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Abstract The solubility of hydroxyl in thea, b and g

phases of (Mg,Fe)2SiO4 was investigated by hydrother-
mally annealing single crystals of San Carlos olivine.
Experiments were performed at a temperature of 10008
or 11008C under a confining pressure of 2.5 to 19.5 GPa
in a multianvil apparatus with the oxygen fugacity
buffered by the Ni:NiO solid-state reaction. Hydroxyl
solubilities were determined from infrared spectra ob-
tained of polished thin sections in crack-free regions
#100 mm in diameter. In thea-stability field, hydroxyl
solubility increases systematically with increasing con-
fining pressure, reaching a value of¥20,000 Hy106Si
(1200 wt ppm H2O) at the a-b phase boundary near
13 GPa and 11008C. In theb field, the hydroxyl content
is ¥400,000 Hy106Si (24,000 wt ppm H2O) at 14–
15 GPa and 11008C. In the g field, the solubility is
¥450,000 Hy106Si (27,000 wt ppm H2O) at 19.5 GPa
and 11008C. The observed dependence of hydroxyl solu-
bility with increasing confining pressure in theaphase
reflects an increase in water fugacity with increasing
pressure moderated by a molar volume term associated
with the incorporation of hydroxyl ions into the olivine
structure. Combined with published results on the de-
pendence of hydroxyl solubility on water fugacity,
the present results for theaphase can be summarized by
the relation COH 5 A(T) f n

H2Oexp(2PDVyRT), where
A(T) 5 1.1 Hy106SiyMPa at 11008C, n 5 1, and
DV 5 10.6310–6 m3ymol. These data demonstrate that
the entire present-day water content of the upper mantle
could be incorporated in the mineral olivine alone; there-
fore, a free hydrous fluid phase cannot be stable in those

regions of the upper mantle with a normal concentration
of hydrogen. Free hydrous fluids are restricted to special
tectonic environments, such as the mantle wedge above a
subduction zone.

Introduction

The water contents in the main reservoirs of the upper
mantle are estimated to range from 100 to 500 ppm by
weight of H2O for the depleted, undepleted and enriched
source regions of various types of magmas (Bell and
Rossman 1992). These estimates are based on two lines
of reasoning. First, measurements of the water contents
of quenched basaltic glasses can be combined with the
partition coefficients of hydrogen and the inferred de-
gree of partial melting of the source region to reconstruct
the original water content in the mantle source. Second,
measurements of water contents of mantle xenoliths can
be used to estimate the water contents of the upper
mantle, provided that no loss of hydrogen occurred upon
decompression. Both methods yield similar values, on
the order of a few hundred ppm by weight of H2O for
most accessible mantle reservoirs. However, investiga-
tion of natural samples cannot determine whether these
amounts of water are sufficient to form a free hydrous
fluid phase in the mantle, can be accommodated in nom-
inally anhydrous minerals, or require the presence of
special hydrous phases. To answer these questions, ex-
perimental calibration of the equilibrium solubility of
water in nominally anhydrous minerals coexisting with a
hydrous fluid phase is necessary. Until now, such cali-
brations were not available for the pressure and tempera-
ture conditions of the upper mantle. Bai and Kohlstedt
(1992, 1993) reported the results of solubility experi-
ments with olivine up to 300 MPa. Young et al. (1993)
showed that substantial amounts of OH can be incorpo-
rated in theaandbphases at mantle pressures. However,
their experiments did not include a free hydrous fluid
phase; as a result, their data only provide lower limits for
the equilibrium solubility.
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Even a small amount of water substantial influences
the physical properties of silicate rocks. If a few hundred
ppm of water-derived species are present, the high-tem-
perature creep strength of olivine single crystals and
olivine-rich rocks decreases by a factor of 2 to 3 (Carter
and Ave9Lallemant 1970; Blacic 1972; Chopra and Pater-
son 1984; Mackwell et al. 1985; Karato et al. 1986).
Hydrogen ions introduced into the olivine structure in
the presence of water may also markedly enhance the
electrical conductivity of olivine (Karato 1990). In addi-
tion, point defects generated on the silicon, oxygen and
metal sublattices when hydrogen or hydroxyl are incor-
porated into the olivine structure should influence signif-
icantly the ionic diffusivities and related kinetic proper-
ties.

To determine the importance of nominally anhydrous
minerals as reservoirs for water in the mantle and to un-
derstand the influence of water on their physical proper-
ties, quantification of the solubility of water-derived spe-
cies in the olivine structure is necessary. Previous experi-
ments at pressures between 50 and 300 MPa demonstrate
that the hydroxyl concentration determined from in-
frared spectra increases systematically with increasing
water fugacity (Bai and Kohlstedt 1992). However, ex-
trapolation of these results to much higher pressures ap-
propriate to the upper mantle requires not only under-
standing the effect of water fugacity on solubility but
also determination of the influence of pressure on solu-
bility. Hence, in the present study, the dependence of
hydroxyl concentration as a function of pressure and wa-
ter fugacity in thea-stability field was measured for
samples hydrothermal annealed under water-saturated
conditions in a multianvil apparatus. In addition, hy-
drothermal experiments were carried out in theb- and
g-stability fields to determine the solubility in all three
polymorphs of (Mg,Fe)2SiO4.

Experimental procedure

Samples and encapsulation

All but one of the samples used in the high-pressure, high-temper-
ature annealing experiments were prepared from an oriented sin-
gle crystal of olivine from San Carlos, Arizona, of approximate
composition (Mg0.90Fe0.10)2SiO4. For the first of the two experi-
ments in theg field (sampleg1 in Table 1), the starting sample was
a powder consisting of 95% olivine plus 5% orthopyroxene with a
grain size of¥25 mm. The single-crystal samples were cut into
rectangular parallelpipeds of dimensions 0.730.830.9 mm with
surfaces parallel to the (100), (010) and (001) crystallographic
planes, respectively. The surfaces parallel to (010) were polished,
so that they could be easily identified when a sample was loaded
into a capsule.

