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Abstract The incorporation and diffusion of hydrogen in
San Carlos olivine (Fogg) single crystals were studied by
performing experiments under hydrothermal conditions.
The experiments were carried out either at 1.5 GPa,
1,000°C for 1.5 h in a piston cylinder apparatus or at
0.2 GPa, 900°C for 1 or 20 h in a cold-seal vessel. The
oxygen fugacity was buffered using Ni-NiO, and the
silica activity was buffered by adding San Carlos ortho-
pyroxene powders. Polarized Fourier transform infrared
(FTIR) spectroscopy was utilized to quantify the hy-
droxyl distributions in the samples after the experiments.
The resulting infrared spectra reproduce the features of
FTIR spectra that are observed in olivine from common
mantle peridotite xenoliths. The hydrogen concentration
at the edges of the hydrogenated olivine crystals corre-
sponds to concentration levels calculated from published
water solubility laws. Hydrogen diffusivities were deter-
mined for the three crystallographic axes from profiles of
water content as a function of position. The chemical
diffusion coefficients are comparable to those previously
reported for natural iron-bearing olivine. At high tem-
perature, hydrogenation is dominated by coupled diffu-
sion of protons and octahedrally coordinated metal
vacancies (V](,’[e), where the vacancy diffusion rate limits
the process. From the experimental data, we determined
the following diffusion laws (diffusivity in m? s™', acti-
vation energies in kJ mol™"): Dy jigo) 010 = 1075441
exp[—(204 £+ 94)/RT] for diffusion along [100] and [010];
DVMe[OOI] = ]071'4i0'5 exp[—(258 + 11)/RT} for diffusion
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along [001]. These diffusion rates are fast enough to
modify significantly water contents within olivine grains
in xenoliths ascending from the mantle.
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Introduction

Water embedded as hydrogen in the structure of the
nominally anhydrous minerals (NAMs) olivine, garnet
and pyroxene (Miller et al. 1987; Bell and Rossman
1992; Kohlstedt et al. 1996; Ingrin and Skogby 2000) has
a substantial effect, even at very low concentration lev-
els, on many physical and chemical characteristics of the
rock comprising Earth’s upper mantle. A small amount
of water lowers the viscosity of mantle minerals and
rocks (e.g., Chopra and Paterson 1984; Mackwell et al.
1985; Karato et al. 1986; Mei and Kohlstedt 2000), re-
duces the melting temperature in the upper mantle (e.g.,
Gaetani and Grove 1998), modifies phase equilibria and
petrologic processes (e.g., Arndt et al. 1998; Muentener
et al. 2001), and increases electrical conductivity (e.g.,
Karato 1990; Wanamaker 1994; Constable and Duba
2002; Hirth et al. 2000). It has also been proposed that
the presence of water (hydrogen) in mantle rocks might
be a critical factor for the initiation of plate tectonics
(Regenauer-Lieb et al. 2001; Regenauer-Lieb and Kohl
2003).

Despite the agreement within the scientific commu-
nity on the importance of water in mantle rocks at the
microscopic, macroscopic and geological scales, the
incorporation mechanisms and the mobility of hydrogen
at the atomistic level in olivine are still topics of debate.
Laboratory experiments are critical for providing the
thermodynamic and kinetic data necessary to predict
and to understand water capacity (i.e., ‘water solubility’)
and transport (i.e., ‘diffusivity’) in the deep Earth.
However, based on Fourier transform infrared (FTIR)
spectroscopy, it has recently been argued that laboratory
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experiments designed to study the incorporation of
hydrogen into olivine poorly reproduce the infrared
spectra from mantle-derived olivine (Matveev et al.
2001, 2004; Berry et al. 2005). These authors suggest that
experimental results on hydrogen diffusion are therefore
of questionable merit.

The present study aims (1) to show that hydration
experiments do in fact reproduce the FTIR character-
istics of equilibrated olivine grains from mantle rocks,
and (2) to constrain more fully the speciation and
transport rate of the hydrogen in olivine. Hydration
experiments were performed on crystals of San Carlos
olivine to provide a direct comparison with previous
studies (Mackwell and Kohlstedt 1990; Bai and Kohl-
stedt 1992; Kohlstedt et al. 1996; Kohlstedt and Mack-
well 1998).

