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Abstract

We performed piston cylinder experiments (1200-1350 °C, 2 GPa) to determine the diffusion rates of Si and O in mantle olivine under water
undersaturated (brucite absent, 45 ppm H,O in olivine) as well as close to water-saturated (brucite present, ~370 ppm H,O in olivine) conditions.
Diffusion couples consisted of oriented and polished San Carlos olivine cylinders coated with thin (~few 100 nm) films of the same composition
enriched in 2°Si and 80, with a protective coating of ZrO, on top. Relationships between water solubility in olivine and water fugacity, combined
with thermodynamic equilibrium calculations, indicate fH,O ~1 GPa, fO, ~IW buffer for brucite absent and fH,O ~9 GPa, fO, ~QFM buffer for
brucite present experiments. We find that under hydrous conditions Dg; & D¢ and diffusion anisotropy is weak to non-existent. Fitting the raw data at
2 GPaand fH,0 ~0.93 GPa yields Arrhenius parameters [D, and E,, in D = D, exp(—E,/RT)] of: 1.68 (£3.52) x 107" m? s~ and 358 & 28 kJ mol~!
for Si, and 1.43 (£1.80) x 10~* m? s~! and 437 & 17 kJ mol~! for O, respectively (1 sigma errors). D (2 GPa, fH,0 =0.97 GPa, 1200 °C): D (1 atm.,
dry, 1200 °C) is 1000 for Si and 10 for O, respectively. Equations incorporating explicitly the effect of water are discussed in the text.

Analysis of our data suggests that O diffuses by an interstitial mechanism whereas Si diffuses via vacancy complexes. The relation between
the water fugacity and the Si diffusion rates seems to obey a power law with a water fugacity exponent of 0.2—1. The amount of H incorporated
into olivine at the experimental conditions is orders of magnitude higher than the likely concentration of Si vacancies. Therefore, a small fraction
(~0.01%) of the total incorporated H in olivine suffices to considerably enhance the concentration of Si vacancies, and hence diffusion rates.
Activation energies for O diffusion under dry and wet conditions are similar, indicating that the mechanism of this diffusion does not change in
the presence of water. This inference is consistent with results of computer simulations.

Dislocation creep in olivine under wet conditions appears to be controlled by both, Si as well as O diffusion. Absolute creep rates can be
calculated from the diffusion data if it is assumed that climb and glide of dislocations contribute equally to creep. Finally, analysis of the various
transport properties indicate that <10 ppm of water in olivine is sufficient to cause a transition from “dry” to “wet” laws for most processes. As
these water contents are even lower than the observed water contents in most mantle olivines (i.e. minimum values measured at the surface), we
conclude that results of water present but undersaturated kinetic experiments are directly applicable to the mantle. Indeed, “wet” kinetic laws
should be used for modeling geodynamic processes in the upper mantle, even if the mantle is thought to be undersaturated with respect to water.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction on the physical properties of materials and processes that occur

deeper within the Earth. Experimental results in the last two

Water plays a crucial role in most biological, atmospheric,
and surface geological processes. But it also has a large effect
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decades show that even small amounts (<0.005 wt.%) of H in
nominally anhydrous minerals (NAMs) such as olivine or pyrox-
enes decreases the melting temperature and viscosity of the
mantle, and enhances electrical conductivity and chemical dif-
fusivity in it (e.g., Mei and Kohlstedt, 2000; Bolfan-Casanova,
2005; Hier-Majumder et al., 2005; Hirschmann, 2006; Karato,
2006; Yoshino et al., 2006; Wang et al., 2006; Demouchy et
al., 2007). Despite the information that already exists, one can
identify three main areas where more work is required:
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(1) Arobust quantification of the relation between the H content
and the different physical properties at the relevant condi-
tions does not exist. Measuring the rheological behavior
of mantle material in the presence of water at upper man-
tle pressures remains a daunting challenge, with only two
data sets obtained above 300 MPa (e.g., Hirth and Kohlstedt,
2003; Karato and Jung, 2003). However, precise relations
between the “wet” vs. “dry” flow of these materials at high
pressures are necessary to understand the factors that deter-
mine the nature of plate tectonics (e.g., Lithgow-Bertelloni
and Richards, 1995; Hirth and Kohlstedt, 1996; Billen and
Gurnis, 2001; Bercovici and Karato, 2003; Regenauer-Lieb,
2006).

(2) The mechanistic connection between H incorporation and
changes in the different transport properties such as ionic
diffusion, deformation, and electrical conductivity remains
unclear. Diffusion data in water-bearing olivine is limited to
Fe—-Mg (Hier-Majumder et al., 2005) and it is not directly
related to deformation or electrical conductivity. Computer
simulations (e.g., Brodholt and Refson, 2000; Walker et al.,
2003; Wright, 2006), water solubility measurements (e.g.,
Bai and Kohlstedt, 1992; Kohlstedt et al., 1996; Keppler
and Bolfan-Casanova, 2006), and spectroscopic studies of
NAMs (e.g., Beran and Putnis, 1983; Beran and Libowitzky,
2006; Kohn, 2006) have contributed much to indicate the
possible location of H in the olivine structure, but the results
are far from conclusive.

(3) Itisnecessary to quantify at what H concentration the phys-
ical and chemical behavior of mantle materials change from
the dry to the water-bearing mechanisms/rates, and if such
concentrations are likely to be present in the upper mantle.
Studies of mantle xenoliths indicate that NAMS contain sig-
nificant but very variable amounts of H (a few to a few
hundred ppm; e.g., Bell and Rossman, 1992; Ingrin and
Skogby, 2000). These water contents are typically lower
than those at which the experimental data on physical prop-
erties are acquired. Nonetheless, evidence from modeling
the mantle flow under the western U.S. seems to require
a 'wet’ rheological law (Dixon et al., 2004; Freed and
Biirgmann, 2004).

Here we present experimental data on Si and O diffusion rates
in mantle olivine in the presence of H, and use these results to
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address some of the points above. We first explain in some detail
the experimental and analytical strategy we have used. Next, the
diffusion data are presented and the influence of the different
intensive variables on the kinetic parameters are disentangled.
The results are then discussed within the context of existing point
defect thermodynamic models of olivine and related to Fe-Mg
diffusion and dislocation creep rates of mantle olivine.

2. Experimental and analytical approach

One the of the main challenges of the experiments was to
ensure mechanical as well as chemical stability of olivine and
of the diffusion couple (crystal plus thin film) during the water-
bearing, high pressure and temperature annealing conditions.
Thus, we describe below in some detail the problems encoun-
tered before reaching the final working configuration.

2.1. Starting materials and diffusion couples

San Carlos olivine crystals free of cracks or inclusions were
selected and oriented parallel to one of the crystallographic axes
using optical methods on a spindle stage. The orientations of
some of these crystals were determined a posteriori using the
EBSD technique (electron backscatter diffraction) on a scanning
electron microscope and differences between the two methods
were <10°. The oriented crystals were cut into 1-2 mm thick
slices and polished using diamond compounds followed by the
combined mechano-chemical action of a highly alkaline col-
loidal silica solution (OP-S of Struers). We used cylinders that
were drilled out of the olivine slices with a diameter of ~2.5 mm
and thickness of 1-2 mm.

The polished surfaces of the olivine cylinders were deposited
with thin films (200-1000 nm thick) of the same olivine major
element composition but doped with 80 and 2°Si using the
pulsed laser deposition facility available at the Institute of Geol-
ogy, Mineralogy and Geophysics at Ruhr-Universitat Bochum
(Dohmen et al., 2002a, 2007). It was found that recrystalliza-
tion, grain growth or dissolution during annealing destroyed the
olivine thin film. This was overcome by depositing a second pro-
tective layer that would act inertly; after several tests a film of
71O, was found to be ideal for this purpose (Fig. 1a). Moreover,
to minimize surficial effects and reaction with the environment,
two such doubly coated crystals were placed on top of each other

(b) setting used for experiments:
two olivine crystals
plus thin films

Fig. 1. (a) Olivine crystal plus thin films of olivine enriched in 80 and 2°Si plus a protective thin film of ZrO,. (b) A sandwich of two olivine crystals was used in the
experiments. This setting prevented olivine thin films from reacting with the environment and yielded two crystals per anneal, providing a check for reproducibility

of data.



Table 1
Experimental conditions and diffusion coefficients determined in San Carlos Olivine (ca. Fog;)

