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We investigated hydrogen transport in naturally occurring, iron-bearing samples of San Carlos olivine that
were hydrogenated at confining pressures of 200 or 300 MPa and 1173 to 1303 K or dehydrogenated at
room pressure and 1191 to 1358 K. Chemical diffusion coefficients were determined from diffusion
profiles for individual O-H-stretching bands from series of infrared spectra in orthogonal directions
across each sample. Within experimental uncertainty, the diffusivities associated with all the individual
bands are in good agreement with one another in both the hydrogenation and the dehydrogenation

Keywords: experiments. Hydrogenation proceeds by two diffusion mechanisms, as reported previously. The faster
olivine process involves interstitial diffusion of protons coupled with a counter-flux of polarons, with proton
diffusion diffusion rate-limiting hydrogenation. For this mechanism, diffusion is faster along the olivine [100]
infrared direction than along [010] and [001], consistent with the anisotropy reported for proton diffusion
hydrogenation and conductivity in olivine. The slower process involves interstitial proton diffusion coupled with a
gsiﬁgﬁs“amn parallel flux of metal vacancies, with vacancy diffusion rate-limiting hydrogenation. For this mechanism,

diffusion is faster along [001] than along [100] and [010], consistent with the anisotropy previously
reported for the diffusion of metal cations in olivine. Diffusivities from our new dehydrogenation
experiments are identical in both magnitude and anisotropy to those determined in our earlier
hydrogenation experiments. This agreement demonstrates the validity of studies that used the results
of our hydrogenation experiments to analyze dehydrogenation profiles in olivine xenocrysts and olivine
in mantle xenoliths to determine rates of magma ascent from the source regions in Earth’s interior.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction corporated into the lattice remains under discussion. Studies have
focused on the dependence of water solubility on various thermo-
dynamic parameters (e.g., Bai and Kohlstedt, 1992, 1993; Kohlstedt
et al, 1996; Mosenfelder et al., 2006; Withers and Hirschmann,
2008; Kovacs et al, 2010; Gaetani et al, 2014). These analyses
provide some insight into the mechanisms of water incorporation
under water-saturated conditions.

Processes of hydrogen diffusion in olivine are not fully under-
stood. On the one hand, knowledge of the mechanisms by which
hydrogen diffuses in olivine can help in understanding the hy-
drogenation process that leads to a water-saturated condition and
thus interpretation of the observed dependence of the water solu-
bility on specific thermodynamic parameters. On the other hand,
under most thermochemical conditions in Earth’s mantle, rocks

The incorporation of a small amount of water (hydrogen) in
nominally anhydrous minerals (NAMs) profoundly influences the
kinetic properties of the materials that comprise Earth’s upper
mantle, including viscosity (e.g., Kohlstedt, 2006; Karato, 2010),
electrical conductivity (e.g., Karato, 2006), ionic diffusion (e.g.,
Chakraborty, 2010; Costa and Chakraborty, 2008), elastic proper-
ties (e.g., Jacobsen et al., 2008), and attenuation of seismic waves
(e.g., Karato, 2003). Since olivine is the most abundant mineral in
Earth’s upper mantle, the mechanism of incorporation of water in
olivine and the associated alteration of its point defect chemistry
has been the subject of numerous studies and vigorous debate over
the last three decades.

Although most hydrogen ions are bonded to oxygen ions in
olivine and observed as O-H (hydroxyl) stretching bands in in-
frared spectra, the specific mechanisms by which hydrogen is in-
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are not water saturated (e.g., Peslier, 2010) and are constantly
undergoing dynamic hydrogen exchange with the ambient envi-
ronment, such as in the transition zone and at the lithosphere-
asthenosphere boundary (Hirschmann, 2006; Green et al., 2010;
Karato, 2011). Thus, it is of great importance to determine the
kinetics of hydrogen transport and the mechanisms of hydrogen
diffusion into and out of olivine grains.
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Numerous studies have investigated the speciation of individ-
ual hydroxyl bands in the infrared spectra of natural and synthetic
olivine, both untreated and after hydrothermal experiments, since
the early work of Beran and Putnis (1983) and Miller et al. (1987).
Theoretical ab initio and molecular dynamics techniques have been
used to correlate individual defects within olivine and forsterite
with bands in the infrared spectra (e.g., Wright and Catlow, 1994;
Brodholt and Refson, 2000; Braithwaite et al., 2003; Balan et al,,
2011; Umemoto et al., 2011; Crépisson et al., 2014). Additional
studies have focused on the nature of the hydrogen-bearing de-
fects in natural olivine, synthetic forsterite, and synthetic Ti-doped
forsterite using anisotropy of infrared hydroxyl bands and/or care-
fully controlled thermochemical environments during hydrother-
mal experiments (e.g., Libowitzky and Beran, 1995; Matveev et al.,,
2001; Lemaire et al., 2004; Berry et al., 2005, 2007; Walker et al.,
2007; Kovacs et al., 2010; Padrén-Navarta et al., 2014; Tollan et
al,, 2017, 2018; Padrén-Navarta and Hermann, 2017; Le Losq et
al,, 2019; Jollands et al., 2019; Demouchy and Alard, 2021). These
studies have suggested a range of substitution mechanisms in syn-
thetic forsterite and natural olivine, including protons associated
with Si vacancies, protons associated with metal vacancies, pro-
tons involved with titanium substitution, and protons associated
with trivalent cations, including iron. Le Losq et al. (2019) summa-
rized prior analyses and identified the hydroxyl bands in the range
3500 to 3630 cm~! as due to protons associated with silicon va-
cancies, those in the range 3300 to 3400 cm~! as due to defect
associates formed between protons in metal vacancies coupled to
trivalent ions in metal sites, and those around 3200 cm~! as due
to protons associated with metal vacancies.