Starting material and experimental methods

We used olivine crystals from San Carlos (Arizona,
USA) that have no cracks or optically visible inclusions.
The chemical composition of this starting material,
Mg0.904F60_092Ni0.0035CI'0_0003Si04, was measured U.Sil’lg a
Cameca SX50 electron microprobe (15 eV, 15 nA point
beam and 20 s counting time, average over 20 points).
The samples were cut with faces perpendicular to each
crystallographic axis (£ 5°) and polished using diamond
films from 30 to 0.5 pm. The final sample sizes were
2.99x1.81x1.52 mm’® (SC-33A), 1.39x1.84x3.00 mm’
(SC-33B), and 2.5%2.6x2.3 mm~ (SC-32A and SC-33B),
measured parallel to [100], [010] and [001], respectively.
The olivine crystals were pre-equilibrated by annealing
at 1,300°C for 20 h at room pressure at an oxygen
fugacity of 10772 atm (i.e., near the Ni-NiO buffer)
controlled by a CO-CO, gas mixture. This step is nec-
essary in order to dry the samples and to equilibrate the
point defect concentrations in the crystals to levels near
those during the subsequent hydrothermal anneals.
Subsequently, FTIR analyses were performed to verify
the dry state of the sample prior to the hydrothermal
annealing experiment.

Hydrogenation experiments (Table 1) were per-
formed either in a piston-cylinder (PC) apparatus or in
titanium-zirconium-molybdenum (TZM) cold-seal ves-
sels:

1. The PC experiments were performed at a pressure of
1.5 GPa+£0.1% (with a friction correction of 20%,
and pressure calibration from Bromiley and Keppler
2004) and a temperature of 1,000°C for 5 h (£35).
Calibrated Talc-Pyrex" cells (Hudson et al. 1994)
were used with an alumina cylinder and plugs around
the capsule and a tapered graphite furnace. The
temperature was controlled using a Ptjgge,—
Ptggo, Rhjge, thermocouple (i.e., type S—no correc-
tions were made for the effect of pressure on the
measured temperature). The temperature gradient
along the sample capsule is estimated to be less than

Table 1 Experimental conditions of hydration for olivine samples, hydrogen concentration of annealed olivine and chemical diffusion coefficients along each axis
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SC 32-G  PC
SC 33-A TZM
SC33-B  TZM

SC 32-B  PC

App high pressure and high temperature apparatus, PC piston cylinder, T7ZM titanium-zirconium-molybdenum cold-seal vessel, ND not determined because of the poor quality of the

Hydrogen concentrations were obtained using the calibration of Bell et al. (2003)
sample, it was not possible to take a profile parallel to this direction

Hydrogen concentration at the rim of the sample (for the three crystallographic directions)
“Because of the poor quality of the sample, it was not possible to perform an infrared analysis with £//[001], so measurements were made with E//[100] only. Therefore, the maximum

#log fO, calculated according to O’Neill and Wall (1987) for the Ni-NiO buffer
amount of hydrogen reported here is less than the solubility

b



25°C for the conditions applied (Bromiley and Kep-
pler 2004). We released the pressure over 3 days.
However, even with such a caution, the single crystals
were cracked, presumably during depressurization.
We welded the samples inside Pty 9s—Rhg o5 capsules
along with 10 pl of liquid water (neither brucite nor
talc were used).

2. The TZM cold-seal experiments were performed at a
pressure of 0.2 GPa and temperature of 900°C for
experimental durations of 1 or 20 h. The capsules in
these experiments were pure platinum, and we in-
cluded 20 pl of liquid water.