Orientation TC0C) Time (h) H,O ppm in olivine, H,0 ppm in olivine, fHZOb Log fOzb Ds; (m?s~1) Do (m2s™1) Observations
measured calculated?® (GPa) (Pa)
ScOl25a Random 1350 6 51 0.89 -58 9.91 x 10~1° 8.96 x 10719 Slow quench
ScOl125b Random 1350 6 51 0.89 —58 6.99 x 10717 1.79 x 10718 Slow quench
scOI126a 23° with [00 1] 1300 14 45 0.91 —6.2 3.69 x 10712 6.73 x 10719 Slow quench
scO126b 23° with [001] 1300 14 45 0.91 —6.2 3.35x 1071 5.92x1071° Slow quench
0l4051b 1[001] 1350 12 51 0.89 —5.8 2.90x 10712 1.07 x 10718 Slow quench
0l4051a 1[001] 1350 12 51 0.89 —5.8 2.30x 10712 1.07 x 10~18 Slow quench
o0l4052a L[001] 1250 20 40 0.94 —6.7 6.60 x 10720 2.07 x 1071 Slow quench
014041 /001] 1350 12 29 51 0.89 —5.8 2.30x 10712 1.01 x 10~18 Slow quench
014042 /I1001] 1250 20 19 40 0.94 —6.7 7.50 x 10720 9.20 x 10720 Slow quench
olF1-1 /[001] 1275 20 16 43 0.93 —6.5 1.18 x 1012 1.77 x 1019 Slow quench
olF1-1b /I1001] 1275 20 16 43 0.93 —6.5 1.57x 10719 248 x 10719 Slow quench
OLF1-3 /001] 1200 48 35 0.97 -72 2.68 x 10720 4.19 x 10720 Slow quench
0l40f14_2al /I1001] 1200 48 >370 >9.4 ca. —3.9 537 x 10720 Slow quench,
brucite
present
0140f14_2a2 /1001] 1200 48 >370 >9.4 ca. —3.9 7.52x 10720 Slow quench,
brucite
present
0140f14_2b1 /1001] 1200 48 >370 >9.4 ca. —3.9 429 x 10720 Slow quench,
brucite
present
0l40f12_3al /1001] 1300 20 11 45 0.91 —6.2 410 x 1071 5.39 x 10719 Slow quench
0l40f13_1al /1001] 1225 64 19 37 0.95 -7.0 5.96 x 10720 Slow quench
0l40f13_1b1 /11001] 1225 64 19 37 0.95 -7.0 5.96 x 10720 Slow quench
0l40f13_2al /1001] 1325 16 13 48 0.90 —6.0 6.63 x 10719 Slow quench
0l40f13_2a2 /11001] 1325 16 13 48 0.90 —6.0 7.89 x 10719 Slow quench
0l40f11_3alsi /001] 1300 14 45 0.91 —6.2 1.17 x 10719 Slow quench
0l40f11-2al /11001] 1325 5 48 0.90 —6.0 1.58 x 1019 Slow quench
Experiments to quantify the water contents present at run conditions
14F_1 /11001] 1275 20 43 0.93¢ —6.6 Fast quench
40F2TR /I001] 1250 20 40 0.94¢ —6.7 Fast quench
14F_5B /11001] 1225 40 370 9.4¢ ca. —3.9 Fast quench,
brucite
present

All experiments at 2 GPa. (/) Parallel to an axis; (L) perpendicular to an axis.

2 Water content in the olivine calculated from water solubility equation of Zhao et al. (2004) and the fugacity obtained from fluid equilibria modeling results. For the samples with the highest fH,O, the fO, was
calculated from an fH>O of 9.2 GPa because this is the maximum possible value that can be obtained using the presence of graphite and the equations of state for fluids mentioned in the text. It is worth noting that
the fugacity of pure water from the EOS of Pitzer and Sterner (1994) used in the Zhao et al. (2004) calibration are about 5% higher (at the investigated P and 7) than that of Holloway (1981).

b Water and oxygen fugacities calculated using the fluid composition of quickly quenched samples as obtained from modeling their C-O-H fluid equilibria.

¢ Water fugacity calculated using the measured OH concentration in olivine and the solubility equation of Zhao et al. (2004).
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Fig. 2. Sketch of cell assembly used in the piston-cylinder experiments.

in a “sandwich” geometry (Fig. 1b). With this approach we also
obtained two olivine crystals from each experiment in which
diffusion profiles could be measured, and this provided a check
of the internal consistency and reproducibility of data.

2.2. Experimental techniques

All experiments were performed in an end-loaded piston
cylinder. The observed pressure was found to be within 0.2 GPa
of the quartz-coesite transition reported by Bose and Ganguly
(1995a). Temperatures were monitored using a Wss—Re7s
thermocouple and no pressure correction was made to the ther-
mocouple readings. All experiments were performed at 2 GPa
and over a temperature range of 1200-1350 °C at 25 °Cintervals
(Table 1).

The cell assembly (Fig. 2) is similar to other high pres-
sure diffusion experiments in the piston cylinder (Elphick et
al., 1985; Chakraborty and Ganguly, 1992). The main problems
that we encountered were to find an assembly that was soft and
unreactive with the olivine and thin film under water-present
conditions. We tested several capsule materials including, NaCl,
Ni, Mo, and Au75Pdss, since these were successful in previous
experiments (e.g., Goldsmith, 1991; Graham and Elphick, 1991;
Chakraborty and Rubie, 1996; Kohlstedt et al., 1996; Pichavant
et al., 2002). It was found that NaCl corroded the olivine sur-

face, whereas the Ni, Mo and AuPd were not soft enough and
the crystals were recovered completely crushed. To try to over-
come this we surrounded the crystals with brucite and talc as in
the set up used in the water solubility in olivine experiments of
Kohlstedt et al. (1996). However, contrary to the observations
of Kohlstedt et al. (1996) at lower temperatures (~1100°C),
many of our crystals completely reacted with the surroundings
due to the higher temperatures that we need to induce significant
diffusion (1200-1350 °C). In the experiments where Au;5Pdys
capsules were in direct contact with the olivine it was found using
Rutherford Backscatter Spectroscopy (RBS) that the crystal had
changed its composition within the first few tens of nm of its
surface (the region of our interest) due to Fe loss to the capsule.
Thus, although for many purposes Fe loss with this type of mate-
rial is negligible (e.g., Pichavant et al., 2002) it is not the case
when studying concentration differences at the nanometer scale.

Finally, two capsule setups were successful. The crystals were
set in a graphite matrix and graphite capsule, or they were set in
a graphite inner capsule surrounded by a brucite powder and this
was enclosed in a welded Au7s5Pdjs outer capsule. Using these
setups we were able to recover undamaged single crystals of
olivine, but the pressure and temperature range that can be inves-
tigated is limited by the stability of orthopyroxene + magnesite
relative to olivine + graphite. SEM images of some early runs
(Fig. 3) clearly demonstrate the consequences of crossing this
reaction boundary. In most experiments we did not explicitly add
water, but these nominally “dry“runs were found to be water-
bearing, and the source of water was the talc of the cell assembly
(Fig. 2). In some experiments we added brucite as a source of
water. Brucite breaks down to MgO and water at run conditions
(e.g., Johnson and Walker, 1993) and if the capsule remains
closed, the breakdown products recombine to form brucite dur-
ing cooling because MgO is non-quenchable in the presence
of water. We performed X-ray diffraction of the powder from
brucite present runs after annealing to ensure that the diffusion
data that we report are from runs with excess water (i.e. olivine
is H saturated).

A final requirement to prevent breaking of the crystals was to
use pressure and temperature ramps (of ca. 30 min each) to start
and end the experiments (e.g., Tingle, 1988). In experiments
carried out in this manner only few cracks formed in the crys-
tals and those that did form were perpendicular to the length
of the cylinder so that the polished surface was still available
for analysis. However, such a slow cooling and decompres-
sion path combined with the high diffusivity of H (Mackwell
and Kohlstedt, 1990; Kohlstedt and Mackwell, 1998, 1999,
Demouchy and Mackwell, 2003, 2006) allows it to leave the
olivine crystals. Thus, the measured water contents after anneal-
ing underestimates the actual concentration present in the olivine
during the runs. Note that where we write ‘water content in the
olivine’ we do not imply molecular water present in the crystal
but we refer to the H recalculated as HyO. The magnitude of
this degassing effect was established by performing three addi-
tional experiments at 2 GPa and two selected temperatures (1200
and 1225 °C). These runs were quenched in less than 1 min to
retain the H contents in olivines from close to the annealing
conditions. Inspection of these quickly quenched crystals with
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Fig. 3. (a) Breakdown of olivine to orthopyroxene and magnesite or melting of olivine in the presence of high water content limit the ranges of P-T over which
experiments can be carried out. Solid lines are for pure forsterite, and dotted lines are estimated positions for Fogg. The pressure—temperature conditions of two
experiments are marked as circles and textures observed on the respective run products are shown in (b) and (c) parts of the figure. (b) SEM image of olivine surface
after high-P and T annealing [precise conditions shown in (a)]. One can see a reaction texture where olivine is transformed to orthopyroxene (light grey) and magnesite
(dark grey). (c) Surface of the olivine after annealing within its stability filed [lower P and T, see circle in (a)]. The thin film looks like a fine-grained recrystallized
material appropriate for determining diffusion data (e.g., Dohmen et al., 2002a, 2007).

the optical microscope shows that they contain numerous crys-
tallographically oriented polyphasic inclusions with bubble(s)
and some unidentified transparent and opaque material (Fig. 4).
These inclusions were formed by the precipitation and nucle-
ation of water during the fast quench (Mackwell et al., 1985;
Karato, 2006), because such inclusions were not seen in the
slowly quenched run products. During slow quench, excess H
was able to escape from the crystal by diffusion without pre-
cipitating inclusions. Although the crystals from the quickly
quenched runs cannot be used for the determination of diffusion
coefficients (because as we note above, they break into multiple
pieces) we consider their OH concentrations to be representative
of those that prevailed in the crystals from which we obtained the
diffusion data. We have used a sequence of calculations to obtain
the water contents at annealing conditions, and based on that,
fugacities of volatile species at run conditions for all crystals
(see Section 3.3).

Uncertainties related to the thermocouple calibration and
pressure correction of the emf reading are <0.5% (Mao et al.,
1971). The main temperature uncertainty in piston cylinder
experiments is related to the presence of gradients in the fur-
nace or the position of the thermocouple and the crystals. Using
the thermal analysis of Watson et al. (2002) we estimate that

as. -

T
g
e

at our runs conditions and sample size (ca. 4 mm) temperature
gradients are <20 °C, and thus we have adopted a conservative
temperature uncertainty of 10 °C.