For experiments in thea-stability field, capsules were fabricat-
ed from Pt tube with an outer diameter of 2.0 mm and a wall
thickness of 0.1 mm. After one end was welded shut and flattened,
the bottom of the capsule was covered with two discs of Ni foil and
the inner cylindrical surface was lined with a single layer of 0.1-
mm thick Ni foil; the nickel was included to buffer the oxygen
fugacity by the Ni:NiO reaction. A mixture of talc plus brucite
powder in the ratio 1.4: 1 by weight was then packed into the

bottom half of the capsule; this ratio yields water plus approxi-
mately a 9: 1 ratio of olivine to enstatite after dehydration and
reaction. A square indentation, approximately 1 mm on a side, was
made in the compacted powder with a punch, and a sample was
positioned in this space with the [010] direction parallel to the
cylindrical axis of the capsule. Additional powder was packed on
top of the sample and covered by two discs of Ni foil. Finally, the
second end of the capsule was welded shut and flattened to yield a
final capsule length of¥3.2 mm, with¥0.4 mm of Pt at each end.
In most cases, a pinhole remained after welding, but it appeared to
close during flattening of the end andyor pressurization of the
sample assembly. For experiments in theb- andg-stability fields,
the capsules were similar, but smaller, in order to fit into the
smaller multianvil assemblies required to attain higher pressures.
Schematic cross sections of comparable capsule assemblies are
published in Rubie et al. (1993a, Fig. 2).

High-pressure annealing experiments

The high-pressure annealing experiments were carried out in a
split-sphere multianvil apparatus. Tungsten carbide anvils with
truncation edge lengths of 11, 8 and 5 mm were used for experi-
ments at pressures of 2.5 to 10.0 GPa, 12.0 to 15.0 GPa and
19.5 GPa, respectively. Octahedral sample assemblies with edge
lengths of 18, 14 and 10 mm were fabricated from partially sin-
tered 95% MgO1 5% Cr2O3. A zirconia sleeve insulates the cylin-
drical LaCrO3 heater from the octrahedron; a stepped geometry
for the heater reduces temperature gradients in the 18 and 14 mm
octahedral sample assemblies (Rubie et al. 1993a). Similarly, a
MgO sleeve insulates the sample capsule from the heater. Spacers
of MgO position the sample capsule near the middle of the high-
pressure assembly; thebottom spacer was solid and the top spacer
hollow. A W3%Re-W25%Re thermocouple sheathed in a four-
bore Al2O3 tube directly contacts the top end of the sample assem-
bly. The pressure was calibrated at high temperature using phase
transformations in SiO2 and Mg2SiO4 and is estimated to be accu-
rate to within+5% (Rubie et al. 1993b; Canil 1994). The temper-
ature gradient in the region of the sample is estimated to be
,20 8Cymm in experiments up to 15 GPa and,50 8Cymm at
19.5 GPa (Rubie et al. 1993a,b; Canil 1994). Cross-sectional
views of the high-pressure assemblies used in the experiments at
2–10 GPa and at 19.5 GPa are published elsewhere (Rubie et al.
1993a; Canil 1994).

Annealing experiments were performed at pressures between
2.5 and 19.5 GPa. Pressure was increased under computer control
over a period of 2 to 4 h, with longer pressurization times corre-
sponding to higher experimental pressures. All but one of the
experiments were carried out at 11008C; the one exception (a5)
was performed at 10008C. Except for one of the experiments in the
g-stability field (g2), the temperature was increased at 508Cymin
after the experimental pressure was reached in order to minimize
loss of water from the capsule. At the completion of the hydrother-
mal annealing cycle, the temperature was decreased at 508Cymin
to room temperature; subsequently, the pressure was dropped to
0.1 MPa over a period of 4 to 8 h. Most of the samples were held
at the annealing temperature and pressure for either 104 to 105 s.
Table 1 summarizes the pressure, temperature and duration of each
experiment; values for the water fugacity were calculated from the
results of Pitzer and Sterner (1994; private communication SM
Sterner, 1993).

To maximize the grain size in the second sample annealed in
the g-phase field (sampleg2), pressurization and heating were
carried out in two stages. First, the sample was annealed in the
b-stability field at 14 GPa and 11008C for 2 h. The pressure was
then increased to 19.5 GPa while maintaining the temperature at
11008C. After an additional 1 h at 19.5 GPa and 11008C, the
sample was cooled at 508Cymin to room temperature, after which
the pressure was decreased slowly to 0.1 MPa.

After removing a sample capsule from the high-pressure sam-
ple assembly, asmall hole was filed into the capsule to test for the
presence of water. In all but two of the experiments in theafield,
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Table 1 Run conditions and
resulting water solubilities. Sample Run P fH2O

T t H2O COH CH2O

' ' (GPa) (GPa) (8C) (s) present (Hy106Si) (wt ppm H2O)

a1 13 2.5 2.43101 1100 13104 ✔b 2,200 135
a2 14 5 7.03102 " 13104 ✔ 8,060 496
a3 18 6.5 4.23103 " 13105 .4,700c .290
a4 7 8 2.23104 " 13104 ✔ 14,100 867
a5 8 8 2.23104 1000 23105 ✔ 14,400 886
a6 17 8 2.23104 1100 13104 ✔ 14,600 898
a7 15 8 2.23104 " 13105 .8,000 .490
a8 20 9 6.43104 " 13105 ✔ 16,000 984
a9 10 10 1.83105 " 13104 ✔ 17,400 1,070

a10 25 12 1.33106 " 13105 ✔ 24,600 1,510
a11 16 13 3.43106 " 13105 ✔ 17,800 1,090
b1 12 14 8.73106 " 13104 .354,000 .21,300
b2 11 15 2.23107 " 13104 .386,000 .23,200
b3 9 15 2.23107 " 13104 .402,000 .24,100
g1 21 19.5 2.43109 " 13104 .32,000 1,970
g2 26 19.5 2.43109 " 13104 .437,000 .26,200

a Quoted values were calculat-
ed for water-present condi-
tions (Pitzer and Sterner 1994)
b A ✔ indicates that water was
present at the end of the ex-
periment
c Reported value is a lower
limit, as no water was present
at the end of the experiment

water and gas bubbled out of the hole; water was not detected in
any of the experiments in thebandg fields (Table 1). If water was
not observed, the sample capsule was weighed, vacuum dried at
¥2308C for 24 h and reweighed. Weight loss was not detected for
any of the samples.

Microscopy, electron microprobe
and x-ray diffraction characterization

The microstructures of the hydrothermally annealed samples were
examined by optical and scanning electron microscopy (SEM).
Grain size was estimated from optical micrographs taken with
transmitted light. Compositions were measured with a JEOL 8900
Superprobe using four wavelength dispersive spectrometers. In
most cases, the concentrations of Si, Mg, Fe and Ni were deter-
mined, and the oxygen concentration was calculated by difference.
In a few cases, oxygen content was also measured.