For both sets of experiments, olivine crystals were
packed in a mixture of San Carlos olivine powder with
San Carlos orthopyroxene powder at a ratio of 10:1 in
order to buffer the activity of silica. Both olivine and
orthopyroxene crystals used to prepare the packing
powder were hand picked and selected from the same
San Carlos xenolith. Ni-foil and NiO powder (for the PC
experiments) or mixed Ni-NiO powders (for the TZM
experiments) were added to control the oxygen fugacity
during the experiments (Table 1). The oxygen fugacity,
1O, for each experiment was calculated using the data
from O’Neill and Wall (1987). After each experiment,
the recovered capsule was pierced with a needle to check
for excess water (fluid or gas) to ensure that the system
was water saturated. All experiments reported here
showed excess water after the experiment, so that the
fluid pressure during the experiment was equal to the
confining pressure. We also verified, using optical
microscopy, that neither component of the buffer (Ni
and NiO) had been totally consumed, giving confidence
that the oxygen and water fugacities are well con-
strained.

Transmission electron microscope

Transmission electron microscope (TEM) observations
were performed using a FEG TEM (200 kV) at the
Bayerisches Geoinstitut on sample SC33-B after the
experiment to check whether these samples contained
water-rich precipitates, hydrous defect layers (e.g., hu-
mite lamellae, Miller et al. 1987), high dislocation den-
sities, or melt pockets (e.g., the early partial melting
phenomenon of Raterron et al. 2000). Selected area
diffraction and observations in high resolution TEM
were carried out in the hydrated regions as well as in the
anhydrous part of the sample.

Fourier transform infrared spectroscopy

The hydroxyl distributions within our samples were
analyzed using polarized FTIR spectroscopy collected
with a Bruker" IFS 120 HR high-resolution FTIR
spectrometer coupled with a Bruker IR microscope.
The technical setup is identical to that described by
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Demouchy and Mackwell (2003). The FTIR spectrom-
eter contains all-reflecting Cassegranian optics and is
equipped with a metal-strip polarizer on a KRS-5 sub-
strate. Analyses in the microscope were made at room
temperature and pressure, under a stream of H,O- and
CO»-free purified air. Near-infrared (NIR) measure-
ments were performed using a tungsten light source, a
Si/CaF, beam splitter and high-sensitivity narrow-band
MCT (mercury—cadmium—telluride) detector cooled by
liquid nitrogen. Two hundred scans were accumulated
for each spectrum at a resolution of 1 cm™'. The infra-
red beam was focused in the middle of the sample using
a 1.5 mm aperture, which generates a spot size of
100 um in the focal plane. Due to the divergence of the
infrared beam, the associated spot size on the surface of
a 1 mm sample is around 600 pm. In order to increase
spatial resolution parallel to the diffusion direction,
especially close to sample edges, we used an aluminum
mask fixed to the objective lens of the microscope to
reduce the angle of incidence from 30° to 10°, yielding a
spot size at the sample surface of around 270 pm parallel
to the direction of diffusion.

First, we characterized each sample by taking spectra
with the electric vector (E) parallel to each axis and with
the beam focused close to the edges. Second, we took a
series of IR spectra (profiles) parallel to the [100], [010]
and [001] crystallographic axes with E parallel to [001].
Spectra were collected at a spacing of 30-50 pum near the
edges and 100-300 um near the center of the sample.
After background-baseline correction and thickness
normalization to 1 cm, the hydroxyl content, Coy, was
determined for each spectrum using the relationship

1
Con zf/k(v)dv (1)
with
I=1y, (2)

where k(v) is the absorption coefficient at wave number
v, 1//, the integral extinction coefficient (here taken to be
5.32 cm™ per wt ppm H,O, according to Bell et al.
2003), and, y is the orientation factor (equal to 1 in the
case of polarized spectra with the polarization direction
parallel to the O—H bond direction, Paterson 1982; Bell
et al. 2003). Integration was performed between 3,650
and 3,100 cm~'. The solubility of hydroxyl in iron-
bearing olivine is the sum of the concentrations deter-
mined using Eq. 1 for infrared measurements with E
parallel to the three orthogonal crystal axes.

