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Abstract The solubility of hydrogen inMg-Fe olivines as a
function of temperature and iron concentration was
investigated by hydrothermally annealing single crystals
of synthetic forsterite and San Carlos olivine. Experi-
ments were performed at temperatures between 1,273 and
1,573 K on samples with compositions between Fa0 and
Fa16.9 under a confining pressure of 300 MPa in a gas-
medium apparatus with oxygen fugacity, fO2

, buffered by
the Ni:NiO solid-state reaction and silica activity, aSiO2

,
buffered by the presence of enstatite. Hydroxyl concen-
trations were determined from infrared spectra obtained
from polished thin sections in crack-free regions £ 50 lm
in diameter. Hydroxyl solubility increases systematically
with increasing temperature and with increasing iron
content. Combined with published results on the depen-
dence of hydroxyl solubility on water fugacity and pres-
sure, the present results can be summarized by the relation
COH ¼ Af 1

H2O
exp

�
�
�
DEo
fgþPDV o

fg
�
=RT

�
exp aXFa=RTð Þ

withA=90±10 H/106Si/MPa,a=97±4 kJ/mol,DEo
fg=

50±2 kJ/mol, and DV o
fg=(10.0±0.1)·10�6 m3/mol. The

subscript {} indicates that hydroxyl ions are incorporated
primarily as defect pairs, probably of the type

OHð Þ�O � V
00

Me � OHð Þ�O
� �x � 2Hð ÞxMe: Under similar
thermodynamic conditions, thewater content in olivine in
the martianmantle and in olivine from gabbros may be as
much as 5 to 25 times larger than in the less iron-rich
olivine dominant in Earth’s mantle.

Introduction

Structurally boundhydrogen ions (i.e., protons), observed
as OH stretching bands in infrared spectra, affect the
kinetic properties of nominally anhydrous silicate miner-
als even at the parts per million level. For instance, the
high-temperature creep strength of olivine single crystals
as well as olivine aggregates decreases markedly when
water is added (ChopraandPaterson1984;Mackwell et al.
1985; Karato et al. 1986). Recent laboratory experiments
have quantified the water-weakening effect for dunite,
demonstrating that strain rate increases approximately
linearlywith increasingwater content in both the diffusion
and the dislocation creep regimes (Kohlstedt et al. 1995;
Mei andKohlstedt 2000a, 2000b; Karato and Jung 2003).
Hence, the viscosity of the mantle will vary substantially
from water-undersaturated regions, such as beneath
mid-ocean ridges, to water-saturated regions, such as in
the mantle wedge above a subducting slab.

The diffusivity of hydrogen as a function of temper-
ature and crystal orientation as well as the solubility of
hydroxyl (hydrogen) as a function of water fugacity and
pressure have been previously investigated to determine
the mechanism and thermodynamics of the incorpora-
tion of ‘water’ in olivine (Bai and Kohlstedt 1992, 1993;
Kohlstedt et al. 1996; Kohlstedt and Mackwell 1998,
1999). In this paper, we extend these studies by reporting
experimental results on the solubility of hydrogen ions
(protons) in olivine single crystals as a function of iron
content and of temperature for samples hydrothermally
annealed under water-saturated conditions. These re-
sults lead to the theoretical framework necessary for
extrapolating laboratory results to the thermodynamic
conditions appropriate for the upper mantle.
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Experimental procedure

Starting materials

Six gem-quality single crystals of San Carlos olivine with
fayalite contents between Fa8.5 and Fa16.9 were selected
for this study. The iron content of each sample was
determined with a JEOL JXA-8900R electron micro-
probe operating at an accelerating voltage of 15 kV and
a beam current of 20 nA. For comparison, a single
crystal of synthetic forsterite (Fa0) was included. This
synthetic crystal was grown by the Czochralski method
using an Ir crucible. In addition to �20 wt. ppm of Ir,
the primary impurities were several hundred weight ppm
of Fe, <10 wt. ppm of Na, and <1 wt. ppm of Ca
(Takei and Kobayashi 1974).

