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Abstract
The effect of trace concentrations of Ti on the rate and mechanism of hydrogen
diffusion in pure forsterite was investigated experimentally. Forsterite doped with
350-400 ppm Ti (predominantly octahedral Ti**, minor tetrahedral Ti*") was prepared
by diffusing Ti into pure synthetic forsterite at high temperature (1500 °C), very low
oxygen fugacity (~QFM-5) at atmospheric pressure. The Ti-doped forsterite was then
diffusively hydroxylated in a piston-cylinder apparatus at much lower temperatures
(650-1000 °C) and higher oxygen fugacities, at 1.5-2.5 GPa, with chemical activities
buffered by forsterite-enstatite or forsterite-periclase and partial pressure of H,O equal

to total pressure. This produced hydrogen concentration-distance profiles of several
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hundred micrometres in length. Diffusion of hydrogen through the Ti-doped forsterite,
even at very high fO,, does not lead to redox re-equilibration of the high Ti’*/Ti ratio
set during the synthesis of the starting material at extremely reducing conditions — the
metastable point defects are partially preserved.

Three main hydroxylated point defects are observed — hydroxyl is associated with Ti*"
(titano-clinohumite point defects), Ti’" (and possibly other trivalent cations) and M-
site vacancies. Concentration-distance profiles represent an interplay between
diffusion and reaction (i.e. site rearrangement) to form the observed point defects. In
all experiments, the concentration-distance profiles of the hydroxylated Ti defects
coincide with the concentration-distance profiles of the M-site vacancy substitution,
with the same crystallographic anisotropy. This suggests that the macroscopic
movement of hydrogen through the crystal is due to one diffusion mechanism (the

diffusion of hydroxylated M-site vacancies). The net H diffusion coefficient

(logD(ZH)), between 650-1000 °C, is:

—223(J_r8)kJm011J
23RT

logD(ZH) =logD,(ZH) +[
Where the value of logD (XH) parallel to [100] and [001] directions are -3.0+0.4 and
-2.2+0.4 respectively; diffusion is therefore around one order of magnitude faster
along the c axis than along the a axis. The diffusion of hydrogen is slightly faster in
Ti-doped forsterite than in pure forsterite. There is no effect of chemical activity or
oxygen fugacity on the rate of diffusion. Hydrogen diffusion profiles represent a
complex interplay between the movement of H through the crystal lattice and point-

defect reactions to maintain charge balance.
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Introduction
Since the discovery of hydroxyl (OH) stretching bands in olivine nearly half a century
ago (Beran, 1969), considerable effort has been expended in determining the
concentration and speciation of hydrogen in nominally anhydrous mantle phases.
Understanding this is a prerequisite for understanding the total water budget of the
Earth (e.g. Bell and Rossman, 1992; Bolfan-Casanova, 2005; Demouchy and Bolfan-
Casanova, 2016 Hirschmann et al., 2005; Smyth et al., 2006). Several studies have
attempted to quantify the amount of water in mantle olivine by measuring its
concentration in rapidly emplaced xenoliths and xenocrysts where the original mantle
water signature should be preserved (e.g. Bell et al., 2004; Grant et al., 2007,
Kitamura et al., 1987). However, the extent to which mantle olivine can maintain its
original water signature between being entrained in melt to being erupted/emplaced,
for example, is a function of the hydrogen diffusion mechanism and its rate, which is
still a matter of debate (e.g. Demouchy and Mackwell, 2003; 2006; Du Frane and
Tyburczy, 2012; Ferriss et al., 2015; Kohlstedt and Mackwell, 1998; Mackwell and
Kohlstedt, 1990; Padron-Navarta et al., 2014, Thoraval and Demouchy, 2014).
Additionally, if the diffusion rate of hydrogen is known, and diffusive water loss is
observed in olivine xenocrysts, constraints can be placed on the duration of ascent and
emplacement (e.g. Demouchy et al., 2006; Denis et al., 2013; Peslier and Luhr, 2006;
Peslier et al., 2008, 2015; Peslier and Bizimis, 2015). The water content of olivine can
also be an indicator of the petrogenetic processes accompanying the entrainment of

their host xenoliths by ascending melts from the mantle (e.g. Tollan et al., 2015).
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At least four main mechanisms of hydroxyl substitution in olivine have been
observed: OH may be associated with Si vacancies, M-site vacancies (vacancies in the
octahedral site), traces of trivalent cations, or with Ti*" in a point defect resembling a
unit of the titano-clinohumite structure. The coupled hydrogen-titanium substitution
studied here may also be an important mechanism for transport of water into the upper
mantle (Hermann et al., 2007; Shen et al., 2014; Wirth et al., 2001) and storage of
water in olivine therein (Berry et al., 2005, 2007b; Walker et al., 2007).

The diffusion of hydrogen is likely to be even more complex; several different
diffusion mechanisms have been identified, each with different diffusion rates
(Demouchy and Mackwell, 2003, 2006; Du Frane et al, 2012; Ingrin and Blanchard,
2006; Kohlstedt and Mackwell, 1998; Mackwell and Kohlstedt, 1990; Padron-Navarta
et al, 2014). In addition, the different point defects may interact with one another
inside the crystal (e.g. Padron-Navarta et al, 2014), thus creating or annihilating
hydroxylated sites. Understanding these issues is necessary both for interpreting
hydrogen in natural olivine and designing future experiments.

In this study, we aim to determine if trace quantities (hundreds of parts per million) of
titanium affect the rate of H diffusion relative to pure forsterite. For this purpose, we
have prepared forsterite crystals with a given amount of Ti, and a point-defect
structure that is relatively well constrained and homogeneous based on the findings
from an extensive study of Ti diffusion in forsterite in anhydrous conditions (Jollands

et al., submitted).

M ethods

Preparation and characterization of starting material
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Pure synthetic forsterite (grown by the Czochralski method, as used by Jollands et al.,
2014; purity reported in Zhukova et al., 2014) was doped with 350-400 ppm Ti by
diffusing this element into the crystal until a near constant concentration was reached
throughout. Oriented slabs of approximately 1x3x12 mm were cut from a single
crystal of pure forsterite with the shortest axis corresponding to C, i.e. the largest face
of the slab was parallel to (001). This orientation was chosen because Ti diffuses
fastest along [001] (Spandler and O’Neill 2010; Jollands et al., submitted). A pre-
sintered powder of forsterite-karooite-geikielite (Mg,Si04-MgTi,05-MgTiO3) was
mixed with polyethylene oxide glue and pasted onto the two (001) faces; this three-
phase mix was chosen as it gave the fastest Ti diffusion at 1500 °C without any partial
melting (Jollands et al., submitted). The crystal-powder couple was then annealed in a
gas mixing furnace at very low fO, (QFM -5.2; 97% CO - 3% CO,) for ~6 weeks at
1500 °C to allow the Ti to homogenise through the crystal by diffusion on octahedral
sites. The powder partially sintered to the slab surface; this was removed by gentle
polishing. This also likely removed any areas of high Ti associated with Ti diffusion
on tetrahedral sites. The doping gave the crystal a slight bluish hue. The slab was then
cut into cubes of approximately 1x1x1 mm, with sides parallel to the slab edges such
that each cube was oriented with faces representing (001), (010) and (100).