Diffusion analysis

The diffusivity of hydrogen in olivine can be determined
from the plots of water content versus distance across
the samples, as in previous studies on olivine and for-
sterite (Mackwell and Kohlstedt 1990; Kohlstedt and
Mackwell 1998, 1999; Demouchy and Mackwell 2003).
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The data were fit using a solution to Fick’s second law
for diffusion from an infinite source into a finite slab for
a short time (Carslaw and Jaeger 1959); for a profile in
one dimension

Con(x) = Cy | erfc a + erfc _ 3
on () 0( 2v/ Dyt 2\/_> G
where Coy (x) is the hydroxyl concentration at a dis-
tance x from the first sample edge, X, the width of the
sample, ¢, the time, erfc, the complementary error
function, Cy, the maximum water content for the given
infrared beam polarization (with E parallel to [001] in
this study), and, D;, the chemical diffusivity for the
mobile species parallel to i=[100], [010] or [001] under
the experimental conditions. When profiles were taken
along a particular direction, measurements were made
along a line in the middle of the sample, in order to
minimize overlapping between profiles from the different
directions. However, in order to estimate potential
overlapping of the profiles and to validate the one-
dimension approach, three-dimensional diffusion pro-
files were calculated. The diffusion in three-dimensions
can then be described by the function v(x,y,z) (Carslaw
and Jaeger 1959), where the width of the grain in the x
direction is 24, in the y direction 25 and in the z direction
2c:
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2

X COS

+G;. (4)

Here v (x, y, z) is the water concentration at point (x, y,
z), t, the time, C;, the initial hydroxyl content, D y, 5,
the chemical diffusivity for the mobile species parallel to
[100], [010] and [001], respectively. For the SC 33-B and
SC 33-B crystals, with 2a=2.45 mm 2b=2.6 mm and
2¢=2.3mm, we used D . =5x10"" m? s,
D,=5x10 “m’s " and D,=1x10 2 m>s ' at 900°c
based on the one- d1mens1ondl dnalyms for hydrogen
diffusion in iron-bearing olivine limited by metal va-
cancy diffusion (Table 1). In their previous studies,
Mackwell and Kohlstedt (1990) and Kohlstedt and
Mackwell (1998) identified two distinct mechanisms of
H incorporation based on point defect thermodynamics
and observed differences in anisotropy of diffusion.
Here, we report briefly the characteristics of the two
mechanisms and establish unambiguously the identity of
the diffusing species: (1) In experiments at low temper-
atures ( <900°C) for short experimental durations
(~1 h at 900°C), hydrogen incorporation occurs by

exchange of protons with polarons, electron holes
localized on iron atoms occupying octahedrally coordi-
nated metal cation sites (Mackwell and Kohlstedt 1990;
Kohlstedt and Mackwell 1998, 1999). As the maximum
polaron content of olivine under anhydrous conditions
(i.e., nominally the ferric iron concentration) is on the
order of 100 atomic ppm at low pressures (Nakamura
and Schmalzried 1983; Tsai and Dieckmann 1997, 2002),
this “‘redox-exchange” process only permits the incor-
poration of a limited amount of hydrogen. This process
is rate limited by proton diffusion and yields proton self-
diffusivities of ~10~"’m?s~" at 1,000°C; proton diffusion
is also strongly anisotroplc with the fastest direction of
diffusion parallel to [100] (Mackwell and Kohlstedt
1990). According to Kohlstedt and Mackwell (1998), the
chemical diffusivity (i.e., the diffusion rate obtained from
the measured diffusion profiles), Dexcpn, for the incor-
poration of hydrogen by redox exchange is given by

5. _ 2DyDy

wch = —2—— 5
=D, + Dy (5)

where D, is the polaron diffusivity, and Dy is the proton
self-diffusivity. Since