Reflection-mode, powder X-ray microdiffraction confirmed
the presence of eitherb phase org phase. X-ray diffraction pat-
terns were obtained from polished thin sections of each sample
using an X-ray beam collimated to a diameter of 0.1 mm.

Infrared analyses

Infrared spectra were measured using a Bruker IFS 120 HR high-
resolution Fourier-transform spectrometer. This spectrometer
contains a permanently aligned Michelson-type interferometer
with an angle of incidence of 308. For microanalysis of water
contents in olivine and its high-pressure polymorphs, the spec-
trometer was coupled with a Bruker IR microscope containing
all-reflecting, Cassegranian optics. Measurements were carried
out using a tungsten light source, a CaF2 beam-splitter and a high-
sensitivity, narrow-band MCT detector. Several hundred, in some
cases up to two thousand, scans were accumulated for each spec-
trum. During the measurements, the optics of the spectrometer
were evacuated and the microscope was purged with a stream of
H2O- and CO2-free purified air. This procedure allows detection of
water contents in olivine and similar materials at the level of a few
ppb. The minimum spot size that can be analyzed is less than
10 mm in diameter. Polarized infrared radiation was generated
using a metal-strip polarizer on a KRS-5 substrate. Background
corrections of absorbance spectra were carried out by a spline fit
of the baseline defined by points outside the OH-stretching region.

Fourier transform infrared (FTIR) spectra were obtained at
room temperature on polished sections prepared from the heat-
treated samples in regions,100mm in diameter that were free of
cracks and grain boundaries. In order that the infrared beam would

not be totally absorbed at particular wavenumbers in the OH-
stretching portion of the spectra, samples of thea phase were
ground to a thickness of¥100 mm, while samples of theb andg
phases had to be reduced to a thickness of,20 mm. For samples
annealed in the olivine stability field, surfaces of the polished thin
section were parallel to (010). Both unpolarized and polarized
spectra were collected from the oriented olivine samples. Two sets
of polarized spectra were collected, one with the electric field
vector of the infrared beam parallel to the [100] crystallographic
direction and the other with the electric field vector parallel to
[001]. Only unpolarized spectra were collected from the unorient-
ed grains of theb andg phases.

To determine the concentrations of hydroxyl groups in the an-
nealed samples, the infrared spectra were integrated from approx-
imately 3780 to 2950 cm–1, the region dominated by the stretching
vibrations due to O-H bonds. The integration was carried out using
the following calibration (Paterson 1982):

COH5
Bi

150z
E H (n)

(37802n)
(1)

whereCOH is the molar concentration of hydroxyl,z is an orienta-
tion factor, andH(n) is the absorption coefficient in mm–1 at
wavenumbern in cm–1. Based on published data for unit cell vol-
umes, values forBi of 4.393104, 4.083104 and 3.973104 Hy106Si
were used fori 5 a, b andg, respectively. For spectra obtained in
the (010) plane of theaphase, a value ofz 5 1y2 was used for
unpolarized radiation (Mackwell and Kohlstedt 1990); for spectra
obtained from randomly oriented grains of theb andg phases, a
value ofz 5 1y3 was used.

The calibration of extinction coefficients by Paterson (1982)
used in the present study is based on an empirical correlation
between OH-stretching frequency and extinction coefficient.
However, it is possible that this correlation itself is matrix-depen-
dent. The data reported in this paper on the concentration of water
dissolved in olivine and its high-pressure polymorphs are, there-
fore, only first-order estimates, which might have to be recalculat-
ed once independent measurements of the extinction coefficients
for OH in these phases are available. The accuracy of water con-
tents reported in this paper is probably in the range 30 to 50%.
Nonetheless, the ratios of water contents in different samples of
the same phase are accurate to 1% or better.
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Results

Microstructure and composition
of hydrothermally annealed samples

Four features characterized samples hydrothermally an-
nealed in thea-stability field. First, the rectangular
shape of the olivine crystals is well-preserved, as illus-
trated with the scanning electron micrograph in Fig. 1a.
Second, all of the samples are fractured, most of them
more severely than the one shown in Fig. 1a. Third, the
exterior of the crystals reacted with the buffer powders,
resulting in epitaxial overgrowths of olivine. The over-
growths visible in Fig. 1a are enriched in Mg and Ni but
depleted in Fe relative to the starting sample; the materi-
al immediately in contact with the olivine crystal is near-
ly pure Fo100, while the Mg:Ni ratios in the somewhat

lighter grains with faceted faces is¥15: 1. A thin region
containing Ni and NiO separates the silicate material
from the Pt jacket. Fourth, the interiors of samples con-
tain a significant population of fluid inclusions Fig. 1b.
The composition of the annealed samples is identical to
that of the starting crystal, (Mg0.90Fe0.10Ni0.003)2SiO4.

The original shape of the olivine crystals can also be
recognized in the samples hydrothermally annealed to
produce theb phase, as illustrated in Fig. 2a. However,
samples of theb phase are polycrystalline with a grain
size of ¥100 mm, Fig. 2b. While the Mg:Fe ratio of
9.60:1 in theb phase is similar to that in the starting
sample (9.24:1) and the Ni content is essentially identical
as well, the Me:Si (Me5Mg1Fe1Ni) ratio in the b

grains is only 1.90:1 rather than 2.00:1 as in the starting
crystal. In addition, the total oxide content in thebphase
is only 97–98 wt%. Theb phase is surrounded by a Mg-

Fig. 1a Backscattered SEM
image of samplea1. A frac-
ture cuts across the rectangu-
lar-shaped olivine crystal.
Olivine rich in Mg (straight
arrow) and olivine rich in Mg
and Ni (curved arrow) sur-
round the sample. A fine-
grained mixture of olivine and
enstatite, produced from the
talc-brucite buffer powders,
lies between the sample and
the capsule. The entire assem-
bly is enclosed in Pt, with a
thin layer of Ni plus NiO (ar-
row heads) along the inner
surface of the Pt.b Transmit-
ted light image of fluid inclu-
sions in samplea2. Cracks
(arrows) commonly emanate
from the ends of the inclusions

