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Abstract
Whilst the diffusivity of hydrogen (H) in forsterite  (Mg2SiO4) has been extensively studied, there still remain some puzzling 
observations. Firstly, experiments measuring ostensibly the same process have provided different results in terms of diffu-
sion coefficients. Secondly, despite H diffusion in forsterite generally being associated with diffusion of M-vacancies charge 
compensated by  2H+, a plethora of H-bearing point defects have been observed, including those associated with Si vacancies, 
trivalent cations and tetravalent cations in the form of so-called ‘clinohumite-type’ point defects. This has been tentatively 
associated with some form of inter-site reaction, such as one in which a M-site vacancy associated with  2H+ reacts with 
tetrahedrally coordinated  Ti4+. Equivalent reactions can be constructed to form all point defects mentioned above. Here, we 
present a series of numerical models in which these processes are simulated. In the models, the mobility of H is described 
using a diffusion coefficient (D*) for the hydrogenated M-site vacancies and an equilibrium constant (K) for the relevant 
inter-site reaction(s). Reevaluation of published data shows that the extracted D* and K values are consistent between some 
different datasets, even in situations where the phenomenological (chemical) diffusion coefficient D̃ , extracted simply using 
solutions of Fick’s second law, did not agree. The ‘true’ mobility (D*) of the M-site vacancy associated with  2H+ must be 
between 1 and 2 orders of magnitude greater than previously determined D̃ in order to form measurable profiles of all point 
defects observed by vibrational spectroscopy. Density functional theory calculations of the K of each of the inter-site reac-
tions implemented in our model show good agreement (within an order of magnitude) with those determined experimentally 
for the reactions forming ‘clinohumite-type’ defects, but considerable disagreement (~ 3 orders of magnitude) for the defects 
involving trivalent cations, potentially due to assumptions related to binding of different components within individual 
defects. Overall, the first-order implication is that H diffusion profiles that we observe in natural and experimental samples 
are unlikely to be formed by simple diffusion alone. These models provide a new methodological framework for further 
understanding of complex ionic diffusion mechanisms in olivine and the other nominally anhydrous minerals.
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Introduction

In the upper mantle, the small amount of hydrogen 
incorporated into nominally anhydrous minerals has 
been shown to affect various physio-chemical properties 
(see Zhang and Xia 2021, for a comprehensive review) 
although the extent of the effects is still debated to some 
extent. Studies have focussed on electrical conductiv-
ity (Dai and Karato 2014, 2020; Karato 1990; Liu et al. 
2019; Yang et al. 2012; Yoshino et al. 2009; Zhao and 
Yoshino 2016), plastic deformation (Chen et al. 1998, 
2006; Demouchy et al. 2012; Faul et al. 2016; Katayama 
and Karato 2008; Mackwell et al. 1985; Mei and Kohlst-
edt 2000; Tielke et al. 2017), seismic attenuation (Aizawa 
et al. 2008; Cline et al. 2018; Karato and Jung 1998) and 
major element diffusion (Costa and Chakraborty 2008; Fei 
et al. 2018; Hier-Majumder et al. 2005; Wang et al. 2004; 
Zhang et al. 2019). The hydrogen is normally bonded to 
structural oxygen, forming hydroxyl groups  (OH−). It is 
generally thought to diffuse as protons  (H+) and is con-
ventionally quantified as ‘water’, given that its solubil-
ity is a function of water fugacity, fH2O (Kohlstedt et al. 
1996; Lu and Keppler 1997; Rauch and Keppler 2002). 
The polarisation, lengths and stretching frequencies of the 
O–H bonds are sensitive to their local environment, for 
example, an OH group adjacent to a tetrahedral vacancy 
has different characteristics to one adjacent to an octahe-
dral vacancy (e.g., Balan et al. 2011). Fourier transform 
infrared (FTIR) spectroscopy allows these different O–H 
bonds to be distinguished and with detailed experimental, 
computational and petrological studies (e.g., Berry et al. 
2005; Blanchard et al. 2017; Crépisson et al. 2014b; Le 
Losq et al. 2019; Lemaire et al. 2004; Matveev et al. 2001; 
Padrón-Navarta and Hermann 2017; Tollan et al. 2017), 
they can be assigned to specific H-bearing point defects.

Much attention has been devoted to unravelling the con-
centration, speciation and mobility of hydrogen in olivine 
especially, which now ranks amongst the most intensively 
and extensively studied diffusion systems in the Earth 
sciences. However, almost every experimental hydrogen 
diffusion study to date has assumed that diffusion can be 
described simply using analytical solutions or numeri-
cal approximations of Fick’s second law. This is entirely 
reasonable from the phenomenological perspective, but 
does not explain the diversity of OH-bearing point defects 
observed following H in-diffusion experiments, nor the 
considerable discrepancies (orders of magnitude) between 
different studies measuring ostensibly the same process. 
In this contribution, we attempt to resolve these problems 
by considering that hydrogen diffusion in olivine (in this 
case, pure or nominally pure forsterite) is best described 
not as a single, simple mechanism of diffusion, but rather 

as diffusion accompanied and to some extent rate-limited, 
by inter-site redistribution of hydrogen. Models are con-
structed, tested and evaluated, which go some way towards 
reconciling different laboratory studies and discrepancies 
between theory and observation.

Background

Hydrogen diffusion: rates and mechanisms 
in olivine

Hydrogen diffusion in olivine ((Mg, Fe)2SiO4) has been the 
subject of three decades of experimental research. Experi-
ments have been conducted over a wide temperature range 
(~ 500–1300 °C), with around six orders of magnitude differ-
ence between the lowest and highest measured diffusivities 
at 1000 °C. The difference increases with decreasing tem-
perature, potentially exceeding ten orders of magnitude at 
700 °C, albeit with considerable down-temperature extrapo-
lation of experimental diffusion coefficients. The prevailing 
explanation is that these major differences between diffusivi-
ties are due to the existence of at least three fundamentally 
different diffusion mechanisms.

The highest measured diffusivities, usually with the low-
est activation energies (100–200 kJ  mol−1) are ascribed to 
the exchange of protons for polarons, where ‘polaron’ is used 
loosely, to describe a positively charged hole that would oth-
erwise be occupied by an electron. Proton hopping is there-
fore enabled by the reduction of  Fe3+ to  Fe2+ (Kohlstedt 
and Mackwell 1998; Mackwell and Kohlstedt 1990; Barth 
et al. 2019; Ferriss et al. 2018; Demouchy and Mackwell 
2006; Jollands et al. 2019; Li et al. 2022). These diffusivi-
ties are consistently highest parallel to the [100] direction, 
although the reason for this particular anisotropy is not yet 
clear. Hydrogen–deuterium exchange experiments in Fe-
bearing olivine (Novella et al. 2017; Sun et al. 2019; Du 
Frane and Tyburczy 2012), which aim to extract the self dif-
fusion coefficient of H, generally show similar diffusivities 
to this rapid ‘proton−polaron’ exchange. This is in general 
agreement with previous data from Kohlstedt and Mack-
well (1998), who suggest that the measured (a.k.a. chemi-
cal or exchange) diffusivities ( D̃ ), i.e., those that would be 
extracted from directly fitting an experimental diffusion pro-
file, are related to the self-diffusion coefficient of H (DH) 
and the diffusivity of the polaron (DP) by DP ≫ 2DH≈D̃ . 
The derivation of this relationship is detailed in Kohlstedt 
and Mackwell (1999). However, the uncertainties associ-
ated with both the proton–polaron exchange diffusivities and 
those associated with H self-diffusion, are too large to con-
firm or refute the 2DH≈D̃ relationship. As of yet, there are 
no published studies of hydrogen–deuterium (2H) exchange 
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in end-member forsterite  (Mg2SiO4). However, unpublished 
results presented by Ingrin and Kohn (2008) and Ingrin and 
Blanchard (2006) using both natural and synthetic forster-
ite, show that the relevant diffusivity is lower than that of 
hydrogen–deuterium exchange in natural olivine and similar 
to that of the metal vacancy mechanism (described next). 
As with the hydrogen–deuterium exchange experiments in 
natural olivine, the equivalent diffusivity in pure forsterite is 
highest parallel to [100] direction, thus it is unlikely that the 
observed anisotropy is related to the presence of Fe.

In the second group, the diffusivities are lower, with 
a higher activation energy than the first mechanism 
(200–250 kJ  mol−1) and associated with the highest dif-
fusivity parallel to [001]. These are generally accepted to 
relate to  H+ diffusion associated with M-site (M = metal) 
vacancies, whereby a M-site vacancy is charge balanced by 
 2H+ and exchanges places with a cation  (Mg2+ in pure forst-
erite) in its usual site (Demouchy and Mackwell 2003, 2006; 
Ingrin and Blanchard 2006; Jollands et al. 2016b; Kohlstedt 
and Mackwell 1998; Padrón-Navarta et al. 2014). Kohlstedt 
and Mackwell (1998) suggest that the measured diffusivity 
(again D̃ ) is related to the self-diffusion coefficient of H, 
rate-limited by the diffusivity of the M-site vacancy ( D

VM
 ) 

via DH ≫ 3 D
VM

≈D̃.
The anisotropy is likely explained by the spacing of M 

sites in the olivine structure—the M1 sites form a chain 
parallel to [001], which provides the shortest hop and thus 
highest diffusivity. The same anisotropy is also observed in 
Mg tracer diffusion experiments in forsterite (Chakraborty 
et al. 1994; Jollands et al. 2020), as well as in other experi-
ments studying diffusion of M1-ordered cations in olivine 
(Chakraborty 1997; Dohmen et  al. 2007; Dohmen and 
Chakraborty 2007; Spandler and O'Neill 2010; Zhukova 
et al. 2014).

The final diffusion mechanism is considerably slower, 
with a much higher activation energy (> 400 kJ  mol−1). This 
has only been observed once (Padrón-Navarta et al. 2014) in 
experiments conducted using pure forsterite synthesised in 
MgO buffered (low silica activity, aSiO2) conditions. Based 
on the point defects that were inferred by Padrón-Navarta 
et al. (2014), as well as the high activation energy, this dif-
fusivity was suggested to be associated with exchange of a Si 
vacancy, charge compensated by  4H+, with  Si4+ in its usual 
lattice site. It is not known whether this mechanism is aniso-
tropic, but comparison with Si tracer diffusion experiments 
(Costa and Chakraborty 2008) suggests that this should 
be either weakly anisotropic or isotropic. This mechanism 
may be important for deformation of olivine under hydrous 
conditions as it should facilitate mass transfer of Si via a 
vacancy mechanism, but this diffusivity may be less rel-
evant if considering, for example, retentivity of hydrogen 
in olivine on ascent from the mantle in xenoliths or diffu-
sion chronometry at magmatic temperatures. The presence 

of Fe appears to open up a pathway that allows H to be rap-
idly lost (minutes to weeks at < 1000 °C) from these defects 
(Jollands et al. 2019), although, paradoxically, metamorphic 
Fe-bearing olivine from Zermatt, Switzerland, appears to 
have retained water associated with this defect for millions 
of years (Kempf and Hermann 2018; Kempf et al. 2020).

Predictions versus experimental observations

In the following, and throughout, defects are described 
using Kröger–Vink notation (Kröger and Vink 1956). We 
assign H to a lattice site, rather than describing it as inter-
stitial or associating it with an OH group. This is done for 
brevity only; further descriptions are presented in Table 1. 
Vacancies are denoted V, italicised. We describe diffusion 
experiments as H-in and H-out, referring to the main flux 
direction. This is for consistency only; such experiments 
have also been described as 'hydrogenation'/'dehydrogena
tion', 'hydration'/'dehydration' and 'hydroxylation'/'dehydro
xylation'.

Herein, we consider only pure/nominally pure/trace-ele-
ment-doped forsterite. If the prevailing explanation, where 
the highest diffusivities are ascribed to proton-polaron 
exchange (Kohlstedt and Mackwell 1998; Mackwell and 
Kohlstedt 1990; Demouchy and Mackwell 2006) is correct, 
then this mechanism should not be available in pure, Fe-
free forsterite. Therefore, within our current understanding, 
in pure forsterite, hydrogen should only have two diffusion 
mechanisms, one occurring via (2H)×

M
 exchanging with Mg×

M
 

and the other being the exchange of (4H)×
Si

 for Si×
Si

 . This 
leads to two predictions. Firstly, H in-diffusion experiments 
should only contain, at a maximum, two OH-bearing defects, 
being (4H)×

Si
 and (2H)×

M
 . In fact, according to Padrón-Navarta 

et al. (2014), the diffusivity associated with (4H)×
Si

 is so low 
that at the temperature–time conditions of all previous H 
in-diffusion experiments, only (2H)×

M
 should be observed 

given the relatively poor spatial resolution of transmission 
FTIR spectroscopy (10 s µm, e.g., Ni and Zhang 2008). Sec-
ondly, in H-out diffusion experiments, only (2H)×

M
 and (4H)×

Si
 

should be mobile, with the latter showing considerably lower 
mobility than the former. Neither of these predictions are 
supported by the data, as is described herein.