Dy, > Dy,

- 6
Dexen = 2Dy. ( )
At higher temperatures (2900°C) and/or longer experi-
mental durations (>3 h at 900°C), additional hydrogen
is incorporated by a second process, here referred to as
the “‘proton-vacancy” process, that involves defect
associates formed between protons and intrinsic point
defects, argued to be metal vacancies by Kohlstedt and
Mackwell (1998, 1999). In this case, the olivine sample
can incorporate more hydrogen, with up to 135 wt ppm
H>O (2,200 H/10° Si) at 2.5 GPa and 1,100°C (Kohl-
stedt et al. 1996, using the calibration of Paterson 1982).
More recently and using the improved calibration by
Bell et al. (2003), Mosenfelder et al. (2006) reported
higher hydrogen concentration around ~2,000 wt ppm
H,O at ~6 GPa and 1,000°C. The incorporation of
hydrogen by this coupled proton-vacancy process occurs
at ~10"2 m? s! in olivine at 1,000°C, with the fastest
diffusion parallel to [001]. The chemical diffusivity for
the incorporation of hydrogen linked to metal vacancies
is given by Kohlstedt and Mackwell (1998):

3Dy, Du

b DnDu
2DVMe + Dy

(7)

where D is the chemical diffusivity determined from the
experiments, Dy, , the diffusivity of metal vacancies and

Dy is the self-diffusivity of protons. As, generally,
Dy > Dy, (Kohlstedt and Mackwell 1998)
D ~ 3DVMe' (8)

Given the modest amount of hydrogen that can be
diffused by the redox-exchange process, this proton-



vacancy process is expected to be the dominant and
limiting mechanism of H transport in olivine under up-
per mantle conditions.

Results
Infrared spectra and hydrogen concentration

Polarized FTIR spectra from hydrated olivine samples
after a short-anneal experiment (SC 33-B, 900°C,
0.2 GPa, 1 h) and after a long-anneal experiment (SC
33-A,900°C, 0.2 GPa, 20 h) are compared in Fig. 1 with
spectra of olivine from a garnet-bearing peridotite
xenolith embedded in alkali basalt from Pali-Aike, Chile
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Fig. 1 Polarized IR spectra, with different orientations of E, for
olivine samples SC 33-A (after an experiment at 900°C, 0.2 GPa,
20 h duration, buffered by Ni-NiO) and SC 33-B (after an
experiment at 900°C, 0.2 GPa, 1 h duration and buffered by Ni—
NiO). Polarized IR spectra, with different orientations of E, for
mantle-derived olivine from Pali-Aike, Chile, also given for
comparison (Demouchy et al. 2006)
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(Demouchy et al. 2006). Two groups of infrared bands
are distinguishable: (1) group I, at high wave number,
from 3,616 to 3,450 cm~ ', and (2) group II, at lower
wave number, from 3,450 to 3,200 cm~'. With E parallel
to [100], group I is the dominant group with respect to
band intensity. With E parallel to [010], both groups are
reduced in intensity, indicating that the group I bands
result from O—H bonds mostly subparallel to [100]. With
E parallel to [001], group II is the principal group with
respect to band intensity. Band positions were not ob-
served to change with experimental duration. The
maximum hydrogen concentration observed in the
olivine samples are given in Table 1, which was calcu-
lated from polarized infrared spectra for E parallel to the
three orthogonal directions using the calibration of Bell
et al. (2003), varies from 10£1wt ppm H,0
(163+ 16 H/10° Si, sample SC 33-B) to 20+2 wt ppm
H,0 (327 +33 H/10° Si, sample SC 33-A). Our results
are comparable to those from previous hydration
experiments on olivine (Mackwell and Kohlstedt 1990;
Kohlstedt and Mackwell 1999; Bai and Kohlstedt 1992)
in which the calibration from Paterson (1982) was used
(i.e., if the correction factor of 3.5, recommended by Bell
et al. (2003), is applied).

The absence of IR bands related to lamellae of hy-
drous minerals (e.g., amphibole, serpentine, and clin-
ohumite), is consistent with the TEM observations of the
hydrated regions near the sample edges as well as of the
anhydrous interior that revealed no precipitates, linear
or planar defects.