Fig. 2a Backscattered SEM
image of sampleb3. The
rectangular shape of the start-
ing olivine crystal is clearly
visible, surrounded by a Mg-
rich, Fe-Ni-poor region (open
curved arrow). This region is
surrounded by a region with a
similar Me:Si, but deplete in
Fe (solid curved arrow). The
region next to the Pt capsule
also has olivine stoichiometry
with a Mg:Ni ratio of ¥1.5.
b Transmitted light image of
sampleb3 illustrating the
polycrystalline nature of the
samples of theb phase
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Fig. 3a Backscattered SEM
image of sampleg2. Long
grains of stishovite (St) are
separated from theg-phase
matrix by hydrous B phase.
b Transmitted light image of
bamboo-shaped grains of
stishovite in sampleg2;
phase B, though present, is not
visible

rich, Fe-Ni-poor region (the darker region in Fig. 2a)
with approximately olivine stoichiometry. This region is
in turn surrounded by a zone of material with a Me:Si
ratio of ¥1.90:1, with a Mg:Ni ratio of¥10:1 and very
little Fe. The layer next to the Pt capsule also has olivine
stoichiometry but with a Mg:Ni ratio of¥1.5:1 and al-
most no Fe. Particles of Ni and (Ni,Mg)O less than 10mm
across are present in this layer. The inner 10–20mm of
the capsule is a Pt-Ni alloy, with the Ni concentration
decreasing with increasing distance from the sample
charge. Based on X-ray diffraction analyses, the central,
rectangular region in Fig. 2a is indeedb phase.

The water-rich sample of theg phase (g2) is charac-
terized by the presence of at least three phases, as illus-
trated in Fig. 3a. Grains of the phase approximately
100mm across contain long, thin grains of a second phase
that are surrounded by a more irregularly shaped areas of
a third phase; a large region containing mostly the latter
two phases phase is also present at one end of the sample.
The Mg:Fe ratio in theg phase is¥20:1, and the Me:Si
ratio is ¥1.95:1. As with theb phase, the total oxide
content is low, in this case, 98–99 wt%; the Ni concentra-
tion is slightly lower than in the starting sample. The
long, thin bamboo-shaped grains, Fig. 3b, are essentially
free of Mg, Fe and Ni and have a Si:O ratio of¥1: 2. The
darker material noted in Fig. 3a has a Me:Si ratio of
¥3: 1 and a Mg:Fe ratio of¥60: 1, with only a very
small amount of Ni. X-ray diffraction indicates that these
two phases are stishovite and the hydrous phase B, re-
spectively, consistent with the measured compositions.

Hydroxyl solubility in theaphase

Eleven experiments were performed at 11008C and one
at 10008C in thea-stability field at pressures between
2.5 and 13 GPa. Water was present in nine of the capsules
at the completion of the experimental run. Table 1 sum-

marizes the values for water solubility calculated from
unpolarized infrared spectra of the resulting samples us-
ing Eq. (1).

Unpolarized FTIR spectra from samples hydrother-
mally annealed at 5, 8, 10 and 12 GPa are presented in
Fig. 4. The infrared beam is strongly absorbed in the
wavenumber range 3650 to 3450 cm–1. A large absorp-
tion peak occurs near 3567 cm–1, and three smaller peaks
exist near 3613, 3598 and 3579 cm–1. The peak at
3567 cm–1 increases systematically with increasing con-
fining pressure (water fugacity), while the smaller peaks
appear to saturate at an absorption coefficient of
¥4 mm-1.

The solubility data from the present study are com-
pared with those of Bai and Kohlstedt (1992) in a log-log
plot of COH versusfH2Oin Fig. 5. Also included in this

Fig. 4 Unpolarized FTIR spectra obtained on samples hydrother-
mally annealed at confining pressures of 5, 8, 10 and 12 GPa in the
a-stability field at 11008C. The wavenumbers for four absorption
peaks are labeled
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Fig. 5 Log-log plot of OH solubility versus water fugacity.Cir-
clesare data obtained in the present study;circles containing ar-
rows denote runs in which no water was present at the end of the
hydrothermal anneal. The data at 8 GPa have been separated along
the vertical axis so that all three points are visible.Trianglesare
results from gas-medium experiments of Bai and Kohlstedt
(1992), combined with more recent results from our laboratory.
Diamondsare data from solid-medium experiments of Bai, Bai
and Kohlstedt (1994, private communication). Thedashed lineis
a linear least squares fit to the data of Bai and Kohlstedt (1992).
The curved line is calculated from Eq. 16 withA(T)5 1.1 Hy106Si
at 11008C andDV{} 5 10.6310–6m3ymol with thefH2O

calculated
from Pitzer and Sterner (1994), as described in the Discussion
section

Fig. 6 Unpolarized and two polarized FTIR spectra obtained on a
sample hydrothermally annealed in thea field at 5 GPa and
11008C. Four dominant absorption peaks are labeled

figure are two data points from experiments performed at
1.0 and 1.2 GPa (Bai, Bai and Kohlstedt, private commu-
nication, 1994) and nine data points from hydrothermal
experiments at 0.4 and 0.5 GPa (Bai and Kohlstedt, pri-
vate communication, 1994). To permit direct comparison
with previous results, solubility data were obtained from
unpolarized FTIR spectra using the calibration given in
Eq. 1. Above¥1 GPa, the solubility results begin to
deviate significantly from the power law relation (dashed
line) between solubility and water fugacity reported by
Bai and Kohlstedt (1992). At higher pressures, the data
lie substantially below the values predicted by a linear
extrapolation of the results obtained at lower pressures.

Polarized FTIR spectra with the electric field vector,
Ē̄, parallel to either thea or thec crystallographic direc-
tions are compared with an unpolarized spectrum in
Fig. 6. Three of the four prominent peaks in the unpolar-
ized spectra are observed in the polarized spectrum with
Ē̄ parallel toa. Only the peak near5 3567 cm–1 appears
in the polarized spectrum withĒ̄ parallel toc. Hydroxyl
concentration can also be calculated from the polarized
spectra once a suitable calibration becomes available.

Hydroxyl solubility in theb phase

As illustrated in Fig. 7, a group of large absorption peaks
near 3300 cm–1 and a second group of smaller peaks near
3600 cm–1 characterize unpolarized FTIR spectra from
samples of thebphase prepared under hydrothermal con-

Fig. 7 Unpolarized FTIR spectra from three samples ofb phase
produced under hydrothermal conditions. The lower curve is from
a sample prepared at 14 GPa, 11008C; the upper two curves are
from samples synthesized at 15 GPa, 11008C. The sinusodial vari-
ation at wavenumbers below 3200 cm–1 are interference fringes.
Two distinct groups of absorption bands are present. The
wavenumbers of five absorption peaks are labeled

ditions. Distinct peaks near 3360, 3305 and 3270 cm–1

comprise the first group. The second group includes
peaks near 3605 and 3590 cm-1. The OH content in theb
phase is¥400,000 Hy106Si.