Early measurements of the diffusion of hydrogen ions in natu-
ral olivine were performed by Mackwell and Kohlstedt (1990) and
Kohlstedt and Mackwell (1998), with additional later experiments
by Demouchy and Mackwell (2006). After a hydrothermal anneal,
these studies determined the concentration of hydrogen as a func-
tion of distance into the olivine crystals through measurement of
infrared spectra with an emphasis on the kinetics of the incorpora-
tion process rather the speciation of the defect species resulting in
the various infrared bands. Two mechanisms for hydrogen trans-
port in olivine were established: 1) a fast mechanism involving
exchange of protons and polarons (i.e., electron holes associated
with the excess charge on ferric iron ions on an octahedral cation
site); and 2) a slower mechanism involving coupled inward diffu-
sion of protons and metal vacancies. In both cases, protons diffuse
into olivine due to the chemical potential gradient imposed by the
hydrothermal environment. In the sample interior, these protons
may react with new and existing defects such as silicon or metal
vacancies, generating the variety of hydroxyl bands observed in the
infrared spectra. These studies determined the rate-limiting pro-
cesses for these two mechanisms to be diffusion of hydrogen (as
protons) and diffusion of metal vacancies, respectively, based on
consistency with prior studies of polaron and metal vacancy trans-
port in natural olivine (e.g., Sato, 1986; Mackwell et al., 1988).

These early experiments focused on the hydrogen-related de-
fects that were introduced during hydrothermal treatment for
short times at modest temperatures, such that hydrogen concen-
tration profiles could be measured. As experiments for longer
times and/or at higher temperatures are needed to equilibrate
the samples to the external hydrothermal environment, the defect
populations in the samples used for these hydrogenation exper-
iments will be different from fully hydrogenated and equilibrated
samples and from natural samples containing hydrogen-related de-
fects. Thus, it is possible that diffusion processes for dehydrogena-
tion may differ from those observed during hydrogenation.

Several recent experimental studies have focused on dehydro-
genation of natural olivine (e.g., Jollands et al., 2019; Ferriss et al.,
2018; Barth et al., 2019), with results that are generally consistent
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with the earlier hydrogenation experiments, though there are dif-
ferences in absolute diffusivities for protons and metal vacancies
among olivine samples from different locations. During dehydro-
genation experiments, defect associates such as (2H)y;, and (4H)S;
must be disassociated to liberate protons that can then diffuse
rapidly toward the surface of the sample; the defect notation fol-
lows that of Kroger and Vink (1956). Jollands et al. (2016, 2019)
argued that decreases in the peaks associated with silicon vacan-
cies in natural olivine and synthetic forsterite result from reactions
in which protons dissociate from silicon vacancies and move into a
faster diffusion pathway that may involve coupled transport with
metal vacancies. Similarly, He et al. (2021) noted that hydrogen
trapped at metal vacant sites is less tightly bound than hydrogen
associated with silicon vacancies.

In their study of hydrogen diffusion in synthetic samples of
forsterite and Ti-doped forsterite, Padrén-Navarta et al. (2014) re-
ported a unique diffusivity for each of the site-specific species
based on analyses of infrared spectra measured following dehydro-
genation experiments. From their results, the infrared bands that
they attribute to trivalent cations and metal vacancies exhibited
the greatest loss during dehydrogenation, while those that they as-
sociate with silicon vacancies had the least loss. They interpreted
these results as illustrating that hydrogen associated with silicon
vacancies diffuses much more slowly than that associated with
metal vacancies. In a reinterpretation of their results, Jollands et
al. (2016) argue for a single dominant diffusion process involving
protons and metal vacancies, coupled with reactions in which pro-
tons dissociate from relatively immobile defect associates in olivine
and diffuse coupled to a flux of metal vacancies.

The studies by Padrén-Navarta et al. (2014) and Ferriss et al.
(2015) raised questions about whether the earlier work of Mack-
well and Kohlstedt (1990), Kohlstedt and Mackwell (1998), and
Demouchy and Mackwell (2006), which investigated spatial vari-
ance in total hydroxyl content, had adequately addressed any site-
specific differences in diffusivities during the hydrogenation of
their natural olivine samples. In addition, there remains the ques-
tion of whether the kinetics and speciation of diffusing defects are
equivalent in hydrogenation and dehydrogenation experiments.

In the present study, we analyzed diffusion data from hydroxyl
profiles in natural olivine samples subjected to conditions driving
either hydrogenation or dehydrogenation in order to address the
question of the nature of the diffusing hydrogen species in natu-
ral olivine. The hydrogenated samples were previously studied by
Mackwell and Kohlstedt (1990), Kohlstedt and Mackwell (1998),
and Demouchy and Mackwell (2006), who measured the total hy-
droxyl content by integrating across all infrared bands from 3250
to 3650 cm~'. We reanalyzed the spectra for a subset of these
samples by calculating the hydroxyl concentration as a function of
position parallel to the three diffusion directions for each hydroxyl
band in the spectrum as well as recalculating the total hydroxyl
concentration from the full hydroxyl spectrum as a function of po-
sition. In addition, new experiments were performed to investigate
dehydrogenation of previously hydrated samples to determine if
the kinetics of hydrogenation and dehydrogenation are the same
for both the full hydroxyl spectrum and for groups of individual
bands. These new measurements thus permit an examination of
the appropriateness of using diffusivities determined from hydro-
genation experiments to calculate rates of magma ascent from de-
hydrogenation profiles of olivine xenocrysts and xenolithic olivine
grains.

2. Hydrogen diffusion experimental methods
Naturally occurring single crystals of iron-bearing San Carlos

(Arizona, USA) olivine with no cracks or optically visible inclusions
were prepared for hydrogen diffusion experiments. The crystals
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Table 1
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Experimental conditions and sample sizes for the hydrogenation (Hydro) and dehydrogenation (Dehydro) experiments.