Crystals were first aligned using X-ray microdiffrac-
tion to identify the (010) plane and then oriented using
Laue back reflection X-ray diffraction to distinguish the
[100] and [001] directions. Once the three principal axes
were identified, samples with dimensions xa .4 mm, xb
.2 mm and xc=0.5–1.5 mm were cut from each crystal
with surfaces perpendicular to the principal axes. To
minimize the durations of the hydrothermal anneals, the
c-direction was kept smallest since hydrogen diffusion
is fastest along the [001] direction in olivine (Kohlstedt
and Mackwell 1998).

Sample assemblies

Samples from each of the seven crystals were packed
with a mixture of talc and brucite powders inside boxes
constructed from Ni foil of 25-lm thickness. Each box
contained two or three crystals of the same iron content.
The Ni foil kept the powders in contact with the olivine
crystals. The talc and brucite powders contributed free
water upon their dehydration near 1,073 K. The ratio of
talc to brucite was chosen such that the reaction would
yield 90% olivine plus 10% enstatite, so that the single
crystal samples were buffered at a silica activity set by
the presence of enstatite. For each experiment, seven
boxes were put into a single nickel capsule 25 mm in
length with a 15-mm outer diameter and a 13-mm inner
diameter. Six of the boxes contained Fe-bearing olivine
and one contained end-member forsterite. The Ni foil
and Ni capsule combined with a 0.1-mm-thick layer of

NiO powder packed at each end of the capsule main-
tained the oxygen fugacity at Ni-NiO. Just before
welding the cover onto the capsule, a few drops of water
were added.

Hydrothermal annealing experiments

Samples were hydrothermally annealed in a gas medium
apparatus (Paterson 1990) at 50-K intervals at temper-
atures ranging from 1,273 to 1,573 K, as summarized in
Table 1. The gradient in temperature in the hot zone was
~ 1 K/mm, and the uncertainty in temperature was less
than ±2 K. The confining pressure was maintained at
300±3 MPa, resulting in water fugacities between �275
and �310 MPa for temperatures between 1,273 and
1,573 K, respectively (Mackwell and Kohlstedt 1990).
To ensure that the concentrations of all of the point
defect species (specifically, vacancies and interstitials on
the metal, silicon and oxygen sub-lattices) equilibrated
to the thermodynamic conditions (P, T, fO2

, aSiO2
and

fH2O) imposed during the experiment and that the crys-
tals were fully saturated with water, the duration of the
experiments was determined based on the defect diffu-
sivities of Nakamura and Schmalzried (1984), Dimos
et al. (1988), and Wanamaker (1994) and the hydrogen
diffusivity of Kohlstedt and Mackwell (1998). The
annealing experiments lasted from 14 h at 1,273 K to
1 h at 1,573 K. At the end of each hydrothermal
annealing experiment, the Ni capsule was filed open to
verify that water was present, that is, that water-satu-
rated conditions had been maintained throughout the
entire experiment. Samples were subsequently cleaned
and doubly polished. After polishing and prior to FTIR
analysis, samples were stored in a vacuum oven at
�400 K, 2 kPa for several hours.

Infrared analyses

The water content in each crystal was analyzed with a
Nicolet Series II Magna-IR System Fourier transform
infrared (FTIR) spectrometer fitted with a Nic-Plan IR
microscope and a KBr beam splitter. A beam aperture of
25–50 lm was used for our analyses. Unpolarized IR
spectra were collected at a wavenumber resolution of 2/
cm, with the incident beam perpendicular to the (010)
face while dried air flowed over the sample. The [100]

Table 1 Water solubilities for
crystals of six fayalite contents
annealed at seven temperatures.
Note that values for COH

reported in this table were
determined from FTIR spectra
using the weighted correction
method of Paterson (1982)
increased by a factor of 3.5
based on the work of Bell et al.
(2003)

T (K) 1,273 1,323 1,373 1,423 1,473 1,523 1,573
fH2O(MPa) 278 286 293 299 303 307 311