The OH contents in the samples annealed at 15 GPa
are about 10% higher than that in the sample annealed at
14 GPa. This difference may be due to sample-to-sample
variations or may reflect the higher water fugacity in the
higher-pressure experiments.

Hydroxyl solubility in theg phase

Unpolarized FTIR spectra from one of the two samples
of theg phase (g2) exhibit strong absorption in the wave-
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106Si. This sample was prepared from olivine plus en-
statite powders surrounded by talc plus brucite powders;
the sample was annealed only in theg field. The resulting
grain size was¥10 mm. In Fig. 8, the three absorption
peaks resolved in the FTIR spectrum from sampleg1 are
at 3615, 3325 and 3115 cm–1.

The FTIR spectra in Fig. 9 from regions within theg

phase containing grains of stishovite surrounded by hy-
drous phase B (see Fig. 3) exhibit strong absorption
peaks near 3408, 3364, 3357 and 3267 cm–1. The maxi-
mum peak height in the larger of the two spectra is ap-
proximately 10, 3 and 5 times higher than the peaks in
spectra from thea, b andg phases, respectively. Previ-
ously, investigators reported absorption peaks near 3410
and 3350 cm–1 from hydrous phase B (Akaogi and Aki-
moto 1986; Finger et al. 1989; McMillan et al. 1991).
The peak near 3270 cm–1 may correspond to the weak
absorption peak observed at 3240 cm–1 for stishovite
synthesized at 10 GPa and 12008C (Pawley et al. 1993).
However, the sharp absorption peak at 3111 cm–1 report-
ed earlier in stishovite is absent, possibly due to compo-
sitional differences.

Discussion

FTIR spectra for theaphase

Unpolarized and polarized FTIR spectra from an olivine
sample hydrothermally annealed at 5 GPa as part of the
present study are compared in Fig. 10 with spectra from
a sample hydrothermally annealed at 0.3 GPa by Bai and
Kohlstedt (1992). Qualitatively the FTIR spectra from
these two samples are similar, though quantitatively they
differ in terms of the relative heights of various peaks. In
the unpolarized spectra and the polarized spectra withĒ̄
parallel toc, Figs. 10a and 10c, the peak near 3570 cm–1

dominates. This peak also dominates for the sample
annealed at 0.3 GPa in the polarized spectrum withĒ̄
parallel toa, Fig. 10b. However, the peak at 3613 cm–1

is larger for the sample annealed at 5 GPa withĒ̄ parallel
to a. The peak near 3525 cm–1 in all three spectra from
the sample annealed at the lower pressure is absent in
the spectra from the sample annealed at the higher pres-
sure.

The observations reported above are largely consis-
tent with those made based on infrared spectra of natu-
rally occurring olivine (Beran and Putnis 1983; Miller et
al. 1987). One exception is the relatively large peak at
3567 cm–1 in the spectrum withĒ̄ parallel toc from the
sample annealed at 5 GPa; this peak is absent in the spec-
trum with Ē̄ parallel toa. In previous studies, the heights
of peaks near this wavenumber are either similar in the
two polarized spectra or larger in spectra withĒ̄ parallel
to a. The exact roles of pressure and composition on such
peaks are not yet clear. A major difference between spec-
tra from natural olivine crystals (e.g., Miller et al. 1987)
and spectra from crystals hydrothermally annealed as
part of the present study is the fact that the natural sam-

Fig. 8 Unpolarized FTIR spectra from two samples of theg
phase. The upper two spectra are from a sample synthesized from
a single crystal of olivine; the sample was first held in theb field
for one hour and then in theg field for two hours. The lower
spectrum is from a sample synthesized from olivine powders and
annealed only in theg-stability field. Four peaks have been labeled
in the larger spectra; three of the four can be identified in the
smaller spectra if it is enlarged

Fig. 9 Unpolarized FTIR spectra from two regions containing
bamboo-shaped grains of stishovite surrounded by hydrous phase
B in sampleg2. Four absorption peaks are identified by wavenum-
ber

number range 3700 to 2700 cm–1, as demonstrated in
Fig. 8. This sample was synthesized from a crystal of
olivine embedded in powders of talc plus brucite; the
sample was held in thebfield for one hour before increas-
ing the pressure into theg field. The peaks near 3645,
3345, 3220 and 3120 cm–1 dominate. As this sample was
only 25mm thick, sinusodial oscillations at wavenumbers
between 2900 and 2600 cm-1 result from interference
between light passing straight through the sample and
light reflected from the two surfaces of the sample. The
OH content in this sample is¥440,000 Hy106Si.

The other sample of theg phase (g1) contains a sub-
stantially smaller amount of hydroxyl,¥32,000 Hy
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ples often contain a much larger number of distinct ab-
sorption bands, probably due to chemical impurities.

Hydroxyl as a point defect in olivine

A number of possible sites have been proposed for the
incorporation of hydroxyl in the olivine structure (Beran
1969; Beran and Putnis 1983; Mackwell and Kohlstedt
1990; Bai and Kohlstedt 1992, 1993; Wright and Catlow
1994). Two of these possibilities are discussed below in
the context of the present experimental results.

Based on the results of atomistic simulation calcula-
tions, Wright and Catlow (1994) obtained a relatively low
energy of solution if OH is incorporated via a reaction
between olivine and water in which ferric iron is reduced
to ferrous iron:

2Fe•
Me12Ox

O1H2O ( fl) →2Fex
Me12 (OH)•

O1
1
2

O2( f l) (2)

where the Kröger-Vink defect notation has been used to
specify species, site and charge of defects in the olivine
structure (Kröger and Vink 1956) and the notation (fl)
indicates a component in the (hydrous) fluid phase. If
reaction 2 is combined with the reaction

1
2

O2( f l)13Fex
Me→V99Me12Fe•

Me1FeO( f l) (3)

the associated mass action equation yields

[V99Me] [(OH)•
O]2 ~ f 1

H2O
. (4)

As the concentration OH increases, the reduction of fer-
ric iron to ferrous iron in reaction 3 suggests that the
charge neutrality condition [Fe?

