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Hydrogen and deuterium diffusion in non-stoichiometric
spinel
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ABSTRACT
High pressure/temperature annealing experiments are used to
determine diffusivities of H+ and D+ in non-stoichiometric spinel,
a low-pressure analogue for nominally anhydrous minerals in
Earth’s mantle. Data are fitted to the following Arrhenius law:
Diffusivity (m2/s) = 4 ± 1 × 10−12 exp(−54 ± 2 kJ mol−1/RT). At low
temperatures, H+ and D+ diffusion in non-stoichiometric spinel is
charge balanced by flux of O vacancies, with infrared data
consistent with protonation of both octahedral and tetrahedral
O–O edges in non-stoichiometric spinel, and additional fine
structure due to Mg–Al mixing and/or coupling of structurally
incorporated H+ with cation vacancies. Absence of changes in the
fine structure of O–H absorption bands indicates that H+ can
become locally coupled and uncoupled to other defects during
bulk diffusion. As such, proton conductivity in spinel group
minerals, arising from faster flux of uncoupled H+, can only be
calculated from H+ mobility data if the extent of defect coupling
is constrained.
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Introduction

The nominally anhydrous minerals (NAMs) which constitute the silicate mantles of Earth
and terrestrial planets can incorporate significant quantities of dissolved ‘water’ in the
form of structurally incorporated hydrogen (H+). This H+ is typically bound to relatively
underbonded oxygens, forming spectroscopically active hydroxyl (OH−) groups, often
associated with other defects such as cation vacancies [1,2]. The corresponding hydroxyl
solubility in NAMs varies from a few tens to tens of thousands of ppm H2O by weight (parts
per million H2O by weight (ppmw)), and represents a highly efficient mechanism for
storing considerable quantities of water in Earth’s deep interior, comparable to the
volume of water present in the hydrosphere [3]. The presence of H+ also has important
influences on a range of mineral and bulk mantle properties, such as melting behaviour,
electrical conductivity, seismic velocities and rheology [4–8].
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Spinel sensu stricto, MgAl2O4, is volumetrically a minor phase in the upper part of the
Earth’s mantle and the main repository for Al to depths of 50–80 km, and can only
incorporate trace amounts of hydoxyl [9]. However, Bromiley et al. [10] demonstrated
that synthetic, non-stoichiometric, Al-rich spinel can incorporate significant quantities
of hydroxyl under high pressure/temperature (HPT) (P–T) mantle conditions, and may
provide a useful, low-pressure analogue for detailed investigations of H incorporation
in NAMs. In particular, large gem-quality crystals of non-stoichiometric spinel can be
readily synthesised, enabling detailed studies of H+ incorporation mechanisms and
defect coupling using multiple techniques, something which is challenging to
perform on run products from high PT studies of mantle minerals. Non-stoichiometric
spinel is isostructural with ringwoodite, (Fe,Mg)2SiO4, the main mineral stable in the
lower part of Earth’s transition zone, and a phase believed to incorporate significant
volumes of water (i.e. hydroxyl) in the deep Earth [3,11–13]. In addition to the insight
which it provides on H+ incorporation in major mantle NAMs, non-stoichiometric
spinel has several potential technological applications, most notably as a proton con-
ductor and H+ sensor, and has been the subject of numerous investigations of electro-
chemical properties [14–16].

Spinel sensu stricto and ringwoodite are both minerals within the spinel mineral
class. Spinel class minerals have the general formula XY2O4, in which X and Y are diva-
lent, trivalent, or quadrivalent cations. The structure can be described as an ideal cubic
close-packed array of O anions in which cations occupy 1/8 of the tetrahedral and ½ of
the octahedral interstices. In an ideal fully ordered spinel T (tetrahedral) sites and M
(octahedral) sites are occupied by X and Y cations, respectively, although in practice,
spinel group minerals are characterised by varying degrees of cation disorder and
mixing of X and Y over both sites, especially at elevated temperature [17]. In fully
ordered, stoichiometric spinel, MgAl2O4 (‘ideal spinel’), Mg fully occupies T sites and
Al fully occupies M sites. Bromiley et al. [10] demonstrated that non-stoichiometric
spinel contains a significant proportion of both Al-occupied T sites and vacant M
sites, resulting in a structure with an H+ solubility several orders of magnitude
higher than ideal spinel. However, although Bromiley et al. [10] performed a series
of high PT annealing experiments on non-stoichiometric spinel, problems with recrys-
tallisation (due to the inherent instability of non-stoichiometric spinel at high tempera-
ture) prevented them from extracting key data on H diffusivity during annealing.
Assessing H mobility in NAMs is essential in constraining the importance of H+ incor-
poration on mantle properties and processes within the deep Earth, and in providing
additional insight into H+ incorporation mechanisms, for example [18–21]. H+ mobility
in non-stoichiometric spinel has been investigated by Canova et al. [22], Fukatsu et al.
[14] and Gonzalez et al. [16], although these studies provide only limited insight into
the relative mobility of different H+ defects. Furthermore, these studies were per-
formed by annealing non-stoichiometric spinel in H-rich atmospheres at ambient
pressure, and not at the high P–T conditions under which it can incorporate quantities
of H+ comparable to other mantle NAMs. The purpose of this study is to conduct high
PT experiments to determine both H+ and D+ diffusivity in non-stoichiometric spinel
coupled with high-resolution spectroscopic examination of H incorporation
mechanisms.
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Methods