XFa COH (H/106Si)
Fa0 112 147 154 196 203 245 287
Fa8.5 350 399 497 574 686 700 861
Fa12.0 504 679 707 749 924 1,064 1,141
Fa14.9 595 784 798 1,050 1,078 1,204 1,393
Fa15.3 602 840 854 1,036 1,141 1,204 1,351
Fa16.8 686 896 1,015 1,253 1,379 1,456 1,610
Fa16.9 651 910 - 1,204 1,428 1,498 1,645
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and [001] axes of all of the samples were oriented in the
same way with respect to the FTIR specimen stage, as
the infrared radiation becomes partially polarized as it
passes through the microscope. At least five spectra were
collected from each sample with 256 scans per spectrum.
Spectra were collected both near the center and near the
edge of each sample. Background was removed from
FTIR spectra using a spline fit. Concentrations of OH
were determined from FTIR spectra using the weighted
correction method of Paterson (1982) with integration
limits of 3,200 to 3,650/cm and an orientation factor of
1/2 (e.g., Mackwell and Kohlstedt 1990); the resulting
concentrations were then increased by a factor of 3.5
following the recent calibration of Bell et al. (2003). As
cautioned in Bell et al. (2003), it should be noted that
‘‘there is no theoretical basis for a consistent relation-
ship’’ between OH concentrations determined from
polarized and unpolarized infrared spectra [see also
Libowitzky and Rossman (1996)]. Hence, the correction
factor of 3.5 may be sensitive to the specific sample and
measurement conditions (including thickness of the
sample and optics of the spectrometer system). How-

ever, based on the recent results of Koga et al. (2003),
this correction factor appears to work well for the
samples and FTIR apparatus used in the present study.

Results

To illustrate the dependence of hydrogen solubility on
temperature and iron content, FTIR spectra from sam-
ples with four different iron contents annealed at 1,273,
1,373, 1,473 and 1,573 K are compared in Fig. 1;
hydrogen contents for all seven samples and all seven
annealing temperatures are summarized in Table 1.
Hydroxyl concentrations calculated from spectra taken
at different locations in a single sample differed by less
than 5%. Hydroxyl concentration did not vary signifi-
cantly between the edge and center of any of the crystals,
indicating that the hydrothermally annealed crystals
were fully saturated with hydrogen. Hydroxyl concen-
trations calculated from spectra taken from different
samples cut from the same starting crystal also differed
by less than 5%.

Fig. 1 Unpolarized FTIR
spectra illustrating the
dependence of OH solubility on
T and XFa. Spectra were
obtained from samples of a
synthetic forsterite and b–d San
Carlos (Fe-bearing) olivine
hydrothermally annealed at a
confining pressure of 300 MPa
at temperatures of 1,273, 1,373,
1,473 and 1,573 K. The
wavenumbers of seven and
eight absorption peaks are
labeled for forsterite and Fe-
bearing olivine, respectively
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Based on the data in Fig. 1 and Table 1, two trends
are clear. First, hydrogen solubility increases systemati-
cally with increasing Fa content. Second, hydrogen
solubility increases systematically with increasing tem-
perature of the hydrothermal anneal.

Seven distinct peaks appear in the FTIR spectra from
hydrothermally annealed samples prepared from the
synthetic Fa0 crystal. Eight peaks emerge in the spectra
from the iron-bearing samples. The peaks in spectra
from the Fa0 samples at wavenumbers <3,600/cm ap-
pear to have counterparts in the spectra from the iron-
bearing samples. Although the peak at 3,612/cm in the
forsterite crystals is absent in the Fe-bearing samples,
this peak is present in San Carlos crystals annealed at
higher water fugacities (Kohlstedt et al 1996).

The locations of the peaks in the Fe-bearing crystals
are independent of Fe content. However, the relatively
large peaks present at wavenumbers <3,400/cm [the
group II peaks of Bai and Kohlstedt (1993)] in the San
Carlos sample with the lowest Fe content (Fa8.5) are
significantly smaller in samples with higher Fe contents
(Fa12.0 to Fa16.9). The heights of the peaks with wave-
numbers >3,400/cm (the group I peaks of Bai and
Kohlstedt) all increase with increasing Fe content. The
heights of all of the peaks in both the forsterite and the
San Carlos crystals increase with increasing tempera-
ture.