2.3. SIMS analyses of olivine diffusion profiles

After the anneals, single crystals were recovered and mounted
in indium/epoxy for ion microprobe analysis. Isotopic profiles
were measured by secondary ion mass spectrometry (SIMS)
using a Cameca IMS 4f ion probe (University of Edinburgh,
UK). A primary Cs-ion beam (10-20nA) was accelerated at
10kV on to the Au-coated samples. High energy (300 eV) neg-
ative secondary ions were detected using an electron multiplier.
The Si and O isotopes were measured simultaneously ('°0, 180,
ZSSi, 293, 30Si) and thus the position of the interface could be
inferred from profiles of both the elements, and diffusion rates
of the two elements could be studied in direct comparison. The
depth of the profiles varied between 300 and 2700 nm and the
sizes of the craters were about 100 wm x 100 pm. In total, 52
ion microprobe isotope profiles have been obtained—35 through
annealed crystals and 17 in unannealed crystals which were used
for checking the composition and shapes of the diffusion cou-
ples prior to experiments (i.e. initial conditions). Only 15 profiles

Fig. 4. Photomicrographs of olivine crystal annealed at 2 GPa, 1225 °C and with excess water present. This crystal was quickly (ca. 1 min) quenched from run to
near ambient conditions. It shows polyphase crystallographically oriented inclusions made of opaque phases and bubbles, Sample 40F2TR. These inclusions are not

present in the slowly quenched runs.
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have been finally used to obtain diffusion coefficients, the rest
being discarded due to problems mainly related to the roughness
of the sample surface. The lengths of the profiles were calibrated
by measuring the depths of the individual sputter pits using a
profilometer. Typically, measurements were carried out in four
different directions for each crater and the crater morphology
was also inspected to avoid artefacts. The experimental setup dis-
cussed above allows two crystals to be recovered from each run,
allowing two determinations of diffusion coefficients from each
experiment. The convolution lengths (i.e., length of the transition
zones) of unannealed crystals range from 10 to 45 nm, whereas
the lengths of the diffusion zones of the annealed crystals ranged
from about 200 to 700 nm. This means that convolution effects
were minimal, with a maximum possible 10% overestimation of
the diffusion coefficients (Ganguly et al., 1988).

2.4. Fourier transform infrared analysis of olivine

After the anneal and in some cases after the ion microprobe
analyses the crystals were doubly polished and OH contents were
determined by Fourier Transform Infrared spectroscopy (FTIR).
The spectra were obtained from oriented crystals and a polarized
beam of ca. 100 wm in diameter at the Bayerisches Geoinstitut
(Germany) with a Bruker IFS 120 high-resolution FTIR spec-
trometer. Spectra were obtained in two perpendicular directions
(parallel to the a and b axes) for each crystal. A tungsten light
source, a Si-coated CaF, beam splitter and a narrow-band MCT
detector were used for all measurements. Polarized measure-
ments were carried out with an Al wire strip polarizor on a
KRS-5 substrate. During the measurements, the interferome-
ter chamber was kept under vacuum while the microscope was
purged with purified air. Two hundred scans were measured at
4cm™! resolution. The spot size analyzed was determined by
an aperture in the rear focal plane of the 15-fold Cassegranian
objective.

3. H loss, interpretation of FTIR spectra, and fH,O and
JO3 of the experiments

Understanding the effect of water on ionic diffusion rates and
mechanism depends critically on our ability to determine the
water fugacity of the experimental runs, and possibly also the
oxygen fugacity. This is not straightforward because the fH,O
and fO, cannot be directly controlled in high P-T anneals in
piston cylinder experiments. Constraining fH,O and fO; typ-
ically requires thermodynamic calculations combined with H
determinations after anneals. In this section we address in some
detail the problem of H loss during quench, the interpretation
of the FTIR spectra of olivine, and how we obtain the volatile
fugacities ambient during the anneals.

3.1. The case of H loss during quenching

We have explored the extent of H loss from the olivines
during quenching of the anneals by a series of numerical
experiments. The temperature—pressure—time (7-P—f) paths of
experiments were recorded by the computer which controls the

(b)
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400 -
g 72 %
S 300 2
0, ° (@) 63 %
I 3 . Pressurg ng
200 . :Z Tempe’alwe > Pa 8 %
05 <%0
1001 5 0o 55 %
0 2 4 6 8 10 12 14
0 12 time in minutes 50 %
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distance in ym

Fig. 5. A typical experiment took about 30 min to go from the high-P and -T
conditions to near room P, T and the paths (80-90 °C and 0.07 GPa per minute,
respectively) are shown in (a). We have modeled the effect of such a P-T—¢ path
on the water content of the olivine by incorporating the 7 dependence of the
diffusion coefficient of H from Kohlstedt and Mackwell (1998) in a diffusion
model with a changing boundary condition according to the 7 and P dependence
of the water fugacity using the equation of state of Pitzer and Sterner (1994) and
the solubility model of Zhao et al. (2004). Thus the water content at the boundary
is the maximum allowed solubility at a given P and 7 in the presence of a pure
water fluid. (b) Model calculations of diffusive reequilibration in one dimension
for a 1.5 mm thick slab using the diffusion data parallel to a axis. Numbers on
the left of the calculated profiles are the times in minutes and numbers on the
right are the amount of water (averaged through the crystal expressed in % with
respect to the starting value) that remains. It is apparent that with the P-T—¢
paths we used in our experiments and which were required to retrieve crystals
in good physical condition to be analyzed for diffusion, crystals can loose up to
50% of their water content. Such a change is consistent with the difference in
total water contents analyzed by FTIR from quickly and slowly quenched runs
(Table 1).

piston cylinder experimental apparatus. One dimensional diffu-
sion calculations were carried out to model diffusion along these
T—P—t paths, and the results show that (Fig. 5) already during the
first 5 min of decompression and cooling as much as 50% of H is
lost. This is similar to the difference between the water contents
of olivines from slowly and fast quenched runs, and suggests
that the low H content of olivines in the slowly quenched runs
are due to diffusional H loss; these samples were not annealed
with such low H contents.

3.2. FTIR spectra of olivines in the region 3100-3800 cm™!
and quantification of H>O concentration

The FTIR spectra of the olivines were obtained with the inci-
dent light along the [00 1] direction of olivine (Pbnm space
group). The water contents that we report include the results from
spectra with the electric vector parallel to the [1 00] and [0 10]
directions and follow the approaches and calibrations described
in Paterson (1982) and Bell et al. (2003). We did not acquire
FTIR spectra with the electric vector parallel to the [0 0 1] direc-
tion and thus the water contents that we report are lower than
the actual values. However, the contribution to the total water
content from that direction is relatively minor in many cases
(e.g., Bell et al., 2003), and is certainly <30% relative. Com-
parison between the water contents obtained using the Paterson
(1982) and Bell et al. (2003) calibrations showed that the latter
gave concentrations which are factors of 2.1-2.4 higher, similar
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Fig. 6. FTIR spectra of three olivines annealed at different P, 7, fH,O and fO, conditions. Black spectra are parallel to the a axis and gray spectra parallel to the
b axis. The size of the peaks at 3612 and 3600 cm™~! decrease with total water content to the extent that in the samples with the very low water (8 ppm) they are
absent, a new peak appears at ca 3527 cm™!, and the peak at ca 3579 cm ™' decreases and shifts to 3571 cm™!. The asterisk next to the fH,O and fO, values of the
slowly cooled run is to highlight that these were calculated at the experimental conditions and are not related to the measured low water contents affected by the slow

cooling and decompression path and loss of H (e.g., Fig. 5 and text for discussion).

to the value of 2.3 found by Bell et al. (2003). Using the Bell
et al. (2003) calibration, the highest water content we obtain is
370 ppm H,O from a brucite-present run at 2 GPa and 1225 °C
that was rapidly quenched. This is ~20% lower than the value
of 460 ppm H;O at water saturation obtained for the same P, T
and forsterite content with the solubility model of Zhao et al.
(2004). This is an expected result because the fluid in our runs
was not pure water and contained significant amounts of other
C-H-O species (see below). The water content in olivines from
brucite-absent runs (at 2 GPa and 1225 °C) that were quenched
fastis 43 ppm. The crystals from slowly quenched runs have low
H,O varying from ~7 to 30 ppm.

FTIR spectra of olivines obtained with the electric vector par-
allel to the [100] direction show prominent peaks at 3612, 3600,
3579, 3573, 3544, 3527, and 3490-80 cm™! (Fig. 6). Measure-
ments obtained parallel to the [0 1 0] direction show much lower
absorbance and less well defined peaks, some only show a bump
between 3600 and 3500 cm™!, and others have peaks at 3612,
3546 (the most common one), 3525, and 3480 cm—!. No signif-
icant peak was found between 3100 and 3400 cm~!. This might
result from our measurements not being parallel to the ¢ axis
(e.g., Lemaire et al., 2004), although FTIR spectra of unoriented
crystals annealed without brucite did not show any significant
peak at these wavelengths either. There is a positive correlation
between the calculated water content and the relative peak inten-
sities for spectra parallel to the a axis. In particular, the size of the
peaks at 3612 and 3600 cm~! decrease with decreasing water
contents to the point where in one sample with very low water
(8 ppm) they are absent. A new peak is present at ca. 3527 cm ™!,
and the peak at ca. 3579 cm~! decreases and shifts to 3571 cm™!.

A decrease in the bands at 3612 cm™! and 3600 cm™! was also
observed in the experiments of Mosenfelder et al. (2006), but
the bands at 3527 cm ™! and ca. 3579 cm™! were absent in their
study. The samples we annealed without brucite with interme-
diate water contents (ca. 45 ppm H,O) have spectra similar to
that obtained from natural olivines (e.g., Miller et al., 1987).