Firstly, H-in experiments show a plethora of point 
defects (Table 1, Fig. 1). The first H-in study using forst-
erite was conducted by Demouchy and Mackwell (2003), 
who annealed nominally pure, synthetic forsterite at 
900–1100 °C, 0.2–1.5 GPa, in the presence of enstatite 
(powder of 90% forsterite, 10% enstatite), aqueous fluid 
and either Ni–NiO or Fe–FeO mixes to buffer the aSiO2, 
fH2O and oxygen fugacity (fO2), respectively. The starting 
crystals were pre-annealed at 1300 °C for 20 h to ensure that 
they were water-free, with the implicit assumption that this 
also led to an equilibration of the anhydrous point defect 
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population. Following the experiments, they found major, 
broad bands at 3155 and 3215  cm−1 ( (2H)×

M
 defect), as well 

as less intense, sharp bands at 3613, 3579 and 3567  cm−1 
( (4H)×

Si
 ). These bands showed diffusion profiles with similar 

length scales, which is not in agreement with the Padrón-
Navarta et al. (2014) observation (discussed below) that the 
diffusivity associated with (2H)×

M
 is orders of magnitude 

greater than that associated with (4H)×
Si

 . Their Table 2 also 
shows the presence of bands at 3344 and 3350  cm−1, which 
may represent {Al∙

M
− H�

M
}× (Berry et al. 2007a).

Later, Jollands et al. (2016b) presented results of H-in 
experiments, using explicitly Ti-doped forsterite, which 
was prepared by doping pure synthetic forsterite with Ti, by 
diffusion, at low fO2 (~ QFM-5.2, O'Neill 1987) and high 
temperature (1500 °C) such that Ti was likely to be pre-
sent mostly as  Ti3+, with some minor  Ti4+. These were then 
annealed at 650–1000 °C, 1.5–2.5 GPa along with enstatite 
or periclase (aSiO2 buffer), aqueous fluid (aH2O≈1 at run 
conditions) and Re–ReO2 or Ag–Ag2O (fO2 buffer). It was 
assumed that the Ti in the starting material was already pre-
sent as octahedrally coordinated  Ti4+ (minor) and  Ti3+ and 
tetrahedrally coordinated  Ti4+ ( {Ti∙∙

M
− V��

M
}× , {2Ti∙

M
− V��

M
}× 

and Ti×
Si

 , respectively). The only other aliovalent ion present 
in the Jollands et al. (2016a, b) experiments at a signifi-
cant concentration was  Al3+ (~ 10 wt ppm). Small amounts 
(10 s wt ppm) of Fe contamination were also introduced, 
but, given the fO2 of the Ti-doping step, it is reasonable to 
assume all Fe was initially present as  Fe2+. Following hydra-
tion experiments, they observed bands at 3524, 3571  cm−1 
( {Ti∙∙

M
− (2H)��

Si
}× ), 3164  cm−1 ( (2H)×

M
 ) and 3351, 3313  cm−1 

( {Ti∙
M
− H�

M
}× ). As with the Demouchy and Mackwell 

(2003) experiments, all bands showed absorbance–distance 
profiles with similar length scales.

The most recent study comes from Jollands et al. (2021), 
who annealed Cr-doped forsterite, grown for lasing pur-
poses (e.g., Petričević et al. 1988; Rager et al. 1991) at 
750–1300 °C, 0.5–2.5 GPa, with enstatite or periclase, pure 
water and Re–ReO2, Ni–NiO,  Fe2O3–Fe3O4, Ag–Ag2O or 
graphite to buffer fO2 . The starting material was assumed 

to contain at least {2Cr∙
M
− V��

M
}× and Cr×

Si
  (Cr3+ and  Cr4+, 

respectively), but {2Al∙
M
− V��

M
}× , {Al∙

M
− Al�

Si
}× and/or 

{Cr∙
M
− Al�

Si
}× may have also been present. Following H-in 

experiments, the samples showed many resolvable peaks 
(at least 24), with the main peaks being at 3306, 3325 and 
3354   cm−1 ( {Cr∙

M
− H�

M
}× ); 3155   cm−1 ( (2H)×

M
 ); 3568, 

3579, 3612   cm−1 ( (4H)×
Si

 ) and 3544, 3572, 3591   cm−1 
( {Cr∙∙

M
− (2H)��

Si
}× ). The arguments for the presence of a 

{Cr∙∙
M
− (2H)��

Si
}× defect are detailed in Jollands et al. (2021) 

and we assume here that their designation is correct.
Libowitzky and Beran (1995) presented the results of 

H-out and hydrogen–deuterium exchange experiments 
using near-pure natural forsterite (0.25 wt% Fe). Their start-
ing material was from a skarn deposit (Pamir, Tajikistan) 
and contained bands at 3674, 3640, 3598, 3570, 3592 and 
3535  cm−1, all of which are consistent with hydrogen asso-
ciated with Si vacancies and  F− (Crépisson et al. 2014a). 
These crystals were heated for 24 h at 1000, 1100, 1200 
and 1300 °C in air. Some bands were found to be more 
resistant to annealing than others, e.g., the 3674, 3535 and 
3514  cm−1 bands grew in absorbance relative to their ini-
tial state, after heating at 1000 °C. Experiments conducted 
in a Ar–2H2 atmosphere showed complete exchange of OH 
for  O2H. Libowitzky and Beran (1995) provide insufficient 
data to allow quantitative descriptions of their results, so 
these experiments will not be discussed here. However, in 
light of new understanding, repeating these studies using 
modern analytical techniques considering diffusion associ-
ated with  F−–OH− defects could be extremely enlightening, 
given the potential importance of olivine as a fluorine host 
in the mantle (Grützner et al. 2017; Joachim et al. 2017), 
at least in situations where a clinohumite phase is not sta-
bilised (Garrido et al. 2005; Hermann et al. 2007; Hughes 
and Pawley 2019).

Padrón-Navarta et al. (2014) presented the results of 
H-out experiments using Ti-doped forsterite. Single crys-
tals of Ti- and H-bearing forsterite were grown at 1400 °C, 
2 GPa, in both Ti-doped and MgO-excess experiments 
(synthesis protocol is reported in Petersen (2013), based 

Table 1  OH-bearing defects observed in previous studies using pure or trace element-doped forsterite, shaded cells mean that the defect was 
observed in the study

Kröger-Vink End-member Short-hand D03 P14 J16 J21 

(2H)
×
M {V''

M - 2H
•
i}

× {V''
M - 2(OH)

•
O}× MgH2SiO4 [Mg]

(4H)
×
Si {V''''Si - 4H

•
i}

× {V''''Si - 4(OH)
•
O}× Mg2H4O4 [Si]

{Al
•
M - H

'
M}× {Al

•
M - V''

M
― H

•
i}

× {Al
•
M
― V''

M - (OH)
•
O}× AlHSiO4 [Al-triv]

{Cr
•
M - H

'
M}× {Al

•
M - V''

M
― H

•
i}

× {Cr
•
M
― V''

M - (OH)
•
O}× Cr3+HSiO4 [Cr-triv]

{Ti
•
M - H

'
M}× {Ti

•
M
― V''

M - 2H
•
i}

× {Ti
•
M
― V''

M - (OH)
•
O}× Ti3+HSiO4 [Ti-triv]

{Cr
••
M - (2H)

''
Si}

× {Cr
••
M
― V''

M - 2H
•
i}

× {Cr
••
M
― V''

M - 2(OH)
•
O}× MgCr4+H2O4 [CrCH-PD]

{Ti
••
M - (2H)

''
Si}

× {Ti
••
M
― V''

M - 2H
•
i}

× {Ti
••
M
― V''

M - 2(OH)
•
O}× MgTi4+H2O4 [Ti] or

[TiCH-PD]
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on Berry et al. 2005), then H-out experiments were run 
in air at 800–1200 °C. The starting materials contained 
590 ± 20 wt ppm Ti, with main bands at 3572, 3525  cm−1 
( {Ti∙∙

M
− (2H)��

Si
}× ); 3613, 3580, 3555, 3572, 3566   cm−1 

( (4H)×
Si

 ). They also observed minor bands at 3220   cm−1 
( (2H)×

M
 ) and 3350   cm−1 (potentially {Al∙

M
− H�

M
}× or 

{Fe∙
M
− H�

M
}× ). Diffusion coefficients were determined from 

defect-specific, bulk water concentration (i.e., whole crys-
tal, not spatially resolved) as a function of time. The (2H)×

M
 

defect fell below detectability most rapidly, followed by 
{Ti∙∙

M
− (2H)��

Si
}× , then (4H)×

Si
 . The extracted {Ti∙∙

M
− (2H)��

Si
}× 

diffusivities were approximately 0.5–1 order of magnitude 

lower than those of (2H)×
M

 , but still considerably higher (2–3 
orders of magnitude) than the (4H)×

Si
 diffusivities.

To summarise, the H-in experiments (Demouchy and 
Mackwell 2003; Jollands et al. 2016b, 2021) show a wide 
variety of defects along with (2H)×

M
 . Along with (2H)×

M
 , the 

H-out diffusion experiments (Padrón-Navarta et al. 2014) 
show mobility of other defects. Taken together, these obser-
vations cannot be described by simple diffusion where (2H)×

M
 

exchanges with Mg×
M

.

Absorption coefficients

Whilst FTIR spectroscopy is a powerful tool for distin-
guishing different defects, a drawback is that FTIR spec-
tra do not provide absolute water concentrations. Rather, 
these have to be calculated by means of the Beer–Lambert 
law which relates concentration to integrated absorbance, 
using the sample thickness, density and a pre-calibrated 
absorption coefficient, designated as ε, normally presented 
with units of L  mol−1  cm−2, which converts the measured 
integrated total absorbance into wt. ppm  H2O. There exist 
several calibrations of the absorption coefficient routinely 
applied for olivine (Bell et al. 2003; Blanchard et al. 2017; 
Kovács et al. 2010; Libowitzky and Rossman 1997; With-
ers et al. 2012), thus for completeness, we apply all of them. 
The relationships are presented the Supplementary Online 
Material (Table S1). Jollands et al. (2021) suggested that the 
Blanchard et al. (2017) and Libowitzky and Rossman (1997) 
calibrations gave permissible results for their data, as did the 
Libowitzky and Rossman (1997) calibration pinned to the 
Bell et al. (2003) calibration at 3550  cm−1 and to the Withers 
et al. (2012) calibration at 3600  cm−1. The latter two were 
determined simply by maintaining the slope of the Libowit-
zky and Rossman (1997) calibration in wavenumber-ε space, 
but adjusting the intercept. However, they also showed that 
all of these 'permissible' absorption coefficients appeared to 
underestimate the {Cr∙

M
− H�

M
}× concentration, thus, appar-

ently, none of the absorption coefficients published to date 
is universally appropriate.

Methodological developments

Spectroscopy‑based considerations of defect 
equilibria

The depth of the previous discussion is only possible given 
the considerable power of FTIR spectroscopy, which is 
not only fast, low cost and non-destructive, but also allows 
simultaneous quantification of both the 'water' concen-
tration (the concentration of O–H bonds over the optical 
path length) and qualification of the local environment of 
the O–H bonds, i.e., the point defect to which they can be 
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Fig. 1  Example spectra from the four studies being reconsidered, 
along with the designations of peaks to point defects as described in 
the text. The absorbance of each spectrum has been scaled and offset 
arbitrarily, for clarity only. (i) Padrón-Navarta et  al. (2014), starting 
material, mean absorbance ({E||[100] + E|| [010] + E||[001]}/3), equiv-
alent to the spectra in their Fig.  2. (ii) Jollands et  al. (2021), inter-
face spectrum from experiment HYCRa7. (iii) Demouchy and Mack-
well (2003), interface spectrum from experiment Fo2-10, E||[001]. 
(iv) Jollands et  al. (2016a, b), interface spectrum from experiment 
Hydrol10. Experimental details are provided in Table 2. A version of 
the same figure without labels and with spectra normalised to 1 cm 
thickness is provided in the Supplementary Online Material (Fig. S1)
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ascribed. Such descriptions are currently impossible or 
extremely challenging, for most other trace elements.