The systematic increase in solubility of hydroxyl and,
therefore, of hydrogen with increasing temperature and
increasing Fe content for the San Carlos samples is
further illustrated with the Arrhenius plot in Fig. 2. In
this figure, values of solubility have been normalized to a
water fugacity of 300 MPa based on the observation
that hydroxyl (i.e., hydrogen) solubility in olivine is
linearly proportional to water fugacity, COH / f 1

H2O
(Bai

and Kohlstedt 1992; Kohlstedt et al. 1996). At each
temperature, the solubility of H in the synthetic Fa0
crystals is lower than anticipated based on extrapolation
of the results obtained on the Fe-bearing samples, as
discussed in the following section.

Finally, electron microprobe analyses revealed (1) no
change in Fe:Mg ratio in the Fe-bearing olivine crystals
due to cation exchange with the talc + brucite buffer
powder and (2) no increase in Ni content of either the
Fe-free or the Fe-bearing crystals due to cation exchange
with the NiO buffer powder. These results are consistent
with published values for cation diffusivity in olivine,
which indicate that diffusion distances for cations will be
<1 lm under anhydrous conditions (e.g., Chakraborty
1997) and <10 lm under hydrous conditions similar to
those used in the present study (Wang et al. 2003).

Discussion

Hydroxyl defects in olivine

The total concentration of hydroxyl (i.e., hydrogen) ions
in olivine can be expressed using the Kröger–Vink

notation (Kröger and Vink 1956) as the weighted sum of
all possible water-derived point defects:

COH ¼ OHð Þ�O
� �

þ OHð Þ�O�V
00

Me

n o0� �

þ 2 2 OHð Þ�O � V
00

Me

n oxh i
þ OHð Þ�O � V

0000

Si

n o000� �

þ 2 2 OHð Þ�O � V
0000

Si

n o00� �
þ :::

ð1aÞ

In Eq. (1a), the { } brackets identify defect complexes
formed between hydroxyl ions at oxygen sites and point
defects such as metal and silicon vacancies. This nota-
tion can be simplified by writing, for example, the defect
complex OHð Þ�O � V

00

Me

� �0
as H

0

Me. Hence, Eq. (1a)
becomes

COH ¼ H�i
� �

þ H
0

Me

h i
þ 2 2Hð ÞxMe

� �
þ H

000

Si

h i
þ 2 2Hð Þ

00

Si

h i

þ ::: :
ð1bÞ

To explain the high solubility of hydrogen incorpo-
rated into the structure of the nominally anhydrous
mineral olivine in high-pressure hydrothermal experi-

Fig. 2 Arrhenius plot illustrating the dependence of OH/H
solubility normalized to a water fugacity of 300 MPa on temper-
ature for samples of forsterite and Fe-bearing olivine annealed at a
confining pressure of 300 MPa. Solid lines result from a non-linear
least squares fit of Eq. (7b) to the entire data set of COH as a
simultaneous function of T and XFa for Fe-bearing olivines. Dashed
line labelled ‘linear least-squares fit’ was obtained by fitting the
forsterite data alone. Solid line labeled ‘extrapolated’ is the OH
solubility predicted for forsterite based on the fitting parameters
determined for Fe-bearing olivine. Note that values for COH

reported in this figure were determined from FTIR spectra using
the weighted correction method of Paterson (1982) increased by a
factor of 3.5 based on the work of Bell et al. (2003)
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ments combined with the linear dependence of water
solubility on water fugacity, a major portion of the
hydroxyl ions in olivine must form defect complexes
(Bai and Kohlstedt 1992; Kohlstedt et al. 1996). Because
metal vacancies are one of the majority point defects in
olivine under anhydrous conditions, we have argued that
the primary water-derived defect complex in olivine is
(Kohlstedt and Mackwell 1998, 1999)