The interpretation of the FTIR spectra and OH vibrations in
terms of H in a given position of the olivine structure is a matter
of intense research and interpretations (see Keppler and Bolfan-
Casanova, 2006). Aside from possible effects of the relative
orientation of the crystal and incident beam (e.g., Libowitzky
and Rossman, 1996; Lemaire et al., 2004; our Fig. 6), the tem-
perature, pressure (e.g., Kohlstedt et al., 1996; Zhao et al., 2004;
Mosenfelder et al., 2006), oxygen fugacity (Bai and Kohlstedt,
1993), silica activity (Bai and Kohlstedt, 1993; Matveev et al.,
2001; Lemaire et al., 2004), and the major and trace element
composition of olivine (e.g., Zhao et al., 2004; Berry et al., 2005;
Hauri et al., 2006), have been shown to influence the solubility
and FTIR spectra of OH in olivine. The data we report seem
to indicate spectral features may change as a function of total
water content as well.

FTIR spectra of olivine has typically been interpreted con-
sidering two main possibilities: the hydrogen is associated
with vacancies (Si) or point defects in the tetrahedral site
in which case most peaks are at high wave numbers (e.g.,
3650-3450cm™!; Group I bands of Bai and Kohlstedt, 1993),
or/and the H is associated with vacancies (e.g., Mg) or point
defects (e.g., Fe?*) in the octahedral site and the wave numbers
are typically much lower (3450-3100 cm™"; group II bands of
Bai and Kohlstedt, 1993). Ton microprobe measurement of H
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and other trace elements in olivine annealed at water undersat-
urated conditions suggest a coupled substitution with H and Al
replacing Si, whereas at water saturation the H incorporation
mechanism changes to 2H for Mg (Hauri et al., 2006). If H is
dissolved in olivine by substituting for Mg only (an issue that is
not completely settled yet, e.g., see Koch-Miiller et al., 2006), it
needs to be clarified how Si diffusion rates are influenced by H.
This is a question that we return to in the discussion section.

3.3. Fluid composition and calculation of water and
oxygen fugacities

We obtained the ambient water and other volatile fugaci-
ties for the experimental runs in several steps. First we use the
water solubility equations of Zhao et al. (2004) to obtain the
/H20 from the measured OH concentration in the olivine for
the quickly quenched runs only. For the brucite-absent runs the
JH2O1is about 0.94 GPa, and it is about 9.4 GPa when brucite was
present. In a second step the fluid composition in the C-O-H
system and the fugacities of HyO, CO,, CO, CH4, Hj, and Oy
were calculated using the fH,O obtained above and the con-
straint that graphite was present (i.e. activity of graphite=1).
The procedure has been described in Holloway (1987). We used
a modified Redlich-Kwong equation of state (EOS) for fluids
with the parameters from Holloway (1981) and considered ideal
mixing. The equilibrium constants of the species forming reac-
tions were obtained from Robie and Hemingway (1995) and the
volumetric data of graphite from Holland and Powell (1998).
Mixing of thermodynamic data sources was necessary because
there is no single internally consistent database that contains
all the data we needed. The fluid composition and fugacities
that we have calculated overlap with those obtained using the
Perplex thermodynamic algorithm (Connolly, 1990). Next, the
ambient volatile fugacities of the slowly quenched runs were cal-
culated using the same procedure but with the assumption that
the fluid composition in these runs was the same as that obtained
for the quickly quenched ones. Finally, we used the calculated
fH>0 and the water solubility model of Zhao et al. (2004) to
obtain the concentration of OH in olivine at anneal conditions
for these slowly quenched runs. The calculated water contents
are 50% or more higher than the measured ones (Table 1) which
is consistent with the results of the cooling and decompression
diffusion model explained above (e.g., Fig. 5). The fH>O in the
brucite-absent runs varies from 0.97 to 0.89 GPa (or 35-51 ppm
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H,O in olivine) and fO» varies from 10~7-! to 10778 Pa (close
to the iron—wustite oxygen fugacity buffer; Table 1) depend-
ing on temperature. For the brucite present experiments (all
at 1200-1225 °C) the volatile fugacities are higher, with fH,O
~9.4GPa (or 370 ppm H,0 in olivine) and fO; ~1073 Pa,
which is close to the fayalite—magnetite—quartz oxygen fugacity
buffer.

4. Diffusion rates of Si and O in water-bearing olivine

A finite difference algorithm was used to solve the diffu-
sion equation and diffusion coefficients (D) were obtained by
simulating best fits to the observed isotopic profiles (Fig. 7;
Table 1). We considered two media (crystal plus thin film) which
were allowed to have different diffusivities; the thin film typi-
cally yielded higher values than the crystal. The position of the
crystal-film interface was initially set to be the same as that of
the unannealed sample that was coated and analyzed in the same
batch as the sample used in the diffusion anneal. The difference
between the position of the interface obtained finally from that
of the unannealed sample were <100 nm and probably reflects
the variability within or between thin film deposition sessions.
The error of estimation of the diffusion coefficients varies, and
depends on the thickness of the thin film, length of the profile,
and spatial resolution of the ion microprobe session. Comparison
between the results of different fits and between two different
crystals from the same run shows variations of 0.1-0.2 log units
and thus we have adopted errors on the diffusion coefficients of
40.15 log units.

A plot of In D vs. the inverse of temperature revealed a linear
relation between the two and a least-squares routine yielded the
pre-exponential factor (D,) and the activation energy (EP) from
the relation:

EP
D = Dy exp (_RT>

where R is the gas constant. E¥ can be expanded into
EP=E'+(P—10%) AV, where E” is the activation energy at
pressure P in Pascals, E! is the activation energy at atmo-
spheric pressure, and AV is the activation volume. Using
the data from the brucite-absent runs, we obtained: for Si,
Do =1.68 (£3.52) x 107" m?s~! and EP =358 + 28 kJ mol~!
(Fig. 8), and for O, Dy=1.43 (+1.80) x 107*m?s~! and

ey

1.2 {ogs, 38009854
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Fig. 7. Example of fits of diffusion models to the isotope concentration profiles. The initial concentration distributions were obtained in unannealed crystals. The
ZrO; layer is not detected because its O and Si isotopes have probably been homogenized by exchange with the olivine thin film. Note that the O diffusion profile
(a) shows that the olivine thin film has also exchanged isotopes with the surrounding fluid.
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Fig. 8. Arrhenius plot for diffusion data of Si. The dashed lines are the 95% confidence intervals of the predicted values. Cross on upper left corner shows the

magnitude of the error of Dg; and 7.

EP =437 + 17kJ mol~! (Fig. 9). The Arrhenius parameters were
determined by least-squares linear fits to the data and we report
uncertainties at the 1 sigma level. The error on the activation
energy reflect the scatter of the data which is typically larger
that the estimated errors on individual measurements of D and
T. A full error propagation analysis showed that incorporation
of the errors on T and D quoted above changed the error on the
pre exponential factor by less than 5%. Although we do not have
enough Si data to define the Arrhenius parameters for the runs
annealed with fH,O=9.4 GPa, all data are consistent with the
same activation energy (Fig. 8). Unfortunately no O diffusion
data was retrieved at brucite-present runs because the diffusion
profiles were too close to complete equilibration. Moreover,
there is no significant difference between the diffusion coef-
ficients measured along [0 0 1] and those obtained along [1 0 0]
or [0 1 0], implying that there is no major diffusion anisotropy in
Ds;i or Do under water bearing conditions (Table 1). The O dif-
fusion rate is about a half an order of magnitude faster than that
of Si at high temperature (e.g., 1350 °C) but both rates overlap at
1150°C. At lower temperatures, whether Ds; is indeed greater
than Dg or this is an artefact of the scatter of our data remains to

be verified by direct experiments at temperatures below 1150 °C.
It is worth noting that this analysis of the data yields ‘apparent’
activation energies because it is not possible to vary T, fO, and
fH>0 independently in high pressure experiments, and our study
is no exception. A change in annealing temperature also corre-
sponds to a change in the fO, and fH>O (Table 1) (see also
Ganguly et al., 1998; Holzapfel et al., 2007). Thus, the EP we
have determined reflects the temperature dependence but also
incorporates the effects due to variation of fO, and fH,O with
temperature, and these need to disentangled.

4.1. Effect of variation of fH>0, fO> and aSiO; in the
experiments on the retrieved values of D, and EF

The variables that completely describe the system that we are
dealing with (olivine plus fluid) can be determined by the Gibbs
phase rule. In the water bearing case, there are five components
(O, Si, Mg, Fe, H), and 5 or 6 degrees of freedom (e.g., T, P,
Fe/Mg, fO,, aSiO3, and fH>O) depending on whether the system
is fluid saturated or not. We maintain constant P, 7 and Fe/Mg
in our experiments but we also need to consider fO,, fH;O,
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Fig. 9. Arrhenius plot for diffusion data of O. The dashed lines are the 95% confidence intervals of the predicted values. Cross on upper left corner shows the
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and aSiO;. These variables can be incorporated into the diffu-
sion or deformation constitutive laws through exponentials (e.g.,
Misener, 1974), but most experimental results suggest that it is
best to incorporate them in the pre-exponential factor D, (e.g.,
Hirth and Kohlstedt, 2003; Dohmen and Chakraborty, 2007a).
This is the form of dependence that we will consider for the
subsequent analysis, i.e.:

Do, = A x fO} x fHyO" x aSi0," (2)

where A is a constant, aSiOj is the silica activity, and n, r and m
are the exponents of the independent variables.

The variation of fH»O in the experiments used to determine
D, and EY is relatively small — from 0.89 to 0.97 GPa (Table 1). If
we assume for a moment that the fH>O exponent r takes values
of 1 or even 2 (e.g., Kohlstedt and Mackwell, 1998; Mei and
Kohlstedt, 2000), Ds; or Do change by a maximum factor of 1.2
over the experimental conditions of our study and thus would
have a limited effect on the values of kinetic parameters that
we report. This implies that the activation energies for O and Si
diffusion that we derive are effectively for a constant fH>O of
ca. 0.93 (£0.04) GPa.