One such cube was mounted in epoxy, ground down by around 300 pm to reveal the
crystal core, and analysed from rim to rim (whole crystal traverse) by laser ablation
ICP-MS using a slit-shaped 6x100 pm beam from a 193 nm Lambda Physik Compex
excimer laser coupled to an Agilent 7700 ICP-MS (as described in Jollands et al.
2014). In each time slice, *'Ti was counted for 0.3 s, °’Fe and *’Al (likely

contaminants) for 0.05 s and *’Si (internal standard) for 0.01 s. The pulse rate was 5
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Hz, energy was maintained around 50 mJ (monitored by an internal energy meter via
a beam splitter at the point of exit from the laser source), NIST610 was used as
primary standard and data were processed using Iolite (Paton et al., 2011) against the
standard values of Jochum et al. (2011) (452+10 ppm Ti) with no glass-olivine matrix
correction made.

Full homogenization (along [001]) had not occurred (Figure 1); the core (~350 ppm)
was slightly lower in Ti than the rim (400 ppm). In addition, the Al concentration
profile showed some heterogeneity; one side of the crystal had approximately double
the Al concentration than the other. The Al profile is comprised of two flat sections;
one side of the crystal has 7.7£1.1 ppm and the other 13.9+£2.3 ppm. The reason for
this behaviour is unknown; it may be that the Czochralski growth method led to some
minor sector zoning in the original crystal. The small amount of Fe (10-50 ppm) is
likely from contamination in the gas-mixing furnace; this is expected to be all Fe*" at
the very reducing conditions of the Ti doping step (Mallmann and O’Neill, 2010).
Early preliminary attempts to homogenize cubes (i.e. cut 1x1x1 mm cubes before the
anneal, immerse these in powder then anneal) were unsuccessful, the cubes were
generally cracked after the high T low fO, anneal, which precluded their use in

hydroxylation experiments.

Diffusion experiments

Previous experiments to determine the diffusion of hydrogen in minerals have been
hampered by the difficulty of recovering whole, uncracked crystals from the piston
cylinder or cold-seal vessels after diffusion anneals (e.g. Demouchy and Mackwell,

2003, 2006). The method used in this study, once refined, had a 100% success rate of

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5568

crystal recovery of a total of 8 experiments. Large (6.3 mm outer diameter) thick-
walled, cold-swage silver capsules were used; the capsule and snug-fitting lid were
precision-milled from a solid bar of high-purity silver (Figure 2). The capsule design
and specifications are presented in Hack and Mavrogenes (2006). Cubes of forsterite
were placed inside the capsules in a buffer of either forsterite+enstatite or
forsteritetpericlase (sintered from reagent grade MgO and SiO, powders, pressed into
pellets, fired at 1400 °C in air and then reground). Where fO, buffers were used (e.g.
Re-ReO; or Ag-Ag,0), these were packed into the capsule before the silica activity
buffer. For reference, Re-ReO, and Ag-Ag,0 are approximately NNO+2 and
NNO+14, respectively at 850 °C, 1.5 GPa (see Pownceby and O’Neill, 1994; Assal et
al 1997).

The capsules were filled to around 80-90% of their inside volume with the powder-
crystal mix, then distilled water was added using a syringe until free water was visible
on the top of the powder. Where too much water was added, the excess was removed
using the corner of a tissue. The remainder of the capsule was then filled with the
two-phase buffer powder. A lid was then placed inside the capsule, and pressed shut
using a custom swaging tool. Excess Ag (the capsule is slightly deformed through
swaging) was removed from the side of the capsule using a lathe to return it to a good
cylindrical shape.

The amount of water added was very approximately calculated to fill the capsule
(minus the volume of the crystal and powder) at peak anneal conditions using P-V-T
values from Zhang and Duan (2005). In order to recover a crystal without cracks from
shearing or torsion in the piston cylinder, it is important that the capsule should not
deform excessively at any stage of the P-T path of the run. The large excess of water

keeps the three-phase buffer material as a fairly loosely bound powder, which helps
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removing the crystal from the capsule after the run without the necessity for any
mechanical abrasion. The use of large silver capsules allows some flexibility; slightly
too much water can be added without leakage, the excess being taken up by the
capsule swelling into a barrel shape rather than losing their water (Figure 2). This
represents a considerable improvement on previous designs using welded gold
capsules; the capacity of the silver to stop leakage or H diffusion-out is significantly
better (the walls are thicker), and, because no welding is necessary, more water can be
added.

The capsules were run in an end-loaded 5/8” (15.9 mm) Boyd-type piston-cylinder
apparatus using MgO-graphite-NaCl assemblies wrapped in low-friction Teflon foil.
About 0.2 GPa pressure was applied initially at room temperature, before
temperatures were ramped up at 100 °C/min, monitored continuously using a type B
thermocouple sheathed in mullite, with the bead placed in intimate contact with the
capsule by fitting into a pit drilled into the capsule lid. The pressure was increased
concordantly with the temperature, in order to approximately follow the water
isochore. The high thermal conductivity of silver coupled with the presence of a fluid
phase keep thermal gradients extremely low (5-10 °C at 850°C) along the length of
the capsule (Hack and Mavrogenes, 2006), despite being considerably longer (~12
mm) than average capsules used in high temperature experiments.

Runs were stopped by turning off the power, such that the temperature dropped to
<100 °C in around ten seconds, and the pressure was then slowly released, manually.
Following decompression at the end of the run, the capsules were retrieved and
pierced using a 1 mm drill bit to verify the presence of water. The top and bottom of
the capsule was removed using a lathe, and the open cylinder was then placed into an

ultrasonic bath to loosen the powder. Generally the buffer powder and crystal simply
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fell out, but where it did not the powder was picked out using tweezers. The cube was
further cleaned ultrasonically, oriented using the characteristic Si-O overtones in its
FTIR spectrum, placed on a sticky tape on the (010) face, mounted in epoxy, and
polished on two sides to around 400-600 pm thickness (see Table 2 for thicknesses)
using a diamond-impregnated grinding wheel, followed by diamond paste on cloth

laps. No attempt was made to remove crystals from the epoxy after polishing.

FTIR analysis

With the exception of measurements to determine the polarisation of each point defect
(see below), all other analyses were conducted using unpolarised light.

The mounts holding the doubly polished crystals were placed onto an automated
mapping stage on a Bruker Hyperion IR microscope with a liquid nitrogen-cooled
MCT detector coupled to a Bruker Tensor IR spectrometer. The measurement
chamber was continuously purged with dry air. Measurements were generally
composed of 128 scans with an effective spectral resolution of 2 cm™.

Two different analytical routines were used. In ‘profile’ mode, the aperture was
closed into a ~25x200 um slit and unpolarised analyses were taken every 5 um along
a line from one side of the crystal to the other. This was advantageous in terms of the
high spatial resolution (although the true spatial resolution is a complex function of
the focal plane and analytical geometry and certainly poorer than 25 pm) and
favourable signal to noise ratio, but made the implicit assumption that diffusion was
effectively one-dimensional along the length of the slit. This assumption might not be
satisfied in such experiments where the diffusant (hydrogen) moves into the crystal

from all sides, which would give diffusion profiles differing in shape from theoretical
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expectations, and perhaps not reaching zero concentration in the middle of the crystal
due to interference from diffusion from the other sides.

Accordingly, some crystals were also examined in two dimensions with unpolarised
light, with a 50x50 um square aperture that mapped the entire crystal with 25-30 pm
steps, such that all analyses were overlapping. Sub-samples of the map were then
extracted along lines where diffusion appeared one-dimensional; i.e. no interference
from the other sides. This method has poorer spatial resolution but gives greater
confidence that the profiles are one-dimensional. Asymmetrical diffusion profiles
(discussed later) could only be analysed using the profile mode; the spatial resolution
of the mapping mode was too poor to resolve the short diffusion profiles associated
with the asymmetry.

