perature indicate our approximate placement ofthe breakdown
reactions proposed by Kanzaki (1991, 1993). Locations ofhigh-
pressure invariant points are not known and therefore not shown.
Right-pointing triangle : sB * Br + fl, inverted triangle : B +
Br + fl, solid circle : sB + aB + F + fl. The question mark
above 16 GPa indicates that the high-pressure breakdown re-
action for phase A is not known. Dot-dash curve, representing
the approximate position of Br dehydration (Johnson and Walk-
er 1993), is given as a reference. Experimental uncertainties as-
sociated with our pressures and temperatures are shown as error
bars.

iments, water was not present as a separate phase; all
phases in these experiments were < 100 pm.

Phase A formed in experiments at 1000-1172'C and
10-16 GPa (Fig. 3). In experiments in which HrO was
present as a free fluid phase, A formed large (- 100 pm),
rounded, irregular anhedral crystals. In experiments in
which water was not present as a phase, A formed l0 pm
equant grains that were subhedral to anhedral. In one
experiment (1790), A was found in an intimate mixture
with E.

Superhydrous phase B formed in experiments at 1000-
ll72'C and l5-16 GPa. In the presence of a free fluid
phase, it formed large (100 x 400 pm) subhedral inter-
locking prisms. In the absence of water as a free phase, it
formed 2-10 pm equant anhedral grains. The structure
of sB was first refined by Pacalo and Parise (1992) using
a crystal synthesized at 1400 'C and 20 GPa. A second
refinement by Kudoh et al. (1993), using sB synthesized
at 1000 oC and 17 GPa, found a slightly smaller unit cell.
The smaller cell (P2rnm) also lacks the center of sym-
metry of the cell used by Pacalo and Parise (Pnmn). The
powder patterns from the sB synthesized in this study are
better matched by a powder pattern synthesized using the

a n

I

+ tr x Akaogi and Akimoo (1980)
a Finger et al. (1989) O this study
> v < Kanzaki (1991, 1993)

A+Fo+Pe Cd+Fo+Pe

T
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Frcunn 4. Synthesis diagram showing conditions at which
chondrodite was observed to form. Data from previous studies
are also shown. Open symbols indicate the presence of chon-
drodite, solid symbols indicate the presence of assemblages that
replace it. Fields are labeled according to assemblages observed.
Reactions drawn as solid lines are based on those of Yamamoto
and Akimoto (1977) but extend into the pressure range ofour
experiments. The dot-dash curve representing the approximate
position ofBr dehydration (Johnson and Walker 1993) is given
as a reference. Experimental uncertainties associated with our
pressures and temperatures are shown as error bars.

unit cell and atomic positions of Kudoh et al. (1993). It
is possible that both a "high" and a "low" form of sB
exist, with stability fields that are a function of temper-
ature.

Phase E formed in three experiments at ll29-ll72"C
and 16 GPa. In one experiment it consisted of 5-10 pm
equant crystals mixed intimately with A. In the other
experiments it formed elongate (100-200 x 50 pm) eu-
hedral to subhedral tabular crystals growing in radial
sprays from the capsule wall.

Chondrodite formed in experiments conducted at 1038-
1158'C and 10-12 GPa (Fig. 4). Clinohumite formed in
experiments conducted at 1 155 and I 170 'C and 12 GPa
(Fie. 5). They both formed 5-10 x 50 pm plates and
flakes with one prominent cleavage if the matrix was B
and rounded anhedral inclusions if the matrix was A.

With the exception of three experiments discussed be-
low (1790, 1857, and 1875), the distribution ofphases in
the sample capsules was homogeneous from end to end,
and the phases were well mixed. Without exception, all
phases were well crystallized. The majority of experi-
ments contained only three phases. In experiments con-
taining brucite, periclase, or both, these phases were pres-
ent as inclusions and therefore isolated from the bulk of
the sample. Most of the sB synthesis experiments were

s

e.l

400 600 800 1000 lz0o 1400

Temperature ('C)

Frcunn 5. Synthesis diagram showing conditions at which
clinohumite was observed to form. Data frorn previous studies
are also shown. Open symbols indicate the presence of clino-
humite, solid symbols indicate the presence of assemblages that
replace it. The fields are labeled according to the assemblages
observed. Triangles and inverted triangles : Fo * A and right-
pointing solid triangles : Cd + Fo. Reactions drawn as solid
lines are from Yamamoto and Akimoto (1977). The dashed lines
indicate the proposed locations ofthe reactions Ch : Fo + A,
Cd: Fo * A, and Ch: Cd + Fo. The dot-dash curve repre-
senting the approximate position of Br dehydration (Johnson
and Walker 1993) is given as a reference. Experimental uncer-
tainties associated with our data are shown as error bars.