The effect of the aSi0; is difficult to address since this param-
eter has not been directly controlled in our experiments. Dohmen
etal. (2007) reported excess silica in olivine thin films deposited
with the same laser conditions that we have used to produce our
thin films, and thus it is likely that the activity of silica was
buffered by the coexistence of silica with olivine and orthopy-
roxene. The same aSiO2 would be imposed by the talc of the
pressure cell assembly because it breaks down to enstatite, o-
quartz and water vapour at the experimental P, T conditions
(e.g., Pawley and Wood, 1995; Bose and Ganguly, 1995b).
Therefore, if we assume that the coexistence of enstatite and
olivine defined the silica activity in our runs, then the temper-
ature dependence of that reaction would provide us a measure
of the difference in silica activity between the highest and low-
est temperature runs of our study. The temperature dependence
of silica activity for the enstatite-forsterite reaction is less than
a factor of 1.05 for a change between 1200 °C and 1350 °C at
2 GPa (e.g., Ghiorso and Carmichael, 1987). This factor, when
combined with the maximum expected exponent of m=4 for
many charge neutrality conditions under dry or wet conditions
(e.g., Kohlstedt and Mackwell, 1998), suggests that the D values
would be affected by a maximum factor of 1.2. This indicates
again that the kinetic parameters for the brucite-absent runs that
we report are basically derived at a constant aSiO;. The sil-
ica activity of the brucite-present runs could have been lower
than the brucite-absent and water-poor runs, with the possibility
that it was controlled by the coexistence of periclase, silica and
forsterite. However, whether this reaction can impose the silica
activity in the diffusion zone depends on its ability to overwhelm
the excess silica of the thin film (Dohmen et al., 2007).

This relatively limited variation of fH>O and aSiO; due to
change in temperature of our experiments contrasts with a vari-
ation of about a factor of 25 in fO, within the investigated T
range (fO; varies from 6.3 x 1078 Pa to 1.6 x 107® Pa). Gérard
and Jaoul (1989) and Ryerson et al. (1989) reported positive
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Fig. 10. Comparison of dry and water-bearing diffusion data of O and Si from
various sources. [R89]: Ryerson etal. (1989); [G&J89]: Gérard and Jaoul (1989);
[D02]: Dohmen et al. (2002b).

exponents that vary between 1/3 and 1/5 (determined at atmo-
spheric pressure and dry conditions) for the dependence of Do
on fO,. If we normalize the dry data of Gérard and Jaoul (1989),
Ryerson et al. (1989), and Dohmen et al. (2002b) to the fO, of
our experiments, we find that (i) the activation energies obtained
from the dry and wet experiments overlap (Table 2), and (ii) if the
exponent n is assumed to be the same at wet and dry conditions,
then the activation energy at constant fO;, high pressures and
wet conditions lies between 290 and 350 kJ mol™! (Fig. 10).
It is interesting to note that from computer simulations it has
been proposed that there is no change in the diffusion mech-
anism of O in pure forsterite between water bearing and dry
conditions (Walker et al., 2003). For Si diffusion, Houlier et al.
(1990) reported a negative dependence of the Si diffusion rate
on fO; under dry 1 atmosphere conditions and this would lead
to activation energy at constant fO;, at high pressures and wet
conditions of 450 kJ mol~! for Si. However, the data of Houlier
et al. (1990) are rather scattered and could also be fitted without
any dependency on fO,, which is in agreement with unpublished
experimental results from our laboratory (R. Dohmen, personal
communication). This implies that the activation energy for Si
diffusion obtained by fitting the raw data remains unchanged
when the effects of variation of aSiO,, fH>O and fO, with the
experimental run temperatures are accounted for.

5. Si and O diffusion: the effect of water and pressure

The effect of water on diffusion rates can be quantified by
comparing two datasets (dry and wet, or two different water
fugacities) measured at constant values of the remaining vari-
ables (i.e., P, T, Fe/Mg, fO; and aSi0;). This can be readily done
by comparing the diffusion coefficients of Si obtained from our
brucite-present and brucite-absent experiments at 1200 °C. We
find that the Si diffusion rate increases on average by a factor
of ~2 for an increase of a factor of ~10 in fH>O (from 0.97
to 9.4 GPa). Although this average value would imply r=1/3
in Eq. (2), the scatter of the data permits r to lie between 1/5
and 1 (see below). Ds; at fH,O of ca. 0.93 GPa is about 2000



Table 2
Summary of experimentally determined kinetic parameters for various elements and phenomena (diffusion and deformation) in olivine

Material Crystal orientation Do (m? s~!) E&Imol~!) P®Pa) fH,0 fO, (Pa)’ 10, H0 AV D (m?s™ 1 or Pwet/Pdry at  Pwet/Ddry at References and
(GPa)$ exponent exponent (X 1070 m3 &(s Dat 1200°C, fO, 1200°C,fO; and P observations
mol~! ) 1200°C corrected® (2 GPa) corrected*
Volume diffusion kinetic parameters and experimental conditions
Silicon
Water bearing
Si scC Jfand L [001] 1.68 (£3.52) x 1077 358 +28 2x 102097 6.3x 1078 0.5-1 2.7 x 10720@ 24x10° 6.0 x 10° This study
Si sC /1001] 2x10°9.4 12x 1074 43-75x 10720 6.8 x 103 17 x 103 This study
Dry’
Si sc fland L [001] 1.9x 10713 291415 10% 1075-1071 -1/5 0.7 (£2.3) Houlier et al. (1990), AV
from Béjina et al. (1999)
Si Fog3 M001] 6.3x107° 529+41 10° 1074 L1x10723 Dohmen et al. (2002a, b)
Si pp Fog3 /001] 540 2% 10° 7.0€ 45x 10724 Dohmen et al. (2002a, b)
normalized for P
Oxygen
Water bearing
o sc fland L [001] 1.43 (£1.80) x 1074 437417 2% 102097 6.3 x 1078 ca. 0.5 4.6x 10720 This study
Onn Ne //and L [001] 12x107° 324 2% 10°0.97 1074 1/4% 33x10719 This study, constant fO
Dry’
0 sC /1[100] 26x 10710 266+ 11 105 1074 1/5 15x 10720 22 Ryerson et al. (1989)
Opp Nel //[100] 277 2% 10° 1074 7.0€ 6.2 x 1072 54 Ryerson et al. (1989)
normalized for P
o) sc 1001] 6.7x107° 318417 10° 1074 173 3.1x10720 11 Gérard and Jaoul (1989)
Opp sC /M001] 329 2x 107 1074 70€ 13x 10720 27 Gérard and Jaoul (1989)
corrected for P
o Foo3 /100 1] 46x 1077 338+ 14 105 1074 47 % 10721 70 Dohmen et al. (2002b)
Opp Foo3 /00 1] 349 2% 10° 1074 740=€ 1.9 x 10721 173 Dohmen et al. (2002b)

corrected for P

Iron-magnesium
Water saturated

Fe-Mg Fogg 1M001] 1014827 220+ 60 10° 0.97 10723 0.9+03 16 (£6.0) 2.2 x 10710 (at 2 GPa) Hier-Majumder et al.
(2005)
Dry’
Fe-Mg Fogg /100 1] 10792# 200" 10% 10723 1/6* 7.0 1.2 x 10716 (at 2 GPa) 2 Dohmen and Chakraborty

(2007a,b), AV from
Holzapfel et al. (2007)

Dislocation creep kinetic parameters and experimental conditions

Water-bearing, constant OH ~ SC grain 480 £40 10° 0.97 1.2 11 2.3 x 1077 (at 2 GPa) 304-1321 Hirth and Kohlstedt
aggregates (2003), 0 =150 MPa

Dry SC grain 530440 10° 13-27 1.7-7.4 x 1078 (at 2 GPa) Hirth and Kohlstedt
aggregates (2003), o =150 MPa

Notes and keys to the symbols: (L) Perpendicular to an axis and (/) parallel to an axis. The dry data for Si here refers to Dohmen et al. (2002b). ($) These values are for 7= 1200 °C and 2 GPa (where applicable) and are those used in the calculation of the rate constants. (*) Normalization
not always necessary. ¢ is the strain rate; s is the differential stress. (D) Diffusivity and strain rate. The labels or data followed by ‘nn’ indicates normalization to a constant fO,, and those followed by ‘pp’ normalization to 2 GPa. (@) Measured data not calculated with the kinetic
parameters. SC: San Carlos olivine (Fogy). (€) This activation volume is taken to be the same as that for Fe-Mg (Holzapfel et al., 2007). (%) Value assumed intermediate between the 1/3 and 1/5 exponents determined by Gérard and Jaoul (1989) and Ryerson et al. (1989), respectively.
(#) Values vary depending on fO; (see Dohmen and Chakraborty, 2007a,b). (£) This fO, corresponds to the Ni-NiO buffer (calibration of Huebner and Sato, 1970) used by Hier-Majumder et al. (2005) at the appropriated P and 7.
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times, and Dg about 10-70 times, faster (at 1200 °C) than those
at 1 atm. and dry conditions (see Table 2), if the pressure effect
is ignored as a first approximation. Thus, taken on face value,
these data indicate a large effect of water on Si diffusion and a
smaller effect on O diffusion.

5.1. Analysis of the relation between water fugacity and
transport properties

A diffusion coefficient (DY) in a water bearing system is given
by

EW 4+ (P—10°)AVY
RT ’

D™ = A™ f5) fiy,0 asio, €xp (—
3

where the letter w in the superscripts indicates “water bearing”.
For a set of data where everything other than water fugacity
(fH,0) is held constant, one obtains

InD¥ = A" +rln fHO, 4)
with A’ = In(A™ f2%ag ) + (=L ) using EPY = E'Y 4 (P —
0, “Si0, RT g

103) AV¥. Analogously, for dry conditions, one can write:

&)

EY 4+ (P —10%)AV?
RT

d _ pd end md
D" =B f‘o2 asioz eXp <_

for diffusion in olivine of a given composition, where the super-
script “d” stands for dry. This can be reduced to

InDY= B + B' AVY, (6)

with B' = In(B fadazd, ) + (=57 ), and B =[~(P— 107/
RT].