If, as postulated above, the only mobile defect is (2H)×
M

 , 
then, to form other defects, the mobile (2H)×

M
 must interact 

with a defect or species that is already present in the lattice, 
at which point its mobility is likely reduced. This is akin to 
the 'trapping' behaviour described for H diffusion in met-
als (e.g., Causey et al. 2012; Oriani 1970) and the models 
presented herein represent an extension of such models to 
H in olivine. We do not use the 'trapping' term as it could be 
misconstrued to imply irreversible reactions. Such behav-
iour has been suggested before in the H-in-olivine system, 
by workers including Ferriss et al. (2018); Jollands et al. 
(2016a, b, 2019, 2021); Padrón-Navarta et al. (2014) and 
Thoraval et al. (2019). Note that (2H)×

M
 is the only OH-bear-

ing defect common between the four experimental studies in 
pure forsterite being considered here (Demouchy and Mack-
well 2003; Jollands et al. 2016a, b, 2021; Padrón-Navarta 
et al. 2014).

Perhaps the clearest example of this interaction involves 
the formation of {Ti∙∙

M
− (2H)��

Si
}× , the so-called ‘Ti-clinohu-

mite’ point defect, generally described as a peak doublet at 
3572 and 3525  cm−1 (Berry et al. 2005; 2007a; Faul et al. 
2016; Jollands et al. 2016b). The ‘Ti-clinohumite’ name is 
somewhat misleading—we emphasise that this refers to a 
hydrous point defect where  Ti4+ is octahedrally coordinated 
such as in Ti-clinohumite,  4Mg2SiO4·Mg1−x(OH)2−2xTixO2x, 
where x ≤ 1 and most commonly x = 0.5 (Robison et al. 1973; 
López Sánchez-Vizcaíno et al. 2005) and not exsolved lamel-
lae of Ti-clinohumite as an individual phase.

This defect was formed in the Jollands et al. (2016b) 
H-in diffusion experiments, and was apparently mobile in 
the Padrón-Navarta et al. (2014) H-out diffusion experi-
ments. In the following, we assume that (1) H-free Si 
vacancies occur in very low concentrations only (Brod-
holt and Refson 2000; Plushkell and Engell 1968; Smyth 
and Stocker 1975); (2)  Ti4+ associated with an M-site 
vacancy({Ti∙∙

M
−V ��

M
}× ) also has a negligible concentra-

tion (Jollands et al. 2016a) and (3)  Ti4+ replacing  Si4+ is 
the most favourable H-free  Ti4+ substitution mechanism 
(Berry et al. 2007b; Hermann et al. 2005).

Taken together, in order for {Ti∙∙
M
− (2H)��

Si
}× to form in 

Ti-doped forsterite, if the only mobile species is (2H)×
M

 , 
the most likely reaction is:

This describes  Ti4+ moving from the Si site into an 
M-site vacancy that was previously associated with the 
two protons (bonded to  O2 on two  SiO4 tetrahedra; Balan 
et al. 2011), which then move into coordination with two 
 O2− ions adjacent to the newly-vacant Si site.

Using end-member notation, Eq. (1) is written:

Whilst every defect and reaction herein can be written 
in multiple ways as above (see Table 1), we present all in-
text reactions only in the form of Kröger–Vink notation 
used in Eq. (1). All reactions are also presented in end-
member notation in the Supplementary Online Material. 
The reaction described by Eqs. (1) and (2) satisfies the 

(1)Ti×
Si
+ (2H)×

M
= {Ti∙∙

M
− (2H)��

Si
}×.

(2)Mg2TiO4 + MgH2SiO4 = MgTiH2O4 + Mg2SiO4.

Table 2  Experimental 
conditions used in previous 
studies, for the samples whose 
data are reprocessed

The conditions refer to the diffusion anneal, not any pre-anneal or synthesis step. 'Fo-ens' means the aSiO2 
is buffered by the presence of forsterite + enstatite. The activities of  H2O are approximate, assuming pure 
water in high pressure experiments and a nominally dry atmosphere in air. Padrón-Navarta et al. (2014) do 
not provide experiment IDs

Experiment ID Dopant T (°C) P (GPa) t (h) aSiO2 buffer fO2 buffer  ~ aH2O

Demouchy and Mackwell (2003)
Fo2-5 None 1060 0.2 8 Fo-ens Ni–NiO 1
Fo2-10 None 1110 0.2 3 Fo-ens Ni–NiO 1
Jollands et al. (2016a, b)
Hydrol8 Ti3+,  Ti4+ 650 1.5 360 Fo-ens Re–ReO2 1
Hydrol1 Ti3+,  Ti4+ 850 1.5 6 Fo-ens Re–ReO2 1
Hydrol10 Ti3+,  Ti4+ 1000 1.5 1 Fo-ens Re–ReO2 1
Jollands et al. (2021)
HYCRa11 Cr3+,  Cr4+ 750 1.5 125 Fo-ens Ni–NiO 1
HYCRb5 Cr3+,  Cr4+ 850 1.5 24 Fo-ens Ni–NiO 1
HYCRa7 Cr3+,  Cr4+ 1000 1.5 1.5 Fo-ens Ni–NiO 1
Padrón-Navarta et al. (2014)

Ti4+ 800 10–4 (1 atm) 0–1304 None None (air) 0
Ti4+ 900 10–4 (1 atm) 0–432 None None (air) 0
Ti4+ 1000 10–4 (1 atm) 0–296 None None (air) 0
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three assumptions above. This is equivalent to, for exam-
ple, Eq. (10) of Tollan et al. (2018) and Eq. (15) of Walker 
et al. (2007).

It is noteworthy that Ferriss et al. (2018) proposed a 
different reaction where  Ti4+ is initially octahedrally 
coordinated, charge balanced by two  Fe3+ and a silicon 
vacancy. Notwithstanding the lack of iron in pure forster-
ite, the {Ti∙∙

M
− V

����
Si

− 2Fe∙
M
}× defect is not consistent with 

the negative aSiO2 versus  XTi relationship from synthesis 
experiments reported by Hermann et al. (2005). This does 
not render such a defect impossible, but rather suggests it 
may be only a minor substitution mechanism for  Ti4+ in 
olivine generally.

Likewise, the proposed {Cr∙∙
M
− (2H)��

Si
}× defect, as 

observed in the experiments of Jollands et al. (2021), can 
form by:

In both cases, the formation of the H-bearing defect is 
accompanied by the physical movement of a tetravalent 
cation from a Si site to a M site.

Jollands et al. (2016b) and Jollands et al. (2021) both 
observed formation of defects associated with trivalent 
cations, {Cr∙

M
− H�

M
}× and {Ti∙

M
− H�

M
}× . If one makes the 

assumption that such ions as  Cr3+ and  Ti3+, in their H-free 
configurations, primarily occupy M sites charge balanced by 
an M vacancy, e.g., {2Cr∙

M
− V

��
M
}× (Burnham and O’Neill 

2020; Colson et al. 1989; Evans et al. 2008; Grant and Wood 
2010; Jollands et al. 2016a, 2018; Li et al. 1995; Nielsen 
et al. 1992), then the reactions forming the defects are:

and

These are equivalent to Eq. (6) of Tollan et al. (2018).
To form (4H)×

Si
 defects, as were observed by Demouchy 

and Mackwell (2003) and Jollands et al. (2021), we could 
invoke Al:

This is plausible as  Al3+ in as-grown forsterite is 
likely mainly in a Tschermak-type configuration, i.e., 
{Al∙

M
− Al�

Si
}× (Coogan et al. 2014; McCarty and Stebbins 

2017; Wan et al. 2008). Alternatively, it is also conceivable 
that a reaction could occur in the pure Mg–Si–O system, 
e.g.:

(3)Cr×
Si
+ (2H)×

M
= {Cr∙∙

M
− (2H)��

Si
}×.

(4){2Cr∙
M
− V

��
M
}× + (2H)×

M
= 2{Cr∙

M
− H�

M
}×,

(5){2Ti∙
M
− V

��
M
}× + (2H)×

M
= 2{Ti∙

M
− H�

M
}×.

(6){Al∙
M
− Al�

Si
}× + 2(2H)×

M
= {2Al∙

M
− V

��
M
}× + (4H)×

Si
.

(7)2(2H)×
M
+ Si×

Si
= (4H)×

Si
+ {Si∙∙∙∙

i
− 2V ��

M
}×,

or

Equation  (9) is unlikely, given the very high energy 
required to form {V ����

Si
− 2V ∙∙

O
}× , mostly due to the energy 

required to form and maintain a vacant Si site (Brodholt and 
Refson 2000).

Taken together and regardless of which reactions are 
chosen, we can suggest that all of the point defects in 
Table 1 and illustrated by the spectra shown in Fig. 1, at 
least have the potential to form by reactions between (2H)×

M
 

defects and defects that are already present in the crystal 
lattice. This offers a qualitative explanation as to why these 
defects should be present in the H-in diffusion experiments 
(Demouchy and Mackwell 2003; Jollands et al. 2016b). It 
may also explain how the {Ti∙∙

M
− (2H)��

Si
}× defect can be 

apparently mobile in H-out diffusion experiments—the 
defect can lose its hydrogen to a pathway associated with 
higher diffusivity (Padrón-Navarta et al. 2014). Next, a 
methodology is described that can be used to begin to place 
quantitative constraints on these inter-site reactions.

Data selection and treatment

The results of several experiments were selected from each 
previous study to model diffusion–reaction processes, details 
are given in Table 2.

To treat FTIR spectra from the study of Jollands et al. 
(2021), data from several profiles across experimental sam-
ples were selected, then all FTIR spectra from each profile 
were resolved into a series of Gaussian peak shapes, which 
were then integrated. Corrections were made to convert 
absorbance measured with unpolarised light in the (010) 
plane to total absorbance based on three resolved, unpolar-
ised spectra acquired in the three principal planes (see their 
Fig. 1). The peaks were then grouped into defect associa-
tions, which were (2H)×

M
 , {Cr∙

M
− H�

M
}× , {Cr∙∙

M
− (2H)��

Si
}× , 

(4H)×
Si

 and two other defect types that were not identified. 
The unpolarised spectra of Jollands et al. (2016b), also 
acquired on the (010) plane, were treated slightly differently. 
These show no overlap between bands associated with differ-
ent defects ( {Ti∙∙

M
− (2H)��

Si
}× , (2H)×

M
 , {Ti∙

M
− H�

M
}×} ), so the 

wavenumber regions representing the different defects were 
numerically integrated, then a correction was applied to 
obtain total absorbance, giving defect-specific total absorb-
ance as a function of distance from the crystal edge. Padrón-
Navarta et al. (2014) already provides values of defect-spe-
cific total absorbance as a function of time (their Table 2), 
so these values were used directly. Polarised (E||[001]) 

(8)2(2H)×
M
+ {2Mg∙∙

i
− V

����
Si

}× = (4H)×
Si
+2Mg×

M
,

(9)2(2H)×
M
+ {V ����

Si
− 2V ∙∙

O
}× = (4H)×

Si
+ 2{V ∙∙

O
− V

��
M
}.
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spectra from the Demouchy and Mackwell (2003) profiles 
were reprocessed. These show two band groups ( (4H)×

Si
 and 

(2H)×
M

 ), which were numerically integrated, then corrected 
to total defect-specific absorbance using values derived from 
polarised spectra, showing the same defects as in the data set 
of Jollands et al. (2021). In practical terms, this meant that 
the integrated absorbance of the (4H)×

Si
 bands was multiplied 

by 7.4 and the absorbance of the (2H)×
M

 band was not cor-
rected. The spectra presented by Demouchy and Mackwell 
(2003) that were reprocessed do not contain any bands in 
the ~ 3350  cm−1 region generally associated with defects 
associated with trivalent cations. All integrated absorbance 
values were normalised to 1 cm thickness.

The modelling requires that hydrogen concentrations can 
be compared with that of other elements, which means that 
the absorbance values must be converted to concentrations 
(this is often unnecessary for simple diffusivity calcula-
tions). For internal consistency only, the results presented 
herein used the Libowitzky and Rossman (1997) calibration 
pinned to the Withers et al. (2012) calibration. The results 
from modelling using all calibrations, where possible, are 
provided in the Supplementary Online Material. The dif-
ferent calibrations are presented in Table S1 in the Supple-
mentary Online Material. For diffusion–reaction modelling, 
the wt. ppm  H2O values are then converted into concentra-
tions of number of defects per formula unit  Mg2SiO4; this is 
described in the Supplementary Online Material.