Diffusion rates and anisotropy

The chemical diffusivities determined from the infrared
profiles in olivine samples parallel to each axis are given
in Table 1. Samples recovered from the PC experiments
were too damaged to measure infrared profiles along all
crystallographic axes; only diffusion parallel to [010] was
investigated. In Fig. 2, one series of polarized infrared
spectra are plotted as absorption coefficient versus wave
number and position in sample SC 33-A with E//[001]
and diffusion parallel to [001]. The intensity of the hy-
droxyl infrared bands is the highest at the edges and
decreases toward the middle of the sample until a min-
imum absorption coefficient corresponding to ~4 wt
ppm H,O (65 H/10° Si) is reached. The corresponding
diffusion profiles for each axis are plotted in Fig. 3 for
samples SC 32-G, SC 32-B, SC33-A and SC33-B with £
parallel to [001]. The best fits of the data to the diffusion
law in Eq. 3 yield the chemical diffusivities in Fig. 3. The
fits were performed under the assumption that all hy-
droxyl bands vary as a function of position in the same
way as for those with E parallel to [001]. While some
data deviate somewhat from the fitted curves, most fall
within the uncertainty limits of the FTIR measurements.
These deviations often resulted from small imperfections
at the surface or small conchoidal fractures on the
sample edges. In Fig. 4, the self-diffusivities for H and
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Fig. 2 Series of polarized
infrared spectra with £//[001] as
a function of position parallel
to [001] in sample SC 33-A after
an experiment at 0.2 GPa,
900°C, for 20 h buffered with
Ni-NiO

08

06

Absorption coefficient (cm”)
04

02

metal vacancies are plotted as a function of temperature
for diffusion parallel to each of the olivine crystal axes.

Discussion
Infrared band position and asio,

In theory, each infrared band corresponds to a distinct
type of hydrous point defect. However assigning infra-
red bands to a given point defect is a current topic of
debate. Recently, Matveev et al. (2001) suggested, on the
basis of measurements of experimentally hydrated oliv-
ine, that the two groups of IR bands result from dif-
ferences in silica activity. Their olivine samples, from a
xenolith collected at Mont Pordon, Australia, were an-
nealed under hydrous conditions in the presence of
periclase or orthopyroxene powder to impose different
silica activities. Oxygen fugacity was either controlled by
a Re—ReO buffer, which is 1.2-1.4 log units more oxi-
dizing than that set by fayalite-magnetite—quartz
(Matveev et al. 2001), or not explicitly controlled using a
calibrated oxygen buffer (Matveev et al. 2004). They
report the following: (1) If olivine co-exists with
magnesiowiistite (i.e., low silica activity), the group I IR
bands (high wave number) are well developed, and the
group I IR bands (low wave number) are almost absent.
Matveev et al. (2001) conclude that group I IR bands are
due to OH linked to vacant tetrahedral cation (silicon)
sites. (2) If olivine co-exists with orthopyroxene (high
silica activity), the group II IR bands are well developed
and group I bands are very weak. Matveev et al. (2001)
suggest that the group II bands arise from OH linked to
vacant octahedral cation (metal) sites. These observa-
tions were again reported in Matveev et al. (2004). Oli-
vines from mantle xenoliths (Miller et al. 1987; Bell et al.
2003; Matsyuk and Langer 2004) show in most cases IR
bands in both groups. Consequently, Matveev et al.
(2001, 2004) suggest that a metasomatic fluid/melt
overprints a low silica activity (involving the presence of
periclase) onto the initial high silica activity imposed by
the presence of orthopyroxene. Furthermore, Matveev
et al. (2004) suggest that it is possible to estimate the

silica activity of magmas from the IR hydroxyl features
in its co-existing olivine phenocrysts.

From our data (Fig. 1) and previous experimental
studies (Mackwell and Kohlstedt 1990; Bai and Kohl-
stedt 1992, 1993; Zhao et al. 2004), it is clear that, in
contradiction to the claims of Matveev et al. (2001,
2004), experimentally hydrated olivine buffered using
orthopyroxene does show IR features including both
group I and group II bands. Furthermore, the shape and
the positions of the IR bands are in excellent agreement
with mantle-derived olivine (Fig. 1). While the IR band
positions are the same, the intensities of the bands vary
between the laboratory annealed and naturally occur-
ring olivines. Thus, the use of Ni-NiO to buffer the fO,
and orthopyroxene to buffer asio,, as already pointed
out by Bai and Kohlstedt (1992, 1993), reproduces well
the IR hydroxyl features in mantle olivine. We suggest
that the relative intensities of the two groups can only be
adequately explained by the differences in thermo-
chemical environment (e.g., fO,, temperature, iron
content, asjo,) between the various experimental studies,
and not simply by the differences in asio,. Although our
experiments were performed along the Ni-NiO buffer,
near the expected oxidation state of the uppermost
mantle (Mattioli and Wood 1986; McCammon 2005),
we would expect some variation in the concentration of
a given population of defects due to differences in the
other relevant thermochemical parameters. Thus, the
unambiguous assignment of individual infrared bands to
specific defects in olivine is clearly not yet established.