Spectra were corrected for atmospheric H,O and CO; using Bruker OPUS software,
and the background subtracted using a concave rubberband correction with 64
baseline points and three iterations. Given that polishing induced some minor
topography in the sample (thicker in the centre, thinner at the edges), the spectra were
then normalized to 1 cm thick using the empirical relationship of Shen et al. (2014)
derived from the integrated area underneath the Si-O stretching band region (for
measurements using unpolarised light). The integrated area (A;y) of these overtones
between 1625-2150 cm’! is related to thickness (Tsample) using Tgample (Wm) =
Ain/0.553. Systematic biases may occur from this thickness correction, as the method
was developed using randomly oriented grains, but for relative changes in OH content
(i.e. diffusion profiles) this will have no effect. Analyses with epoxy contamination
(at the crystal edge) were removed; these were identified both by the failure of the
concave rubberband to fully remove background in the OH region (3100-3600 cm™)

as well as the characteristic overtones of organic material. Such spectra were removed
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from consideration. The ‘interface’ spectra therefore represent the average spectra in
the first 25 um when analyzing in profile mode, or the first 50 pm in mapping mode
(the assumption is made that the midpoint of the first analysis is at 12.5 pm from the

edge in profiles and 25 pm in maps).

Results

Infrared spectra

Several unpolarised interface spectra were fitted to a series of ideal peaks (Figure 3),
assumed as Gaussian, using the freeware OpticalFit, developed by, and available
from, CSIRO Australia (MacRae and Wilson, 2008). All fitted peaks are considered
to correspond to real absorption peaks in the spectra, with the exception of the low,
broad peak at 3252 cm™; this is added to compensate for inadequate baseline
subtraction in this region. The most prominent peak in interface spectra is always at
3351 cm™, with a shoulder formed by a peak at 3349 cm™ and an associated low peak
at 3313 cm™. These peaks are attributed to OH groups associated with Ti*” on the M
sites. The most likely substitution mechanism for this defect is a Ti**-H" pair
replacing two Mg®" on the octahedral sites (e.g. Berry et al., 2007a), with
stoichiometry (Ti*"H)SiO,. This defect is notated [Ti-triv], where [triv] indicates a
trivalent cation. The peaks were speculatively examined by Berry et al (2007a), who
determined that a single trivalent cation-hydrogen pair can give up to three hydroxyl
bands where the trivalent cation substitutes on both the M1 and M2 sites, due to the

geometry of shared edges between octahedra.
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The possibility for an AI**-H" defect (i.e. [Al-triv]) is present (~10 ppm Al in the
crystal), but there is no indication of this in the spectra (Al**-associated OH has a
band at 3345 cm™ (Berry et al., 2007a).

It is possible that an F ¢*"-associated OH defect is present (i.e. [Fe-triv]; peaks at 3350,
3331 and 3310 cm™ according to Berry et al., 2007a) and responsible for the shoulder
peak at 3349 cm'. This is, however, unlikely, firstly because the Fe content in the
crystal is low (~10-50 ppm in the majority of the crystal, up to 90 ppm in some parts)
and secondly because the very low fO, of the pre-anneal would favour nearly pure
Fe?" and there is no apparent difference in spectra between crystals hydroxylated at
high and low fOs.

The two prominent peaks at high wavenumbers (3571 and 3524 cm™) are attributed to
the Ti-clinohumite point defect (MgTi* H,0,), herein [TiCh-PD], where a Ti*" ion
replaces a single Mg®*, and charge balance is accomplished by replacement of Si**
with two H' (Balan et al., 2011; Berry et al., 2005; Walker et al., 2007).

The low, broad peak at 3164 cm™ is attributed to fully hydroxylated M-site vacancies;
a single Mg”" cation replaced by two H' often observed in similar studies (Balan et
al., 2011; Crepisson et al., 2014; Demouchy and Mackwell, 2003, 2006, Umemoto et
al., 2011). This defect will be notated [Mg].

After defining the three hydroxylated defect populations ([TiCh-PD], [Ti-triv], [Mg]),
the integrated areas underneath each set of peaks were directly determined by
measurement from the unpolarised baseline corrected spectra.

The contributions from small, unidentified peaks at 3428, 3580 and 3553 cm’! are not

considered in analysis of profiles.

Determining water content
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In order to determine total integrated absorbance (i.e. the sum of polarised absorbance

along the three orthogonal principal directions of the indicatrix), the polarization of
each hydrous defect was determined by rotating the forsterite cube through 180° on
two orthogonal sections below a stationary E-W polarizer and taking a series of
infrared spectra. The start and end of the series for the section parallel to (010)
corresponded to the electric vector parallel to [100] (E//[100]), and with E//[001]

when the crystal was rotated 90°. This was then repeated with an orthogonal (100)

section, rotating the crystal such that E//[010] and E//[001]. Polar plots are presented

in Figure 4.

As has been observed before (although not always interpreted as such), the absorption

associated with [TiCh-PD] is strongly polarized with the maximum absorbance when

E//[100] (Kitamura et al., 1987; Koch-Muller et al., 2006; Miller et al., 1987; Padron-

Navarta et al., 2014; Walker et al., 2007).

The orientation of the absorber associated with the [Mg] is perpendicular to that

associated with [TiCh-PD] observed in the (010) plane. The strongest absorbance of

[Mg] is observed when E//[001], in accordance with theoretical calculations (Balan
al., 2011, Crepisson et al. 2014).
[Ti-triv] is resolved into two peaks with opposite polarization; the strongest peak

(3351 cm™") shows strongest absorbance when E//[100] and the weaker peak is

et

strongest when E//[001]. This is the first determination of polarization of this defect;

Ti’* was not among the trivalent cations considered in the ab-initio modeling of M*"-

H" substitutions by Zhang and Wright (2010).

Using the known polarization of the defects, defect-specific correction factors can be

determined to convert unpolarised absorbance measured in sections parallel to the
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(010) face (XAbs10)) to total absorbance (i.e. the sum of polarised spectra measured

in three mutually perpendicular directions; XAbs). The correction factors for each

defect are:

ZADbS 1 = AbS)g010) X 2.09 (1)
ZADS 1ichpp) = AbSprich ppj010) X 1.97 (2)
ZADS 1.y = AbS i ivi010) X 2-28 (3)

Note that the correction factors for [Mg] and [TiCh-PD] are ~2; this is a function of
near zero absorbance parallel to [010].

Several calibrations exist to convert total integrated absorbance to a quantified
hydrogen content usually either as ppm H,O by weight or atomic proportion of H
relative to Si, e.g. H/10°Si. Most of these calibrations are assumed to apply to all OH
in a given mineral, that is, they are “mineral-specific” (Bell et al., 2003; Withers et al.,
2012) but there is evidence that different substitution mechanisms require different
absorption coefficients (Kovacs et al., 2010), or that there is a general relationship
between wavenumber and absorption coefficient (Skogby and Rossmann, 1991,
Libowitzky and Rossman, 1997). In this study, we use the calibrations of Bell et al.
(2003), Kovacs et al (2010), Withers et al (2012), plus the calibration of Bell et al.
(2003) with absorption coefficients modified based on the wavenumber of the
absorber using the relationship determined by Libowitzky and Rossmann (1997).
Absorption coefficients for the different defects observed in this study are presented

in Table 1, showing the potential for a considerable range of water contents to be
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extracted from a single measurement. Because the determination of these absorption
coefficients is still a matter of debate, ‘water’ contents will be presented
predominantly as unpolarised integrated absorbance measured in the (010) plane (i.e.
values from equations 1-3 must be used to convert these values into total integrated
absorbance). The calculated water contents (at the crystal edge) using these
calibrations are given in Table 2 only. Importantly, the absorption coefficients do not
affect diffusion coefficients — diffusion in this system is independent of the
concentration of diffusing hydrogen, nor do they affect calculations based on relative

concentrations of the same defect in different experiments.