Sample Type T P t fo, [100] x [010] x [001]
(K) (MPa) (h) (mm?)
SC14-6 Hydro 1173 300 1.0 Fe/FeO 3.32 x 4.07 x 3.19
SC16-4 Hydro 1273 300 0.6 Ni/NiO 2.84 x 5.03 x 3.23
SC31-2 Hydro 1173 200 211 Ni/NiO 2.82 x 4.72 x 3.38
SC31-3 Hydro 1273 200 8.0 Ni/NiO 2.82 x 4.76 x 3.02
SC31-5 Hydro 1303 200 5.0 Ni/NiO 2.70 x 4.03 x 2.82
PI-1918-3 Dehydro' 1191 0.1 200 ~10~7 atm 1.83 x 2.50 x 1.83
PI-1914 Dehydro‘ 1253 0.1 5.0 ~10~7 atm 3.07 x 442 x 3.65
PI-1918-1 Dehydro* 1322 0.1 3.0 ~1077 atm 299 x 0.67 x 2.28
PI-1918-2 Dehydrox 1358 0.1 2.0 ~10~7 atm 271 x 0.94 x 2.67

" Samples had been pretreated hydrothermally at 300 MPa, 1473 K, 5 h, with a Ni/NiO oxygen buffer.

were orientated using Laue X-ray diffraction, and the orientations
were checked with electron backscatter diffraction (EBSD).

2.1. Hydrogenation experiments

For hydrogenation experiments, we investigated in greater de-
tail the spectra of five samples from our previous studies (Mack-
well and Kohlstedt, 1990; Kohlstedt and Mackwell, 1998). These
samples (SC14-6, SC16-4, SC31-2, SC31-3, and SC31-5) were cut
with faces perpendicular to each of the crystallographic axes (£5°)
and polished using diamond lapping films from 30 to 0.5 pm. Sam-
ples sizes were roughly 3 x 5 x 3 mm?> parallel to the olivine
[100], [010], and [001] crystallographic axes, respectively. FTIR
analyses were performed to confirm the dry state of the samples
prior to hydrogenation experiments.

Samples SC14-6 and SC16-4 were hydrothermally annealed for
relatively short times of <1 h in iron or nickel capsules at temper-
atures of 1173 and 1273 K, respectively, and a confining pressure
of 300 MPa in a gas-medium pressure vessel. Oxygen fugacity was
buffered by Fe/FeO or Ni/NiO. Silica activity was buffered by a
mixture of olivine plus orthopyroxene powders. Samples SC31-2,
SC31-3, and SC31-5 were hydrothermally annealed for longer times
of >5 h in platinum capsules at temperatures of 1173 to 1303 K
and a confining pressure of 200 MPa in cold-seal pressure vessels.
Oxygen fugacity was buffered by Ni/NiO powders. Silica activity
was buffered by orthopyroxene powder. Experimental conditions
are summarized in Table 1.

At the end of each experiment, temperature was decreased at
a constant pressure to 973 K at ~150 K/min, and then decreased
to room temperature at ~30 K/min. The fast initial cooling rate
was used to prevent the formation of secondary hydrous phases
and limit the precipitation of the hydrous defects as fluid inclu-
sions (Mackwell et al., 1985; Kohlstedt and Mackwell, 1998). Metal
capsules were pierced to verify that water was present throughout
each experiment.

2.2. Dehydrogenation experiments

For the dehydrogenation experiments, the first step was to ob-
tain water-saturated olivine single crystals with a uniform distribu-
tion of hydrogen throughout the samples. Olivine single crystals PI-
1914, PI-1918-1, PI-1918-2, and PI-1918-3 were pressed with talc
and brucite (2:1 by weight) and 10 to 14 drops of distilled water
into cylindrical nickel capsules with an inner diameter of 12 mm
and a length of 20 mm. A nickel disc was then laser welded onto
each end of the capsule to prevent direct loss of water. Hydrother-
mal anneals were carried out at 1473 K and 300 MPa for 5 h
using a gas-medium apparatus (Paterson, 1990). Water-saturation
was confirmed with FTIR spectra that revealed a uniform hydroxyl
content along all three crystallographic axes.
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Fig. 1. Schematic of an olivine sample cut into slices for infrared measurements.

The dehydrogenation experiments involved annealing the sam-
ples of water-saturated olivine in a one-atmosphere furnace with a
thermocouple monitoring the temperature at the sample. Temper-
ature was set within the range 1191 to 1358 K. The experimental
conditions for each of four samples are summarized in Table 1.
Oxygen fugacity was set at ~10~7 atm with a flowing mixture of
CO and CO, and monitored with an oxygen fugacity sensor. Sam-
ples were quickly retracted from the hot zone of the furnace at the
end of experiments and cooled to room temperature.

3. Analytical methods for chemical diffusion profiles
3.1. Fourier transform infrared spectroscopy

Samples from both hydrogenation and dehydrogenation experi-
ments were cut perpendicular to [010] to extract the center slab
with [010] as the normal vector, as illustrated schematically in
Fig. 1. Chemical diffusion profiles along [100] and [001] were gen-
erated by collecting infrared spectra across the middle of the sam-
ple from one edge to the other for each direction. The other two
slabs from the side slices of the previous cutting step were cut
perpendicular to the [001] direction (Fig. 1) to obtain hydrogen
diffusion profiles along [010].