The presence of titanium has also been suggested to
be necessary to reproduce the IR features observed from
natural olivine grains and explain the differences be-
tween experimentally hydrated olivine and mantle-de-
rived olivine (Berry et al 2005). In their study, Berry
et al. (2005) attributed the IR bands near ~3,572 and
3,525 cm*', regularly observed in natural olivine, to the
presence of Ti-clinohumite-like defects (TEM investiga-
tions have not been reported to confirm the presence of
such defects in the samples studied by Berry et al. 2005).
In addition, experimental study on hydrated forsterite
indicates that Ti- and Fe-free forsterite samples show
weak infrared bands at 3,527 cm~!' (Demouchy and



Fig. 3 a Hydroxyl content as a
function of position parallel to
the crystallographic axis
(y=1[010]) for samples SC 32-G
and SC 32-B after a
hydrogenation experiment at
1.5 GPa, 1,000°C, 5 h, buffered
with Ni-NiO. The solid curve
represents the solution to the
diffusion law (Eq. 3), the dotted
curves give other possibilities
for the same diffusion
coefficient for a hydrogen
concentration +0.4 wt ppm
H,O in the central part of the
profile. b Hydroxyl content as a
function of position parallel to
each crystallographic axis
(x=[100], y=[010], z=[001])
for sample SC 33-A after a
hydrogenation experiment at
0.2 GPa, 900°C, 20 h, buffered
with Ni-NiO, and sample SC
33-B after a hydrogenation
experiment at 0.2 GPa, 900°C,
1 h, buffered with Ni-NiO. The
solid curves represent the
solution to the diffusion law
(Eq. 3). Additional calculations
are presented in the this plot:
solid curve (1) initial
concentration =4 wt ppm H,O
and D,=1x10""? m? s™!, solid
curve (2) initial concentration =
4 wt ppm HgO and
D.=5x10""2 m? s~ solid
curve (3) the initial
concentration =4 wt ppm H,O
and D,=1x10"" m? s~ ", the
dotted curves are the results of
the three-dimensional model
using the one-dimensional
diffusivities from Table 1.
These curves are consistent with
the one-dimensional approach,
indicating no significant issues
with overlapping of the profiles.
The chemical diffusion
coefficient, D, is given for each
axis. Errors in the diffusion
coefficients are given in Table 1
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Mackwell 2003) and 3,577 cm™ (Lemaire et al. 2003; see  this study and that of Kohlstedt and Mackwell (1998)

also Zhao et al. 2004).

Mechanisms of hydrogen diffusion

The point defect self-diffusivities

were fit using a least squares regression to the following
Arrhenius relation:

D; = DY exp (—Q,/RT). 9)

Taking into account the factor of 2 from Eq. 6, the

(Dy and Dy, ) ob- hydrogen self-diffusion coefficient for the incorporation

tained from the chemical diffusivities (Dexchand D) from by redox-exchange along [100] is (2+0.5)x10~ " m? s !
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at 900°C, which is slightly slower than results from
previous studies of 5x10~'" m? s~! at 900°C (Mackwell
and Kohlstedt 1990). An absorption coefficient corre-
sponding to ~4 wt ppm H,O (65 H/10° Si) is reached at
the sample surface by this process. This background
corresponds to hydrogen incorporated by the redox-ex-
change process mostly before substantial diffusion by
the proton-vacancy process.