Diffusion–reaction modelling

In order to model the effects discussed above, we follow 
the 'two step explicit finite different' approach of Dohmen 
et al. (2010). Readers are referred to the original paper for 
details, but, essentially, diffusion is modelled as a series 
of small time and distance steps (explicit finite difference 
method, Crank 1975; Smith 1985), with diffusion only asso-
ciated with the (2H)×

M
 defect. At each time step, diffusion 

takes the system out of local equilibrium, then a reaction 
step returns the system to local equilibrium, with the reac-
tion assumed to happen instantaneously. 'Local' refers to 
the region of the crystal represented by a single distance 
step in the explicit finite difference numerical model. The 
methods used for modelling each data set are slightly dif-
ferent, thus are described separately. In the following, D* 

describes the diffusion coefficient associated with diffusion 
reaction modelling and D̃ (Kohlstedt and Mackwell 1998; 
Demouchy and Mackwell 2003, 2006) the diffusion coef-
ficient extracted directly from fitting profiles of absorbance 
versus distance along a profile or as a function of time, to an 
analytical solution to Fick's second law (see Eqs. A19–A21 
in the Supplementary Online Material).

Padrón‑Navarta et al. (2014): H‑out experiments using 
Ti‑doped forsterite

In these experiments, the {Ti∙∙
M
− (2H)��

Si
}× and (2H)×

M
 defects 

showed apparently high mobility. The aim of the modelling 
is to describe curves, here defect-specific bulk water concen-
tration as a function of time, that develop by combination of 
diffusion and inter-site reaction. The outputs of the model 
are the concentrations of each defect, which can then be 
compared with the data from FTIR spectroscopy.

This relatively simple system, assuming we can neglect 
the low mobility of (4H)×

Si
 defects, can be described simply 

using Eq. (1), from which we have:

where square brackets here represent mole fraction of the 
relevant endmember, assuming concentration and activity 
are proportional at low concentrations. The concentrations 
were calculated for each defect individually, assuming that 
it was the only defect present in a matrix of pure forsterite, 
which is potentially reasonable given the very low defect 
concentrations.

We define two other known parameters (model inputs) 
that can vary independently of K, which are the initial and 
boundary total H ( 

∑

H ) and Ti ( 
∑

Ti):

The method used for determining the defect concen-
trations from the initial ∑H (i.e., ∑Hinitial) and ∑H 
calculated during the model, which varies as a function 
of time and space, is the same. Rearranging and substi-
tuting these equations yields an analytical solution for 
[

{Ti∙∙
M
− (2H)��

Si
}×
]

 as a function of K, 
∑

H and 
∑

Ti:

(10)K =
[{Ti∙∙

M
− (2H)��

Si
}×]

[Ti×
Si
][(2H)×

M
]

,

(11)
∑

H = 2
[

{Ti∙∙
M
− (2H)��

Si
}×
]

+2
[

(2H)×
M

]

(12)
∑

Ti =
[

{Ti∙∙
M
− (2H)��

Si
}×
]

+ [Ti×
Si
].

(13)

[

{Ti∙∙
M
− (2H)��

Si
}×
]

=

(

1

4

(

K

∑

H + 2K
∑

Ti −

(

K
2

(

∑

H

)2

− 4K2
∑

H
∑

Ti

+4K2

(

∑

Ti

)2

+4K
∑

H + 8K
∑

Ti + 4

)1∕2

+2

))

∕K.
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From Eq. (13), the other two unknowns are calculated:

and

Equations (13)–(15) are firstly used to determine the 
initial condition of Ti×

Si
 , (2H)×

M
 and {Ti∙∙

M
− (2H)��

M
}× , using 

a fixed 
∑

H and 
∑

Ti of 590 wt. ppm, and an initial guess 
for K. 

∑

H at the boundary is set to zero. These models 
assume mass balance, charge balance and site balance. 
The latter is problematic, especially given that H does not 
occupy Si or Mg sites, but rather forms OH groups (e.g., 
see Table 1).

Then, diffusion is modelled using an explicit finite 
difference approximation of Fick's second law in three 
dimensions. The model represents a cube, with dimen-
sions 200 × 200 × 200 µm, based on the data of Padrón-
Navarta et al. (2014) (~ 100–300 µm, see their Supple-
mentary Online Material A) divided into 10 × 10 × 10 µm 
voxels, which is a trade-off between accuracy (better with 
smaller voxels) and computational time (better with larger 
voxels). The effect of voxel size on model outputs is dis-
cussed below. We assume that diffusion is anisotropic, 
with  log10D*

[001] =  log10D*
[010] + 0.5 =  log10D*

[100] + 1, based 
on Demouchy and Mackwell (2003) and Jollands et al. 
(2016b). The  log10D*

[001] is a model input, from which 
 log10D*

[010] and  log10D*
[100] are determined. The model is 

set up as six cubic matrices, representing the three outputs 
( Ti×

Si
 , (2H)×

M
 and {Ti∙∙

M
− (2H)��

Si
}× ) and three inputs ( 

∑

H , 
∑

Ti and K). At each time step, diffusion occurs only in the 
(2H)×

M
 matrix. Then, the 

∑

H matrix is recalculated accord-
ing to Eq. (11). As 

∑

Ti and K are constant (these assump-
tions are discussed below along with other model caveats), 
the new values of 

[

Ti×
Si

]

 , 
[

(2H)×
M

]

 and 
[

{Ti∙∙
M
− (2H)��

Si
}×
]

 can 
be calculated using Eqs. (13)–(15) for each point in their 
respective matrices, representing the reaction step where 
hydrogen is re-distributed. Finally, the mean concentra-
tions of the three defects and 

∑

H are calculated from each 
matrix, excluding the voxels representing the faces and 
recorded. Then, another time step begins with diffusion, 
hydrogen redistribution, and so on, until the total model 
duration is reached. For this model, the outputs are the 
mean concentration of each defect as a function of time.

The output vectors were then linearly interpolated to give 
the concentrations of each defect at the time steps measured 
by Padrón-Navarta et al. (2014). These values were then 
incorporated into a solver (lsqnonlin in MATLAB™) and 
the values of the three model inputs, D*, K and 

∑

H , that 
best fit the data were determined by non-linear least-squares 
regression. 

∑

Ti was kept constant according to the EPMA 

(14)
[

(2H)×
M

]

=
1

2

∑

H −
[

{Ti∙∙
M
− (2H)��

Si
}×
]

,

(15)[Ti×
Si
] =

∑

Ti −
[

{Ti∙∙
M
− (2H)��

Si
}×
]

.

data, assuming its diffusivity is low enough to be negligible 
(Cherniak and Liang 2014; Jollands et al. 2016a). Attempts 
were initially made to approximate uncertainties using the 
constant chi-square boundary method (Press et al. 2007), 
but this naturally assumes that the model is fully appro-
priate for describing the data and requires the uncertainty 
associated with every point along a distance−concentra-
tion or time−concentration profile to be constrained. This 
in turn means that the reduced chi-squared should be close 
to 1. In general, this is not what we find, without arbitrarily 
adjusting the uncertainties associated with each point along 
profiles, which suggests that the model is either not fully 
appropriate for describing the process (most likely explana-
tion, discussed below with respect to model caveats) or the 
uncertainties are incorrectly determined. The final result is 
that uncertainties determined for each fit using a constant 
chi-square boundary method are probably meaningless and, 
more likely, misleading. In addition, they are completely 
subsumed by uncertainties associated with, for example, 
absorption coefficients and the chemistry of the starting 
materials. Therefore, for this and all following models, we 
do not report uncertainties associated with individual fits. 
This must be considered when assessing the validity of the 
proposed models.

Jollands et al. (2016b): H‑in experiments using Ti‑doped 
forsterite

Following Jollands et  al. (2016b), we assume that the 
only H-bearing defects present were (2H)×

M
 , trivalent Ti 

with H, {Ti∙
M
− H�

M
}× and the 'Ti-clinohumite' type defect, 

{Ti∙∙
M
− (2H)��

Si
}× . The relevant reactions are represented by 

Eqs. (1) and (5). It is important to reiterate that, despite 
being hardly observed in natural terrestrial systems, these 
experiments were assumed to contain considerable  Ti3+. 
This was because there was a long, high T, low fO2 pre-
anneal/Ti-doping step prior to the H diffusion anneals, as 
described above.

From these reactions, we have two Ks, the first of which 
is the same as Eq. (9), now denoted K1. The second, now 
K2, is:

We then define the sums of H,  Ti3+ and  Ti4+ as knowns:

(16)K2 =
[{Ti∙

M
− H�

M
}×]2

[{2Ti∙
M
− V

��
M
}×][(2H)×

M
]
.

(17)

∑

H = 2
[

{Ti∙∙
M
− (2H)��

Si
}×
]

+2
[

(2H)×
M

]

+
[

{Ti∙
M
− H�

M
}×
]

(18)
∑

Ti3+=
[

{Ti∙
M
− H�

M
}×
]

+ 2[{2Ti∙
M
− V

��
M
}×]
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In this case, the Ti concentration cannot be considered as 
constant along the profiles—the starting material used by 
Jollands et al. (2016a, b) had a U-shaped Ti profile varying 
from ~ 260 to ~ 440 wt. ppm. The Ti profile from Jollands 
et al. (2016a, b) was fitted to an error function form—this 
was used to define the Ti concentration in the model. There-
fore, 

∑

Ti is constant as a function of time, but not space.
These equations cannot be solved analytically. Instead, the 

concentration of (2H)×
M

 is found as the root of a polynomial 
function. Then, the other four unknowns ( 

[

{Ti∙
M
− H�

M
}×
]

 , 
[{2Ti∙

M
− V

��
M
}×] , [Ti×

Si
] , 
[

{Ti∙∙
M
− (2H)��

Si
}×
]

 ), are calculated 
from [ (2H)×

M
 ]. The relevant equations are given in the Sup-

plementary Online Material.
The roots of the polynomial were found using the fzero 

command on MATLAB™. Whilst the system has at least 
two roots with any combination of input values, only one 
yields positive concentrations for all defects. This true root 
was found using ad hoc starting guesses, finding the associ-
ated root and thus the concentration of (2H)×

M
 , calculating 

the concentration of the other four types of point defect, then 
repeating with different random starting guesses until the 
concentrations of all five types of point defect were positive. 
An example of the function is shown in the Supplementary 
Online Material (Fig. S2), where two positive (2H)×

M
 defects 

give f = 0, but only one gives positive concentrations of all 
defects. With the reaction defined, the system was modelled 
using a 1D explicit finite difference method, with Δx of 
10 µm. As before, the results of a diffusion step were calcu-
lated, then the concentrations of each defect were recalcu-
lated according to the above relationships. In order to expe-
dite modelling, the stable roots were determined for a series 
of different values of K1, K2, 

∑

H , 
∑

Ti4+ , which were 
placed into three 4-D lookup tables (one for each 

∑

Ti4+

/
∑

Ti value, see below), each with ~ 4 ×  107 points. Then, 
during modelling, the values of (2H)×

M
 and thus the other 

four defects, were found using linear interpolation (MAT-
LAB™ function interpn) within this lookup table. Unlike 
the previous section, the model outputs are the concentration 
of each defect as a function of distance, which were matched 
to the data using nonlinear least squares regression, to yield 
the values of K1, K2, 

∑

H (boundary) and D*. Because there 
was some uncertainty regarding 

∑

Ti4+/
∑

Ti in Jollands 
et al. (2016a, b), models were run using 

∑

Ti4+/
∑

Ti of 0.1, 
0.25 and 0.4. The results presented herein used 

∑

Ti4+/
∑

Ti 
of 0.1—others are presented in the Supplementary Online 
Material for comparison only and not discussed further. This 
was only performed for the experiments from the main series 
of Jollands et al. (2016b), i.e., their Re–ReO2, enstatite buff-
ered experiments at 1.5 GPa.

(19)
∑

Ti4+=
[

{Ti∙∙
M
− (2H)��

Si
}×
]

+ [Ti×
Si
] Jollands et al. (2021): H‑in experiments using Cr‑doped 

forsterite

These experiments yielded extremely complex FTIR spec-
tra, including many bands that could not be assigned defini-
tively to known point defects. These complexities mean 
that we cannot provide a fully satisfactory description of all 
reactions, therefore we choose to just model the two main 
OH-bearing point defects and their two dry equivalents 
( {Cr∙

M
− H�

M
}× , {2Cr∙

M
− V

��
M
}× , Cr×

Si
 , {Cr∙∙

M
− (2H)��

Si
}× ) as 

well as the mobile defect (2H)×
M

 . This represents between 80 
and 90% of the total absorbance of the experimental spectra.