Me] 5 2[V99Me], which is
applied to olivine buffered by orthopyroxene under an-
hydrous conditions, should be replaced by

[(OH)•
O]52 [V99Me]. (5)

The observation that physical properties such as high-
temperature creep strength are dramatically affected by
the presence of water (e.g., Chopra and Paterson 1984;
Mackwell et al. 1985; Karato et al. 1986) indeed indi-
cates that the introduction of OH into the olivine struc-
ture affects the charge neutrality condition. Equations
(3) and (5) can now be combined to obtain the depen-
dence of hydroxyl content on water fugacity:

[(OH)•
O] ~ f 1y3

H2O
. (6)

From Eqs. 3 and 6, the dependence on water fugacity of
the concentrations of defect complexes of the type
(OH)?

O 1 V99Me → {( OH)?
O - V99Me}

? and2(OH)?
O 1 V99Me →

{ 2(OH)?
O - V99Me}

x will then be

[{( OH)•
O2V99Me}

•] ~ f 2y3
H2O

(7)

and

[{2( OH)•
O2V99Me}

x] ~ f 1
H2O

(8)

Fig. 10a–c Comparison of FTIR spectra for an olivine crystal hy-
drothermally annealed at 5 GPa with one annealed at 0.3 GPa;
a unpolarized spectra,b spectra withĒ̄ yy a andc spectra withĒ̄
yy c. The sample hydrothermally annealed at 5 GPa is from the
present study; the sample annealed at 0.3 GPa is from Bai and
Kohlstedt (1993) and was heat-treated at 13008C. The spectra
from the 0.3-GPa sample have been enhanced by a factor of 50 to
facilitate the comparison
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Based on measurements of the solubility of hydroxyl
in olivine as a function of water fugacity, it has been
suggested that the interstitial defect (OH)9I may also be an
important site for the incorporation of hydroxyl into the
olivine structure (Bai and Kohlstedt 1992, 1993). This
defect can be incorporated into the olivine structure
through the reaction

Ox
O1H2O1Vx

I → (OH)•
O1(OH)9I . (9)

In this case, the charge neutrality condition might be
expected to involve the two defects on the right-hand side
of reaction (9), that is,

[(OH)•
O]5[(OH)9I]. (10)

If the law of mass action for Eq. 9 is combined with
Eq. 10, the dependencies of the concentrations of these
defects on water fugacity will be

[(OH)•
O]5[(OH)9I] ~ f 1y2

H2O
. (11)

Based on Eq. 11 the concentration of defect complexes
formed by the reaction (OH)?

O 1 (OH)9I → {( OH)?
O 1

(OH)9I}
x will have the following dependence on water

fugacity:

[{( OH)•
O2(OH)9I}

x ~ f 1
H2O

. (12)

The primary experimental constraint on the specia-
tion of water-derived defects in olivine comes from an
investigation of the solubility of hydroxyl as a function of
water fugacity (Bai and Kohlstedt 1992). In a series of
hydrothermal annealing experiments on olivine single
crystals at pressures between 50 and 300 MPa (water
fugacities between 25 and 315 MPa), these authors ob-
served a systematic increase in OH concentration with
increasing water fugacity. If their Group I and their
Group II FTIR bands are combined, then

COH ~ f 0.9
H2O

. (13)

Based on the types of incorporation mechanisms dis-
cussed above, a water fugacity exponent greater than 0.5
indicates that a significant fraction of the hydroxyl must
be associated with other charged defects, such as those
considered in Eqs. 7, 8 and 12, as no evidence exists in
the IR spectra that would suggest that a significant
amount of molecular water is present. In the optically
clear and inclusion-free regions of the samples studied
by micro-FTIR spectroscopy, neither the H2O bending
vibration at 1630 cm–1 nor the combination band of
molecular water at 5200 cm-1 were ever observed. Be-
cause of the strong absorbance in the OH stretching re-
gion, these bands should be resolved if a significant frac-
tion of the total water were present in molecular form.

Thermodynamics of water in olivine

To interpret the solubility results reported in the present
paper, the effect of both pressure and water fugacity

must be taken into account. In the present analysis, it is
assumed that most of the hydroxyl forms defect associ-
ates, consistent with the high value (.0.5) of the water
fugacity exponent (Bai and Kohlstedt 1992) and with the
very high concentrations of hydroxyl introduced into
olivine in the high-pressure hydrothermal anneals. In
particular, it is assumed that most of the OH is incorpo-
rated through reaction 9, but note that the conclusions
reached in the following analysis are not dependent on
this assumption.

The mass action equation for the introduction of OH
via reaction 9 combined with the formation reaction for
the defect complex {(OH)?

O - (OH)9I}
x yields the equilibri-

um constant,K,

K (T, P, fH2O
)5expS2DG{}

RT D
5

[{( OH)•
O2(OH)9I }

x]
[Ox

O] fH2O
[Vx

I ]
©

[{( OH)•
O2(OH)9I }

x]
fH2O

(14)

whereDG{} is the Gibbs energy associated with replac-
ing an oxygen ion and a vacant interstitial site with OH-

ions and forming a defect complex;RT has its usual
meaning. Therefore, the dependence of OH concentra-
tion on pressure and water fugacity is given by the equa-
tion

[{( OH)•
I2(OH)9I }

x]5fH2O
expS2

PDV{}

RT D expS2
DH{} 2TDS{}

RT D
(15)

whereP is pressure,DV{} , DH{} andDS{} are the changes
in molar volume, enthalpy and entropy due to the incor-
poration of OH into olivine.

Dependence of hydroxyl solubility on pressure
for olivine

The dependence of hydroxyl solubility on pressure is
governed by the termPDV{} in Eq. 15. To determine the
magnitude ofDV{} , Eq. 15 is rewritten in the form

COH(T, P, fH2O
)5A(T) f n

H2O
exp (2PDV{} yRT) (16)

and the solubility data are presented as a semi-log plot of
COHyfH2OversusP in Fig. 11. If a water fugacity exponent
of unity is used, as suggested by Eq. 12, this analysis
yields A(T) 5 1.1 Hy106Si at 11008C and DV{}

5 10.6310-6m3ymol. If a water fugacity exponent of 0.9
is used, as given by Eq. 13 (Bai and Kohlstedt 1992), the
molar volume term decreases toDV{} 5 8.530–6m3ymol.