The hydroxyl distribution within samples was analyzed using
Fourier transform infrared (FTIR) spectroscopy. Infrared spectra
were collected over the wavenumber range 2000 to 4000 cm™!
with a Bruker™ IFS 120 HR high resolution FTIR spectrometer cou-
pled with a Bruker™ IR microscope and a KBr beam splitter. For
the hydrogenation samples, 200 scans were accumulated for each
spectrum at a resolution of 1 cm~!. The polarized infrared beam
(E /] [100]) was focused on a depth near the middle of the sample.
Spectra were collected from edge to edge along the center axis
of the sample. Such a series of infrared spectra for SC31-3 along
the three principal axes is illustrated in Fig. 2. Other aspects of
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Fig. 2. Series of polarized infrared spectra (E // [100]) for sample SC31-3 as a function of position along the three principal axes. Each spectrum is labeled with the distance
of the measurement from the outside edge of the sample. For diffusion parallel to [100] and [001], spectra were measured from one edge of the sample to the other; for
[010], spectra were only measured part way from one edge of the sample due to the sectioning procedure.

the technical setup for the spectrometer are identical to those de-
scribed by Demouchy and Mackwell (2003).

For measurements of the infrared spectra of the dehydrogena-
tion samples, 128 scans were accumulated using the same model
of spectrometer and configuration, but with a resolution of 2 cm~!
using an unpolarized beam over the wavenumber range of 1000
to 4000 cm~!. Since we were not looking specifically at defect
speciation, we used unpolarized spectra to maximize the signal-
to-noise ratio, especially for the lowest band strengths. A window
20 x 200 pym? with the long dimension perpendicular to the pro-
file direction was chosen to minimize the convolution effect due
to the gradient in water concentration along the diffusion profile,
thus optimizing the signal-to-noise ratio. Air purged of H,O and
CO; was flowed into the zone around the sample to limit contam-
ination due to atmospheric moisture. A background spectrum was
collected before measurements on samples to remove the interfer-
ence from any residual moisture in the air.

3.2. Method for fitting individual infrared spectra

Raw infrared spectra were processed with OriginLab® software.
Each spectrum was first smoothed using a 20 points Savitzky-
Golay filtering method to increase the signal-to-noise ratio. The
spectrum was then baseline corrected by fitting the regions away
from O-H-stretching bands and normalized to a thickness of 1 cm.
Each spectrum was subsequently deconvolved as the summation of
a series of bands, each with a Gaussian distribution of the form

C _ w-vp)?
e 202

A=Ap+

oA 21

where v is wavenumber in cm~!, v is the center wavenum-
ber for each band, A and Ag are the infrared absorption coeffi-
cient and residual background level in cm~!, and C and o are
the integral area and standard deviation of the Gaussian distri-
bution. The total number and the wavenumber of the selected
primary bands were identified with the “pick-peak” function in
OriginLab® software; the “pick-peak” wavenumber was compared
with values reported in previous studies. The wavenumbers of six
to nine primary bands were chosen as the input of fitting parame-
ters to obtain optimal fitting results. The center wavenumbers of
these bands include 3598, 3572, 3566, 3543, 3525, 3490, 3372,

05
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Fig. 3. Example of a fit to the polarized infrared spectrum (E // [100]) of sample
SC31-3 with the “pick-peak” function in OriginLab© software, using 9 individual
bands and assuming a Gaussian shape for each band.

3355, and 3329 cm~!. An example of fitting the overall spectrum
from sample SC31-3 with 9 individual bands, each with a Gaus-
sian distribution, with the wavenumber labeled above each band
is provided in Fig. 3. Based on the assignments summarized in Le
Losq et al. (2019), the bands identified in this study would result
from protons associated with silicon vacancies (3598-3490 cm™!)
or protons associated with trivalent ions in/associated with metal
vacancies (3372-3329 cm~!). Assessment of the validity of these
assignments is beyond the scope of this study.

3.3. Determining the diffusivities for water-derived point defects

The hydroxyl concentration, [OH], associated with each site-
specific hydrous defect is proportional to the integrated area C
(in cm~2) under that band in the infrared spectrum. For the pur-
poses of diffusion analysis, the actual value of the proportionality
constant is immaterial. Thus, we treat the integrated area under a
band in an infrared spectrum as the corresponding hydroxyl con-
centration. Hydroxyl concentration evolves with time and position
according to Fick’s second law
€ _ Dv2c, 1)
at
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Table 2a
Chemical diffusivity data from hydrogenation experiments for the fast diffusion process for each of the infrared
bands.
Sample T t IR band log Dy |/ [100] logD; /] [010] log D // [001]
(K) (h) (em™1) (m?s71) (m?s~1) (m?s71)
SC14-6 1173 1.0 All —9.91 £ 0.02 —11.8 £ 0.1 —11.2 £ 0.1
3490 —10.2 £ 0.2 —114 + 0.1 —10.8 £ 0.1
3525 —9.8 + 0.1 —11.3 £ 0.1 —10.90 + 0.05
3543 —-103 £ 0.2 —119 £ 0.2 —111 £ 0.1
3566 —99 + 0.1 —115 + 0.1 —11.0 £ 0.1
3572 —9.92 £+ 0.04 —11.6 £ 0.1 —111 £ 0.1
SC16-4 1273 0.6 All —9.61 £ 0.02 —11.0 £ 0.1 —111 £ 0.1
3490 —9.78 £ 0.03 —11.6 £ 0.1 —10.9 £ 0.1
3525 —9.61 £ 0.02 —119 £ 0.2 —111 £ 0.1
3543 —9.81 £ 0.03 —114 £ 0.2 —11.2 £ 0.1
3566 —9.64 £ 0.02 —119 £ 0.2 —11.2 £ 0.1
3572 —9.75 £ 0.03 —11.8 £ 0.1 —112 £ 0.1

where D is the chemical diffusion coefficient and t is time. For a
one-dimensional diffusion profile in a hydrogenation experiment,
data were fit with the solution to Eq. (1) for an infinite source into
a finite slab (Carslaw and Jaeger, 1959) for a short enough time
that diffusion from opposite faces did not overlap significantly:

C=Co+(C; —Cp) x {erfc( X~ >+erfc<w_~x>}, 2)
2VDt 2V/Dt

where x is the position parallel to the diffusion direction, w is
width of the sample, Cy is the initial concentration before dif-
fusion, and C; is the concentration at the surface of the sample.
Values for Cy and C; were obtained by applying a non-linear least
squares regression fit to the diffusion profiles using Eq. (2). For
the samples from short-duration hydrogenation experiments, Co
was assumed to be zero since the samples were initially dry; for
the longer-duration hydrogenation experiments, Co was allowed to
vary as the initial concentration included hydrogen defects that
had rapidly diffused into the samples prior to the slower incor-
poration process (Demouchy and Mackwell, 2006). For the samples
from dehydrogenation experiments, C; was constrained at 0 cor-
responding to the fully depleted condition at the surface of the
sample. After initial independent fits to all diffusion profiles for
each sample, values for Cp and C; were set for each sample and
the diffusivities for each direction were determined using Eq. (2),
since the concentrations at all sample faces should be the same, as
should those at the center of all the profiles for each sample.

Interpretation of a measured chemical diffusivity in terms of
the rate-limiting process requires understanding the charge cou-
pling condition associated with the diffusion process. Previous
studies identified two distinct diffusion processes associated with
hydrogen diffusion based on the kinetics and anisotropy of the
diffusion of water-derived point defects (Mackwell and Kohlstedst,
1990; Kohlstedt and Mackwell, 1998). At relatively low temper-
atures and short experimental durations, a fast diffusion process
occurs that these authors associated with the counter-diffusion
of interstitial protons and polarons; we refer to this process as
proton-polaron exchange. At higher temperature and longer exper-
imental durations, a slower diffusion process dominates that was
attributed to interstitial proton diffusion coupled with a parallel
flux of metal (octahedrally coordinated cation) vacancies; we refer
to this process as proton-vacancy coupled diffusion.

Under anhydrous conditions, iron-bearing olivine has a max-
imum polaron content of ~100 molar ppm in one-atmosphere
controlled-oxygen-fugacity experiments (Nakamura and Schmalz-
ried, 1983; Tsai and Dieckmann, 1997, 2002); this value sets an
upper limit on the amount of hydrogen that can be incorpo-
rated through the proton-polaron exchange mechanism. Following

Kohlstedt and Mackwell (1998), the chemical diffusivity, Df, ob-
tained from the hydroxyl concentration profiles associated with the
fast proton-polaron exchange process is given by

- 2DyDy

D= —2p7H 3
I'= D, + Dy (3)

where D; is the polaron (h*) diffusivity and Dy is the intersti-
tial proton (H7) diffusivity. Previous measurements by Sato (1986)
on the diffusivity of electron holes in olivine parallel to [010] and
[001] generated values of 10~7> and 1030 m?2/s, respectively, at
1673 K. As these diffusivities are more rapid than the extrapolation
of proton diffusion data to this temperature (Kohlstedt and Mack-
well, 1998), we assume that Dp > Dy and therefore that Df ~
2Dy.

The slow mechanism involves metal vacancies (V,/v{e) and is re-
ferred to as the proton-vacancy coupled diffusion mechanism. In
this case, the chemical diffusivity, Ds, is described by

_ 3Dy, Du

= — 4
*= 2Dy, + Dn (4)

where Dy,,, is the metal vacancy diffusivity. As the measured val-
ues of chemical diffusivity for hydrogen incorporation into natu-
ral olivine via this mechanism were observed to be significantly
slower than proton diffusion, Kohlstedt and Mackwell (1998) con-
cluded that Dy > Dy,,,, and thus that D 3Dy, .

4. Chemical diffusivity results
4.1. Proton-polaron exchange process

As noted by Kohlstedt and Mackwell (1998) and Demouchy and
Mackwell (2006), hydrogen transport at lower temperatures and
shorter times is dominated by exchange of protons from the fluid
phase and polarons within the natural olivine crystals. At longer
times or higher temperatures, additional hydrogen is incorporated
in the olivine through coupled diffusion of interstitial protons and
metal vacancies.

We selected two samples for this study (SC14-6, SC16-4) from
Mackwell and Kohlstedt (1990) that had been hydrothermally an-
nealed for less than 1 h. Chemical diffusivities calculated from the
individual hydroxyl absorption bands (3572, 3566, 3543, 3525, and
3490 cm~1), as well as the full hydroxyl spectrum (all bands) are
listed in Table 2a and plotted in Fig. 4. For each diffusion direc-
tion in both samples, there is no statistically significant difference
in the chemical diffusivities associated with the various hydroxyl
bands. Our all-bands diffusivities agree very well with those re-
ported for the same samples by Mackwell and Kohlstedt (1990)
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Table 2b
Chemical diffusivity data from slow hydrogenation experiments for each of the infrared bands.
Sample T t IR band log Ds /| [100] log D; /| [010] log Ds // [001]
(K) (h) (cm™1) (m?s71) (m?s™!) (m?s71)

SC31-2 1173 21.1 All —13.76 + 0.05 —13.65 + 0.05 —12.35 + 0.05
3329 —144 £+ 01 —13.75 + 0.07 —12.26 £+ 0.07
3355 —14.06 £+ 0.05 —13.68 + 0.04 —12.38 + 0.05
3372 -125 4+ 0.3
3490 —13.40 + 0.06 —-12.7 £ 01
3525 —142 £ 01 —13.6 +£ 0.1 —12.45 + 0.06
3543 —13.8 £ 0.1 —-12.5 £ 0.1
3566 —141 + 01 —13.60 + 0.07 —12.54 + 0.06
3572 —142 £ 01 —13.41 + 0.07 —12.54 £+ 0.07