OHð Þ�O � V
00

Me � OHð Þ�O
n ox

� 2Hð ÞxMe: ð2Þ

This conclusion is consistent with hydroxyl solubility in
olivine measured as a function of oxygen fugacity in
two-stage hydrothermal annealing experiments (Bai and
Kohlstedt 1993). Hence, the total hydroxyl concentra-
tion can be approximated from Eq. (1a) as

COH � 2 2Hð ÞxMe

� �
: ð3Þ

Thermodynamics of water in olivine

To interpret the solubility results reported in the present
paper in terms of point defect thermodynamics, the ef-
fect of both temperature and iron content must be taken
into account. The reaction equation for the formation of
the defect complexes in Eq. (2) can be written as

MeSiO3 þH2Oþ 2Ox
O þMexMe

) OHð Þ�O � V
00

Me � OHð Þ�O
n ox

þMe2SiO4: ð4aÞ

or equivalently

MeSiO3 þH2OþMexMe ) 2Hð ÞxMe þMe2SiO4: ð4bÞ

The law of mass action applied to the reaction de-
scribed by Eqs. (4a) and (4b) for the introduction of H
into olivine yields

2Hð ÞxMe

� �
¼ f 1

H2O

aMeSiO3

aMe2SiO4

Kfg T ; P ;XFað Þ

¼ f 1
H2O

exp
DGfg T ;P ;XFað Þ

RT

	 

:

ð5Þ

Note that in our experiments the activities of enstatite,
aMeSiO3

, and olivine, aMe2SiO4
, are fixed at unity by the

presence of both of these phases throughout the exper-
iments. In Eq. (5), K{} and DG{} are the reaction con-
stant and Gibbs energy of formation, respectively, for
the reaction given in Eqs. (4a) and (4b) for producing
defect complexes, T is absolute temperature, P is pres-
sure, XFa is the mole fraction of fayalite, and R is the gas
constant.

The point defect model derived by Nakamura and
Schmalzried (1983) for Fe-bearing olivine provides a
useful starting point for analyzing the results of the
present experiments. Under anhydrous conditions, the
concentration of metal vacancies in olivine increases
exponentially with increasing iron content (Nakamura
and Schmalzried 1983). A similar result has been

reported for (Mg,Co)O in which the concentration of
cation vacancies increases exponentially with increasing
Co concentration (Schwier et al. 1973; Dieckmann and
Schmalzried 1975) and is consistent with the compo-
sition dependence of cation interdiffusivities reported
for several olivines (Morioka 1989). The former
observations have been interpreted as indicating that
the change in the Gibbs energy of formation of metal
vacancies varies linearly with mole fraction of fayalite
and CoO, respectively. Under hydrous conditions, the
concentration of defect complexes formed between
metal vacancies and hydroxyl ions also increases
exponentially with increasing iron content, as illus-
trated in Fig. 3. Again, phenomenologically this
behavior suggests that the Gibbs energy of formation
for metal vacancy–hydroxyl ion point defect complexes
varies linearly with mole fraction of fayalite. Sch-
malzried (1995) has discussed this type of behavior for
ideal solutions by writing the Gibbs energy of defect
formation as a series expansion in terms of composi-
tion:

DGfg T ;P ;XFað Þ¼DGo
fg T ;Pð Þþa1X 1

Faþa2X 2
Faþa3X 3

Faþ :::
�DGo

fg T ;Pð ÞþaXFa

�DEo
fg þPDV o

fg �TDSo
fg þaXFa

ð6Þ

where ai is the coefficient of the ith term in this
MacLaurin-type series expansion and a=a1. In Eq. (6),
DEo
fg, DV o

fg, and DSo
fg are the changes in internal energy,

Fig. 3 Semi-log plot of OH/H solubility normalized to a water
fugacity of 300 MPa versus mole fraction of fayalite for samples
hydrothermally annealed at a confining pressure of 300 MPa and
four temperatures. Solid lines result from a non-linear least squares
fit of Eq. (7b) to the data for COH as a simultaneous function of T
and XFa for Fe-bearing olivines. Smooth, dashed curves illustrate
that data for forsterite are overestimated by extrapolation of the fit
obtained for the Fe-bearing olivine samples. Note that values for
COH reported in this figure were determined from FTIR spectra
using the weighted correction method of Paterson (1982) increased
by a factor of 3.5 based on the work of Bell et al. (2003)
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molar volume and entropy due to the incorporation of
H as part of a defect complex into olivine. Substitution
of Eq. (6) into Eq. (5) then yields an expression for the
solubility of hydrogen in olivine,