Interface OH concentrations

The concentrations of OH extrapolated to the crystal/fluid interface should be the
equilibrium concentrations towards which diffusion progresses. In these experiments
this interface concentration is not a global equilibrium but a metastable one (where
‘interface’ refers to the closest measurement to the crystal edge within the spatial
resolution of FTIR in this configuration), determined by the initial state of the crystal
as imposed during its preparation at 1500 °C. It should be noted that our ‘metastable
equilibrium’ is not the same metastable equilibrium described in the classic work of
Kohlstedt and Mackwell (1998) and recently discussed by Ferriss et al (2015), but still
refers to the same type of situation — an apparent equilibrium that will be eliminated if
anneals are conducted at higher temperatures or for longer times. This is discussed
below in relation to the effect of oxygen fugacity on interface concentrations.

The total concentration of hydrous defects at the interface (i.e. the total integrated area

of peaks in the OH region) increases exponentially as a function of increasing
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temperature (Tables 2-3, Figure 5b). The [Ti-triv] and [Mg] defects show similar
relationships (Figure 5a). The concentration of H associated with [TiCh-PD],
however, changes only a little as temperature increases, with considerable scatter.
The interface concentrations of all the defects increase with increasing pressure
(Table 2; Figure 5b). Decreasing aSiO; leads to lower OH concentration at the
interface, but the change is almost entirely taken up by [Ti-triv] (Figure 6; Tables 2-

3).
Treatment of diffusion profiles

The intensity of the bands in the OH stretching region all decrease from the rim to the
core of the crystals (e.g. Figure 7). As a preliminary treatment of the data, the
integrated area under all three peak populations was summed together; this gives a
simple indication of bulk diffusion rate without any consideration of defect specifics.
These data (integrated area measured using unpolarised light as a function of distance)
were then fitted to the solutions to Fick’s second law for two boundary conditions.
Where traverses were conducted across the entire length of the crystal and diffusion
was symmetrical, concentration-distance profiles were fit to the solution for one-
dimensional, concentration independent diffusion from an infinite source into a finite
slab from Carslaw and Jaeger (1959); this is the same solution used by Demouchy and

Mackwell (2003) in similar experiments:

- 4
C(X) = (Crim_ CCOI‘S).(erfC L+ erfc &] +CC0[‘C ( )

2Dt 24Dt
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Where the analytical traverse only covered a small portion of the crystal, i.e. where
the diffusion distances were very short or the diffusion was asymmetrical, the simple
equation for one-dimensional diffusion into a semi-infinite slab was used (e.g., Crank

1975):

(5)

C(X)=(C,, —C,,.).erfe—r—+C

X
7 \/Et core

rim

In these equations, C(x) is the concentration of the diffusant at position X, Crin, is the
equilibrium (interface) concentration, Cc 1 the background (initial) concentration,
erfc is the complimentary error function, X (in ( 4 )) is the total length of the profile
(edge to edge of the crystal) in metres, D is the chemical diffusion coefficient (in m’s”
l) and t is the duration of the experiment, in seconds. The Cor term is necessary given
that some profiles showed non-zero water contents in the core — probably related to a
contribution from diffusion along the third axis ([010], the b axis) of the cube.

In all experiments, the total integrated absorbance in the OH region (sum of all
defects) could be satisfactorily fitted to these equations. The results are presented in
Table 2 as logD(ZH) for H diffusion along both the a and ¢ axes (i.e. [100] and
[001]). The errors on logD were determined manually using the estimated maximum
and minimum values that allowed fits within the data scatter. Insofar as these
uncertainties correspond to approximately 95% confidence limits, they should be

approximately equivalent to two standard deviations.

Defect specific diffusion
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With the exception of the ‘two-slope’ sides of asymmetrical profiles (discussed
below), the integrated areas corresponding to each of the three substitution types
could be individually fitted as a function of distance to equations (4 ) or (5 ). A map,
plus extracted, fitted profiles from all defects along both the a and ¢ axes is shown in
Figure 8.

The results of curve-fitting are shown in Table 2. In all cases except perhaps
experiment hydrol4 (2.5 GPa, 850 °C), the apparent diffusion coefficients of H
associated with the three different defect substitution mechanisms overlap within
error. In the hydrol4 experiment, the [TiCh-PD] concentration-distance profile is
slightly longer than the profile associated with either [Ti-triv] or [Mg], but the
difference between error bar tips is equivalent to only 0.1 in log;oD. Notably, the
anisotropy of H diffusion shown by the three defects is the same. In all cases,

diffusion is faster along [001] than along [100].

Asymmetrical profiles

Al T001] profiles from 850 °C and 950 °C experiments show some asymmetry, with
one side showing higher [TiCh-PD] and lower [Ti-triv] concentrations than the other.
This behaviour is not observed in the 1000 °C experiment. Whether it is seen in the
650 °C and 750 °C experiments is not clear; the hydroxyl concentrations are too low
to resolve the behaviour of each defect.

In these profiles, the high [TiCh-PD]/low [Ti-triv] side shows concentration-distance
profiles that cannot be fitted to the theoretical equations (4 ) or ( 5). This side of the
profile is also associated with a low, sharp peak at 3428 cm™. An example of such a

profile is shown in Figure 9; the relative [Ti-triv]:[TiCh-PD] defect ratio is
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considerably different from one side of the crystal to the other. In such profiles, the
side where all defects can be individually fitted to equation ( 5 ) is termed ‘simple’
and the side with higher [TiCh-PD] concentrations and mismatch to the theoretical
diffusion equations is termed ‘two-slope’ given the clear break of slope in the profile.
All further discussion of diffusion, except where explicitly referring to asymmetrical
profiles, will address the ‘simple’ sides of the profiles. These anomalies may be
related to non-stoichiometry caused by vapour loss, or perhaps some other
contamination, introduced during the preparation of the crystal, which involved long
annealing at very high temperatures. However, any detailed explanation would be
speculative. Suffice it to note that, all diffusion coefficients reported here are taken
from the other side of the crystals or determined from the sum of all defects (which

always displays an error function shape).

H diffusion asafunction of P, T, aSiO, and fO,

Neither fO, nor aSiO; have any influence on the rate of hydrogen diffusion, within
error (Table 2, Figure 6). In the MgO buffered experiment, there is no visible Si
vacancy substitution (i.e. Mg,H404), within the spatial resolution of FTIR.

Although only two pressure conditions were investigated, the effect of pressure on the
diffusion of hydrogen is constrained to be small (Figure 10, Table 2), and given the
lack of outside-error difference in diffusion coefficients between the 1.5 GPa and 2.5
GPa experiments, it is not possible to determine any activation volume of diffusion.
Over the 350 °C temperature range investigated, log;oD (C, total) increases by over
three orders of magnitude (Figure 11). A similar change with temperature is seen for

diffusion along [100]. Following Demouchy and Mackwell (2003), a global fit (using
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least squares) was performed for [100] and [001] diffusion coefficients (total
absorbance) to determine the activation energy (Ea) and pre-exponential factor Dy
using the relationship D=Dy.exp(Ea/RT) (i.e. logioD = log;oD o+(Es/2.3RT), where
2.3 is the natural logarithm of 10). We assume that E, is the same in each direction.