With these simplifications, the system is described by 
Eqs. (3) and (4). Therefore, the equations defining the sys-
tem are the same as Eqs. (16)–(19), except with Cr replac-
ing Ti. The modelling was completed in approximately the 
same way as for the Ti experiments, with the only substantial 
difference being the definition of the Cr oxidation state in 
the starting material. We assume a constant amount of Cr 
and assign  Cr3+/∑Cr = 0.7 as determined by Jollands et al. 
(2021) (see their Sect. 4.3), meaning that the lookup table 
had only three dimensions. This was calculated for experi-
ments from the main series of Jollands et al. (2021), i.e., 
Ni–NiO, enstatite buffered experiments at 1.5 GPa. Accord-
ing to the XANES data reported by Jollands et al. (2021), 
the assumption that  Cr3+/∑Cr is constant is not valid only 
within a few tens of µms of the crystal rim, but the relatively 
poor spatial resolution of FTIR data conveniently means that 
this is not problematic for the modelling in this study.

H diffusion in pure forsterite (Demouchy and Mackwell 
2003)

Two profiles from the dataset of Demouchy and Mackwell 
(2003) were re-evaluated. We consider only the experi-
ments where the only defects present in the FTIR spectra 
are consistent with a pure Mg–Si–O–H system, i.e., no trace 
elements—their 'Fo2' series. Ironically, it is these experi-
ments in the simplest system that are the most challenging to 
model, because the defect population in the starting material 
is not explicitly set by trace element doping, but will likely 
be inherited from the conditions of synthetic growth, so is 
poorly constrained. The profiles of Demouchy and Mack-
well (2003) show simple spectra with only (2H)×

M
 and (4H)×

Si
 

defects, showing similar diffusive length scales.
We model only Eq. (7), which is likely incorrect, thus 

is used here as a proof of concept only, i.e., to demonstrate 
that (4H)×

Si
 could form from (2H)×

M
 and some pre-existing 

point defect. For this reason, only two profiles are modelled 
(profiles parallel to [001] from their experiments Fo 2_5 
and Fo 2_10).

In Eq. (7), it is reasonable to assume that the activity of 
Si×

Si
 is 1 or at least constant, thus K for the reaction is:
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In order to simplify modelling, an arbitrary assumption 
is made that 

[

(4H)×
Si

]

 and [{ Si∙∙∙∙
i

− 2V ��
M
}×] are equal, if this 

is the only reaction capable of forming either defect. Again, 
this assumption is certainly too simple, but considerably 
simplify the calculations.

With only two unknowns, we require one more con-
strained variable, the obvious choice is 

∑

H:

For this system, there exists an analytical solution:

from which 
[

(4H)×
Si

]

 is determined:

The system is then modelled using the same dif-
fusion–reaction method as for the other in-diffusion 
experiments.

An important point here and model caveat, is that we 
consider the reaction forming (4H)×

Si
 and {Si∙∙∙∙

i
− 2V ��

M
}× 

from (2H)×
M

 and Si×
Si

 in isolation, i.e., we effectively assume 
that this is the only reaction occurring in the crystal. This a 
simplification—it may also be necessary to consider, at least, 
the formations of Mg- and Si-Frenkel defects:

However, according to thermodynamic modelling (Muir 
et al. 2022), the concentration of extrinsic H-bearing defects 
is predicted to be several orders of magnitude higher than the 
concentration of intrinsic defects. Therefore, at least accord-
ing to this modelling, the effect of intrinsic defects on the 
dynamics of extrinsic defect reactions is vanishingly small.

Defect calculations using density functional theory

To complement the diffusion–reaction modelling, the net 
energetics of the four main reactions were calculated by den-
sity functional theory (DFT), i.e., forming {Ti∙∙

M
− (2H)��

Si
}× , 

{Cr∙∙
M
− (2H)��

Si
}× , {Cr∙

M
− H�

M
}× and {Ti∙

M
− H�

M
}× (Eqs. 

(20)K =

[

(4H)×
Si

]

[{Si∙∙∙∙
i

− 2V ��
M
}×]

[(2H)×
M
]2

.

(21)K =

[

(4H)×
Si

]2

[(2H)×
M
]2
.

(22)
∑

H = 2
[

(2H)×
M

]

+4
[

(4H)×
Si

]

.

(23)�

(2H)×
M

�

=

1

2

∑

H

2K1∕2+1
,

(24)
�

(4H)×
Si

�

=

∑

H

4
−

�

(2H)×
M

�

2
.

(25)Mg×
M
= Mg∙∙

i
+ V

��
M

(26)Si×
Si
= Si∙∙∙∙

i
+ V

����
Si

.

(1), (3), (4) and (5) respectively). The motivation for using 
DFT in this study is not to provide an exact and rigourous 
simulation of all defect energies, but to explore the valid-
ity of diffusion–reaction models using a fully independent 
method. Extensive documentation of the same DFT method 
as employed in this study is presented in Muir et al. (2022), 
which also considers OH-bearing defects in olivine. The 
following is a brief description of the method—readers are 
referred to Muir et al. (2022) and the Supplementary Online 
Material for further information.

The concentrations of H, Ti and Cr used for the model-
ling, for the different datasets were, in wt. ppm: Jollands 
et al. (2016a, b):  H2O: 20–30,  Ti4+: 30,  Ti3+: 300; Padrón-
Navarta et al. (2014):  H2O: 100,  Ti4+: 600; Jollands et al. 
(2021):  H2O: 15,  Cr3+: 110,  Cr4+: 50. These are approxi-
mations based on the concentrations extracted from repro-
cessing the data, as described above. Differences between 
these values and published values mainly relate to different 
absorption coefficients used to extract  H2O contents.

All calculations were done using planewave den-
sity functional theory (DFT), using version 16.11 of the 
CASTEP code (Clark et al. 2005). On-the-fly ultra-soft 
pseudopotentials were used with 2s/3p and 3s/2s/2p, 3s/3p, 
1s, 3p/3s/3d/4s and 3s/3p/3d/4s electrons in the valence 
band for Mg, O, Si, H, Ti and Cr, respectively. The Per-
dew–Burke–Ernzerhof (Perdew et al. 1996) exchange–cor-
relation functional (a revised generalised gradient approxi-
mation functional) was used. In the calculations, pairs/trios 
inside curly braces are placed in a nearest neighbour posi-
tions to prevent the development of charged dipoles.

Energy calculations were done at 0, 5 and 10 GPa and 
at 1000, 1500 and 2000 K. The energy at the pressure and 
temperature of interest was determined from polynomial 
fits to these calculated values (pressure first, then tempera-
ture). Pressures were corrected using a linear fit of calcu-
lated volumes to experimental volumes, with equations 
and values given in Muir et al. (2022). Calculations were 
done using (2 × 1 × 2) (single site defects) or (4 × 2 × 4) for-
sterite supercells (multisite defects) alongside a planewave 
cutoff of 1000 eV (96,485 kJ   mol−1) with a (2 × 2 × 2) 
Monkhorst–Pack k-point grid (Monkhorst and Pack, 1976). 
In each case, the energy cost/gain of placing a defect in a 
cell was calculated. As the concentration of defects is very 
small, we assume that across the concentration range of 
interest they have ideal behaviour, i.e., that their non-con-
figurational entropy is a linear function of concentration 
and that defect−defect interactions are negligible. To test 
this, a {Ti∙∙

M
− (2H)��

Si
}× and a {Cr∙

M
− H�

M
}× were placed into 

both a (2 × 1 × 2) and a (4 × 2 × 4) supercell and the energy 
of placing a defect varied by < 3 meV/defect, showing 
strong ideality. The calculations should ideally determine 
the energy of adding a defect at the dilute limit, which is 



 Contributions to Mineralogy and Petrology (2022) 177:98

1 3

98 Page 12 of 26

the limit at which placing a defect does not vary the size 
of the unit cell of forsterite. To approximate this limit, 
the unit cell was frozen to the dimensions of the forsterite 
unit cell at the appropriate temperature and pressure in all 
calculations. Runs containing Cr were spin-polarised and 
Cr was simulated in the high and low spin state. The high 
spin state was always the most stable, both enthalpically 
and energetically.

To calculate the energetics of the reactions, our method 
was as follows. Firstly, the arrangement of each defect with 
the lowest enthalpy was determined. For each defect, all pos-
sible arrangements of the defect were tested which includes 
(1) different possible arrangements of the hydrogen atoms; 
(2) placement on different sites in the crystal (Mg-centered 
defects can exist at M1 or M2 sites) and (3) the geometric 
arrangement of the pair/trio, whilst maintaining next neigh-
bour proximity. For hydrogen arrangements, each hydrogen 
atom is bound to a specific O site on the edge of the vacancy 
and with the hydrogen pointing either inside or outside the 
vacancy. Given the large number of possible arrangements 
(e.g., 90 arrangements for {Ti∙∙

M
− (2H)��

Si
}× ), the arrange-

ments and their relative enthalpies are presented in the Sup-
plementary Online Material.

To simplify calculations, the enthalpies of different 
{Ti∙∙

M
− (2H)��

Si
}× , {Cr∙

M
− H�

M
}× and {2Cr∙

M
− V��

M
}× configu-

rations, already calculated by Muir et al. (2022), were used 
as starting points to determine the lowest energy arrange-
ments of {Cr∙∙

M
− (2H)��

Si
}× , {Ti∙

M
− H�

M
}× and {2Ti∙

M
− V��

M
}× , 

respectively. Specifically, to determine the lowest energy 
arrangement of {Cr∙∙

M
− (2H)��

Si
}× ,  Ti4+ was replaced with 

 Cr4+ in every {Ti∙∙
M
− (2H)��

Si
}× arrangement with relative 

enthalpy < 0.5 eV at 0 GPa. This means that the relative 
enthalpy of {Cr∙∙

M
− (2H)��

Si
}× was determined for 28 con-

figurations, rather than the 270 configurations determined 
for {Ti∙∙

M
− (2H)��

Si
}× (see the Supplementary Online Mate-

rial). Similarly,  Cr3+ was replaced by  Ti3+ in {Cr∙
M
− H�

M
}× 

defects with the same 0.5 eV cutoff, meaning the energies 
of 78 rather than 108 configurations were determined for 
{Ti∙

M
− H�

M
}×.

Secondly, the high temperature free energies for each 
defect were determined. To achieve this, the phonons of 
the most stable arrangements of each type of point defect 
were calculated using linear displacements (displacements 
of 0.01 bohr) in the CASTEP code (http:// www. castep. org). 
This was done for at least five different volumes for each 
system, with the energy calculated as a function of vol-
ume (including thermal expansion) using Quasi-harmonic 
approximation (QHA) calculations. The phonons were only 
calculated at the gamma point given limitations of linear 
displacement calculations. There are two major assumptions 
here, (1) that the energy of the defects can be adequately 
represented by harmonic oscillations and (2) that the most 
stable arrangements of the defects under static conditions 

(where the most stable arrangements are determined) are 
also the most stable under high temperature conditions. This 
assumption was tested by explicitly calculating the high tem-
perature (1000–2000 K) energies of some arrangements of 
{Cr∙

M
− H�

M
}× . The energy variations at high temperatures 

are small enough to be negligible in the reaction calcula-
tions—results of the test are presented in the Supplementary 
Online Material. The QHA equations are reported in Muir 
et al. (2022), along with a discussion on the limitations with 
regards to this method.

Finally, the equilibrium position of each reaction was 
determined by minimising the free energy. For any arbitrary 
progression (x) of the reaction, the free energy is defined 
as two terms—the first being the non-configurational term 
which is xΔG, where ΔG is determined from the energies of 
the defects and the second being the configurational term. 
This configurational term is complex but is determined in 
two steps (with equations and discussion presented in Muir 
et al. 2022). First, for each defect that is present, the prob-
ability of each of its arrangements occurring is calculated 
based on its relative enthalpy. The overall configurational 
entropy is then determined using the Gibbs configurational 
entropy formula and the Stirling approximation. Then, the 
value of x that gives the minimum free energy is determined. 
We assume that the relative energy of different arrangements 
of defects is similar to the relative enthalpy. The results of a 
test of this assumption for one defect {Cr∙

M
− H�

M
}× is pro-

vided in the Supplementary Online Material. In general, this 
is a very minor term and small variations in the phonon 
frequencies of different arrangements of the same type of 
defect causes little modification to the overall energies and 
distributions of hydrogen. This is because these terms define 
the internal configurational entropy of defects which have a 
number of possible arrangements (W) on the order of ~ 100 
or less. Entropy relies upon the logarithm of arrangements 
(lnW) so this term is always small when compared with the 
number of possible arrangements of defects that have con-
centration on the order of parts-per-million across different 
cationic sites in the crystal which is many orders of magni-
tude larger. The more problematic part of this assumption is 
the possibilty that one arrangement has high enthalpy, but 
is the most stable arrangement at high temperature. In this 
case, the energy of the reactions could be incorrectly deter-
mined which could lead to substantial changes in reaction 
products. The high temperature parts of different arrange-
ments are similar, as variations in the position of the hydro-
gen or the defect cations only makes small modifications to 
overall phonon frequencies.