COH T ;P ; fH2O;XFað Þ�2 2Hð ÞxMe

� �

�2fH2O exp
DSo
fg

R

� �

�exp �
DEo
fg þ PDV o

fg
RT

� �
exp

aXFa

RT

� �

ð7aÞ

or, simply,

COH T ; P ; fH2O;XFað Þ ¼ Af 1
H2O

exp �
DEo
fg þ PDV o

fg
RT

� �

� exp
aXFa

RT

� �
:

ð7bÞ

We used a non-linear least squares fitting program to
fit Eq. (7b) to our results in Table 1 for water solubility
simultaneously as a function of T and XFa in order to
obtain A, DEo

fg and a. A value of DV o
fg=10.6·10�6 m3/

mol was used initially (Kohlstedt et al. 1996). This value
for DV o

fg was previously determined from the lower-
pressure data of Bai and Kohlstedt (1992) obtained at
1,573 K combined with the higher pressure data of
Kohlstedt et al. (1996) obtained at 1,273 and 1,373 K. In
the present study, the value of DEo

fg was used to nor-
malize the data of Bai and Kohlstedt (1992) and Kohl-
stedt et al. (1996) to 1,373 K in order to recalculate DV o

fg.
Iteration of this procedure yields A = 90±10 H/106Si/
MPa, DEo

fg=50±2 kJ/mol, DV o
fg=(10.0±0.1)·10�6 m3/

mol, and a=97±4 kJ/mol. In Fig. 3, best-fit curves are
plotted as solid lines through the experimental data for
San Carlos olivine, with smooth, dashed curves drawn to
connect the results for iron-bearing olivine to those for
forsterite.

In both Figs. 2 and 3, the extrapolations of the
curves representing Eq. (7b) for the iron-bearing olivines
do not intersect the solubility results for forsterite. The
extrapolation predicts solubility levels for forsterite that
are greater than those observed experimentally. Similar
behavior was reported for olivine for the dependence of
metal vacancies on oxygen partial pressure (Nakamura
and Schmalzried 1983).

Geological implications

Although the variation in composition of olivine in the
Earth’s mantle is relatively small with values clustered
near Fa10, olivines in the martian mantle (e.g., McGet-
chin et al. 1981) and in gabbroic intrusions (e.g., Morse
1979) are significantly richer in iron. Based on the results
presented above, the solubility of water in these more

fayalitic olivines should also be greater. For example, at
1,373 K, extrapolation of Eq. (7b) indicates that the
solubility of hydrogen in Fa30 and Fa50 will be more
than 5 and 25 times greater, respectively, than the sol-
ubility in Fa10 for the same depth (pressure) and water
fugacity conditions. Extrapolation of Eq. (7b) describ-
ing the solubility of water in olivine to compositions and
thermodynamic conditions far from those explored in
this investigation must, of course, be conducted with
caution. Not only do the errors in COH introduced by
the uncertainty in each of the parameters in Eq. (7b)
become significant, but also the mechanism of incorpo-
ration of hydrogen into olivine may change to include
other OH defects such as those expressed in Eqs. (1a)
and (1b), particularly at very high hydrogen concentra-
tions.

Finally, it should be noted that the effect of water on
the kinetic properties of the more Fe-rich olivines such
as in the martian mantle and in gabbroic rocks has yet to
be studied. A direct extrapolation of the results pre-
sented here combined with published data quantifying
the effect of water on the rheological properties of
olivine (Mei and Kohlstedt 2000a, 2000b; Karato and
Jung 2003) suggest that, under hydrous conditions, rock
viscosity should decrease rapidly with increasing Fe
content due to the associated increase in water-derived
point defects. In addition, olivine in the martian mantle
may provide an even greater reservoir for water than it
does in the Earth’s mantle.
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