conducted using a bulk composition on a tie line between
sB and HrO. Three of the samples (1790, 1857, and 1875)
contained four phases: A, sB, E, and HrO (as evidenced
by open pores). The E and A were found in segregations'
either mixed together in crescent-shaped regions sym-
metric about the center of the capsule or individually in
crescent-shaped bodies against the capsule wall. This type
of phase separation in the presence of a fluid has been
observed by others (Johnson and Walker 1993; Domanik
and Holloway 1996) and is discussed in detail by Lesher
and Walker (1988).

DrscussroN
Although synthesis observations do not ensure that the

phases represent thermodynamic equilibrium, the syn-
thesis conditions can be used as a guide in the absence of
other information. With the exception of the three sam-
ples discussed above and ignoring the occurrence of bruc-
ite and periclase as inclusions, the samples do not contain
any textural evidence for disequilibrium. Most of our
samples contained only three major phases, as is pre-
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scribed by the phase rule. The phases are well mixed, and
there is no textural evidence for reaction between them,
such as embayment relationships or reaction rinds. Large
temperature gradients can cause different assemblages to
be stable in different parts ofa capsule, creating confusion
over which phases can be synthesized at a given temper-
ature. Our samples appear homogeneous; no significant
changes in phase relations or phase stability occurred over
the range of temperatures experienced by a given sample.
In the three samples in which phase separation occurred
(1790,1857, and 1875) we sti l l  interpret the presence of
the phases to be indicative of their fundamental ther-
modynamic stability at the pressure-temperature condi-
tions of the experiment. The phases are all well crystal-
lized and do not display feathery or skeletal forms
indicative of rapid crystallization on quench. We inter-
pret the phase separation to indicate mass transport by
the fluid in response to the temperature gradient. Here
we discuss our synthesis results in the light of previous
studies.

Phase A

Our synthesis observations suggest an extension ofthe
pressure range for phase-A stability by several GPa (Fig.
3). Phase A was first synthesized by Ringwood and Major
(1961). Yamamoto and Akimoro (1974,1977) and Aki-
moto and Akaogi (1980) investigated its low-pressure sta-
biliry limit. Yamamoro and Akimoto (1974) and Luth
(1991, 1995) examined the stability of A in the presence
of clinoenstatite. Using A as a starting material, Kanzaki
(1991) investigated high-temperature (A : B + Br + HrO)
and high-pressure (A : F + aB + HrO; aB : anhydrous
B) decomposition reactions. Later, Kanzaki amended his
observations (Kanzaki 1993), changing his identification
of B at 14 GPa to sB and, at 17 GPa, including sB in the
assemblage with aB and F. If we assume that the phases
sB and aB are stoichiometric and that the fluid phase
contains more HrO than brucite, then neither the original
high-pressure decomposition reaction nor the amended
version can be written as a balanced equation; it is there-
fore not clear what the high-pressure decomposition re-
action should be. We observed phase A in five experi-
ments (1561,  1660,1790,1857,  and 1875) at  condi t ions
above Kanzaki's high-temperature dehydration reactions
[A : sB + Br + H2O, A : B + Br * HrO (Kanzaki
1991, 1993)1. Because these reactions involve the release
of HrO it is possible that the escape of HrO from the
capsule could alter their location. Of the five experiments,
four were conducted in welded platinum and three con-
tained open pores indicating the presence of water as a
phase.

Phase B

Our synthesis observations of phase B also suggest a
larger pressure-temperature stability range than previous
work. B was first observed by Ringwood and Major (1967)
and has since been observed in several studies (Akimoto
and Akaogi 1980; Finger et al. 1989, 1991; Kanzaki l99l).