Benchmarking our calculations against previous experi-
ments is challenging due to the considerable experimental 
difficulty in measuring defect concentrations and their ener-
gies. More reliable tests are against properties that depend 
upon defect concentrations, such as diffusion. Using the 

http://www.castep.org
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same modelling scheme and the same set of assumptions 
as in this work, calculations have been benchmarked using 
experimental diffusion rates of Mg in both anhydrous and 
hydrous forsterite (Muir et al. 2020, 2021a). These meth-
ods have already been used to estimate hydrogen diffusivity 
(Muir et al. 2021b) and a similar diffusivities to those deter-
mined in this study were obtained.

Results

Diffusion–reaction models: effects of the input 
parameters on output profiles

In this section, we consider how changing the various input 
parameters, K, D*, initial and boundary conditions, changes 
the model outputs. This is done, for brevity, for a system 
based on the Padrón-Navarta et al. (2014) system only, using 
just Eq. (10) for the reaction, i.e., the simple reaction form-
ing {Ti∙∙

M
− (2H)��

Si
}× from Ti×

Si
 and (2H)×

M
 . For illustration 

purposes, the model was reformatted into one dimension, 
plane−sheet geometry, considering a 2 mm long profile par-
allel to [001], with boundaries with a constant composition 
at each end. Models were run both assuming both H-out (as 
in the experiments) and H-in. Exact model parameters are 
given in the figure captions.

Reaction constant, K

Examples of models run with changing K, but all other 
parameters constant, are shown in Fig. 2. The forward reac-
tion (Eq. (1)) produces {Ti∙∙

M
− (2H)��

Si
}× from Ti×

Si
 and (2H)×

M
 . 

Therefore, a high K  (106 in Fig. 2) means a relatively higher 
concentration of the {Ti∙∙

M
− (2H)��

Si
}× defect. In a H-out 

experiment, this means that H is retained, because most of 
the H remains coupled to  Ti4+ and does not move into its 
mobile configuration (i.e., (2H)×

M
 ). This leads to short pro-

files, with a high core concentration. If K is lower  (104 in 
Fig. 2), then Ti×

Si
 and (2H)×

M
 are favoured. This means that at 

time t = 0 (initial model set up), much of the {Ti∙∙
M
− (2H)��

Si
}× 

will already decompose into Ti×
Si

 and (2H)×
M

 , giving a lower 
core {Ti∙∙

M
− (2H)��

Si
}× concentration and as more of the 

hydrogen is in its mobile configuration, H loss will be rapid.
In an H-in experiment, a relatively high K means that 

most mobile (2H)×
M

 defects will be consumed forming immo-
bile {Ti∙∙

M
− (2H)��

Si
}× defects. This effectively prevents (2H)×

M
 

from moving rapidly through the crystal, leading to short 
{Ti∙∙

M
- (2H)��

Si
}× profiles with high concentrations and almost 

no discernible (2H)×
M

 profile. Where K is relatively lower, 
only a small number of (2H)×

M
 defects are consumed to form 

{Ti∙∙
M
− (2H)��

Si
}× , thus we would predict the formation of 

long (2H)×
M

 profiles with relatively high concentrations and 
long {Ti∙∙

M
− (2H)��

Si
}× profiles with relatively low concentra-

tions (both described relative to the higher K case).
It is important to note that the use of the terms 'high' and 

'low' to describe K of  106 and  104, respectively, are relative 
indications only. The overall behaviour is also affected by D* 
and the concentrations of H and Ti, thus the reader should 
keep in mind that similar behaviour could be observed 
with very different Ks, if the other parameters are adjusted 
appropriately.

000200010000200010
)mµ( eliforp ssorca ecnatsiD)mµ( eliforp ssorca ecnatsiD

)b()a( {TiM-(2H)Si}x//

(2H)M
x

K=104

K=104

K=106

K=106

0

1

2

3

4

0

1

2

3

4

D
ef

ec
t c

on
ce

nt
ra

tio
n 

(p
er

 fo
rm

ul
a 

un
it)

x10-4 x10-4

Fig. 2  The effect of K on defect-specific profiles, where all other 
parameters are constant. Higher K yields shorter profiles for the 
{Ti∙∙

M
- (2H)��

Si
}× defect. Concentrations are per formula unit. a K:  104 

(blue) or  106 (black), Ti (initial and boundary): 1.5 ×  10–3, H (ini-

tial): 8 ×  10–4, H (boundary): 1.5 ×  10–6, time: 100,000 s (~ 28 h); dx: 
10 µm, D*:  10–11  m2s−1 (approximately equivalent to D* at 900 °C). b 
As a, except H (boundary): 8 ×  10–4 and H (initial): 1.5 ×  10–6
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Ti and H concentrations

As the Ti concentration decreases, keeping all other 
variables constant, the profile lengths associated with 
{Ti∙∙

M
− (2H)��

Si
}× increase. This is because the relative con-

centration of (2H)×
M

 to {Ti∙∙
M
− (2H)��

Si
}× increases with lower 

∑Ti, thus a larger proportion of hydrogen is mobile. Chang-
ing the H concentration has very little effect on the profile 
lengths and geometry, as long as the amount of H is not 
sufficiently greater than the Ti concentration. Examples are 
presented in Fig. 3.

Diffusion coefficient (D*)

Increasing the diffusion coefficient (D*) in the diffu-
sion–reaction model has a similar effect to increasing D̃ in 
a simple diffusion model, i.e., a one order of magnitude D* 
increase leads to ~  100.5 × longer profiles. An example of out-
put profiles where D* is changed, but all other parameters 
are kept constant, is shown in Fig. 4a. Also shown are the 
outputs of profiles where both the input D*s and Ks were 
changed, were fitted to an analytical solution to Fick's sec-
ond law (eq. A19 in the Supplementary Online Material), to 
give output D̃ s. This was done > 500 times for different input 
combinations, with the results contoured in Fig. 4b. Increas-
ing either the input D* or K by one order of magnitude has 
broadly the same effect on the output D̃.

Convergence

The applied Δx (and Δy, Δz for the 3D case) values were 
chosen as a compromise between computational time (lower 
with coarser grid) and accuracy (higher with finer grid). The 
following considers the possible degree of inaccuracy asso-
ciated with the relatively coarse grid used in the models.

Two models were run with the same input parameters 
(D*, K, concentrations), but different Δx (0.1–100 µm for 
1D, 1–50 µm for 3D). The model outputs are presented in the 
Supplementary Online Material (Fig. S3) along with model 
parameters. In each case, the model with the smallest grid 
size was taken as a "reference" and all other models were 
compared with those to assess inaccuracy. The discrepancy 
was quantified in two ways. First, an approximate % dis-
crepancy between the reference model and the "test" model 
with a higher Δx was calculated, as the root mean squared 
difference between the model outputs (defect-specific H vs. 
distance or time), divided by the mean of the "test" model, 
multiplied by 100. Second, the outputs of both models 
were fitted to an analytical solution of Fick's second law 
to estimate a phenomological D̃ and an interface or initial 
concentration.

In the 1D case, the % discrepancy between models with 
Δx = 0.1 µm and Δx = 10 µm is ~ 1% only (Fig. S3a–c). In 
the 3D case, the % discrepancy between the models with 
Δx = Δy = Δz of 10 µm and 1 µm is greater, around 7% (Fig. 
S3 d–f). In both cases, however, the extracted D̃ s deter-
mined using the coarse grid are within 0.05 log units of 
the same determined using the smallest Δx. This effectively 
means that the length scales of the profiles or the forms 

000200010000200010
)mµ(eliforpssorcaecnatsiD)mµ(eliforpssorcaecnatsiD

(a) (b)

1x10-5

5x10-5

5x10-5

1x10-4

2x10-4

5x10-4

1x10-3

1x10 -4

5x10
-4

1x10
-3

5x10
-3

1x10
-2

0

1

2

3

4

5

0

1

2

3

4

5
x10-4x10-5

{T
i M

-(2
H

) Si
}x  c

on
ce

nt
ra

tio
n 

(p
er

 fo
rm

ul
a 

un
it)

//

Fig. 3  The effect of changing a ∑Ti and b ∑H on profiles lengths 
and shapes. Only the {Ti∙∙

M
− (2H)��

Si
}× profiles are shown, for clar-

ity. In a, annotations are the model ∑Ti. As ∑Ti increases, profile 
lengths become shorter. Concentrations are per formula unit. Model 
parameters are K:  105, ∑Ti (initial and boundary): 1 ×  10–5 to 1 ×  10–2 
(~ 3 to 4000 wt. ppm), ∑H (initial): 1 ×  10–8, H (boundary): 1 ×  10–4, 

time: 86,400 s (24 h); dx: 10 µm, D*:  10–11  m2s−1. In b, each curve 
represents a different initial H content (marked on curves). Model 
parameters are K:  105, ∑Ti (initial and boundary): 1 ×  10–3 (~ 340 
wt. ppm), ∑H (initial): 5 ×  10–5 to 1 ×  10–3 (~ 2 to 32 wt. ppm  H2O), 
∑H (boundary): 1 ×  10–8, time: 86,400 s (24 h); dx: 10 µm, D*:  10–11 
 m2  s−1 (approximately equivalent to D* at 900 °C)
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of the concentration–time curves are relatively insensitive 
to Δx, even if the exact values outputted by the model are 
affected. Therefore, the D*s from our modelling should be 
considered as more reliable than the concentrations (e.g., 
Crim, Cinitial), at least within the accuracy constraints associ-
ated with the absorption coefficients and other assumptions.

Profile shapes

The diffusion–reaction models can produce concentra-
tion−distance profiles that have forms consistent with 
error-function shapes (e.g., Figs. 2, 3, 4), i.e., as would be 
expected for one-dimensional, concentration−independent 
diffusion with constant boundary and initial conditions—the 
examples above generally show such behaviour. However, 
the models can also produce shapes that deviate consider-
ably from error−function forms. One notable possibility is 
the formation of stepped-shaped profiles, which can form 
as a result of diffusion–reaction processes (e.g., Dohmen 
et al. 2010; Jollands et al. 2022). Whilst such profiles have 
not been observed in any of the H-in or H-out experiments 
in forsterite, it is worth considering that the model predicts 
that they could exist given specific combinations of K, D* 
and Ti and H concentrations. An example is presented in the 
Supplementary Online Materials (Fig. S4).

Diffusion–reaction model outputs

Fits and profile shapes

Most data could be satisfactorily fitted using the models 
described above, although the model profile shapes some-
times deviated from the measured profiles. The quality of 
fit was different when different absorption coefficients were 
used.

Typical model fits are shown in Fig. 5. Each panel shows 
the concentration of different defects as a function of dis-
tance from the interface, or time, for both the data, which 
was resolved into individual defects and the model. Also 
shown are the model diffusion coefficients associated with 
(2H)×

M
 and the diffusion coefficients extracted for the same 

data assuming simple diffusive behaviour (Eqs. A19–A21 in 
the Supplementary Online Material).

The first observation is that, in line with the qualitative 
description in the section above, profiles of all modelled 
defects can form through coupled diffusion and inter-site 
reaction, where diffusion is only associated with (2H)×

M
 . 

Secondly, they also show that such profiles can form at 
considerably higher concentration than that of the diffusing 
(2H)×

M
 defect, which is present at much lower concentrations. 