SC31-3 1273 8.0 All —12.93 + 0.06 —12.19 £ 0.02 —11.34 £ 0.02
3329 —12.88 £+ 0.05 —-124 4+ 01 —11.31 + 0.06
3355 —12.78 + 0.04 —123 £ 0.1 —11.40 + 0.06
3372 —-133 £ 0.1 —124 + 0.1 —11.5 £ 0.1
3490 —13.40 £+ 0.05 —12.7 £ 0.2 —-11.5 + 0.1
3525 —12.79 £+ 0.04 —124 + 01 —11.33 + 0.06
3543 —12.96 + 0.05 —123 £ 0.1 —11.37 + 0.02
3566 —12.86 £+ 0.03 —12.35 + 0.05 —11.37 + 0.02
3572 —12.87 £+ 0.05 —123 £ 0.1 —11.42 + 0.02
3598 —124 £ 01 —124 £+ 0.1 —111 £ 0.1

SC31-5 1303 5.0 All —11.95 + 0.03 —10.77 £+ 0.03
3329 —121 + 01 —10.83 £+ 0.04
3355 —12.07 £+ 0.04 —11.03 + 0.03
3372 —-106 £ 0.3
3490 —-11.9 + 0.1 —10.59 + 0.05
3525 —11.96 + 0.05 —10.88 £+ 0.05
3543 —11.97 + 0.07 —10.75 £+ 0.02
3566 —11.93 + 0.05 —10.92 £+ 0.05
3572 —12.01 £+ 0.04 —10.92 + 0.04

and Kohlstedt and Mackwell (1998). For these samples, the chem-
ical diffusion coefficients for diffusion parallel to [100] are signifi-
cantly larger than parallel to [010] and [001].

4.2. Proton-vacancy coupled diffusion process

4.2.1. Hydrogenation experiments

We selected three samples for this study (SC31-2, SC31-3, and
SC31-5) from Kohlstedt and Mackwell (1998) that had been hy-
drothermally annealed for longer than 5 h. Using the series of
infrared spectra for each sample along each of the principal axes,

such as presented for SC31-3 in Fig. 2, we plotted hydroxyl con-
centration versus position parallel to each axis for the individual
hydroxyl absorption bands (3598, 3572, 3566, 3543, 3525, 3490,
3372, 3355, and 3329 cm~1), as well as the full hydroxyl spectrum
(all bands), as presented for SC31-3 in Fig. 5. The observation that
the hydroxyl concentration profiles follow an error function form
is strongly indicative of diffusion control of the transport process,
rather than reaction or interface control.

Chemical diffusivities calculated from the individual hydroxyl
absorption bands, as well as the full hydroxyl spectrum (all bands),
are listed in Table 2b and plotted in Fig. 6. As for the proton-
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Fig. 5. Hydrogenation diffusion profiles for sample SC31-3 obtained for a) all infrared absorption bands combined and individual bands at 3329, 3355, 3372, and 3490 cm™!
and for b) individual bands at 3525, 3543, 3566, 3572, and 3598 cm~! for the three orthogonal diffusion directions.

polaron exchange process, each diffusion direction in these sam- 4.2.2. Dehydrogenation experiments

ples shows no statistically significant differences in the chemical Chemical diffusion profiles were obtained for samples from de-
diffusivities obtained for the various hydroxyl bands. Our all-bands ~ hydrogenation diffusion experiments (PI-1914, PI-1918-1, PI-1918-
diffusivities agree very well with those reported for the same sam- 2, and PI-1918-3) in a one-atmosphere furnace under controlled

ples by Kohlstedt and Mackwell (1998) and Demouchy and Mack- ~ ©Xygen fugacity after prior hydrothermal treatment at high pres-
sure. For each sample, the diffusion coefficients for the full hy-

droxyl spectrum in the wavenumber range 3650-3200 cm~! were
measured for diffusion parallel to the [100] and [001] crystallo-
graphic directions. Due to the relatively small signal-to-noise ratio
b o ; ) : ) for the integrated absorbance of the individual infrared bands, we
diffusion direction parallel to [001] is consistent with prior stud- separated the OH-bond related bands into two groups, 3650-3450
ies of diffusion processes in natural olivine and synthetic forsterite em~! and 3450-3200 cm~!, rather than analyzing each band sep-

well (2006). In contrast to the shorter-duration experiments, the
largest values for chemical diffusivity are associated with diffusion
parallel to [001], with significantly slower diffusion along [100]
and [010]. It is noteworthy that this anisotropy with the fastest

rate limited by the diffusion of metal vacancies (e.g., Chakraborty, arately. For similar reasons, we were not able to obtain robust
1997; Dohmen et al.,, 2007; Dohmen and Chakraborty, 2007; Jol- chemical diffusivities for diffusion parallel to [010] for these sam-
lands et al., 2016, 2020). ples.
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Table 2c
Chemical diffusivity data from dehydrogenation experiments for high and low wavenumber bands.
Sample T t IR band log Ds // [100] log Ds // [001]
(K (h) (em™) (m?s™") (m?s™")
PI-1918-3 1191 20.0 All —134 £+ 01
<3450 —-134 £ 0.2
>3450 —13.42 £+ 0.07
PI-1914 1253 5.0 All —124 + 01 —11.21 + 0.04
<3450 —-123 £ 0.2 —11.23 +£ 0.05
>3450 —12.7 £ 05 —1117 £ 0.06
PI-1918-1 1322 3.0 All —123 £ 0.1 —11.10 £ 0.04
<3450 —121 £ 0.1 —11.17 £ 0.06
>3450 —12.8 £ 0.1 —11.38 + 0.05
PI-1918-2 1358 2.0 All —-121 £ 01 —10.88 £+ 0.04
<3450 —121 £ 01 —10.92 £ 0.07
>3450 —-122 £ 02 —10.86 + 0.06
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Fig. 6. Chemical diffusivities based on measurements of hydroxyl concentration as a function of position in olivine samples SC31-2, SC31-3, and SC31-5 after partial hydro-
genation by the slow proton-vacancy coupled diffusion process. Each dashed line represents the average of the diffusivities determined for individual bands, while each solid

line represents the diffusivity determined from the full infrared spectrum.