The least-squares minimization gives a good fit to the data and yields the relationship:

—223(+ 8)kJmol‘] (6)
2.3RT

logD(ZH) = logD,(ZH) + (
Where Do[100] =-3.04+0.4 and Dy[001]=-2.18+0.4, i.e. diffusion along [001] is one
order of magnitude faster than along [100]. The fit is shown as solid black lines in

Figure 11.

Discussion
Previous deter minations of mechanisms and rates of hydrogen diffusion

The addition of positive charge caused by protonation must be charge-balanced by
either diffusion-in of a negative species or diffusion-out of another positively charged
species. Here we use the term “species” to refer to a point-defect identity that may be
an ion either on a lattice site or interstitial, a vacancy in the lattice, or an electron or
electron hole (polaron).

Conceptually, it might seem reasonable that the fastest mechanism of H diffusion in

natural olivine is one in which involves the smallest, lightest species, i.e. where
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charge-balance is achieved by reducing pre-existing Fe** to Fe*" (Kohlstedt and
Mackwell, 1998; Mackwell and Kohlstedt, 1990). The reduction of Fe** can be
thought of as eliminating polarons (electron holes), thus this mechanism may be

described as proton-polaron exchange. This mechanism depends on the presence of

initial Fe®", whose concentration in natural olivine is only at the tens to hundreds of

ppm level (e.g. Dohmen and Chakraborty, 2007; Mallmann and O'Neill, 2009).

A slower mechanism (although still extremely fast when compared to Mg, Si and O
diffusion in olivine) uses M-site (octahedral, magnesium/iron site) vacancies for
charge balance (e.g. Demouchy and Mackwell, 2003; Demouchy and Mackwell,

2006). The coupled diffusion-in of a vacancy and two protons necessarily removes

Mg from the crystal, hence this mechanism should depend on chemical potentials; if

Mg is lost then the reaction should be favoured at low activity of magnesia (MgO).
Diffusion along this path is anisotropic; fastest along the ¢ ([001]) crystallographic
axis, relating to the presence of tightly spaced M-site chains along this direction
(Demouchy and Mackwell, 2003).

The last mechanism that does not involve some coupled substitution with an alien

cation involves vacant tetrahedral sites (Si*" sites) charge-balanced by four protons.

Diffusion along this pathway is likely to be close to isotropic; the tetrahedral sites are

relatively evenly spaced in different crystallographic directions. This mechanism

displaces silicon from the crystal, so is expected to have the opposite dependence on

chemical potentials as the M-site pathway. This was recently studied in terms of
hydrogen diffusion-out by Padron-Navarta et al. (2014) and found to be orders of

magnitude slower than diffusion involving M-site vacancies.

Defect formation and diffusion mechanisms—this study
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In this and the following sections, equilibria involving point defects will be presented
in Kroger-Vink notation, as has become conventional. In this notation, the main
letters represents the species (e.g., Mg = magnesium, Ti = titanium, V = vacancy),
subscript is the site location (Mg=octahedral [assume pure forsterite], Si=tetrahedral,
O=oxygen, i=interstitial) and superscript is charge excess or deficiency on the site
(“=no charge excess/deficiency, '=single charge deficiency, “=single charge excess). A
neutral charge exists when the tetrahedral site contains a 4+ cation, octahedral 2+,
oxygen 2- and interstitial 0. Following Walker et al (2007), coupled defects (i.e.
coupled for charge balance) are contained within curly braces. Herein, following
Ingrin and Blanchard (2006), a fully protonated M-site vacancy is notated

{VD/,/lg + 2H:}, i.e. M-site vacancy charge-balances the protons on interstitial sites.

Without detailed structural knowledge, which might be obtainable by modeling (e.g.,
Balan et al, 2011, Walker et al. 2007, Crepisson et al. 2014), claiming specific site

occupancies for the H substitutions is dubious. For simplicity, the latter substitution

could also be written as (2H)§4g, assuming that the two protons are directly on the M-

site (this is unlikely to be correct), or, probably most accurately, {Vh///[g + 20H,}, with

the hydrogen associated with nearby oxygen. The actual positions of the H have no
effect on the stoichiometry of the point-defect reactions.

To understand the diffusion of H through Nominally Anhydrous Minerals, three types
of reactions must be considered. Firstly, there is the formation of defects at the crystal
edge, which represent the equilibrium situation and should give the equilibrium
concentrations of the defects at the conditions of T, P and chemical potentials
imposed in the experiments. In these reactions, free H,O, MgO, O, etc are permissible

components. Using our analytical technique, we do not see the true interface, but the
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near interface region, which is then extrapolated back to the crystal edge. The second
reaction type describes the movement of species through the crystal, which is
responsible for the macroscopic diffusion. The third type of reaction is akin to order-
disorder reactions in crystals, and describes the reaction between one kind of hydrous
defect with an anhydrous component to produce another kind of hydrous defect. As
such reactions involve transfer only on the unit-cell scale, usually they may be
expected to be fast relative to the macroscopic transport of material through crystals,
but this need not always be the case, and perhaps such exchange reactions could on
occasion be rate-limiting.

The crystal chemistry of the Ti in the starting material, which was synthesized at 1500
°C under anhydrous conditions, can be deduced from previous work. Hermann et al.
(2005) showed that the substitution of Ti*" in olivine under anhydrous conditions and
in the absence of charge-balancing by allovalent impurities such as AI*" or B occurs
as Mg, Ti*" 04, with Ti*" substituting for Si*" on the tetrahedral site (see also Walker et
al. 2007).

Jollands et al. (submitted) postulated that the substitution of Ti in olivine in the
(anhydrous) experimental conditions used in the Ti-doping stage can be described by
Mg Ti*'04 and (Ti2",[vac],,,)SiO,, that is, Ti*" on the T-sites and Ti’" on the M sites
charge balanced by M-site vacancy ([vac]). This was inferred based on a relationship
between Ti diffusion and fO, (diffusivity as a function of fO, followed a sigmoidal
pattern consistent with a one electron transfer reaction), characteristic diffusion
profile shapes related to Ti*" being ‘trapped’ on the T-sites (stepped diffusion profiles
at high fO,, suggesting that the diffusing species [Ti''] has two possible site locations
with different diffusivities [T and M]) and FTIR analysis of hydroxylated diffusion

profiles. At the T-fO, conditions of Ti doping, the equilibrium amount of Ti**/XTi is
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around half (Mallmann and O’Neill, 2010), and the Jollands et al. study (submitted)
suggests that Ti*" is favoured over Ti*" by the kinetic nature of doping by diffusion.
The FTIR spectra suggest that the three main OH substitutions are [TiCh-PD], [Ti-
triv], and [Mg]. [Ti-triv] and [Mg] are associated with an M-site vacancy, whereas
[TiCh-PD] involves a T-site vacancy. Nevertheless, the concentration-distance
profiles of the substitution mechanisms have the same length (estimated) in each
experiment, in each crystallographic orientation. At first glance, this might seem
surprising, as the rates of both major-element diffusion (e.g. Chakraborty, 1997,
Chakraborty et al., 1994; Dohmen et al., 2002) and hydrogen diffusion (Demouchy
and Mackwell, 2003; Padron-Navarta et al., 2014) are orders of magnitude slower on
the T-site than M-site.

This can be explained, however, by considering the formation reactions of these
defects. It becomes clear, below, that these concentration-distance profiles are, in fact,
the products of both diffusion (that is, macroscopic movement of H through the
crystal) plus point-defect reactions that operate on the unit-cell length scale.