Starting material and HPT annealing

The starting material for this study was a non-stoichiometric spinel from the same batch
used in hydration experiments by Bromiley et al. [10] (their sample ‘synthetic spinel 1’),
synthesised at ambient pressure and high temperature from spec-pure reagents using
the Verneuil method. Pieces of this material were prepared as 1 × 1 × 2 mm polished rec-
tangular prisms, cut using a diamond wire saw and polished gently using up to 1 µm
diamond polishing suspensions. Composition of the material, as determined by electron
microprobe (EMP) (details in Section 2.2) is as follows: Mg: 6.62(5)%, Al: 47.43(14)%, O:
47.52(15), where values are averaged element weight percent, and values in parentheses
are standard deviations on the last figure for averaged compositions. No B was detected in
the sample during analysis (detection limit 150–200 ppmw), and the fact that it is colour-
less implies no contamination due to the presence of even trace amounts of transition
metals such as Fe and Cr. Single crystal X-ray data [10] demonstrates that this synthetic
spinel has excess Al2O3, resulting in T site contraction, and a significantly increased M
site volume due to the presence of a significant proportion of cation vacancies.

Prepared cuboids of the spinel were loaded into 2 mm diameter Pt capsules, along with a
high-purity non-stoichiometric mix of Al2O3 and MgO (with the same composition as the
spinel) and 10 wt% distilled H2O or high-purity D2O. Capsules were then welded shut and
checked for leaks. For each HPT annealing experiment, one H2O and one D2O-bearing
capsule were prepared. Both capsules were loaded side by side in an alumina sample
holder, and then inserted into a 0.75′ talc-pyrex-graphite piston-cylinder assembly, as
described in [23] and shown in Figure 1. Piston-cylinder experiments were run using the
‘hot-piston out technique’, in which pressure was slowly ramped to 110% of the final run
pressure (1 GPa in all experiments), and temperature then slowly ramped to the final run
temperature whilst maintaining pressure. Pressure was then slowly released by bleeding
off hydraulic fluid until the desired pressure was reached. Pressure and temperature were
monitored and maintained throughout the duration of experiments. Temperatures were
measured using a type R thermocouple, with the thermocouple junction placed within
0.5 mm of the end of the Pt capsules, separated by a thin alumina disc. Use of tapered
graphite furnaces minimises thermal gradients across the capsules, which are <10°C from
hot spot, located towards the upper part of the sample volume, to the lower edge of the
sample volume, under the run conditions used here (Bromiley, unpublished data). Exper-
iments were quenched by switching off power to the heating circuit, resulting in rapid
quenching (temperatures fell to below 100°C within 15 s), followed by room temperature
decompression over approximately 1 hour. Run conditions and results are listed in Table
1. After all experiments, both capsules were carefully recovered and examined, although
recrystallisation of alumina around capsules prevented accurate weighing to check for the
presence of water after the experiments. Recovered annealed samples were sectioned
using a 0.2 mm diamond wire saw to produce a thin slice of spinel from the central
portion of the cuboid, as shown in Figure 1. Slices were then polished to produce
double-polished plates using standard diamond polishing solutions. During preparation,
spinel samples and slices were mounted and bonded using Crystalbond™. At each stage
of preparation, and after the final stage of preparation of doubly polished sections, all
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traces of Crystalbond™ were removed by repeatedly soaking samples in high-purity
acetone for up to 24 hours, before gently wiping with high-purity ethanol using lint-free
tissue to remove any residues. After infrared (IR) analysis had been performed, polished sec-
tions were then remounted in epoxy and polished for EMP analysis.

Figure 1. Experimental setup used for spinel diffusion experiments. (a) 0.75′ piston-cylinder assembly
with tapered furnace used to reduce thermal gradients in sample volume. Two capsules were loaded
into both assemblies, one saturated in H2O, the other saturated in D2O. (b) Sketch showing spinel
crystal (2 × 1 × 1 mm) cuboids loaded into each capsule. Recovered cuboids were then cut as shown
(dashed red line) using a diamond wire saw to produce a slice across the central region. Slices were
polished down to 1 µm using diamond pastes. IR spectra were then obtained from the edge of
slices inwards to determine 1-D diffusion profiles, as shown.

Table 1. Run conditions and results for non-stoichiometric spinel experiments.
Experiment Temp (K) Time (h) Sample Notes

Hysp1 673 97 H2O Spinel completely recrystallised; hydrous phase(s) formed?
D2O Spinel completely recrystallised; hydrous phase(s) formed?