Chemical diffusivities were calculated from the diffusion pro-
files for the full hydroxyl spectrum and for each group of bands
using Eq. (2) with Cy and D as variables, and C; constrained at 0
due to the anhydrous environment during the dehydrogenation ex-
periment. Dehydrogenation diffusion profiles are plotted in Fig. 7
for sample PI-1914 obtained from the full infrared spectrum and
for each group of bands for diffusion parallel to [100] and [001].
The chemical diffusion data are listed in Table 2c and plotted in
Fig. 8. For the dehydrogenation samples, the chemical diffusion co-
efficients calculated for the two groups of bands generally agree
within experimental uncertainty.

5. Discussion
5.1. Diffusivities of water-derived defects

5.1.1. Proton-polaron exchange process

In Fig. 9, we plot chemical diffusivity versus temperature results
from the present study for the fast diffusion process, along with
published data from Mackwell and Kohlstedt (1990) and Kohlst-
edt and Mackwell (1998). The x symbols are our measurements
of diffusivity from the individual bands in the olivine spectrum,
while the + symbols with 3o error bars were determined from the
full hydroxyl spectrum for each sample. The data from this study
are consistent with our prior published analyses and indicate that
changes in all the hydroxyl bands occur synchronously, arguing for
a single diffusion process transporting protons from the exterior to
the interior of each crystal. Most of the protons introduced dur-
ing hydrogenation experiments react internally with newly formed
or existing defects such as metal or silicon vacancies, resulting in
hydroxyl bands reflecting the chemistry of the local environment
associated with the defect species. Following our prior studies,
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Fig. 7. Dehydrogenation diffusion profiles for sample PI-1914 obtained from the
full infrared spectrum, from bands at wavenumbers <3450 cm~!, and bands at
wavenumbers >3450 cm~! for the diffusion parallel to [100] and [001].



Y. Li, S.J. Mackwell and D.L. Kohlstedt

-11 I 1 I I I I
PI-1918-3 /1 [100] /1 [001]
F,A'12 [ 1191K 20h T ]
? 3c error bars
3
13k 4 ]
=y average
1 all bands l
14 1 .
1 1 1 1 1 1
I 1 I I I I
-11 L PI-1914 /1 [100] /1 1001]
1253 K 5h
— 3o |error bars
‘n
E -12
w“ — ~ ~ "laverag
= 13 | =L i
40 f+————f —t—t
PI-1918-1 /1 [100] /1 [001]
-1 1322K 3h + all bands 1
o 30 error bars == =~ — — —average 5
£
.12 all bands ’—;:_ 7]
lQ ____________ -
average
3 F 4 i
10 ———— ——
PI-1918-2 /1 [100] /1 [001]
allbands 1 |
~ -1 F 1358 K 2h a . average }’
? 3c error bars
E
12k I ands___ —
lal —T—' average ‘J
13k 1 _
1 1 1 1 Il 1

3600 3500 3400 3300 3600 3500 3400 3300
Wavenumber (cm™) Wavenumber (cm™)

Fig. 8. Chemical diffusivities based on measurements of hydroxyl concentration as a
function of position in olivine samples PI-1918-3, PI-1914, PI-1918-1, and PI-1918-
2 after dehydrogenation of samples by the slow proton-vacancy coupled diffusion
process. Each dashed line represents the average of the diffusivities for each band,
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the full spectrum.

we argue that the fast diffusion process involves counter-fluxes of
interstitial protons and polarons with the chemical diffusion coef-
ficient given in Eq. (3). In that case, since Dp > Dy, Dy ~ 05Dy,
allowing us to determine proton diffusion coefficients using the
diffusion data for SC14-6 and SC16-4 in Table 2a. Since this new
analysis only examined 2 of the 7 samples studied previously by
Mackwell and Kohlstedt (1990) and Kohlstedt and Mackwell (1998)
and the new data are quite consistent with the earlier results,
we fit Arrhenius relations only to the data from the prior stud-
ies. These fits, plotted as the solid lines on Fig. 9, yielded

145+25Kk 1
D§, =1073*1Texp _1B £ /Mol o (5)
RT
184 +£52Kk 1
Db =10733+23 exp _184:£521/mol m?s~!, (6)
RT
105+43 k 1
D, = 10767+22 exp<_%> m?s1, 7)

where D%, DY, and D¢, are the diffusion coefficients for hydrogen
ions along [100], [010] and [001], respectively.
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Fig. 9. Chemical diffusivities determined after short-duration hydrogenation experi-
ments (In) that favored the fast diffusion process. The x symbols are measurements
of average of the diffusivities for all the individual bands in the olivine spectrum,
while the + symbols with 3¢ error bars were determined from the full hydroxyl
spectrum for each sample. By comparison, the filled symbols show the diffusivi-
ties determined in the prior study by Kohlstedt and Mackwell (1998) (KM) for each
diffusion direction; the solid lines represent fits to their data. The dashed red line
shows the chemical diffusivity parallel to [100] for hydrogen-deuterium exchange
from Du Frane and Tyburczy (2012).

It should be noted that the chemical diffusivities determined
from deuterium-hydrogen interdiffusion experiments on natural
olivine by Du Frane and Tyburczy (2012), shown as the dashed
red line in Fig. 9 for diffusion parallel to [100], yield hydrogen dif-
fusivities a factor of ~7 slower than our calculations based on our
fast diffusion experiments. This difference is unlikely to result from
the higher pressure of their experiments.