In order to form [Mg] at the interface, Mg exchanges with two hydrogen ions:

Mgy, + H,0 = {Vy, +2H]} + MgO (7)
ol i

liq ol ol per

Then, the defect moves by cation-vacancy exchange of {V&g +2H; }for Mgy, .

Reaction ( 7 ) describes the formation of this defect at the interface, where there is a
reservoir to buffer the chemical potentials (i.e., activities) of MgO and H,O.

Hydration of anhydrous Ti** defects requires hydrogen-vacancy exchange:
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{2Tiy, + Vi) + Mgy, + H,O = 2{Tiy, + Hy,,} + MgO (8)
ol i

ol ol liq ol ol per

After formation, the defect can move by exchange of Vh///,g-&- Mgy, for 2H{wg.

Alternatively, interaction between the anhydrous Ti*" defect (considered immobile
over the scale of these experiments) and [Mg] (highly mobile) can also form [Ti-triv]

inside the crystal by redistribution of protons:

{2Tiy,, + Vi } +{Vuy, +2H:} =2{Ti},, +Hy,} (9)
ol ol ol ol ol ol

The choice of mechanism is not clear-cut, but in both cases diffusion of the defect (or
formation of the defect by vacancy diffusion and then reaction) is limited to the rate
of Mg-vacancy diffusion.

To form [TiCh-PD] from Mg,Ti*"Oy4 (anhydrous Ti*") requires Ti*" to move from the
tetrahedral to the octahedral site and be replaced by hydrogen. This necessarily
displaces magnesium:

Tiy, + Mgy, + H,0 = {Tiy,, + 2H)g} + MgO (10)

ol ol liq ol ol per

In order for the defect to then diffuse through the crystal, the {Tiy, + (2H)q.} could
exchange places with an adjacent Tig+ Mglf,lg. However, this involves Mg”" and Ti*"

exchanging places on the M sites, which is expected to be slower than M-site vacancy
diffusion. This diffusion mechanism is not in agreement with the data, which shows

that H diffusion associated with the different defects have the same diffusion rate.

Alternatively, Tig could interact with [Mg]
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Tig + {Vy, 72H} = {Tiy, + QH)g} (11)

ol ol ol ol ol

While these reactions involve the T-site, the macroscopic movement is on the M-site.
Or, the anhydrous Ti*" defect could interact with two [Ti-triv], forming one [TiCh-
PD] and eliminating both [Ti-triv]:

Tig, + 2{Tiy, + Hy,} = {Tiy, + @H)g} + {2Tiy, + Vy,} (12)

ol ol ol ol ol ol ol

For each [TiCh-PD] that is created from the anhydrous Ti*" substitution, a different
hydroxylated defect must be available nearby, thus the diffusion rate of H along this
defect pathway should be similar to that of [Mg] or [Ti-triv].

Reaction ( 12 ) is considered more likely in these experiments, given that the
concentration of [Ti-triv] is so much higher than that of [Mg] (see Table 2).

That the three hydrated point defects observed in these experiments ([TiCh-PD], [Ti-
triv] and [Mg]) all propagate at the same rate through the Ti-doped forsterite is
explained by the three mechanisms using the same pathway, that of Mg-vacancy
diffusion. This interpretation is supported by the similar crystallographic anisotropy
of the concentration-distance profiles (longest profiles, hence fastest diffusion, along

[001] where M sites are most closely spaced).

The effect of chemical activity on diffusion and apparent interface

concentrations

Two conditions of aSiO, were investigated at 850 °C, 1.5 GPa, by packing the crystal

in either forsterite-enstatite or forsterite-periclase.
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As forming all defects (excluding any direct substitution of 4H" for Si*'; not seen in
these experiments) at the interface necessarily liberates MgO (see reactions ( 10), (8
) & (7)), it is expected that the hydrogen solubility in the two conditions should
differ accordingly. Assuming that the pre-existing anhydrous point defects do not
become fully saturated (i.e. fully hydroxylated), the concentrations of all point defects
should be higher at higher aSiO,, and indeed, this is the case (Table 1). At some
temperature and pressure, the anhydrous defects should become effectively saturated,
then this relationship should no longer hold.

This relationship between aSiO, and interface concentration is in line with the effect
of aSiO, on Zr and Hf interface concentrations in olivine in similarly buffered
diffusion experiments — higher concentrations at higher aSiO; (see Jollands et al.,
2014).

However, the aSiO, of the buffer does not affect the rate of H diffusion. This is in
contrast to the effect of aSiO, on the diffusion of Zr, Hf, Ni and Co in olivine, where
higher aSiO; consistently led to faster diffusion (Jollands et al., 2014; Zhukova et al.,
2014). This relates to the substitution mechanism of H' into the forsterite crystal

structure. Given that the diffusing point defect is either {V]\/,/[g +2H7} or {Tiy, + H]/wg}
(which can also be written {Ti},, +Vb/,/[g +H'}), the diffusing hydrogen is always

associated with an M-site vacancy. In the case of Zr, Hf, Ni and Co diffusion, the M-
site vacancy population of the crystal, whose concentration was imposed by the
external buffering assemblage, provided the mechanism for diffusion (i.e. cation-
vacancy exchange). In the case of H', the diffusing cation is already associated with
its own vacancy. In short, this means that the H™ does not need to wait for a

randomly-walking M-site vacancy in order to make a diffusive jump, hence the
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overall vacancy concentration of the crystal (imposed by the aSiO, buffer) does not

appreciably affect the diffusion rate.

The effect of fO, on interface concentrations

The starting crystal was prepared at very low oxygen fugacity, where Ti substitutes
predominantly in the 3+ oxidation state (Jollands et al., submitted). The conditions
under which the hydroxylation were performed (either Re-ReO; or Ag-Ag,0) were
very oxidizing, where there should be no detectable Ti** at equilibrium (e.g.,
Mallmann and O’Neill, 2009). Yet, after hydroxylation, hydrated Ti’" is the main
hydrous substitution regardless of fO, in all the FTIR spectra (except the anomalous
“two-slope” profiles), greatly exceeding the amount of Ti*" forming the TiCh-PD.
Even in the two-slope profiles where some Ti>* is thought to have been oxidized, the
Ti*" amount remains high.

The reason for this is that oxidation of anhydrous Ti** to hydrous Ti*" (as [TiCh-PD])

requires considerable site rearrangement, and the expulsion of Si:

${2Tiy, + Vi, } +Si +H,0 +50, = {Tiy;, + 2H)g } +SiO, (13)

ol ol ol lig ol ol Bqtz
Evidently, these kinetics do not allow the Ti*'/Ti ratio (at the interface, within the
resolution of FTIR spectroscopy) to reach equilibrium,; this ratio should be nearly zero
at the experimental conditions. It is expected that longer experimental times and/or
higher temperatures should allow equilibration of the point defects with the externally
buffered conditions, and indeed this has been seen in a similar system (Cr*" and Cr**

in forsterite; Jollands et al., 2015).
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Comparison with other studies

Several other studies have determined H diffusion coefficients along various
pathways in olivine; these are shown in Figure 11 alongside the Arrhenius curves
from this study.