Thirdly, in order to generate the high concentration profiles 
of defects formed by the reactions, the diffusion coefficient 
has to be considerably greater than that extracted from a 
simple fit to the curves, with the difference between D̃ and 
D* being one to two orders of magnitude.
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Fig. 4  The effect of changing the model input D* on the output pro-
files of {Ti∙∙

M
− (2H)��

Si
}× . Concentrations are per formula unit. a 

Model parameters are K:  105, ∑Ti (initial and boundary):  10–3. ∑H 
(initial): 5 ×  10–4, ∑H (boundary):  10–8, time: 86,400  s; dx: 10  µm, 
D*:  10–11  m2   s−1. b Results of models (output diffusion coefficients 
D̃ from fits to {Ti∙∙

M
− (2H)��

Si
}× profiles) run with different D* and K 

inputs. Solid lines are contours of model outputs, dashed lines are 
estimates. Approximate temperatures are added, based on the model 

outputs (see below), e.g., at 800 °C, K ≈  105 and D*≈10–12  m2  s−1, 
albeit with considerable uncertainties associated with the choice of 
absorption coefficients. The minor aberrations in some contours are 
likely related to (1) extracting D̃ using an analytical solution to Fick's 
second law which assumes an error function form, for profiles which 
deviate from this form at extreme K values and (2) numerical inaccu-
racies at low D*, i.e., Δx may be too large to resolve short profiles at 
certain combinations of D* and K 
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This is intuitive when qualitatively considered from the 
point of view of Fick's first law, which describes flux. If the 
flux is constant (broadly, the total amount of H passing into 
the crystal) and the concentration of the diffusing species is 
decreased (a low concentration of the (2H)×

M
 ), then D* must 

be increased to compensate. If these models are even qualita-
tively correct, then the diffusion coefficients extracted in the 
four previous studies of diffusion in forsterite are phenom-
enologically correct, but can be only considered as minima 
for the actual diffusivity of the (2H)×

M
 defect.

Extracted D*s, Ks and concentrations from diffusion–
reaction models

Some model outputs are presented in Tables 3 and 4 and in 
Figs. 5, 6 and 7.

The concentrations of defects extracted using the diffu-
sion–reaction method show order of magnitude agreement 
with those extracted using analytical solutions of Fick’s 
second law (Table 4). A major difference is that, in the dif-
fusion–reaction models, all defect concentrations are fit 
simultaneously, which tends to weight the fit to defects with 
higher concentrations, whereas the profiles associated with 
different defects would be fitted separately when using the 
analytical solutions. The result is that the poorest agreement 

between concentrations tends to be associated with the 
(2H)×

M
 defect.

In terms of diffusion coefficients, the Demouchy and 
Mackwell (2003) D*s do not agree with the other three, this 
is most likely due to the poorly constrained physical model 
and the unknown impurities contained in their (as-received) 
forsterite crystals. The agreement between the Padrón-Nav-
arta et al. (2014) D*s and both the Jollands et al. (2016b) 
and the Jollands et al (2021) D*s is striking, considering that 
the published Padrón-Navarta et al. (2014) D*s, assuming 
simple diffusion, were an order of magnitude slower than 
those determined by Jollands et al. (2016b) and Jollands 
et al. (2021).

Whilst the uncertainties in the modelling preclude deriva-
tion of an Arrhenius relationship ( D∗ = D

∗
0
exp(−Ea∕(RT)) ), 

estimated ranges of activation energy (Ea) and pre-exponen-
tial factor are ( D∗

0
 ) are 120 to 170 kJ  mol−1 and  10−3 to  10−6.5 

 m2s−1, respectively (R is the gas constant (kJ  mol−1  K−1), T 
is absolute temperature (K)). Our calculation assumes that 
pressure effects are negligible and uses D* values determined 
using the Libowitzky and Rossman (1997) and Withers et al. 
(2012) calibration.

The extracted K values are shown in Fig.  7a. The K 
associated with Eq. (1) (reaction forming {Ti∙∙

M
− (2H)��

Si
}× ) 

extracted from the Padrón-Navarta et al. (2014) data agrees 

Table 3  D* and K outputted from the diffusion–reaction model, using the Libowitzky and Rossman (1997)/Withers et al. (2012) calibration

The numbers in brackets represent the minimum and maximum values derived using all absorption coefficients. Also shown is D̃ determined 
using analytical solutions, with the range representing values determined for different defects. All other model outputs are presented in the Sup-
plementary Online Material.

Expt. ID log10K log10(D*  [m2s−1]) log10 ( D̃ 
 [m2s−1])

Demouchy and Mackwell (2003)
2(2H)×

M
+ Si×

Si
= (4H)×

Si
+ {Si∙∙∙∙

i
− 2V ��

M
}×

Fo2-5 − 0.4 [− 1.4,1.1] − 11.4 [− 11.9,− 10.5] − 11.4, − 11.8
Fo2-10 0.5 [− 0.9,1.5] − 10.6 [− 11.0,-10.1] − 11.2, − 11.4
Jollands et al. (2016a, b)  (Ti4+/∑Ti = 0.1)

Ti×
Si
+ (2H)×

M
= {Ti∙∙

M
− (2H)��

Si
}× {2Ti∙

M
− V��

M
}× + (2H)×

M
= 2{Ti∙

M
− H�

M
}×

Hydrol8 5.4 [5.0, 5.9] − 0.6 [− 0.7, 0.5] − 13.2 [− 13.7, − 13.0] − 14.9, − 14.2
Hydrol1 5.1 [4.5, 5.4] 0.3 [0, 1.3] − 11.4 [− 11.8, − 11.0] − 12.6, − 12.3
Hydrol10 4.7 [4.4, 5.1] 0.5 [0.5, 1.5] − 10.5 [− 10.6, − 9.7] − 11.6, − 11.2
Jollands et al. (2021)  (Cr4+/∑Cr = 0.3)

Cr×
Si
+ (2H)×

M
= {Cr∙∙

M
− (2H)��

Si
}× {2Cr∙

M
− V

��
M
}× + (2H)×

M
= 2{Cr∙

M
− H�

M
}×

HYCRa11 5.3 [4.8, 6.1] 1.1 [0.9, 2.3] − 12.8 [− 12.8, − 12.2] − 13.9, − 13.7
HYCRb5 5.1 [4.6, 5.5] 1.1 [1, 2.6] − 11.4 [− 11.9, − 10.9] − 12.9, − 12.5
HYCRa7 4.9 [4.6, 5.7] 1.3 [1.3, 2.9] − 10.3 [− 10.6, − 9.8] − 11.5, − 11.3
Padrón-Navarta et al. (2014)

Ti×
Si
+ (2H)×

M
= {Ti∙∙

M
− (2H)��

Si
}×

800 °C 5.4 [5.0, 6.1] − 11.8 [− 12.1, − 11.1] − 15.8, − 14.0
900 °C 5.3 [5.0, 6.0] − 11.5 [− 11.8, − 10.9] − 14.5, − 13.5
1000 °C 5.2 [4.8, 6.0] − 10.3 [− 10.7, − 9.7] − 13.5, − 12.4
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well with K for the same reaction from the Jollands et al. 
(2016b) data. This is again notable, given that both the 
physical model and experimental setups were different for 
in these two studies. These show that  log10K for Eq. (1) is 
positive over the studied temperature range and increases 
with decreasing temperature; thus, making {Ti∙∙

M
− (2H)��

Si
}× 

less stable at higher T. K associated with Eq. (3) (reaction 
forming {Cr∙∙

M
− (2H)��

Si
}× ) is similar to that associated with 

Eq. (1), with a similar slope.  Log10K associated with Eq. (4) 
(forming {Cr∙

M
− H�

M
}× ) is positive over the studied tempera-

ture range and increases with increasing T, thus apparently 
making the {Cr∙

M
− H�

M
}× defect more stable at higher T. 

K associated with Eq. (5), i.e., forming {Ti∙
M
− H�

M
}× has 

broadly the same slope in K–T space as that associated with 
Eq. (4), but at lower values.

Absorption coefficients

The modelling presented above applied the slope of the 
Libowitzky and Rossman (1997) wavenumber-absorption 
coefficient relationship, pinned to the Withers et al. (2012) 
calibration. Applying a different absorption coefficient 
will change the concentrations, both relative and absolute, 
of defects, which will then change the fitted K and D*. An 
example of this effect is shown in Fig. 8, which shows the 
results of refitting the Jollands et al. (2016b) dataset, using 
 Ti4+/∑Ti = 0.1 and different absorption coefficients. The dif-
ferences in extracted D̃ s is up to an order of magnitude at 
the 650 °C, with convergence at 950 °C. The K values are 
considerably different between calibrations, with no appar-
ent convergence.

Table 4  Interface or initial concentrations extracted from diffusion–reaction models, along with those extracted directly from experimental data 
using relevant analytical solutions of Fick's second law

The concentrations from the Padrón-Navarta et al. (2014) H-out experiments are initial, all others, from H-in experiments, are interface concen-
trations. All concentrations are presented as defect concentrations determined using the Libowitzky and Rossman (1997)/Withers et al. (2012) 
calibration

Expt. ID Analytical solution Diffusion–reaction model

Demouchy and Mackwell (2003)

(4H)×
Si

(2H)×
M

(4H)×
Si

(2H)×
M

Fo2-5 1.8 ×  10–5 3.1 ×  10–5 2.1 ×  10–5 3.4 ×  10–5

Fo2-10 8.2 ×  10–6 7.5 ×  10–6 1.2 ×  10–5 6.6 ×  10–6

Expt. ID Analytical solution Diffusion–reaction model

Jollands et al. (2016a, b)  (Ti4+/∑Ti = 0.1)

(2H)×
M

{Ti∙
M
− H�

M
}× {Ti∙∙

M
− (2H)��

Si
}× (2H)×

Mg
{Ti∙

M
− H�

M
}× {Ti∙∙

M
− (2H)��

Si
}×

Hydrol8 3.9 ×  10–6 2.3 ×  10–5 3.2 ×  10–5 1.6 ×  10–6 9.3 ×  10–6 3.7 ×  10–5

Hydrol1 9.0 ×  10–6 8.6 ×  10–5 3.8 ×  10–5 7.7 ×  10–6 6.2 ×  10–5 3.9 ×  10–5

Hydrol10 1.6 ×  10–5 1.5 ×  10–4 3.5 ×  10–5 1.4 ×  10–5 1.1 ×  10–4 4.0 ×  10–5

Expt. ID Analytical solution Diffusion–reaction model

Jollands et al. (2021)  (Cr4+/∑Cr = 0.3)

(2H)×
M

{Cr∙
M
− H�

M
}× {Cr∙∙

M
− (2H)��

Si
}× (2H)×

M
{Cr∙∙

M
− (2H)��

Si
}× {Cr∙

M
− H�

M
}×

HYCR11 3.6 ×  10–6 8.2 ×  10–5 7.7 ×  10–5 6.6 ×  10–6 9.0 ×  10–5 7.1 ×  10–5

HYCRb5 4.1 ×  10–6 9.2 ×  10–5 6.0 ×  10–5 4.9 ×  10–6 1.2 ×  10–4 8.2 ×  10–5

HYCR7 5.7 ×  10–6 1.6 ×  10–4 7.0 ×  10–5 8.4 ×  10–6 1.8 ×  10–4 1.0 ×  10–4

Expt. ID Analytical solution Diffusion–reaction model

Padrón-Navarta et al. (2014) [initial concentrations]

(2H)×
M

{Ti∙∙
M
− (2H)��

Si
}× (2H)×

M
{Ti∙∙

M
− (2H)��

Si
}×

800 °C 4.7 ×  10–6 7.8 ×  10–4 2.9 ×  10–6 7.9 ×  10–4

900 °C 4.2 ×  10–6 8.6 ×  10–4 3.9 ×  10–6 8.6 ×  10–4

1000 °C 5.9 ×  10–6 8.6 ×  10–4 6.0 ×  10–6 8.6 ×  10–4
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ΔG and K from DFT modelling

Calculated values of the ΔG and K for each reaction are 
presented in Table 5 and Fig. 7b, for conditions specifically 
associated with the experiments in question. The ΔG values 
for the reactions are all negative. The ΔG for the reactions 
associated with trivalent cations are less negative (~ − 10 
to − 35 kJ  mol−1) relative to those associated with tetrava-
lent cations (~ − 100 to − 130 kJ  mol−1). The values of K 
increase with decreasing temperature for all reactions except 
that forming {Cr∙

M
− H�

M
}× , which shows the opposite slope 

(Fig. 7).

Discussion

Diffusion–reaction modelling vs. DFT calculations

The DFT calculations are especially useful as they provide 
an independent constraint on the Ks determined by dif-
fusion–reaction modelling. The relative Ks for the reac-
tions forming the two classes of H-bearing defects agree 
between the two methods—Ks associated with the for-
mation of the 'clinohumite-type' defects are consistently 

higher than for with reactions involving trivalent cations 
(Fig. 9).