The diffusivities reported here (Table 1 and Fig. 4)
for the proton-vacancy mechanism of hydrogen incor-
poration were combined with previous results (Kohl-
stedt and Mackwell 1998) in order to determine the
activation energy for diffusion. Therefore, taking into
account that the second mechanism of hydrogen diffu-
sion is limited by the metal-vacancy self-diffusivity (Eq.
8), hydrogen incorporation can be described for the
three crystallographic axes by the following relation-
ships (diffusivity given in m? s~ and activation energies
given in kJ mol™):

T (°C)
6 1600 1400 1200 1000 800
- [ [ [ [ [
a b c
polaron redox + X x
-8 % proton-vac @ A
K&M 98 o o a
_/-\
(\'lw
g -10 |- —
N
p
2 12 ]
. -.C
b
-14 N _
proton-vac — _— _ D
| ! | b
5 6 7 8 9 10

1047 (K™

Fig. 4 Self-diffusivities for metal vacancies and hydrogen ions in
olivine. The linear (cross, plus and asterisk) and filled symbols are
the results from this study. The open symbols are the previous
results from Kohlstedt and Mackwell (1998) for the proton-
vacancy process. Data from this study were fitted with the data
from Kohlstedt and Mackwell (1998) to obtain better diffusion
laws. The solid line a—b is the best fit for the proton-vacancy process
in olivine parallel to [100] and [010]. The dotted lines represent the
results from Kohlstedt and Mackwell (1998) for hydrogen diffusion
by redox exchange. The solid line ¢ for the [001] direction represents
a linear fit to the compilation of data for metal vacancy diffusion in
iron-bearing olivine from this study and previous publications
(Nakamura and Schmalzried 1983, 1984; Mackwell et al. 1988;
Kohlstedt and Mackwell 1998). The diamond symbol represents the
polaron diffusivity calculated by Sato (1986) from electrical
conductivity measurements

DVME[IOO],[OIO] = 10_(4‘5i4‘1)exp[—(204 + 94)/RT],
Dy, 001 = 107 14409exp[— (258 £ 11) /RT].

Although the chemical diffusivities for the two mecha-
nisms are the same for diffusion parallel to [001], the self-
diffusivity for vacancies is slower than that for hydrogen
ions and yields a higher activation energy (258 vs.
110 kJ mol™"). This second mechanism allows substan-
tially more incorporation of water-derived species into
the olivine, and likely generates hydroxyl concentrations
that are in equilibrium with the thermochemical envi-
ronment.

Application to Earth’s interior

From the diffusion law for hydrogen in olivine given in
this study, it is clear that a loss or gain of water by
redox-exchange and coupled proton-vacancy mecha-
nisms will occur in times that are very short relative to
the geological timescale. Thus, modification of the ori-
ginal mantle water content in xenolithic olivine is ex-
pected to occur as they are brought to Earth’s surface,
although a complete reequilibration of an olivine grain
to the new (water-saturated or undersaturated) envi-
ronment during ascent is unlikely. Consequently, the
water content in xenolithic olivine crystals is at best only
a partial reflection of the water content of the source
region in the upper mantle. These predictions from
experimental studies were recently confirmed by the
observation of hydrogen diffusion profiles (dehydration)
in olivine from a mantle xenolith in alkali basalt from
Pali-Aike, Chile (Demouchy et al. 2006). This study
demonstrated that “natural” profiles of hydrogen dif-
fusion, combined with experimental diffusion results can
be used to provide constraints on the kinetics of ascent
for xenoliths and magma toward Earth’s surface.

Conclusions

(1) The present study demonstrates that laboratory
hydration experiments are able to reproduce features in
FTIR spectra of mantle-derived olivine. (2) The study
confirms two distinct mechanisms of hydrogen incor-
poration in olivine. (3) For the proton-vacancy process
of hydrogen incorporation rate limited by metal vacancy
self-diffusion, diffusion along the [100] and [010] axes is
significantly slower than along the [001] axis. (4) These
diffusion rates are fast enough to modify significantly
water contents of olivine grains in xenoliths ascending
from the mantle.
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