Hysp5 773 97.5 H2O H loss from samples resulting in diffusion gradient
D2O No O–D detected; H loss from samples resulting in diffusion gradient

Hysp3 873 75 H2O H diffusion into the sample resulting in concentration gradient
D2O No O–D detected; H loss from samples resulting in a concentration

gradient
Hysp6 973 47 H2O H loss from samples resulting in concentration gradient

D2O D and H diffusion into sample
Hysp4 1073 41 H2O H diffusion into the sample resulting in concentration gradient

D2O No O–D detected; H loss from samples resulting in a concentration
gradient

Notes: Two capsules were prepared for each experiment, one H2O bearing, the other D2O bearing. Pressure was 1 GPa for
all annealing experiments.
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Sample analysis

IR spectra were obtained along transects across prepared slices using a Thermo-Nicolet
iN10MX IR microscope at the School of Earth Sciences, University of Bristol. Samples
were placed on thin BaF2 plates, and unpolarised spectra (and some additional polarised
spectra) collected over the range 4000–450 cm−1. Background spectra were obtained
through the BaF2 plate prior to each transect, and automatically subtracted from
sample spectra. For all samples, a 25 × 25 µm aperture was used and spectra obtained
at 20 µm steps across sample slices, from edge to centre, with positioning automatically
controlled by a motorised sample stage (see Figure 1(b)). Spectral resolution was set at
either 4 or 8 cm−1, with mid-IR spectra obtained using an Ever-Glo™ IR source, liquid
N2-cooled MCT-A detector and using a multi-coated KBr/germanium beamsplitter. All
the data presented here were obtained using unpolarised IR radiation. In addition, a
few polarised spectra were taken using a ZnSe wire-grid polariser, to verify that the OH
absorptions were isotropic. Spectra were thickness and background corrected (using a
linear baseline over the region 4000–2500 cm−1) and fitted using IGOR Pro™ software,
using the Multipeak Fitting 2 toolbox.

Starting material and all annealed samples were subsequently prepared for compo-
sitional analysis by EMP. A well-characterised synthetic stoichiometric spinel standard
(Spinel BLZ, University of Edinburgh) was used for analysing Mg (Kα, LTAP, 20 s count
time), Al (Kα, TAP, 20 s) and O (Kα, PC1, 20 s) using a Cameca SX100 EMP with a finely
focussed (approximately 1.5 µm diameter) beam running at 15 keV accelerating voltage
and 10 nA current.

O–H and O–D absorption in IR spectra

Bromiley et al. [10] noted that in contrast to previous studies, complexity in the O–H
absorption region for non-stoichiometric spinel could be best fitted to at least three sep-
arate O–H stretching contributions, including an absorption band at 3343–3352 cm−1 and
a doublet consisting of two distinct O–H bands at 3505–3517 and 3557–3566 cm−1. Simi-
larly, we noted that in the majority of spectra it was clear that several contributions are
needed to adequately fit IR spectra over the region due to both O–H and O–D stretching
(4000–2000 cm−1), and that the two main contributions in the range of stretching frequen-
cies corresponding to O–H absorption clearly exhibit some fine structure (Figure 2).
Although IR spectra consist of two distinct contributions, they cannot be adequately
fitted to two single Gaussians, and residuals suggest the presence of additional contri-
butions (Figure 2(a)). Figure 2(b) shows the result of fitting three contributions, as
suggested by Bromiley et al. [10]. Although fit is improved, in particular relative to the
doublet around 3500–3600 cm−1 residuals suggest that at least one additional contri-
bution is required to fit the spectra, indicating that the absorption feature centred
around 3300 cm−1 might also be a doublet. Figure 2(c) shows improvements when
fitting data to four Gaussian contributions. However, no consistent method could be pro-
duced to adequately fit an additional contribution, especially in samples with lower bulk
water contents, due to the extensive overlap between the four peaks, inherent problems
with spectral deconvolution, and lower signal to noise ratios in some spectra. This is appar-
ent in Figure 2(c), in which a much broader fourth contribution always results from peak
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fitting. An approach of using several additional contributions to fit the typically non-linear
spectral baselines was attempted, thereby increasing the overall quality of the fit.
However, variations in the baselines between spectra across individual transects meant
that this approach could not be used to obtain consistent, accurate, comparative data
on trends in O–H absorption (i.e. integral of individual H–O stretching contributions in
absorption spectra). Therefore, we adopted an approach similar to that used by Bromiley
et al. [10], modelling the two O–H bands/regions separately using a combination of Gaus-
sian and Lorentzian contributions to both (Figure 2(d)). This consistent approach meant
that relative error between spectral fitting in each line transect was minimised.

OH contents were determined from IR data using the calibration of Libowitzky and
Rossman [24] in which integrated area of O–H absorption bands is used to determine
OH concentrations (in mol H2O/L) in accordance with the Beer–Lambert law and a wave-
number-dependent generalised molar absorption coefficient for water. This provides a
more accurate determination of water contents of samples than the older calibration of
Paterson [25], due to its dependence on absorption in hydrous glasses containing
varied hydrous species. Recalculating water contents for the non-stoichiometric spinel