Eq. (3)-(6) allow the wet to dry transition to be explored in
a number of ways (Fig. 11). First, wet data from two different
water fugacities may be used to obtain r, as the slope of alineon a
plot of In DY vs. In fH,O (e.g. for Si diffusion data in this study).
Secondly, values of r obtained from independent constraints (e.g.
point defect models) may be used to explore the likely variation

A Fixed P, T, fO,, XMg, aSiO,

water-bearing

Log D

water-absent

z"{ “",,u rj’/u

M,0

\ 4

Log H,0O

Fig. 11. Schematic diagram showing how the water fugacity exponents (r values)
and the wet to dry transition (fH,O" values) can be determined graphically. See
text for more explanation.

of a diffusion coefficient with water fugacity (e.g. for O diffusion
data, see below). Thirdly, Egs. (4) and (6) may be equated to
obtain the condition for transition from “dry“to ”wet“behavior
as a function of P, T, etc.,

A’ +rln fH,O* = B' + B AVY,

where fH20* is the value of fH>O at which the transition occurs.
fH2O" can be determined if the values of r and AVY are known.
More usefully, the poorly constrained variables r and AVY can
be varied within reasonable limits to obtain a plausible range for
the very important parameter fH,O" for a number of physical
properties. Note that this analysis considers the wet to dry transi-
tion to occur as a kink at a point, fH,O", whereas in practice the
transition may be smeared continuously over a range of fH,O
values centered about fH,O". Equations similar to (3)—(6) can
be written for diffusion of other species (e.g. Fe—-Mg), deforma-
tion and electrical conductivity (e.g. see Hirth and Kohlstedt,
2003; Hier-Majumder et al., 2005; Karato, 2006). For disloca-
tion creep, a related form of the equation is used (e.g. Hirth and
Kohlstedt, 2003):

@)

E'4+ PAV
RT

&= Adefanefﬁzo exp (—

Here ¢ =strain rate, Ager 1S a constant that includes the effects
of fO, and aSi0;, o is differential stress, ‘ne’ is the differential
stress exponent (=3.5 &= 0.3; Hirth and Kohlstedt, 2003), and the
rest of the symbols have the usual meanings. As above, the var-
ious exponents and activation parameters have different values
for ”wet“and “dry“‘dislocation creep.

5.2. Diffusion of silicon and oxygen

The activation volume for Si diffusion under dry condi-
tions determined between 4 and 9 GPa and at 1490 °C was
found to be around zero, AVLOI)Si = 0.7 (£2.3) x 107°m3 mol~!
(Béjina et al., 1999). The only other activation volume deter-
mined for diffusion in olivine at dry conditions is that of Fe-Mg,
which varies between 4 and 7 x 1076 m3 mol~! (Misener, 1974;
Farber et al., 2000; Holzapfel et al., 2007), and a value for
AVgFe_Mg of 7x107®m®mol~! was determined for a con-
stant fO, (see discussion in Holzapfel et al., 2007). Note that
this value is significantly smaller than the wet activation vol-
ume for the diffusion of the same elements, AVB’FS_Mg of 16

(£6) x 107°m> mol~! (Hier-Majumder et al., 2005). Karato
(2006) suggests, based on a model of homologous temperature
scaling or elastic strain energy, that the activation volume for Si
diffusion in olivine should be similar to that for Mg—Fe diffusion.
We will therefore consider two extreme values for AVgSi—an
activation volume of zero and one equal to that of Fe-Mg at a
constant fO; (for dry conditions). A plot of log fH,O vs.log D of
the water bearing and dry data together with lines for the expo-
nent, r, of 2, 1, 0.5 and 0.2 is shown in Fig. 12. Combining these
observations with constraints from point defect thermodynam-
ics and charge neutrality conditions that have been considered
in the literature (see below), we find that values of r between
0.5 and 1 are most likely. With the permissible limiting expo-
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nents of 0.2 and 1, the values of log fH,O" vary between ca.
—10 and 6.2 Pa, corresponding to <0.1 ppm H»O in the olivine
(Table 3) if the water solubility model of Zhao et al. (2004) is
used. Varying the values of AVgSi down to zero or changing T
by +100 °C to explore uncertainties does not alter the observa-
tion that the wet to dry transition occurs at <5 ppm HO in the
olivine (Table 3). These water contents are even lower than those
measured in many olivine crystals from mantle xenoliths (e.g.,
Bell and Rossman, 1992) at the surface. The implication is that
to properly model the Si diffusion rates in the mantle we need
to use the water-bearing rather than dry kinetic parameters.

To analyse the effect of water on the diffusivity of oxygen,
we need to consider in addition that this diffusivity depends
on fO,. We have normalized the dry diffusion data to the same
fO, as that of our experiments (fO> =6.3 x 1078 Pa) using the
exponent, i, of 1/3 (Gérard and Jaoul, 1989), 1/5 (Ryerson et al.,
1989), or an intermediate value of 1/4 (Dohmen et al., 2002b).
The activation volume for Do under dry conditions is unknown
and so we have varied Avgo from zero to 7 x 107° m3 mol~!
following the data and approach for Fe-Mg and Si noted above
(Fig. 12 and Table 3). For the same ranges of water fugacity
exponents (r=2, 1, 1/2, and 1/5) the log fH20* values for O
are in general higher than those of Si, varying from about 8.2
to ca. 1 Pa. Nonetheless, they also correspond to water contents

-17 T T T T T T T T n —
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184 AV, =7*10° m’mol”’ g ‘
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AV, = 7 *10° m'mol”, 0, = 6.3 * 10™ Pa
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Fig. 12. Water fugacity exponents and dry to wet transitions for Si and O at
1200 °C and 2 GPa. (a) The available data for Si at two fH,O can be reproduced
by water exponents between 1 and 0.2. The diffusion coefficient at dry conditions
(e.g., horizontal line) is that of Dohmen et al. (2002b) using an activation volume
of 7m? mol~! as discussed in the text. (b) Because we have been able to retrieve
the diffusion coefficient of O at a single fH,O we cannot put strong constraint
on the precise value of the fH,O exponent for this element. Abbreviations for
the references of the water absent data are as in Fig. 10.

Table 3

Log water fugacity values (fH,O) for the wet to dry transition in olivine for
various transport phenomena and three representative water fugacity exponents
at 1200 °C and 2 GPa

Logﬂ-lzo* (Pa) and fH20 exponent r
H,0 in olivi

20 ppm in olivine > | 7 s
Si vol diffusi 7.1-8.1 5.2-6.2 1.5-2.5 <—10

1 volume citfusion 0.5-5 <0.1 <0.1 «0.1

e . 7.9-8.4 6.9-7.8 5.1-6.4 <1
O volume diffusion 39 03-2 <0.1 <01
[ 8.5%
Fe-Mg volume diffusion 1
Dislocation cree 6.1-7.0°
‘ P <0.1-0.4

Notes and keys to the symbols: For Si and O diffusion the variation on
Log fH,O" values correspond to varying AV from 0 to of 7 x 10~ m3 mol .
For oxygen diffusion the values were calculated at the experimental conditions
(fO2 =6.3 x 1078 Pa) and the variation also includes the difference between the
dry diffusion data of Gérard and Jaoul (1989), Ryerson et al. (1989), and Dohmen
et al. (2002b).

@ Exponent is 0.9 (Hier-Majumder et al., 2005). The transition of dry to wet
for Fe-Mg was obtained at Fogg, NNO (fO, = 1023 Pa) and using the equation
for dry diffusion of Dohmen and Chakraborty (2007a,b).

b Exponent is 1.2, and the variation arises from using AVy of
13-27 x 107%m>® mol~!, using values for a constant water content using the
power law parameters in Hirth and Kohlstedt (2003) with o = 150 MPa.

in olivine of <0.1-10 ppm H,O. Changing the fO, dependence
of O diffusivity has a limited effect on the log fH,O" values
(not shown). Thus, for O diffusion as well we can conclude that
“wet” diffusion laws apply to most mantle olivines.

The data we have for Si diffusion suggests an r exponent
between 0.5 and 1 whereas no quantitative constraint can be
derived for this exponent for O. We have calculated the kinetic
parameters for Si diffusion incorporating explicitly the effect of
water (Eq. (2)) and using the mean value of fH,O (=0.93 GPa)
from our experiments:

$ m*s™) =af (m*sT'Pahff o (Pa)

358 kJmol~! + 28
RT

xexp | —

Here, if r=1,a is 1.8 x 10~ 1% andif r=0.5, e, is 5.5 x 10712,
This equation is only valid for log/H>O (fH>O in Pa) values
higher than about 6.

6. Inferences from point defects models and Si and O
diffusion mechanisms

The mechanisms of Si and O diffusion in olivine can be
addressed by considering the point defect chemistry of olivine
(Smyth and Stocker, 1975; Stocker and Smyth, 1978; Nakamura
and Schmalzried, 1983; Hobbs, 1984; Kohlstedt and Mackwell,
1998, 1999; Tsai and Dieckmann, 2002; Kohlstedt, 2006;
Dohmen and Chakraborty, 2007a,b). We use the Kroger and
Vink (1965) notation, e.g. Vy}. indicates two effective negative
charges for a vacancy in the octahedral metal site, whereas Feye®
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Table 4
Dependencies of point defect concentrations on water fugacity for three charge neutrality conditions

[OHYs] HOHYo- Vel H2OH) oVl Vel 1041 | ™l [ 1S, [Hs"l  [2Hs'] [(BH)s  [4H)s")
[(OH)'5] = 2[V"ye] 3 2/3 1 -3 | 3 2/3 -213 1 4/3 5/3 2
[(OH) 5] = [{(OH) 6-V"wel 1 112 172 1 0 0 0 0 1/2 1 312 2~
[Fe'wel = [{(OH) 0-V"we}] 3/4 1/4 1 1/2 -1/2 -1 1 -1/4 112 5/4 2

The numbers are the water fugacity exponent r.