BURNLEY AND NAVROTSKY: HIGH.P HYDROUS MAGNESIUM SILICATES

Akimoto and Akaogi (1980) investigated the low-pres-
sure formation of B at l0 GPa. The high-temperature and
high-pressure limits of B stability have not been system-
atically explored in any study to date. However, Kanzaki
(1993) observed that sB replaced B as the breakdown
product ofA at 14 GPa and ll00 oC and observed the
assemblage sB * aB at l7 GPa. He therefore proposed
that B breaks down to aB + sB at conditions between 12
GPa, 1200'C and 14 GP4 ll00'C. We observed B at
higher pressures and temperatures (Fig. 2). An alternative
interpretation of Kanzaki's observations is that the for-
mation of sB limits the bulk compositions at which B can
form. Therefore, the appearance of sB as a decomposition
product ofA is more relevant to the low-pressure stability
of sB than to the high-pressure stability of B, which does
not break down to form aB * sB until higher pressures
are reached. The data of Kato and Kumazawa (1985b,
1986) have not been included in this discussion or in
Figure 2 because of the possible confusion of B with aB,
which was unknown at that time (Finger et al. 1989).

Humite

The OH- and F-containing humites consist of a series
of four naturally occurring phases. The OH end-members
of two of these phases, chondrodite and clinohumite, have
been found to have high-pressure stabilities. Our synthe-
sis results suggest an extension to higher pressures ofthe
stability fields of both these phases. Yamamoto and Ak-
imoto (1974) identified OH-end-member chondrodite as
phase D before it was correlated with natural chondrodite
(Yamamoto 197 7 : Y amamoto and Akimoto 197 7\. Y a-
mamoto and Akimoto (1977) afi Akaogi and Akimoto
(1980) investigated its phase stability (Fig. a). Chondrod-
ite is a common accessory phase in our synthesis exper-
iments. Our data add a further constraint to the place-
ment of the reaction A + forsterite : chondrodite that
was previously investigated at pressures as high as l0
GPa (Akimoto and Akaogi 1980). Although the high-
pressure limits of chondrodite stability have not been
tested, the P-Zslope of the reaction chondrodite: A +
forsterite and the position of the solidus probably limit
the high-pressure stability of chondrodite to < l6-17 GPa.

Clinohumite stability has also been explored (Yama-
moto and Akimoto 1977; Akaogi and Akimoto 1980)
(Fig. 5) and is similar to that of chondrodite (Fig. 4), but
clinohumite was thought to break down to chondrodite
* forsterite above about 8 GPa (Akaogi and Akimoto
1980). Clinohumite formed in only a few of our synthesis
experiments. At 1000 oC and 12 GPa we observed for-
sterite coexisting with A (expt. 1669), which, if in equi-
librium, would indicate that clinohumite was not stable
there. Two of our samples synthesizedat 12 GP4 ll54
and ll58 "C (expts. 1747 and 1752, respectively) con-
tained both chondrodite and forsterite. Although we did
not find chondrodite and forsterite in grain-to-grain con-
tact, a region of forsterite-chondrodite coexistence is
shown with dashed lines in Figure 5. Because very small
variations in local bulk composition could account for
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these observations, they do not conclusively demonstrate
that clinohumite is unstable at those conditions. Our syn-
thesis observations of clinohumite fall on either side of
the extension of the reaction clinohumite : forsterite +
A, identified at lower pressure (Yamamoto and Akimoto
1977),but well above the placement of the reaction cli-
nohumite : chondrodite * forsterite proposed by Aki-
moto and Akaogi (1980). Kanzaki (1991) also observed
clinohumite at similar pressures but at lower tempera-
ture, virtually the same temperature at which we ob-
served Phase A + forsterite. These results indicate that
the high-pressure stability of clinohumite may extend be-
yond 8 GPa and should be further examined. This is
particularly important because monolayers of Ti-bearing
clinohumite have been identified in olivine from the Bu-
ell Park kimberlites (Kitamura et al. 1987), suggesting
that this may be a naturally occurring mechanism for
water storage in the upper mantle.

There appear to be persistent inconsistencies between
our results and those of Kanzaki (1991, 1993). For ex-
ample, Kanzaki's experimental data plotted in Figures 2,
3, and 5 would need to be shifted to higher temperature
by about 100 "C to be consistent with our results. This
may be largely due to a combination of experimental un-
certainty and the effects ofpressure on the various ther-
mocouples used. Kanzaki noted that his sample assembly
resulted in a heterogeneous temperature distribution of
up to 100 oC across the sample; this may have led to a
similar uncertainty in the temperature assignments to
synthesis conditions. Temperature gradients in our cell
are less steep (approximately l5'lmm; Gwanmesia and
Liebermann 1992), and with the exception of the three
experiments discussed above (l 790, I 857, and I 875) there
was no petrologic evidence for a temperature gradient
across the samples. Kanzaki used PtlPtl30/oRh thermo-
couples, whereas we used W3o/oRe vs. W25o/oRe alloy (type
D). The effect of pressure on emf was not corrected for
in either study because the absolute effect is not well
known. The relative effect between these two types of
thermocouples has been studied (Ohtani et al. 1982; Ifuto
and Kumazawa 1985a; Walter et al. 1995), and it has
been found that Pt/Ptl30/oRh thermocouples read low
compared with W-Re alloy thermocouples. Walter et al.
(1995) measured a difference of 20-30 oC over similar
pressure-temperature conditions. The difference is also a
function of the temperature at the pressure seal (see Luth
1993), which varies from assembly to assembly. An in-
crease in Kanzaki's experimental temperatures of about
100'C, or in some cases a smaller temperature increase
combined with a pressure increase, would eliminate much
of the difference between the two studies.