Figure 2. Examples of fitting non-stoichiometric spinel IR spectra using different numbers of contri-
butions. (a) Fitting Gaussians to two contributions; (b) fitting three Gaussians to (three contributions,
bands 1, 2a and 2b, consistent with [10]; (c) fitting four Gaussians (i.e. recognising splitting of both
major O–H features) results in a best fit to IR data and minimises residual; (d) procedure used to con-
sistently fit IR data across transects adopted from [10] where both O–H features are modelled with Lor-
entzian and Gaussian contributions, with an additional minor peak to represent splitting of OH feature
2. Whilst less accurate than (c) this procedure could be used consistently across all data. Centre part in
each figure is the original IR data (grey), fitted to a linear background and to the various modelled
peaks (black), with individual contributions shown in the lower part of each figure. Upper part of
each figure shows residuals from fitting.
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starting material by Bromiley et al. [10] using the Libowitzky calibration gives excellent
agreement with the present study, as would be expected, and indicates that water con-
tents given in Bromiley et al. [10] might be overestimated by 20–30%. However, we also
observed additional variations in the starting water contents of the non-stoichiometric
spinel, from 10 to 40ppmw; this variability was not noted by Bromiley et al. (2010)
because they studied a small quantity of material prepared from a small volume of one
single boule. In this study, spinel cuboids were prepared from different boules in the
same sample batch. However, within each annealed sample slice, and within unannealed
sample slices, no significant variation in volatile content was noted other than diffusion
profiles arising from the annealing experiments.

Due to a lack of suitable mineral specific or general calibrations for determining OD
concentrations in spinel, the calibration of Libowitzsky and Rossman [24] was also used
to determine OD concentrations from normalised, integrated O–D bands. Although not
specifically calibrated for OD, O–D stretching frequencies here lie well within the range
of the stretching frequency-integrated molar absorption coefficient correlation upon
which this calibration is based [24]. Although the error in determined O–D concentrations
is likely to be higher than that of O–H concentrations, expected similarities in D and H flux
(Figure 3) and diffusivities (see below) support this approach, and the effect of systematic
errors in calculated OD concentrations on determination of diffusion coefficients is less
significant.

Analysis of OH and OD diffusion data

Experiments were designed to produce 1-D diffusion profiles for H+ and D+ under exper-
imental conditions. Cursory examination of IR line spectra is consistent with 1-D diffusion
along the chosen transects, which are sufficient distance from other edges of samples to
prevent any additional contributions to diffusion. As noted in Table 1, however, diffusion
or H–D exchange did not occur as expected in a number of the experiments. Under the
experimental conditions chosen (1 GPa, elevated temperature) H affinity in non-stoichio-
metric spinel is expected to be significantly enhanced prior to the onset of recrystallisation
[10], thereby promoting H+ diffusion into the spinel samples. In the case of samples
annealed in D2O, we would also expect rapid H–D exchange between the sample and sur-
rounding capsule environment to occur, in addition to D+ diffusion into the samples. In
one sample annealed in D2O, Hysp6, D

+ diffusion into the spinel sample was noted,
evident from the presence of two additional absorption features centred around
2484 cm−1 (OD band 1) and 2605 cm−1 (OD band 2), as shown in Figure 3. These are com-
parable to the OH absorption bands centred around 3350 cm−1 and the doublet at
3520 cm−1 in the same sample. However, it is also apparent from the IR spectra in
Figure 3 that substantial H+ diffusion into the same sample has also occurred. This is unex-
pected, as it suggests that the capsule, although loaded with high-purity D2O and sealed,
also contained sufficient H+ to act as a source for substantial H+ diffusion into the sample.
Most likely, this is due to H–D exchange with air during loading of the capsule, and then
additionally between the capsule and surrounding experimental charge during the actual
annealing experiment; note that the sample assembly contains talc which may provide H
which can then diffuse into the central sample volume, although the presence of a thick
cylinder of pyrex glass is designed to minimise this interaction. Figure 3 also shows
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determined H2O and D2O concentrations across the annealed spinel sample. It is evident
from the data that rates of H+ and D+ diffusion into the sample are comparable. Either (1)
this suggests that H+ and D+ diffusion into the spinel is the dominant process occurring
during annealing, with only limited direct H–D exchange, or (2) the kinetics of H–D
exchange and H diffusion are indistinguishable. This later possibility, if correct, would
imply that H+ and D+ diffusion into the spinel is charge balanced by flux of a faster diffus-
ing species. This point is discussed in detail below.

Figure 3. Top: Example of spectra from a line scan across Hysp6 6 (D2O) showing the presence of O–H
absorption bands over the region 3200–3700 cm−1 and the presence of corresponding O–D bands over
the region 2200–2800 cm−1

. Spectra have been thickness corrected but not background corrected, and
are offset vertically for clarity, with the lowermost spectrum obtained from the edge of the annealed
sample, and each overlying spectrum obtained across a line transect towards the centre of the sample,
perpendicular to the edge of the sample, at progressive 20 µm steps. Bottom: Calculated total OH and
OD concentrations, in ppmw H2O (filled squares) and D2O (open squares) from IR spectra, showing dif-
fusion gradient for both OH and OD, implying H and D diffusion into the spinel sample rather than
simple O–D isotopic exchange.
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Given that H and D diffusion profiles are 1-D and the result of exchange of H+ and D+

between the capsule environment and sample, data on H and D diffusivity, Deff, can be
extracted by modelling diffusion profiles using a solution to Fick’s second law, assuming
that the spinel and surrounding capsule act as a diffusion couple with a fixed interface
(i.e. the position of the spinel crystal face, at x = 0), that concentration of H2O or D2O
varies only as a function of distance into the spinel, C(x,t) after annealing for time, t,
that the H2O or D2O concentration in the ‘sink’ is fixed, and that the original H2O or
D2O concentration in the spinel is Cs, such that:

C(x, t) = Cs − (Cs − C0).erf
x

2
�����
Defft

√
[ ]

(1)

This solution can be fitted to both scenarios encountered during annealing experiments
performed here; namely: (1) H or D diffusion into the sample, where C0 is the original
H/D content in ppmw oxide, and H/D content increases due to progressive H/D diffusion
from the sample edge, which has a fixed (high) concentration Cs; (2) H or D diffusion out of
the sample, where C0 is the original H/D content in ppmw oxide, and H or D loss occurs to
the sample environment, with re-equilibration of H/D contents to a lower value, fixed at Cs
at the sample edge. For Equation (2), it is assumed that volatile loss from capsules occurs at
the onset of heating, otherwise annealing duration would be unknown, and the capsule
environment variable. This assumption is discussed in more detail below. It is noteworthy
that in all experiments performed here, recovered spinel cuboids showed no evidence of
crystallisation or reaction with fluids or the oxide buffer used in the capsule. This is in con-
trast to Bromiley et al. [10] who noted considerable spinel recrystallisation. This can be
attributed to (1) the lower temperatures used here for high pressure annealing, which pre-
sumably inhibit sample breakdown, and (2) the fact that the oxide buffer used here is iden-
tical in composition to the spinel crystal. EMP analysis of samples also verified that no
recrystallisation or change in composition of crystals occurred during annealing exper-
iments. Furthermore, EMP also did not reveal any gradients in Mg, Al or O towards the
edge of samples, within the error of compositional analysis (standard deviations of
0.09% for Mg, 0.4% for Al and 0.7% for O). Lack of reaction between the spinel and sur-
rounding capsule material validates the solution to Fick’s second law used to determine
diffusivities of H and D, which would otherwise be challenging to extract. Using this sol-
ution, all diffusion profiles were fitted to extract H or D diffusivities. Diffusivities of H
and D were determined independently for D2O diffusion experiments.

In experiments Hysp6-H2O and Hysp5-H2O, IR spectra reveal H+ loss from the sample
during the experiment (Figure 4), implying that the capsule failed to retain water. Data
were fitted to the solution of Fick’s second law to extract H+ diffusivity and test the
assumption that water was lost at the onset of the experiment (during initial heating).
Similarly, in experiments Hysp5-D2O, Hysp3-D2O and Hysp4-D2O, no evidence for the pres-
ence of D–O absorption bands was noted in the recovered samples, indicating loss of D2O,
supported by the presence of marked diffusion profiles demonstrating H+ loss. Similarly,
for these experiments, H diffusion profiles were also fitted to the solution of Fick’s
second law. Comparison with H diffusion in data could then be used to assess (1) the
assumption that run failure occurs during heating, and that meaningful data on H+ diffu-
sivity can be extracted; and (2) to provide insight into diffusion mechanisms and defect
coupling during H+ diffusion both into and out of non-stoichiometric spinel.
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H+ and D+ incorporation and diffusivity in non-stoichiometric spinel

From the data it is apparent that: (1) there is some scatter in determined diffusivities, most
likely due the non-uniform baselines and complex IR spectra which meant that spectra
were difficult to accurately fit; (2) that there is good agreement between H+ diffusivity
determined from experiments in which H+ diffused both into and out of spinel. In fact,
there is more scatter in diffusivity data obtained from different transects across the
same sample than between different samples, even between data extracted from exper-
iments where H+ diffused into the samples and where H+ was lost due to run failure. This
indicates that the assumption that volatiles are lost at the onset of experiments is reason-
able. (3) Diffusivities for H+ and D+ are indistinguishable. Errors presented in Table 2 are
based on the fitting procedure used, and probably significantly underestimate true