Given that the mechanisms observed in this study are all interpreted as related to the
rate of [Mg] diffusion, it might be expected that the diffusion coefficients of this study
should overlap on the Arrhenius plot with those found by Demouchy and Mackwell
(2003). However, in the 900-1000 °C range where experiments from this and their
study overlap, the diffusion coefficients are around 0.5 orders of magnitude faster in
this study. This discrepancy is, however, small given the overall variation of H
diffusion in olivine found in the literature. The experiments of Demouchy and
Mackwell (2003) were conducted at much lower pressure (using cold-seal apparatus
rather than piston cylinder), but the lack of any dependence of pressure on diffusion in
this study argues that this should not be significant. Given that H diffuses with its own
vacant M-site (i.e. interstitial mechanism), the concentration of M-site vacancies
should not affect the rate of diffusion (shown by no effect of aSiO, on the diffusion
rate). This suggests that the slight increase in diffusion rate relative to that of
Demouchy and Mackwell (2003) is not due to the relatively high M-site vacancy
concentration related to Ti*".

Padron-Navarta et al. (2014) synthesised Ti-doped forsterite under hydrous
conditions, which were also relatively oxidized, to produce a starting material with H
predominantly in [TiCh-PD] and hydroxylated T-vacancies, with minor [Mg] and
[triv], which may have been due to minor Ti**. They then diffused the H out of the

crystals at atmospheric pressure, which was monitored not by measuring diffusion
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profiles (as in this study), but by determining the H associated with each defect type
in the bulk crystal. Their results showed that [Mg] and [triv] disappeared rapidly, with
implied diffusion rates similar to those found by Demouchy and Mackwell (2003) and
in this study (Figure 11). [TiCh-PD], however, were eliminated more slowly, with
implied diffusion rates over an order of magnitude slower than in this study (Figure
11). Padron-Navarta et al. (2014) also found that after [TiCh-PD]s were eliminated,
the rate of decrease of the hydroxylated T-site defects almost ceased. Their study thus
showed that the rate of diffusion of H out of the crystals was dependent on the fastest
available mechanism. After the elimination of the (presumed) [triv] defects, there is
no mechanism to transfer the [TiCh-PD] locally to a fast diffusion mechanism (i.e.,
the reverse of reaction ( 12 )), which explains the apparently slower rate of diffusion.
This assertion could be tested by measuring H diffusion into forsterite doped with
small amounts of Ti*" and no Ti*" or other trivalent cations if such material were to
become available. We expect that in the absence of any hydroxylated trivalent defects,
H diffusion (diffusion-in) along the [TiCh-PD] pathway would be considerably slower

than observed in this study.

Implications

1. Hydrogen diffusion is slightly faster in Ti-doped forsterite than in pure
forsterite. The presence in natural olivines of trace elements with an affinity
for H' (e.g. trivalent cations on the M-sites) should be considered when
projecting experimentally determined diffusion coefficients into natural

systems.
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2. The chemical activity and oxygen fugacity of the surroundings does not affect
the rate of H-diffusion in olivine, along the M-site pathway. Frozen H-
diffusion profiles in natural xenocrysts can be used to determine timescales of
residence/ascent regardless of the silica saturation or undersaturation of the
magma.

3. Diffusion in systems that require charge balance is a composite problem of
both (a) diffusion of vacancies/charge-balancing agents and the diffusing
species and (b) reactions resulting in rearrangement of site occupancy. Whilst
diffusion-in (from this study) and diffusion-out (from Padrén-Navarta et al.,
2014) coefficients are significantly different, no different diffusion
mechanisms are needed to describe this. The difference in apparent diffusion
rates is instead a function of the difference in reaction mechanisms. In systems
that require charge-balance, it may be necessary to consider both diffusion and

reaction when attempting to describe diffusion rate.
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Absor ption coefficient
Calibration used [TiCh-PD] [Ti-triv] [Md]
Bell et al. (2003) 0.188 £0.012 0.188 +0.012 0.188 £0.012
Kovécs et al. (2010) 0.18 £0.07 0.18 £0.05 0.03£0.03
Bell et al (2003) & Libowitzky and 0.188 £0.012 0.083 £0.014 0.056 £ 0.009
Rossmann (1997)
Withers et al. (2012) 0.119 £ 0.006 0.119 +0.006 0.119 +0.006

Table 1: Different determinations of absorption coefficients can have a considerable effect on
calculations of the concentration of H,O. Bell et al (2003) assume all defects have the same coefficient,
but their samples were dominated by defects in the [TiCh-PD] wavenumber range. Kovacs et al (2010)
does not make this assumption but did not include absolute (standardless) measurements of hydrogen
concentration. Their samples included defects in the [Mg] and [TiCh-PD] range, along with trivalent
cation associated H (using Sc*"). Withers et al (2012) assumes the same coefficient for all defects, with
synthetic crystals dominated by bands in the [TiCh-PD] and [Mg] wavenumber range (although their
spectra were dominated by [Si] defect bands). Also given is the Bell et al (2003) coefficient (assumed
correct for [TiCh-PD] adjusted for lower wavenumbers using the Libowitsky and Rossmann (1997)
relationship. Considerable uncertainty still exists in absorption coefficients, hence in this study we refer
primarily to the integrated peak area rather than wt. ppm H,O.
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I.D. (this | LD. T P t fO, aSiO;, | Sample log, diffusion coefficients (m’s™) Normalised Integrated
study) (SESAR) | (°C) (GPa) | (hr) | buffer | buffer | thickness absorbance at interface (cm’
(um) 5)
logDyo01 logDyoo1 logDyoo1; | logDyoor logDy100) [TiCh- [Ti- [Mg]
[TiCH-PD] [Ti-triv] [Mg] (total) (total) PD] triv]

hydrol8 | IEMC 650 1.5 360 | Re- fo- 448420 N.D. -14.8 £0.1 | N.D. -14.8 -15.8 12+2 7.7+ | N.D.
J0007 ReO, | ens +0.1* +0.2* 0.7

hydrol2 | IEMC 750 1.5 24 | Re- fo- 261+14 N.D. -14.0+0.3 | N.D. -14.0 N.D. N.D. 02+ | N.D.
J0002 ReO, | ens +0.3* 0.2

hydroll | IEMC 850 1.5 6 Re- fo- 567+10 -12.4£0.1 -12.4+0.1 | -12.5 -12.5 -13.5 18£1 517 | 9+4
J0001 ReO, ens +0.2 +0.1 +0.1

hydrol6 | IEMC 850 1.5 12 | Ag- fo- 536=+10 -12.3+0.1 -12.6 +0.1 | -12.4 -12.5 -13.3 161 51+4 | 6+
J0005 Ag,O | ens 0.1 +0.1 0.1 0.5

hydrol7 | IEMC 850 1.5 12 | Re- fo-per | 652+17 -12.6 £0.1 -12.6 £0.2 | -12.7 -12.5 14£2 28+2 | 7T+1
J0006 ReO, +0.1 +0.1

hydrol4 | IEMC 850 2.5 12 | Re- fo- 605+16 -12.3 £0.1 -12.6 £0.1 | -12.7 -12.6 -13.4 29+5 81+ 28+5
J0004 ReO, | ens +0.2 +0.1 +0.1 12

hydrol3 | IEMC 950 1.5 3 Re- fo- 499+12 -12.0+0.2 -11.9+0.1 | -11.8 -11.9 -12.8 28+3 74+5 | 21+2
JO003 ReO, | ens +0.1 +0.2 +0.2

hydrol10 | IEMC 1000 | 1.5 1 Re- fo- 436+12 -11.4+0.1 -11.5+0.1 | -11.6 -11.5 -12.1 20+ 10 102+ | 31+£2
JO008 ReO, ens +0.1 +0.2 +0.2 2

Table 2: Experimental conditions and results. Thicknesses are average and 1 standard deviation of thicknesses determined from all points measured in the crystal. SESAR ID
are International Geo Sample Numbers (IGSNs) compiled at http://www.geosamples.org. The diffusion coefficients (all log;oD) are determined from summed absorbance
(sum of integrated areas from all three defects). Diffusion rates are determined along the [001] (logDjq01;) and [100] (IogDy;00)) axes, all measured in the (010) plane using
unpolarised light. Integrated absorbance values are taken looking down the [010] direction. No correction is made for defect polarization — values corrected using Equations
1-3 are given in Table 3. Errors on diffusion coefficients and integrated absorbance are (subjectively) determined from data scatter around error function, or 0.1, whichever is
greater. *Diffusion coefficient determined using Ti*" peak only. N.D.: not determined, peak too small.