Hydroxyl solubility in theb phase

In an experiment at 14.5 GPa and 8508C, McMillan et al.
(1991) synthesized a sample ofb-Mg2SiO4 with
¥9000 Hy106Si. Subsequently, in a run at 14 GPa and
12758–13758C, Young et al. (1993) produced a sample
of b-(Mg,Fe)2SiO4 with a substantially larger OH con-
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Me:Si 5 1.90. One possible explanation for this differ-
ence is related to the presence of Fe in our samples. Iron
can affect charge neutrality and, therefore, OH solubility
if some fraction is present as ferric iron in silicon sites,
Fe9Si. In this case, positively charged (OH)?

O defects
would be charge compensated by two negatively charged
point defects,V99Me and Fe9Si. This interpretation is sup-
ported by the results recently reported by Inoue (1994)
for solubility of water in theb phase. In experiments on
Fe-free samples at 15.5 GPa and 12008C, water concen-
trations of about 450,000 Hy106Si and Mg:Si ratios of
about 1.78:1 were reported. These values are close to
those proposed by Smyth (1994) for the Mg end member
of the b phase. Alternatively, the discrepency between
water content and Me:Si ratio may be due to the inaccura-
cy in the OH content calculated using Eq. (1).

Hydroxyl solubility in theg phase

The hydroxyl concentration in thegphase hydrothermal-
ly annealed at 19.5 GPa and 11008C, ¥450,000 Hy
106Si, is similar to that determined for theb phase at
14–15 GPa and 11008C, ¥400,000 Hy106Si. The Me:Si
ratio in theg phase, however, is somewhat larger, 1.95:1,
than in theb phase, 1.90:1. Absorption peaks due to
OH-stretching vibrations from the region containing
stishovite and hydrous phase B, Fig. 9, are absent in FTIR
spectra from thegphase, Fig. 8. These observations indi-
cate that the high OH concentrations determined here for
theg phase are not due to a fine intergrowth of a hydrous
phase with theg phase.

The discrepancy in water content between the two
samples prepared in theg-stability field is significant. As
described in the section on Experimental Procedure,
both the sample charge and the temperature-pressure
path differed for the two samples. Because the absorp-
tion peaks occur at the same wavenumbers for the two
samples, the lower water content in sampleg1 is probably
due to escape of water from the capsule rather than dif-
ferences in the hydrothermal annealing procedure. Addi-
tional experiments are needed to explore this point.

Geochemical implications

Our data demonstrate that the equilibrium solubility of
water in olivine is much higher than expected from mea-
surements on natural samples from a variety of tectonic
settings (e.g., Beran and Putnis 1983; Miller et al. 1987;
Bell and Rossman 1992) or experimental samples an-
nealed previously near thea-bphase boundary (Young et
al. 1993). Between 5 and 10 GPa, 500–1000 ppm by
weight of H2O can be incorporated in the olivine struc-
ture. Therefore, the total water content of the upper
mantle could be incorporated in this mineral alone. Bell
and Rossman (1992) argue that the solubility in pyroxe-
nes should be even higher, and some of our preliminary
experiments (to be published elsewhere) support this

Fig. 11 Semi-log plot of OH concentration divided by water
fugacity versus confining pressure for samples annealed in thea-
stability field. The molar volume change resulting from the incor-
poration of hydroxyl into the olivine structure is calculated from
the slope of the linear least-squares fit of these data, as illustrated
in Eqs. 15 and 16. The three data points at 8 GPa have been separat-
ed for clarity; the low-pressure data are plotted so as not to overlie
one another. See the caption for Fig. 5 for additional information

tent,¥65,000 Hy106Si. In neither case was water inten-
tionally included in the sample capsule. As a result, the
concentrations of OH in their samples are substantially
smaller than in ours,COH © 400,000 Hy106Si. As in the
two previous studies, the infrared spectra in Fig. 7 con-
tain strong absorption peaks nearn © 3300 cm–1 and
weaker peaks at 3600 cm–1.

Two models exist for the possible sites for the incor-
poration of OH and the resulting crystallographic struc-
ture of thebphase. Smyth (1987) suggested that the O(1)
structural site is the most likely oxygen position for pro-
tonation, while Downs (1989) favored the O(2) as well as
the O(1) site. Based on ionic constraints and subgroup
symmetry, Smyth (1994) proposed a maximum OH con-
tent of 500,000 Hy106Si (33,000 wt ppm) and a composi-
tion of Mg7Si4O14(OH)2 for fully hydratedbphase. Sub-
stitution of two hydrogens for one M(2) magnesium (i.e.,
Eq. 5) maintains charge neutrality, or in point defect
notation,

V99Mg17Mgx
Mg14SixSi114Ox

O12 (OH)•
O. (17)

Cynn and Hofmeister (1994) argued that the infrared ab-
sorption peak near 3330 cm–1 is associated with protona-
tion of the O(2) site and the absorption bands near
3600 cm–1 are due to protonation of the O(1) site. Based
on this assignment of absorption peaks to protonation of
specific oxygen sites, over two-thirds of the hydrogen in
our samples is bonded to O(2).

The Me:Si ratio of 1.90:1 measured for our samples is
larger (i.e., the metal vacancy concentration is smaller)
than the predicted value of 1.75:1 (i.e., [V99Me] 5 0.125)
for OH-rich b phase. However, the OH content of
400,000 Hy106Si in our samples is larger than the value
of 200,000 Hy106Si expected based on expression 17 for
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conclusion. Consequently, under normal conditions, a
free hydrous fluid phase will not be stable in the upper
mantle except in special tectonic environments such as
the mantle wedge above a subducting slab. Similarly,
special hydrous phases are not needed for storing water
in the mantle.