Figure 4. H and D concentration profiles in non-stoichiometric spinel, from edge to centre of samples.
(a) Hysp3 (873 K, D2O) showing H loss (no O–D detected); (b) Hysp3 (873 K, H2O) showing H gain; (c)
Hysp4 (1073 K, D2O) showing H loss (no O–D detected); H content is uniform for the first 110 µm of the
profile, presumably due to sample re-equilibration to a lower H2O content, so only the latter part of the
profile was fitted to extract H diffusivity; (d) Hysp4 (1073 K, H2O) again showing H gain, with some data
missing due to the difficulty in accurately fitting spectra with complex, non-linear baselines due to
interference fringes; (e,f) two profiles from Hysp5 (773 K, H2O) showing H loss; (g) Hysp5 (773 K,
D2O) showing H loss (no O–D detected); (h) Hysp6 (973 K, H2O) showing H loss; (i) Hysp6 (973 K,
D2O) showing H gain; (j) Hysp6 (973 K, D2O) also showing D gain in the same sample.
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uncertainty in diffusivities determined here. A more significant source of error is likely to
arise from how spectra are fitted (as discussed above), which can result in systematic and
non-systematic errors in calculated H and D concentrations. Sources of such error include:
(1) non-uniform backgrounds to many of the spectra,; (2) thickness correction, which was
determined optically; (3) variations in sample thickness across transects in a few samples,
which had to then be additionally corrected; (4) difficulties in accurately fitting spectra
with multiple contributions (i.e. fine structure to all absorption bands) in a consistent
manner. An additional source of error in determined diffusivities could also arise from
the spectroscopic technique used. A fixed aperture was used to determine OH absorption
as a function of distance, ensuring that spectra were recorded from 20 × 20 µm areas of
the top surface of the prepared samples. However, the IR beam passing through the
sample is slightly conical, implying that spectra are recorded through slightly cone-
shaped volumes of the sliced samples. This would result in slightly lower spatial resolution
than the 20 µm aperture, and would lead to a slight overestimate of the length of diffusion
profiles. This effect has not been corrected for results presented. However, to ensure that
the conical sampling did not result in discrepancies in determined water contents close to
the edges of sample slices, spectra were not obtained immediately adjacent to sample
edges, and where possible, samples were polished to similar thicknesses to minimise sys-
tematic error. Uncertainty in determined diffusivities can be more meaningfully assessed
by examining consistencies in determined diffusivities during H+ gain. From Figure 5, and
with consideration to the fitting procedure used here, we estimate uncertainties in H+ and
D+ diffusivities to be approximately ±0.3 log units, with no observed difference in diffusiv-
ity during contrasting H+ loss or gain. Despite these uncertainties, a temperature depen-
dence for both H and D diffusivity can be determined:

DH/D
eff (m2/s) = 4+ 1× 10−12 exp (−54+ 2kJmol−1/RT) (2)

Temperature dependence of H+ diffusivity is based on fitting all data. Importantly,
however, within error a similar temperature dependence is noted if only data for H diffu-
sion into non-stoichiometric spinel is used.

Table 2. Diffusivities for H and D in synthetic non-stoichiometric spinel at 1 GPa in both H diffusion and
H–D exchange experiments.

Sample Capsule type Transect no.
Thickness of polished

section (µm) Process Log D (m2/s) 10,000/T (K−1)

Hysp5 H2O 1 490 H loss (capsule failure) −14.6 (1) 12.94
2 490 −14.61 (2)

Hysp3 H2O 1 530 H gain −14.84 (6) 11.45
2 530 −14.31 (3)

D2O 1 978 H loss (capsule failure) −14.91 (2)
2 978 −14.89 (8)

Hysp6 H2O 1 1019 H gain −14.5 (1) 10.28
2 1019 −14.2 (2)

D2O 1 490 H gain −14.34 (4)
2 490 14.3 (1)
1 490 D gain −14.3 (2)
2 490 14.5 (2)

Hysp4 H2O 1 632 H gain −14.1 (1) 9.32
2 632 −13.8 (8)

D2O 1 489–509 H loss (capsule failure) −13.9 (1)

Note: Numbers in parentheses are errors on the last s.f. in quoted diffusivities.
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There are two main O–H (and corresponding O–D) absorption features in IR spectra in
all samples centred around 3345–3352 and 3524–3530 cm−1, assigned O–H bands 1 and 2,
respectively, by Bromiley et al. [10]. Lenaz et al. [9], in a study of water incorporation in
natural and synthetic spinel, assigned these bands to protonation of unshared M O–O
edges (VIO–Ounsh) and T O–O edges (IVO–O), with protonation coupled with T site
vacancies (VT). However, both Gonzalez et al. [16] and Bromiley et al. [10] noted additional
fine structure in O–H absorption in non-stoichiometric spinel, and a splitting of OH band 2
into at least two Gaussian contributions. Fukatsu et al. [14] suggested that O–H and corre-
sponding O–D stretching frequencies in IR spectra were consistent with protonation of
both octahedral and tetrahedral edges. On the basis of crystal structure refinements
and correlation of O–H stretching frequencies with O–H… .O bond distances, Bromiley
et al. [10] proposed two alternative assignments: (1) O–H band 1 due to protonation of