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld

33




770
771

773
774

775

776
777
778
779
780

781
782
783
784
785
786
787

788
789
790
791
792
793
794

795
796
797
798
799

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2016-5568

I.D. (this study) | Total normalized integrated wt. ppm H,O (interface)
absorbance at interface (cm™)
[TiCh- [Ti-triv] | [Mg] B03 K10 W12 B03+ LR
PD]
hydrol8 24 +4 18+2 77+£12 | 74+£27 49+£07 |59+1.1
hydrol2 0.5=+
0.5 0.1+0.1 |0.1+0.1 0.1+0.1 |0+£0
hydroll 116 + 32.1+ 203+ 174+
35+£2 16 19+8 |55 279+9.6 |33 3.2
hydrol6 19.1 + 16.3 +
3242 116+£9 | 13+1 |30.1+3 27+8.7 1.7 2.5
hydrol7 19.9 + 12.6 £
28+4 64+5 15+2 |24 169+58 |14 11.3+£2
hydrol4 185 + 56.5 + 453+ 293+
5710 27 59+10 (9.7 16.6 3576 6.2
hydrol3 169 + 503+ 26.8
55+6 11 44+£4 |52 41.6+ 14 31.9+3 4.3
hydrol10 633+ 50.9 40.1 + 303+
39+£20 233+5 | 65+4 |78 18.1 4.5 7.6

Table 3: Interface total absorbance and H,O concentration. Total normalized integrated absorbance
values are corrected from those in Table 2 for orientation using the relationships presented in Equations
1-3, then converted into wt. ppm H,O using the absorption coefficients detailed in Table 1.

Figure 1: Laser ablation ICP-MS transects across the starting material. The Ti profile
has ~100 ppm variation from core to rim along [001]. Also note the change in Al
concentration; Al shows a step from around 8 to 14 ppm. The dip in concentration at
the centre of the [001] profile is from ablating over the pre-existing laser track along
[100].

Figure 2: Experimental design. Top: schematic diagram of thick-walled, swaged Ag
capsule containing a solid state fO, buffer, a chemical activity buffer (forsterite +
enstatite or periclase) and one or two oriented cubes of Ti-doped forsterite. Middle:
capsule after experiment showing swelling; this suggests that pressure is hydrostatic
inside the capsule, protecting the crystal from impingement or shearing. Bottom:
transmitted light image of a double polished forsterite crystal post-experiment
(hydroll).

Figure 3: A spectrum from the infrared OH stretching (normalized to 1 cm thickness)
region resolved into Gaussian distributions. Parameters a, b and c (inset table) reflect
the position, width and height of the curves according to the Gaussian equation. The
main peak at 3351 cm™ is resolved into two, with a lower, slightly broader peak at
3349 cm™ giving a lower wavenumber shoulder. The low peak at 3252 cm™ is added
to compensate for poor baseline subtraction in this region. Also shown are residuals
between spectrum (black line) and simulation (red dotted line).

Figure 4: Left: Polarised, principal axis spectra taken from the interface (50x50 pm
aperture) of experiment hydrol 4 (2 perpendicular cuts), normalized to 1 cm thickness.
Right: polar plots of each defect (three rows) taken in two perpendicular cuts (two
columns). [TiCh-PD] is almost absent when the crystal is cut parallel to (100), hence
this plot is missing. [Ti-triv] is comprised of two peaks with the opposite polarization.
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Figure 5: Logarithm of integrated absorbance (unpolarised light, normalized to 1 cm
thickness, not corrected for orientation) at the crystal edge as a function of inverse
temperature. a) individual defects, all fo-ens buffered. [Ti-triv] and [Mg] show
exponential increases, [TiCh-PD] does not. b) total absorbance. Oxygen fugacity does
not affect interfaces but pressure and aSiO, have an effect (850 °C data).

Figure 6: The effect of aSiO, and fO, on FTIR spectra (left) and diffusion profiles
(right). The [Ti-triv] peak (3351 cm™) remains, even in very oxidized conditions, with
no change between Ag-Ag,0O and Re-ReO; buffered conditions.

Figure 7: Variation in unpolarised IR spectra in the O-H stretching region across
[001] of hydrol10 (1000 °C experiment). For clarity, this is a subsample (~25 %) of
the total number of measurements from this axis. All spectra are normalized to lcm
thickness using integrated area of Si-O bands (1625-2150 cm™) to eliminate artifacts
from polishing on cloth (causing the crystal to be thinner at the edges).

Figure 8: Hydrol3 (950 °C experiment) mapped in unpolarised light with 50x50 pm
aperture, 30 pum step. Top: map of integrated area under trivalent peaks extracted from
Bruker OPUS software, scaled between 0-90. The edge of the crystal appears white
due to spectral contamination from epoxy resin. Middle: [001] profile extracted from
map, including fits of integrated area underneath the [Ti-triv], [TiCh-PD] and [Mg]
peaks to equation ( 4 ). Bottom: [100] profile extracted and treated in the same way.
The large aperture and step size in mapping mode is not fully appropriate for such
short profiles; diffusivity is underestimated.

Figure 9: Example of an [001] profile (hydrol4) showing asymmetry. The right hand
side of the profile allows fits to the error function for each individual defect. The left
hand side does not; the steep inflection in [TiCh-PD] concentration at the interface
precludes fits to a single error function. The left side of the profile also includes a
short diffusion profile of a peak at 3428 cm™. Interface spectra are also shown; the
spectrum from the left has lower [Ti-triv] and higher [TiCh-PD] and [Mg] than the
right hand spectrum, as well as the peak at 3428 cm™. Also note that the left side
suffers from a higher baseline in the [TiCh-PD] region.

Figure 10: The effect of pressure on diffusion along [001] and incorporation of
hydrogen. From 1.5 to 2.5 GPa, the total OH solubility increases by 60-80 %. The
concentration increase is taken up by [Mg] and [Ti-triv] defects; there is no increase
in [TiCh-PD] concentration. Any change in the rate of diffusion with pressure is less
than the uncertainty in the measurements.

Figure 11: Arrhenius plot of H diffusion in Ti-doped forsterite along the [001] (black
circles) and [100] (grey circles). Solid black lines are fits to D=Dg exp(E./RT),
assuming that E, (activation energy of diffusion) is the same along both axes. Also
shown are data from M&K90: proton-polaron exchange; Mackwell and Kohlstedt
(1990), DF12: H-D exchange, [100], natural olivine; DuFrane (2012), D&M(03):
hydrogen- M-site vacancy coupled diffusion (forsterite); Demouchy and Mackwell
(2003), D&M(06): hydrogen- M-site vacancy coupled diffusion (natural olivine);
Demouchy and Mackwell (2006), I&B(06): H-D exchange, [001], near pure forsterite;
Ingrin and Blanchard (2006). PN(14): Diffusion out of H from H+Ti doped forsterite;
Padron-Navarta et al. (2014).
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