In general, there is reasonable first-order agreement 
between the DFT-calculated Ks and those extracted from 
diffusion–reaction modelling, for the reactions form-
ing the clinohumite-type defects ( {Ti∙∙

M
− (2H)��

Si
}× and 

{Cr∙∙
M
− (2H)��

Si
}× , Eqs. (1) and (3)), both in terms of slope 

in T–K space and absolute values (Figs. 7, 8). Therefore, 
we can state with some confidence that the stability of the 
{Ti∙∙

M
− (2H)��

Si
}× and {Cr∙∙

M
− (2H)��

Si
}× defects decrease with 

increasing temperature. However, the agreement between the 
Ks associated with the formation of the {Cr∙

M
− H�

M
}× and 

{Ti∙
M
− H�

M
}× defects is poor—there is a ~ 3 orders of magni-

tude difference between the values associated with the DFT 
and diffusion–reaction models. Moreover, the T–K slope of 
the reaction forming the {Cr∙

M
− H�

M
}× defect is opposite 

according to the two models.
The good agreement between the Ks of the reactions 

forming the 'clinohumite-type' defects is encouraging, but 
the disagreement associated with the reactions forming the 
trivalent-associated defects is clearly problematic. We do not 
have a firm explanation for this.

One possibility is the assumption of full binding between 
the different species in the {Cr∙

M
− H�

M
}× , {2Cr∙

M
− V

��
M
}× , 

etc. defects, which is implicit in the diffusion–reaction 
model. This was a simplifying assumption made for the 
purposes of diffusion–reaction modelling, but is certainly 
incorrect. Blanchard et al. (2017) calculated that there are 
at least two {Cr∙

M
− H�

M
}× defects with similar energies and 

considerations of trivalent cation incorporation into divalent 
sites would suggest that a defect with {2Cr∙

M
− V

��
M
}× stoi-

chiometry can also be written as {Cr∙
M
− V

��
M
}� + Cr∙

M
 (par-

tially bound) or 2Cr∙
M
+ V

��
M

 (unbound), with the proportion 
of bound pairs dependent to some extent on T, Cr concen-
tration and the relevant binding energy. If we fully unbind 
the {Cr∙

M
− H�

M
}× defect to Cr∙

M
 + H′

M
 and {2Cr∙

M
− V

��
M
}× to 

2Cr∙
M
+ V

��
M

 in the DFT calculations for Eq. (4),  log10K drops 
considerably, from 2.55 down to − 22.60. The true value 
should lie between these end-members (e.g., Jollands et al. 
2018). Clearly, this requires further consideration, but this 
may be a reason for the first-order disagreement between the 
DFT and diffusion–reaction models for the reactions associ-
ated with trivalent cations.

In addition, in our modelling we only expressly consid-
ered the high temperature energy of the most enthalpically 
stable arrangement of the {Cr∙

M
− H�

M
}× defect-strictly the 

high temperature energy of all arrangements should be con-
sidered. This can only serve to increase K (and with it the 
mismatch between our calculations and experiments) as if 
a neglected arrangement has lower energy at high tempera-
tures than our calculated arrangement, {Cr∙

M
− H�

M
}× will be 

more favoured and K will be increased.
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related to absorption coefficients/model size/trace element content. 
See the Supplementary Online Material for further information. a K 
extracted from diffusion–reaction modelling, for the five reactions 
considered in the text. Lines between points are provided for visual 

guidance only. PN14: Padrón-Navarta et  al. (2014); J16: Jollands 
et  al. (2016b); D03: Demouchy and Mackwell (2003); J21: Jollands 
et  al. (2021). b K extracted from DFT modelling. The references to 
J16, PN14, etc. refer to the concentrations of  H2O, Ti, Cr used in the 
models. e.g., the points labelled as J21 were calculated using 50 wt. 
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Mobility of hydrated M‑site vacancies

According to the model outputs, the diffusivity of the 
(2H)×

M
 defect is greater than previously determined by up to 

2 orders of magnitude over the studied temperature range. 
Within the framework of the model assumptions, these 
extracted diffusion coefficients are best guesses of the true 
mobility of (2H)×

M
 . In these diffusion experiments, the true 

mobility of (2H)×
M

 is not expressed in the resulting profiles, 
which are always considerably shorter than profiles that 
would be expected from applying the relevant diffusivity 
in isolation. This is because the mobile defects are continu-
ously rate-limited by inter-site reactions. The diffusivities 
that have been measured (Demouchy and Mackwell, 2003; 
Jollands et al. 2016b, 2021; Padrón-Navarta et al. 2014), are, 
however, (likely) useful for practical purposes if the experi-
mental calibration is broadly matched to the natural sample.

This prediction of high (2H)×
M

 diffusivity can be tested by 
conducting H−2H exchange experiments in extremely pure 
forsterite, at high aSiO2 conditions. This means experiments 
in which a crystal is fully equilibrated with H (or 2H) at 
exactly the same P, T, fH2O, fO2, aSiO2 conditions as a sub-
sequent short-duration diffusion anneal. This is non-trivial, 
however, as the initial step may require an anneal with a 
duration of weeks to months.

Table 5  Defect energies and K calculated using DFT

The T, P, Cr, Ti and  H2O contents used for each calculation are presented, as well as the ID of the equivalent experiment. Reaction energies are 
presented both in eV and kJ  mol−1, along with the relevant K. Also shown are the K values from diffusion–reaction modelling, for comparison

T (°C) P (GPa) Trace element 
(wt. ppm)

H2O (wt. ppm) Equivalent expt. ID Reaction energy (ΔG) log10K (DFT) log10K (diff-reac)

eV kJ  mol−1

Ti×
Si
+ (2H)×

M
= {Ti∙∙

M
− (2H)��

Si
}×

650 1.5 Ti4+, 30 15 J16, Hydrol8 − 1.22 − 118.2 6.69 5.16
850 1.5 Ti4+, 30 15 J16, Hydrol10 − 1.11 − 106.6 4.96 4.73
1000 1.5 Ti4+, 30 15 J16, Hydrol10 − 1.10 − 106.2 4.36 4.47
800 0 Ti4+, 600 100 P14, 800 − 1.10 − 105.8 5.84 5.22
900 0 Ti4+, 600 100 P14, 900 − 1.10 − 105.7 5.40 5.14
1000 0 Ti4+, 600 100 P14, 1000 − 1.09 − 105.2 5.01 4.96
Cr×

Si
+ (2H)×

M
= {Cr∙∙

M
− (2H)��

Si
}×

750 1.5 Cr4+, 50 15 J21, HYCRa11 − 1.33 − 128.7 6.57 5.27
850 1.5 Cr4+, 50 15 J21, HYCRb5 − 1.35 − 130.2 6.05 5.08
1000 1.5 Cr4+, 50 15 J21, HYCRa7 − 1.36 − 131.6 5.4 4.91
{2Cr∙

M
− V

��
M
}× + (2H)×

M
= 2{Cr∙

M
− H�

M
}×

750 1.5 Cr3+, 110 15 J21, HYCRa11 − 0.78 − 75.4 3.85 1.06
850 1.5 Cr3+, 110 15 J21, HYCRb5 − 0.70 − 67.9 3.16 1.11
1000 1.5 Cr3+, 110 15 J21, HYCRa7 − 0.64 − 62.2 2.55 1.33
{2Ti∙

M
− V

��
M
}× + (2H)×

M
= 2{Ti∙

M
− H�

M
}×

650 1.5 Ti3+, 300 5 J16, Hydrol8 − 0.55 − 53.1 2.71 − 1.04
850 1.5 Ti3+, 300 10 J16, Hydrol10 − 0.72 − 69.6 3.24 − 0.05
1000 1.5 Ti3+, 300 15 J16, Hydrol10 − 0.89 − 85.7 3.51 0.18
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Fig. 9  K determined by diffusion–reaction modelling versus the same 
determined by DFT modelling (data in Fig. 7a vs. data in Fig. 7b)
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Conclusions, implications and model 
limitations

This study has presented a methodological framework for 
considering H diffusion in forsterite. This should hopefully 
provide a starting point for future modelling.

Overall, if we assume that the only H-bearing defect 
capable of diffusing any appreciable distance (> 10 s µm) 
in pure forsterite (in minutes to weeks at < 1000 °C) is the 
hydrated metal vacancy (2H)×

M
 , then, based simply on con-

siderations of diffusive flux, the diffusivity of this defect 
(D*) must be greater than the diffusivity extracted by fitting 
experimental data to simple solutions of Fick's second law 
( D̃ ). The progress of (2H)×

M
 defects, as they move through 

the crystal, is slowed by inter-site reactions forming other 
defects. Whilst there are considerable caveats, we estimate 
the diffusivity of (2H)×

M
 to be ~ 1–2 orders of magnitude 

greater than the previously measured diffusivity D̃ . Such 
behaviour is proposed to have been observed in all H-in and 
H-out experimental studies using forsterite. Along with the 
upwards revision of diffusivities, this appears to reconcile 
some previously disparate experimental results. This meth-
odological development implemented in our model should 
be built on moving forwards.

Finally, the following is a non-exhaustive list of the limi-
tations of our model, which should be noted when critically 
considering the implications and that should be addressed 
as the methodology improves and/or more experimental data 
becomes available. These have been placed into a hierarchy 
based on their potential importance.

 1. The model outputs are highly dependent on absorp-
tion coefficients. In previous H diffusion studies, it has 
been reasonable to simply use integrated absorbance 
of any band to extract a diffusion coefficient, without 
converting the absorbance to wt. ppm  H2O or similar. 
In diffusion–reaction models, this is no longer reason-
able—absolute concentrations must be known. As an 
aside, it is also necessary to standardise baseline cor-
rection routines for FTIR spectra—absorption coeffi-
cients are only applicable if baseline corrections are 
always performed in the same way.

 2. In the diffusion–reaction models, the reactions are con-
sidered in isolation, without intrinsic defect-forming 
reactions. As above, this will add considerable com-
plexity to the models and will require a series of extra 
unconstrained terms.

 3. In the DFT models, we assume a single configuration 
of each defect, whereas several may be (and almost 
certainly are) present.

 4. The model is entirely based on the assumption that 
the only mobile defect is (2H)×

M
 and that all H-bearing 

defects are detected by FTIR spectroscopy and pre-
sent in the OH stretching region, i.e., no molecular 
 H2 (e.g., Moine et al. 2020) nor interstitial H weakly 
or not bounded to O. This assumption is, however, in 
line with thermodynamic modelling (Muir et al. 2022). 
Another possibility that we have not considered is 
whether a ‘proton-polaron’ type diffusion mechanism 
could occur in a crystal doped with only trace amounts 
of redox variable elements, e.g.,  Cr2+/3+/4+ in the Jol-
lands et al. (2021) study.

 5. Whilst results from DFT modelling generally support 
the use of a diffusion–reaction model for the 'clino-
humite-type' defects (both Cr and Ti), the calculated 
K values for defects associated with trivalent ions are 
inconsistent in terms of absolute values between dif-
fusion–reaction and DFT models. However, the Ks 
determined by DFT modelling are highly dependent 
on whether the relevant defects are bound or unbound.

 6. We assume K is constant at all points along diffusion 
profiles and has no dependence on concentration (Hen-
ry’s law) which may not be a reasonable assumption. 
Adding a variable K to the model will again lead to 
considerable increase in complexity, which is unjusti-
fied.

 7. Models often show profile shapes that are not consist-
ent with the measured profiles, including near-linear 
concentration decreases instead of the measured error 
function forms.

 8. Several of the defects in the Jollands et al. (2021) 
experiments are not considered (notably (4H)×

Si
 ). The 

(4H)×
Si

 defect is also omitted from the model describing 
the Padrón-Navarta et al. (2014) data. The justification 
is that the diffusivity of this defect is relatively low, 
therefore it is irrelevant over the time scales of these 
models. However, the interaction of this defect with 
any other defects will modify their concentrations, 
which will then modify the concentrations of many 
other defects.

 9. We cannot provide a fully satisfactory explanation for 
why Jollands et al. (2021) and Demouchy and Mack-
well (2003) both observed the (4H)×

Si
 bands, whereas 

Jollands et al. (2016b) did not. One possibility is that 
the starting materials of Demouchy and Mackwell 
(2003) and Jollands et  al. (2021) were previously 
equilibrated/grown in low aSiO2 systems, whereas the 
Jollands et al. (2016b) crystals were pre-equilibrated 
in the presence of  Mg2Si2O6.

 10. Similarly, we do not provide a satisfactory explana-
tion for the reaction that forms (4H)×

Si
 in the Demouchy 

and Mackwell (2003) experiments. Repeat experiments 
using extremely pure forsterite crystals with well con-
strained trace element concentrations will be invalu-
able.
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 11. We assume that ∑Ti is constant in the Padrón-Navarta 
et al. (2014) experiments, but this does not account for 
their observation that Ti–rich phases exsolved from the 
forsterite.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00410- 022- 01954-1.
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