Figure 5. Arrhenius plot showing the temperature dependence of H+ and D+ diffusivity in non-stoi-
chiometric spinel determined from IR analysis. Multiple data points at each temperature, where
present, show the results of fitting multiple diffusion transects in both samples. Error bars on deter-
mined diffusivities and temperatures are smaller than plot size unless shown, although a more realistic
error would be significantly larger, as a more significant source of error results from fitting IR data (see
text for further discussion). Bold, black line is fitted Arrhenius law to all data points. Grey circles are data
on H diffusion in non-stoichiometric spinel by at ambient pressure [14] and grey squares are H self-dif-
fusion in ringwoodite from [27]. Hatched line represents likely upper limit for Mg diffusivity in non-stoi-
chiometric spinel (see [28] for discussion; Fe-Mg exchange and Al diffusivity broadly comparable), with
arrow indicating O diffusivity. As noted in [28], the observed compositional dependence of O diffusivity
non-stoichiometric spinel indicates that in these studies, O diffuses via an interstitial mechanism and
that as such, there is no data on O vacancy diffusion.
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VIO–Ounsh and splitting of O–H band 2 due to protonation of IVO–O about both filled and
vacant T sites; (2) band 1 due to protonation of a shared O–O M edge (VIO–Osh), band 2a
due to protonation of a VIO–Ounsh and band 2b due to protonation of IVO–O. Correspond-
ing O–D bands in spinel in the present study are centred around 2470–2480 and 2603–
2615 cm−1, consistent with [16] and with previous assignments of proton positions
based on O–H…O bond distances. However, higher quality IR data in the present
study indicate finer structure in O–H and O–D absorption bands than previously noted,
and at least four Gaussian contributions. O–H stretching frequencies are not sufficiently
different to allow accurate assignment of these different contributions to specific O–O
edges in the spinel structure once the effects of defect coupling are taken into consider-
ation, especially if O–H bands are not strictly collinear with O–O edges. Fine structure in O–
H and O–D absorption bands indicates protonation of at least two of the three O–O edges
in the spinel structure, with additional splitting most likely to occur due to association or
‘coupling’ of H defects with cation vacancies and Mg–Al disorder, notably protonation
about Mg/Al defect centres.

As previously suggested [10,14], H+ diffusion in non-stoichiometric spinel is most likely
charge balanced by counter-flux of oxygen vacancies (VO

.. ), due to the sluggish kinetics of
cation diffusion at lower temperatures and observed independence of H+ diffusion on for-
mation of Mg/Al precipitates. This is consistent with observed H diffusivity in the present
study, although a lack of data on VO

.. diffusion in spinel makes this inference difficult to test.
Importantly, there is no difference in diffusivity of H+ and D+ in non-stoichiometric spinel.
This is consistent with absolute rate theory which predicts only a small difference between
diffusivity of D+ and H+ due to similar mean thermal velocities. D+ diffusion coupled with
VO
.. also explains why H+ and D+ diffusivities in Hysp6 are identical within error, even

though D+ diffusion into this sample might have occurred via both D+ diffusion and, poss-
ibly, limited D+–H+ exchange.

Previous workers have indicated that H+ incorporation in non-stoichiometric spinel can
be charge balanced by Mg vacancies (V//Mg) and Al vacancies (V///Al ). In particular, non-stoi-
chiometric spinel contains high concentrations of M site vacancies, so additionally, proto-
nation of vacancies would appear to be highly favourable due to the strong net negative
charge associated with cation vacancies (i.e. associated Hi–V

///
Al defects involving single or

multiple protons) [10,14–16]. However, in all IR spectra here relative areas of all O–H con-
tributions remain unchanged across diffusion profiles, during either H+ loss or H+ gain.
Experiments were conducted at different temperatures, under which different degrees
of Mg–Al ordering might be expected. Redfern et al. [17] demonstrated that localised
movement of Mg and Al in stoichiometric spinel (change in the extent of ordering)
occurs over timescales of tens of minutes at temperatures >900 K. Therefore, an
absence of changes in relative O–H band area (and fine structure) between samples
implies that either: (1) Mg–Al ordering is suppressed in non-stoichiometric spinel under
these conditions [10], or (2) that Mg–Al ordering has no influence on defect association/
coupling and protonation. Lack of observable changes in fine structure of O–H bands
across diffusion profiles also has important implications for considering defect coupling.
Fine structure of OH absorption bands can only be explained by protonation of multiple
O–O edges in spinel, and association of H+ with other defects. However, H+ defects associ-
ated with cation vacancies or other defect centres would be expected to have a substan-
tially reduced mobility compared to uncoupled H+ (free protons) which should result in
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marked changes in spectra across diffusion profiles, especially at the low temperatures
used here. Lack of observed changes in fine structure of O–H absorption bands can be
explained by considering temporal changes in defect association/coupling at elevated
P–T. IR spectra provide insight into fine structure of O–H absorption bands due to
defect coupling (i.e. NNN interactions) in quenched samples. In contrast, absolute determi-
nation of H2O contents with distance may in fact provide only an assessment of bulk mobi-
lity of H+ during annealing. During high P–T annealing, it is clear that a significant
proportion of structurally bound H+ in non-stoichiometric spinel is mobile, and able to
hop from site to site (both T and M O–O edges) throughout the structure, and that H+