The high equilibrium solubility of water in olivine has
important consequences for processes occurring in sub-
duction zones. The generation of magmas in subduction
zones occurs when hydrous fluids released from the sub-
ducting slab infiltrate the mantle wedge and the tempera-
ture exceeds the water saturated solidus. In principle, an
accurate thermal model of the subduction zone should be
able to predict precisely where magma generation oc-
curs. This situation will no longer hold true if the re-
leased fluid interacts with nominally anhydrous miner-
als. Because these minerals can store enormous amounts
of water, the presence of a free fluid phase and, there-
fore, the onset of melting will depend on the relative
rates of water release from the subducted slab and water
incorporation in olivine and pyroxene. A static picture of
the thermal structure of a subduction zone, even if it is
perfectly accurate, will not be able to predict where melt-
ing occurs. Furthermore, interaction of a subduction
zone fluid with anhydrous minerals will change the com-
position of the fluid. Upon release from the slab, the fluid
will contain significant amounts of halogens, particular-
ly chlorine, since it originates from material that had
been in contact with sea water. Although the original
chloride content of the fluid might be small, it will be-
come more and more concentrated as water is absorbed
by anhydrous minerals while the fluid is percolating
through the mantle wedge. The fluid causing metasoma-
tism of the source region of magmas in subduction zones
might therefore be a highly concentrated salt brine rather
than a dilute aqueous solution.

The very high solubility of water in thebphase has led
some scientists to suggest that water should be strongly
enriched in the transition zone (e.g., Smyth 1987; Young
et al. 1993). This conclusion is very likely to be true;
however, the precise concentration of water in the transi-
tion zone is difficult to estimate. Extrapolation of our
thermodynamic model for the solubility of water in
olivine into theb-stability field yields a partition coeffi-
cient for water between thebandaphases ofDbya5 20.
This value is in fact a minimum for the partition coeffi-
cient, because the lack of water at the end of the experi-
ments on theb phase suggests that these samples may
have been undersaturated; in contrast, the presence of
water following most of the hydrothermal anneals on
olivine suggests that they were saturated (Table 1). This
result is consistent with that of Young et al. (1993) who
determined a value forDbyaof 40 from samples contain-
ing grains of bothaandb. However, none of their exper-
iments were conducted in the presence of excess water,
and therefore their measured water contents are much
lower than those given in this paper. The problem in eval-
uating the water content of the transition zone, assuming
it is in chemical equilibrium with the upper mantle, is the

unknown solubility of water in the pyroxenes. It appears
that pyroxenes concentrate water relative to olivine (Bell
and Rossman 1992; our own unpublished results), but the
effect cannot yet be quantified. Any estimate of water
partitioning between upper mantle and transition zone
obviously must take the pyroxenes into account, which at
present is not possible. One can only guess, therefore,
that the transition zone is probably enriched in water,
however, the effect cannot yet be quantified.

Based on the strong preference of water for theb

phase and a seismologically constrained width for the
transition zone of less than 10 km, Wood (1995) recently
calculated the maximum concentration of water in
olivine near the 410-km discontinuity. His analysis yields
an upper limit of about 3400 Hy106Si usingDbya5 10.
Thus, combined with the values for solubility presented
in Table 1 and Figs. 5 and 11 and the somewhat larger
values forDbyadiscussed above, this result indicates that,
away from regions of partial melting, the upper mantle is
roughly 10–20% saturated with respect to water content.

Our observations of high water solubility in the phase
together with some recent data for stishovite and per-
ovskite (Pawley et al. 1993; Lu et al. 1994; Meade et al.
1994) make it very likely that the entire mantle has the
capacity to store more than the water content of the total
hydrosphere. Consequently, a hydrous fluid phase was
not necessarily present in the mantle even before the hy-
drosphere formed by magmatic out-gassing. To test this
and similar assumptions, however, quantitative thermo-
dynamic models of the solubility of water in all major
mantle minerals are needed, such as that presented here
for olivine, based on experiments performed under well-
controlled thermodynamic conditions.

Geophysical implications

Although water weakening is pronounced for both poly-
crystalline aggregates and single crystals of olivine
(Carter and Ave’Lallemant 1970; Blacic 1972; Chopra
and Paterson 1984; Mackwell et al. 1985; Karato et al.
1986), the dependence of creep rate on water fugacity or
OH concentration remains undetermined. Two observa-
tions suggest that creep rate may increase approximately
linearly with OH solubility. First, a recent analysis by
Kohlstedt et al. (1995) of the creep data of Kronenberg
and Tullis (1984) for quartz aggregates yields a nearly
linear dependence of creep rate on water fugacity. Sec-
ond, a comparison of creep data for olivine aggregates
deformed at a confining pressure of 0.3 GPa (Karato et
al. 1986) to data from creep experiments at 1.5 GPa
(Borch and Green 1989) reveals that the samples de-
formed at the higher pressure were weaker than those
deformed at the lower pressure. This result is opposite to
that expected for the effect of pressure on creep rate
through an activation volume term (e.g., Weertman and
Weertman 1975) but consistent with a pronounced wa-
ter-weakening effect. The magnitude of the discrepancy
between the two sets of data suggests that creep rate is
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approximately linearly dependent on water fugacity, that
is, approximately linearly dependent on OH concentra-
tion, provided that the activation volume for creep is not
too large (Kohlstedt et al. 1995). Thus, for a fixed oxy-
gen fugacity and differential stress, the effect of increas-
ing water solubility with increasing pressure (Fig. 7) is
to increase creep rate by a factor of¥10 as depth in-
creases from 50 km to 400 km. This increase in strain
rate will offset, at least to some degree, the decrease
associated with the activation volume.

The presence of water should also markedly enhance
the electrical conductivity of olivine. Two mechanisms
can contribute. First, a highly mobile water-derived ion
such as H1 would directly enhance electrical conductivi-
ty in the mantle (Karato 1990). Second, the introduction
of water-derived point defects will affect the concentra-
tions of other point defects such as magnesium vacancies
and, therefore, indirectly enhance electrical conductivity
(Bai and Kohlstedt 1992, 1993). In a recent paper,
Lizarralde et al. (1995) argued that results from a long-
period magnetotelluric investigation of the electrical
structure beneath the eastern North Pacific may indicate
a significant contribution from H1 ions. They observed
electrical conductivities one to two orders of magnitude
higher than those expected for dry olivine over the depth
range 100 to 400 km, and demonstrated that this dis-
crepancy is consistent with the results on water solubility
as a function of pressure reported in Table 1, combined
with published diffusivities for water-derived species in
olivine (Mackwell and Kohlstedt 1990).

It has recently been argued that water should also have
a pronounced effect on seismic wave velocity and attenu-
ation (Karato 1995). Water increases the mobility of
both point defects and dislocations in olivine and,
thus, enhances anelastic relaxation processes with a re-
sultant reduction in seismic velocity. The present results
provide the basis, then, necessary for beginning to quan-
tify the influence of water on the physical properties of
nominally anhydrous minerals and, thus, the Earth’s
mantle.
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