Phase C

Phase C was not observed in this study, however, its
absence is noteworthy. C was first identified by Ringwood
and Major (1967) on the basis of X-ray reflections. It was
observed in experiments with bulk compositions that had
> 50/o HrO and Mg/Si ratios between 3 and 5. Ringwood

and Major did not specify which pressure and tempera-
ture conditions produced phase C, but their experiments
were all conducted between 600 and I 100 "C and 10 and
l8 GPa. Akaogi and Akimoto (1980) reported the occur-
rence ofphase C between 13 and 16 GPa and 800 and
1000 "C in experiments that also produced phases A and
B, g-MgrSiOo, and periclase. Their identification of phase
C was made on the basis of peaks in the X-ray powder
pattem. Our A and sB bulk-composition starting mixtures
and experimental conditions fall within the range of those
identified by Ringwood and Major (1967) and Akaogi
and Akimoto (1980); therefore, we expected to see C in
our experiments. However, we saw no evidence of phases
other than those already identified. Kanzaki (1993) pro-
posed that sB is in fact C. Ifthis is the case, our experi-
mental results are in agreement with the work of Ring-
wood and Major (1967) and Akaogi and Akimoto (1980).
Gasparik (1993) identified C on the basis of microprobe
analysis, assigning it a variable Mg/Si ratio of 2.9-3.5.
At the conditions at which Gasparik identified C (9-12
GPa, 1000-1200'C) we observed only phases A and B,
forsterite, clinohumite, and chondrodite. Because most
of the composition space that Gasparik assigned to C lies
within the composition space we investigated, we suggest
that the phase identified as C by Gasparik (1993) is either
clinohumite or chondrodite, neither of which was seen
by Gasparik in the pressure-temperature-composition
space where they are known to form. In addition, both
of these phases are prone to damage under the electron
beam and tend to yield variable analyses.

Phase coexistence

There are nine known hydrous phases in the MgO-
SiOr-HrO system with significant high-pressure stabili-
ties. Using these phases in combination with the anhy-
drous phases and fluid, one can construct a petrogenetic
grid with well over 1000 reactions. Although only a lim-
ited portion of the grid occupies regions of pressure-tem-
perature space that are of relevance to the Earth's mantle,
there are still many reactions to be investigated. How-
ever, some reactions would play a more critical role than
others in the subduction and storage of HrO in the man-
tte. By observing which phases coexist at relevant pres-
sures and temperatures, we can begin to develop a sense
of what these important reactions are.

The observation of the coexistence of phases in syn-
thesis experiments does not guarantee their mutual par-
ticipation in true equilibrium assemblages, but it does
offer a place to start evaluating which reactions are likely
to be important. Because the majority of the samples con-
tain homogeneous, well-mixed, three-phase assemblages,
this use of our observations is not unreasonable. Figure
6 contains four compositional plots showing tie lines that
represent the grain-to-grain contacts, and contacts be-
tween inclusions and their host grains, that were docu-
mented in the synthesis experiments.

An important reaction that limits the pressure and
temperature conditions at which A is stable in mantle
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rocks is: A + En: Fo * f l. Luth (1991, 1995) observed
this reaction between 860 and 880 'C at 9 GPa. At l0
GPa and 1050 "C we observe open porosity in specimens
that contain A and chondrodite and infer the presence of
water in the specimen (expts. 1783, 1794, and 1830). The
tie lines between A and water and between chondrodite
and water are shown as dashed because the water was not
observed directly. These tie lines are consistent with the
observation that the tie line between A and enstatite breaks
down at lower temperature in favor of forsterite and wa-
ter.