mobility cannot be constrained by the mobility of other defects which give rise to fine
structure in IR spectra. At any given distance, a certain proportion of H+ may be associated
with vacant cation sites, or, for example, with defects arising from Mg–Al ordering, such as
octahedral sites containing Mg (Mg/Al). These defects will be inherently less mobile during
annealing, and for run conditions used here, can be considered immobile compared to H+.
A considerably greater activation energy would be required to mobilise H+ associated with
such defects. However, during annealing, mobile H+ could become coupled, and then
uncoupled from such defects during net diffusion through non-stoichiometric spinel struc-
ture; that is, at any given time, or at any given distance into the annealed crystal, only a
proportion of the H+ is associated with other defects. Direct evidence for such dynamic
defect ‘uncoupling’ involving structurally incorporated H+ has been observed in long dur-
ation annealing experiments on H-bearing diopside. Bromiley et al. [23] noted that
changes in H+ solubility in diopside and fine structure of O–H absorption bands inferred
from IR spectra could only be explained by diffusion of H+ away from substitutional
defects and cation vacancies (i.e. defect centres) at elevated P–T. Therefore, diffusivity
measurements only give an average assessment of total H+ mobility through defect
spinel, and as H+ diffuses through the structure, it can become locally coupled and
decoupled to other defects. This explanation essentially separates inferences on H+ incor-
poration mechanisms and defect coupling/association from consideration of the relative
mobility of defects, and is preferred because it explains both the fine structure of IR
bands and the observed lack of changes in IR spectra across profiles without requiring
either unrealistically fast diffusion of slow moving species, or an absence of defect coup-
ling, both of which are counter-intuitive and unsupported by spectroscopic information. It
does, however, imply that H+ and D+ mobility is constrained by the extent of defect
association.

Comparison with previous studies, and implications for proton conduction
in spinel phases

Fukatsu et al. [14] determined H+ diffusivity in non-stoichiometric spinel similar to that
studied here in a series of H uptake/loss experiments at ambient pressure and high temp-
erature, also shown in Figure 5. They used a contrasting method to determine H+ diffusiv-
ity, in which platelets of non-stoichiometric spinel were annealed under controlled
atmospheres at ambient pressures, and observed that during their high temperature
annealing experiments rapid sample recrystallisation occurred. Furthermore, they also
determined H+ diffusion on the basis of total O–H absorption through thin plates of
non-stoichiometric spinel in an H2-rich atmosphere, which, coupled with sample
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recrystallisation, could indicate some additional near-surface effect which additionally
contributed to O–H uptake in their samples. For example, O–H absorption onto spinel
(100) surfaces annealed in H2 has been recently shown to differ considerably from O–H
bulk incorporation [22], with O–H showing a high affinity for incorporation into
alumina-rich (Mg-free) surface layers. Annealing of non-stoichiometric spinel at ambient
pressure and the high temperatures used by Fukatsu et al. [14] additionally promotes
alumina precipitation, resulting in the penetration of reaction fronts into bulk crystals
[26]. This precipitation reaction is not energetically favourable at high pressures due to
the large lattice strain energy associated with alumina growth, and would be further sup-
pressed in the present study by the lower annealing temperatures used.

Temperature dependence of H diffusivity determined by Fukatsu et al. [14] differs con-
siderably and is inconsistent with results from the present study. This could be due to
experimental issues arising from the technique they employed, or indicate an alternative
mechanism for H+ mobility at higher temperature. A change in H+ diffusion mechanism
has been proposed to explain discrepancies in studies of other NAMs. For example,
Karato [19] proposed that at low temperatures used in electrical conductivity studies of
olivine, movement of highly mobile free-protons dominated, compared to mobility of
more complex species such as coupled protons adjacent to cation vacancies (2H)xMe in dif-
fusion experiments at higher temperature. Fukatsu et al. [14] also determined electrical
conductivity in non-stoichiometric spinel, and found that measured values could not be
explained by proton conduction, based on their determined H diffusivities. Instead they
concluded that the dominant charge-carrying species was most likely Mg vacancies. As
such, conductivity measurements and observed formation of surface oxide layers in the
Fukatsu et al. [14] study might indicate an additional role of cation vacancy diffusion on
H+ mobility in non-stoichiometric spinel at high temperatures. This would be consistent
with the greater temperature dependence of H+ diffusivity at high temperature. In con-
trast, at low temperatures we observe no effect of cation vacancy diffusion. Figure 5
also shows H self-mobility in ringwoodite, which is isostructural with non-stoichiometric
spinel, determined by Sun et al. [27] from H–D exchange experiments. Comparison
suggests that H+ mobility in ringwoodite is approximately 2 log units faster than in
non-stoichiometric spinel, if it is assumed that data here provide true assessment of H
mobility unconstrained from diffusion of slower moving species. However, temperature
dependence of H+ mobility in ringwoodite and non-stoichiometric spinel is broadly com-
parable, and markedly lower than in non-stoichiometric spinel at high temperature.
Notably, Sun et al. [27] suggest that their H+ self-mobility data are consistent with labora-
tory measurements of proton conductivity, although they obtained no spectroscopic data
on O–H bonding environments in their samples. As such, of defect coupling during H+ dif-
fusion in ringwoodite cannot be assessed. Lack of changes in the fine structure of O–H
absorption bands during H+ diffusion (both H+ gain and H+ loss) in non-stoichiometric
spinel can only be meaningfully explained by variable coupling and uncoupling of H+

defects, where a proportion of H+ is always coupled with other defects; this implies that
application of diffusivity data to constrain proton conductivity in similar structures can
only be made once the effects of defect coupling are constrained. This tentatively supports
the assertion that diffusion and self-diffusion studies cannot necessarily be used to deter-
mine proton conductivity in olivine [19], and by extension other NAMs, because H+
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mobility in diffusion studies is complicated by the effects of defect coupling, in contrast to
conductivity studies in which mobility of a small proportion of free protons dominates.
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