Note: [HSi"'] stands for [{(OH)o*-V"”Si}"’] and analogous abbreviations have been used for the other Si vacancy complexes. Exponents taken from Kohlstedt and
Mackwell (1998, 1999), Kohlstedt (2006), and Karato (2006). Shaded ones are those that agree most with the diffusion data.

indicates an effective charge of +1 for a Fe>* on the Me site.
Square brackets [-] denote concentration of the corresponding
units.

Water derived point defects can be ‘isolated’, such as (OH®)o,
or associated with other defects such as vacancies on the Me
or Si sites, or with aliovalent impurities substituting in regular
sites (e.g., Kurosawa et al., 1997; Brodholt and Refson, 2000;
Braithwaite et al., 2003; Karato, 2006; Kohlstedt, 2006). Based
on earlier studies, it has been considered likely that the relevant
“water defect*is {2(OH®)y — Vl(fle}x. The main reason for this
preference (Kohlstedt, 2006) is that it leads to a water fugacity
exponent of ~1, which is the value found in water solubility
(Kohlstedt et al., 1996) and Fe-Mg diffusion (Hier-Majumder
et al., 2005) experiments. Thus, the vacancy concentration in
the Me site would control the amount of water incorporated in
olivine (Kohlstedt, 2006). A key parameter for establishing a
point defect model is the charge neutrality condition. We have
compiled (Table 4) the water fugacity exponents associated with
the most likely charge neutrality conditions and the different
point defects in olivine. Our diffusion data allows us to eliminate
a subset of these possibilities at the outset. Since the diffusion
rates of Si and O both increase with fH,O, the r exponents for
both elements need to be positive and only these cases need
be considered further. Irrespective of further assumptions and
uncertainties, this implies that the diffusion mechanisms of the
two elements (Si and O) in water bearing olivine would have to
be different (Table 4).

Consideration of our experimental observation that » for Si
diffusion lies between 0.2 and 1 allows the choice of point
defect models and diffusion mechanisms to be narrowed further
down to two options only (see Table 4): (1) charge neutrality
condition [Fepme®] = [{(OH®*)o — W{j.}'1", implying r=1 for Si
with interstitial diffusion or r=1/2 involving Si-vacancy asso-
ciates, and r=1/2 for O diffusing by a vacancy mechanism, or,
(2) the charge neutrality condition [(OH®*)g] = 2 [V}).], with
r=2/3 for Si diffusing by a vacancy or r=1 via the associated
complex {(OH®*)g — V"’;}"”, and r=1/3 for oxygen diffusing
by an interstitial mechanism. To unequivocally resolve which
of these two options apply to diffusion processes in hydrous
olivine it is necessary to obtain additional experimental data.
For example, determination of the fO, dependence of O diffu-
sion rates in olivine under water-present conditions would help
to clarify the situation (the exponent, nw, would be positive or
negative depending on the diffusion mechanism, see Kohlstedt
and Mackwell, 1999; Karato, 2006 for further details). How-
ever, based on the available observations so far it appears that
the second option involving Si-vacancy or vacancy associates,

{(OH*)q — V";}”, may be the relevant mechanism for Si diffu-
sion. The line of reasoning is as follows: (i) computer simulations
of Walker et al. (2003) indicate that water incorporation does not
alter the diffusion mechanism of O in forsterite, (ii) we find that
the activation energies of O diffusion in mantle olivine at dry
and wet conditions are very similar. If (i) and (ii) are used to
infer that the mechanism of diffusion of O is the same (Note:
this does not imply that the rates are the same) under wet and
dry conditions, then (iii) we can use the observed mechanism of
diffusion of O under dry conditions to infer the mechanism of
diffusion under wet conditions. The positive correlation between
Do and fO; (Gérard and Jaoul, 1989; Ryerson et al., 1989) sug-
gests that oxygen diffuses by an interstitial mechanism in dry
conditions. If we accept this inference, then Si has to diffuse by
a different (see above), i.e. vacancy mechanism. This leads us to
prefer the second option above, involving Si-vacancy or vacancy
associates, {(OH®)g — V";}"”. Note that this diffusion mech-
anism leads to an exponent of 1 and therefore also agrees with
the observations of Kohlstedt (2006).

6.1. Relation between Si diffusion, concentrations of
vacancies, and water content

The effect of H on Si diffusion rates via vacancies can be
rationalized using the relation between mobility and diffusion
coefficients (e.g., Schmalzried, 1974; pp. 53-55) which leads
to Ds; = [Vsi] x Dy, where Vs; includes all vacancy types
on the silicon site, including any of the associated complexes.
This shows that faster diffusion of Si at wet conditions could
result from a higher number of vacancies, from a higher dif-
fusion rate of the vacancies, or both. The question that arises
then is: how is it possible to increase the vacancy concentra-
tion and diffusion coefficient of Si by such a large factor if
the inferred charge neutrality conditions indicate that H mainly
goes into the Me sites? To address this question, we make
the assumption that diffusivities of vacancies in the olivine
structure, whether they are on the metal or the tetrahedral
site, are of the same order of magnitude, i.e. Dy ~ Dy,,,.
This is consistent with inferences already made from vari-
ous physical property measurements (e.g., Mackwell et al.,
1988; Wanamaker, 1994; Kohlstedt, 2006). Then it follows that
Dsi = [Vsi] X Dyg =~ [Vsi] Dvye = [Vsil X (Dre—Mg/[VMeD,
or, [Vsi]=Ds;j X ([VMmel/DFe-mg). Using this relationship, we
obtain [Vg-l] ~3x 10712 using Dre Mg from Dohmen and
Chakraborty (2007a,b), Dgi from Dohmen et al. (2002b), and
[V{]~ 9 x 107> from Dohmen and Chakraborty (2007a,b)
(Table 5). Likewise, we obtain [VSVZ 1~ 6 x 1078 using Dre Mg
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Table 5
Diffusion coefficients (m?s~!) and calculated point defect concentrations at
1200°C, 2 GPa, fO, =10~23 Pa

Dry fH20=0.97GPa
Dre-Mg 1.2x 10716 22x 10716
Ds; 45x 107 2.7 %1072
[VMel 8.8 x 107> 44 %1074
[Vsil 3.5 x 10712 53%x 1078

from Hier-Majumder et al. (2005), Dg; from this study, and
[Vl & 4 x 10~* using the approach of Wang et al. (2004).
The interesting aspects are that (i) the vacancy concentrations
are several orders of magnitude smaller than the concentration
of water dissolved in olivine, and (ii) the number of water related
defects in the Me-site, e.g., [Vy[.] &~ 4 x 10~* whereas [Vgi] ~
5 x 1078, This means that only about 0.01% of the H that
enters the olivine structure might already substantially enhance
the Si vacancy concentrations (e.g. from [Vgi] ~3x 107" to
[V~ 5 x 10_8) and therefore, the Si diffusion and dislocation
creep (depending on the precise role of oxygen not considered
here) rates. This analysis is also consistent with the observation
that the wet to dry transition for Si diffusion occurs at much
lower water contents than for Fe—-Mg diffusion (see below).

7. The wet to dry transition for Fe-Mg diffusion and
dislocation creep in olivine and their relation to Si and O
diffusion

We now consider the experimental data on ionic diffusion and
deformation under wet and dry conditions to try to develop an
integrated undertanding of how water enters the olivine structure
and affects these processes. The nature of influence of water on
these processes is embodied in the exponent 7, the critical fH,O"
of transition from “wet“to "dry“laws (see Section 5.1) and in the
activation energies and volumes. Similarity of these values for
different processes should point to similar underlying atomistic
mechanisms (e.g., Karato, 2006; Kohlstedt, 2006)

7.1. Fe—Mg diffusion

We find that the “wet“to “dry“transition for this pro-
cess occurs at log fH,O" =8.5 (or about 11ppm H,O in the
olivine) when Fe-Mg diffusion coefficients at 2 GPa, 1200 °C,
0, =10723 Pa (Ni-NiO buffer) and an olivine composition of
Foge are compared (Fig. 13, wet data: Hier-Majumder et al.,
2005; dry data: Dohmen and Chakraborty, 2007a,b). This tran-
sition point (log fH>O") is about 3 log units higher than that for Si
diffusion for almost the same exponent (r= 1) (Table 3) and rep-
resents the minimum water fugacity at which the “wet” equation
for Fe—Mg diffusion can be used. The enhancement of Fe-Mg
diffusion rates from “dry” conditions to a fHoO=0.93 GPa is
only by a factor of two, compared to factors of 1000 and 50 for
Si and O diffusion, respectively. Note that this enhancement of
Fe—Mg diffusion is smaller than that reported by Hier-Majumder
et al. (2005) because they did not normalize the dry diffusion
coefficients to the oxygen fugacity of their experiments for com-
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Fig. 13. Water fugacity exponents and dry to wet transitions for different trans-
port properties in forsterite-rich single crystal olivine or aggregates. (a) Fe-Mg
diffusion. Dry diffusion parameters from Dohmen and Chakraborty (2007a,b)
and Holzapfel et al. (2007). Water-bearing parameters from Hier-Majumder et al.
(2005). (b) Dislocation creep parameters from the review of Hirth and Kohlstedt
(2003).

parison. The observations that (i) the wet to dry transition for
Fe—Mg diffusion occurs at higher water fugacities than for Si
and O diffusion and (ii) the effect of water on this diffusion rate
is smaller than its effect on Si and O diffusion are consistent with
the point defect systematics we have discussed above (Section
6.1).