5.1.2. Proton-vacancy coupled diffusion process

Chemical diffusivities based on hydroxyl profiles for SC31-2,
SC31-3, SC31-5, PI-1918-3, PI-1914, PI-1918-1, and PI-1918-2 are
provided in Table 2b, 2c and plotted versus inverse temperature in
Fig. 10. The x and A symbols are our measurements of chemical
diffusivity for the individual bands in the natural olivine spectrum
for the hydrogenation (In) and dehydrogenation (Out) experiments,
respectively, while the + symbols with 30 error bars were de-
termined from the full hydroxyl spectrum for each sample. The
similarities of the hydrogenation and dehydrogenation data are
consistent with operation of the same diffusion process in both
types of experiment. The slower rate of diffusion and differences
in anisotropy of diffusion between these results and those for the
proton-polaron exchange process clearly demonstrate the opera-
tion of two different diffusion processes for hydrogen transport.
We argue, as did Kohlstedt and Mackwell (1998) and Demouchy
and Mackwell (2006), that this slower diffusion process involves
coupled diffusion of interstitial protons and metal vacancies.

The chemical diffusion coefficient for the coupled diffusion of
interstitial protons and metal vacancies is described in terms of the
proton and metal vacancy diffusivities by Eq. (4). Since Dy >> Dy,
Dy, =~ %f)s, allowing us to determine metal vacancy diffusion co-
efficients for this suite of samples. The metal vacancy diffusivities
determined from the full hydroxyl spectrum for each diffusion di-
rection of our samples are plotted in Fig. 11. A fit of the Arrhenius
relation to our metal vacancy diffusivity data for each diffusion di-
rection based on results from both hydrogenation experiments and
dehydrogenation experiments yields
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D%Me (dehydrogenation + hydrogenation)

_10-12425 exp(— 279+ i()qu/mol) m?s-1,

and
Df,Me (dehydrogenation + hydrogenation)

_10-13%22 exp(— 245+ ;‘;kl/m()l) mZs1

Since only 2 points constrained the metal vacancy diffusivity
for diffusion parallel to [010], the fit is not very robust and thus is
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not quoted here. Also plotted on this figure are metal vacancy dif-
fusivities from Demouchy and Mackwell (2006) based on similar
experiments of hydrogen diffusion and from Mackwell et al. (1988)
based on re-equilibration rates of natural olivine single crystals af-
ter changes in oxygen fugacity during deformation experiments.
Our data are consistent with those of Demouchy and Mackwell
(2006), although we did not use their diffusivity for 1173 K due
to scatter in the hydroxyl concentration profile. That the extrapo-
lation of the Arrhenius fit for the [001] data to higher temperatures
aligns so well with the metal vacancy diffusivities of Mackwell et
al. (1988) determined by a totally different method gives confi-
dence in the assignment of the proton-vacancy coupled diffusion
as the operative defect diffusion process.

5.2. Comparison to prior studies

Padrén-Navarta et al. (2014) reported that diffusivities associ-
ated with different hydrous defects in synthetic forsterite and Ti-
doped forsterite differ by several orders of magnitude. The fastest
species linked to the band at 3220 cm~! was assigned to hydrogen
associated with magnesium vacancies; the slower species linked to
the bands at 3572 and 3525 cm~! was interpreted as hydrogen as-
sociated with titanium defects; and the slowest species associated
with bands at 3613, 3566, and 3542 cm~! was assigned to hydro-
gen associated with silicon vacancies.

Further to these observations, Jollands et al. (2016, 2019) note
that their results for dehydrogenation in synthetic forsterite and
natural olivine are all consistent with the predominant diffusion
process for hydrogen involving protons and metal vacancies com-
bined with inter-site reactions in which protons progressively leave
largely immobile trapping sites and move into a faster transport
pathway, such as coupled diffusion with metal vacancies. Our re-
sults are consistent with these observations, clearly demonstrating
that, after an initial fast exchange of protons and polarons, a single
diffusion process involving coupled diffusion of interstitial protons
and metal vacancies dominates. The anisotropies in diffusion ki-
netics that we observed are also consistent with those of these
prior studies. As noted in Jollands et al. (2019), variations exist in
rates of diffusion measured in the various studies that need to be
resolved, but the consistency of results in terms of the diffusion
mechanism gives some confidence in the utility of these studies
for application to processes in Earth’s interior.

5.3. Application to assent rate of mantle xenoliths

Hydroxyl profiles have been measured for olivine xenocrysts
and olivine grains in mantle xenoliths due to dehydrogenation
during ascent from their source regions (e.g., Demouchy et al.,
2006; Peslier and Luhr, 2006; Peslier et al., 2008, 2015; Denis et
al., 2013; Hilchie et al., 2014; Ferriss et al., 2018; Barth et al,,
2019; Newcombe et al., 2020). Generally, these samples exhibit
spectral features common to infrared spectra from mantle-derived
olivine (Miller et al., 1987; Ingrin and Skogby, 2000) including
bands located at around 3572, 3525, 3353, and 3330 cm™!. Re-
sults from the present study have demonstrated that all the major
bands in natural San Carlos olivine crystals exhibit similar rates
of change during dehydrogenation, suggestive of a common mech-
anism of hydrogen transport. In addition, the similarity between
the diffusivities obtained from hydrogenation and dehydrogenation
experiments validates the use of the diffusivities obtained from hy-
drogenation experiments in our earlier publications to calculate
the ascent rates of the host magma carrying olivine xenocrysts
or olivine-bearing xenoliths. While an understanding of the na-
ture and mobility of hydrogen-associated point defects in natural
olivine remains incomplete, the identification of a single key mech-
anism for hydrogenation and dehydrogenation provides confidence
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in the calculations of ascent rates for mantle xenocrysts and xeno-
liths.
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