Although it has been proposed that phase B could be
a signiflcant carrier of HrO into the mantle (Finger et al.
1989), it now appears, owing to the high-pressure stabil-
ity of humite and phase A, that B is not likely to form in
mantle compositions. At 12 GPa and 1000'C (expt. 1669)
we observed the coexistence of A and forsterite, consis-
tent with previous studies (Yamamoto and Akimoto 1977;
Akaogi and Akimoto 1980). At 12.4 GPa and ll54 "C
we observed a three-phase assemblage containing B, for-
sterite, and chondrodite. Both chondrodite and forsterite
are minor phases, and so we were not able to find two
grains touching each other; however, it seems likely that
they can coexist. Both the tie line between A and forster-
ite and that between chondrodite and forsterite isolate B
from mantle compositions. At 12 GPa and I 150'C (expts.
1729 and 1864) we observed that clinohumite is stable;

\ sio?
St

a tie line between clinohumite and forsterite would have
the same effect.

The formation of sB and phase E accompanies an im-
portant shift in the topology of tie lines on the compo-
sitional plot. Tie lines between A and B and periclase do
not necessitate the absence of sB at 12 GPq' however,
they severely limit the region of compositional space in
which assemblages containing sB can occur. With in-
creasing pressure between 12 and 15 GPa, sB appears
[consistent with Kanzaki's (1991, 1993) observations] and
a series of reactions occur, including B + A : sB +

B-MgrSiOo. The tie lines between B and the two humites
would also necessarily be broken by the tie line between
sB and B-MgrSiOo. However, the reactions clinohumite
: forsterite * chondrodite and chondrodite : A + for-
sterite may well take place before sB forms. The most
important reactions involving sB are those that allow it
to coexist with phases that are more Si rich than forsterite
because these reactions break the tie line between for-
sterite and HrO. In three of our experiments (1790,1857,
and 1875) we observed sB coexisting with phase E. How-
ever, these results must be interpreted with caution be-
cause the presence offour phases in experiments and the
segregation ofthe phases into distinct regions clearly in-
dicate that these samples were not in equilibrium. The
phase separation suggests mass transport by the fluid in
response to temperature gradients. The pressure-temper-

sio2

Frcunr 6. Compositional plots of the MgO-SiOr-HrO system showing tie lines observed at 10 GPa and 1050'C, 12 GPa and
1000 "C, 12 GPa and 1150'C, and 15 GPa and 1000-1150 .C. Solid circles indicate phases present. Solid tie lines represent
observed grain-to-grain contacts. Dashed tie lines to HrO (composition offluid unknown) are inferred from the presence ofporosity.
Dashed tie lines at 15 GPa are proposed on the basis oftextures in four-phase samples.
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ature conditions of these experiments are at and above
the high-temperature dehydration reaction of sB * sti-
shovite as reported by Gasparik (1993). Therefore, it could
be inferred that sB is not stable above approximately I100
'C at these pressures. However, at the same conditions
sB was synthesized in the presence of B and no excess
water (expt. l88l), and the sample showed no textural
evidence for dehydration. Therefore, the best interpre-
tation is that in some portions of these samples the sB-
to-HrO tie line was broken in favor of a tie line between
A and E. These ties lines are shown in Figure 6 as dashed.
The tendency for phase separation at conditions near a
reaction boundary in experiments with excess water was
also observed by Domanik and Holloway (1996). The tie
lines from sB to HrO and from sB to E break the tie lines
between A and B-MgrSiOo, removing any possibility that
A could participate in mantle assemblages once sB has
formed. The tie lines between E and either sB or A also
preclude the coexistence of B-MgrSiOo and water. This
geometry is consistent with the observation that sB can
coexist with stishovite under some conditions (Gasparik
1993; Pacalo and Parise 1992).It is the behavior ofthe
forsterite + HrO tie line over all others that determines
to what degree the dense high-pressure magnesium sili-
cates are present in the mantle.

The textures in our samples indicate that the presence
ofwater as a free fluid phase has a strong effect on grain
size. Although there is some variation between experi-
ments in which water was not present as a free phase but
was crystallographically bound as H, these experiments
have smaller grain sizes, similar to those in a completely
anhydrous experiment. Grains of the same phase may be
ten times larger in experiments where water is present as
a free phase. This observation lends weight to the spec-
ulation that the release ofHrO produced by dehydration
reactions in down-going slabs may flux diffusion-depen-
dent processes as it is known to do at shallower depths.
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