7.2. Dislocation creep

We have carried out a similar comparison of dry and
wet creep data for olivine using the constitutive laws and
parameters reported by Hirth and Kohlstedt (2003), consid-
ering the uncertainties in activation volume (between 13 and
27 x 10~ m3 mol_l) and an exponent, r of 1.2 (Hirth and
Kohlstedt, 2003; Fig. 13, Table 3). The transition point, log
fHZO*, lies between 6.1 and 7.0 (or, <0.3 ppm water in olivine),
which is similar to the value of ~7.6 found by Mei and Kohlstedt
(2000) using slightly different data. This value is two orders of
magnitude below the transition point for Fe-Mg diffusion (Sec-
tion 7.1) but is at the upper end of the range of values found for
Si diffusion (Table 3), with the same value for the exponent, r,
of 1. This points to a strong connection between the process of
creep and diffusion of Si in olivine (Fig. 13).

The connection can be evaluated further by considering
the activation energies of different processes. Dohmen et al.
(2002b) and Kohlstedt (2006) argued that diffusion of Si controls
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the creep of olivine under dry conditions because the activa-
tion energies of the two processes are identical and Si is the
slowest diffusing species in olivine at those conditions. In the
presence of H;O, the rates of Si and O diffusion are more sim-
ilar to each other and therefore it is reasonable to expect that
creep may be controlled by both processes. The activation ener-
gies for the concerned processes in the presence of water are:
358 + 28 kJ mol~! for Si diffusion, 437 & 17 kJ mol—! for O dif-
fusion (this study) and 500 +=40kJ mol~! (Hirth and Kohlstedt,
2003) 0r410 =+ 40 kJ mol ! (Karato, 2006) for creep. The activa-
tion energy for Si diffusion is lower than that for creep, although
there is a slight overlap with the value found by Karato (2006)
when errors are considered. On the other hand, the activation
energy for O diffusion is very similar to the value for creep
found by Karato (2006) and overlaps within error with the value
obtained by Hirth and Kohlstedt (2003). Therefore, in water
bearing olivine where diffusion rates of Si and O are similar,
creep rate appears to be controlled by an interplay of Siand O dif-
fusion. The exponent, r, for creep is close to that for Si diffusion
and the activation energy is closer to that for O diffusion.

In summary, we find that the wet to dry transition for various
physical properties (Fe—-Mg diffusion, Si diffusion, O diffusion
and creep) occurs at relatively low water fugacities and water
contents in olivine (<10 ppm), even when all likely variation and
uncertainties in various parameters are considered (Table 3).
Such water concentrations are lower or similar to those mea-
sured in many mantle xenoliths or olivine xenocrysts (e.g. Bell
and Rossman, 1992; Ingrin and Skogby, 2000). Thus, it can be
expected that the physical properties of the upper mantle (vis-
cosity, electrical conductivity, diffusion rates) will be affected
by water even if the mantle is largely water undersaturated. This
implies that experimental studies that investigate the effects of
small amounts H on the physical and chemical properties of
mantle materials are directly relevant to understanding the rheo-
logical and chemical evolution of mantle; the effect of H should
be incorporated in numerical models of mantle dynamics (see
Section 8). This finding is in agreement with studies that model
the mantle flow under the western USA—these seem to require a
‘wet’ rheological law (Dixon et al., 2004; Freed and Biirgmann,
2004).

8. Calculating strain rates of water-bearing olivine from
Si and O diffusion data

The foregoing discussions suggest a close connection
between the diffusion of Si and O and dislocation creep of
olivine. To quantitatively test this relation we have used our dif-
fusion data in three creep models (following Kohlstedt, 2006)
to try to reproduce the experimentally measured strain rates. In
the model of Weertman (1999), most of the strain is produced
by glide and only a small fraction is produced by climb, but it is
dislocation climb that controls the strain rate which is given by

GVn (0)3 Dyt I

G/ b2 In(G/o) A

where G is the shear modulus, V, is the molar volume, b is the
Burgers vector, A is the glide distance, A. is the climb distance

and Dgjs is the self-diffusivity. In the model of Nabarro (1967),
with the correction of a 27 factor due to Nix et al. (1971), all
the strain is accomplished by climb and one obtains:

&=

GVm(0)3Dself 1

RT \G/ b? In(4G/mo)

Finally, the model of Evans and Knowles (1978) also contains
the Poisson’s ratio (v), and all the strain is generated by glide
but the creep rate is governed by climb, given by

s 4237 GVn (a )3 Dey 1
o RT \G/ b* In(aG/20)

1 21 71
X{ U{ +2n<1—v>]}

where a=1.6. All three equations contain the self-diffusion
coefficient, which provides a direct link between the strain rate
and volume diffusion. Although D has a unique meaning in
the context of the original experimental data on pure metals that
were used to obtain such relations, in the case of olivine its
meaning is more ambiguous. It probably relates to the flux of
the entire molecule of olivine and thus requires a multicompo-
nent (D) formulation (Ruoff, 1965; Dimos et al., 1988; Jaoul,
1990; Kohlstedt, 2006). Since D is similar to the diffusivity of
the slowest ion, we have used the values of Dg; or Do (depend-
ing on which is the slowest) as a proxy for Dgs to calculate the
strain rates.

It is apparent that the strain rates calculated with the Nabarro
(1967) model are about one order of magnitude lower than those
obtained using Evans and Knowles (1978) equation and overlap
with those from Weertman (1999) when Ag/A.=0.1 (Fig. 14).
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Fig. 14. Strain rates calculated using three different dislocation creep mod-
els that involve the role of climb as rate limiting step. [W99] is the model of
Weertman (1999), [N67] refers to the model of Nabarro (1967) and [E&K78]
refers to that of Evans and Knowles (1978). The flow law was calculated using the
constant fugacity values and parameters found in Hirth and Kohlstedt (2003). The
numbers next to the Weertman models are different values of A¢/Ac. The diffusion
coefficient that was used in the dislocation creep models is 2.7 x 10720 m? s~!
and corresponds to Dg; at 1200°C, 2GPa and fH,O=0.97 GPa (Table 1).
Other values used are as in Kohlstedt (2006) with G =52 GPa, b=0.485nm,
Vin=43.8 x 107%m3, v=0.245. Note good agreement between the flow law
and the Evans and Knowles (1978) at low differential stress and with that of
Weertman (1999) for Ag/Ac values between 1 and 10 indicating that the role of
climb is important in determining the dislocation creep rates.
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More significantly, the strain rates calculated using Nabarro
(1967) formulation are about one to two orders of magnitude
smaller than those obtained from the flow law using the values
of Hirth and Kohlstedt (2003). The strain rates obtained using
the expression from Evans and Knowles (1978) agree with the
flow law at low differential stress (10*~10° Pa) but underesti-
mate them by about one order of magnitude at higher values of
differential stress (107108 Pa). The strain rates obtained using
the equation from Weertman (1999) overlap with the flow low
values if Ag/A. takes values between 1 and 10. We feel that the
extent of agreement between the strain rates calculated from
diffusion data and those obtained from experimentally deter-
mined flow laws is rather good, in particular for low strain rates
(<10’ Pa) and for models where dislocation climb has an impor-
tant role in limiting creep rates, although glide causes much of
the strain. The best fits are obtained if it is assumed that climb
and glide of dislocations contribute about equally to dislocation
creep of olivine under hydrous conditions. We would like to note
here that the discrepancy in slope between strain rates calculated
from diffusion data and those obtained from fits of flow laws to
experimental data arise because the differential stress exponent
for the models are close to 3 whereas that for the experimental
fit to flow laws is higher (about 3.5, Hirth and Kohlstedt, 2003)
i.e. it is intrinsic to the nature of the models.

9. Conclusions

Our experimental results show that even low amounts of
H (~45ppm H,O in olivine) at high pressure (2 GPa) con-
siderably enhance the diffusion rates of Si (by three orders of
magnitude) and O (about one order of magnitude) compared to
rates measured in water-absent mantle olivine (Dohmen et al.,
2002b). Unlike the findings in dry conditions, diffusion rates of
Si and O are similar under water bearing conditions and diffu-
sion anisotropy is weak to absent. The high impact of H on Si
diffusion can be understood by recognizing that the concentra-
tion of Si vacancies is about 4 orders of magnitude smaller than
the amount of H that can be incorporated in olivine at the same
conditions. Therefore, even a small fraction of the total incorpo-
rated H is capable of substantially increasing the concentration
of defects responsible for diffusion of Si. The relation between
the water fugacity and the Si diffusion rates seems to obey a
power law with a water fugacity exponent of 0.2—1; the latter
exponent is the same as that derived for dislocation creep of
olivine. This indicates a strong connection between Si diffusion
and deformation. However, the activation energy for dislocation
creep is significantly higher (by ca. 100-150 kJ mol~!) than that
for diffusion of Si, whereas it is within error the same as that
for O diffusion. This is consistent with the observation that Si
and O diffusion rates are similar under “wet” conditions, so
that the two processes control different aspects of dislocation
creep. For all the transport properties considered (volume diffu-
sion and dislocation creep) the change in behavior from “dry” to
“water bearing” conditions occurs at low H concentration (e.g.,
<10 ppm of H>O in olivine at 2 GPa and 1200 °C). These values
are lower than or overlap with those obtained from many olivine
crystals from mantle xenoliths. The implication is that even if

the mantle is far from water saturated, the influence of water on
kinetic data needs to be considered for understanding the physi-
cal and chemical behavior and evolution of the upper mantle—a
petrologically dry mantle may be rheologically and kinetically
wet.
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