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ABSTRACT 25 

Knowledge of oxygen diffusion in garnet is crucial for a correct interpretation of oxygen 26 

isotope signatures in natural samples. A series of experiments was undertaken to determine the 27 

diffusivity of oxygen in garnet, which remains poorly constrained. The first suite included high-28 

pressure (HP), nominally dry experiments performed in piston cylinder apparatus at (i) T = 1050-29 

1600 °C and P = 1.5 GPa and (ii) T = 1500 °C and P = 2.5 GPa using yttrium aluminum garnet 30 

(YAG; Y3Al5O12) cubes. Secondly, HP H2O-saturated experiments were conducted at T = 900 °C 31 

and P = 1.0-1.5 GPa, wherein YAG crystals were packed into a YAG + Corundum powder, along 32 

with 18O-enriched H2O. Thirdly, 1-atm experiments with YAG cubes were performed in a gas-33 

mixing furnace at T = 1500-1600 °C under Ar flux. Finally, an experiment at T = 900 °C and P = 34 

1.0 GPa was done using a pyrope cube embedded into pyrope powder and 18O-enriched H2O. 35 

Experiments using grossular were not successful.  36 

Profiles of 18O/(18O+16O) in the experimental charges were analyzed with three different 37 

Secondary Ion Mass Spectrometers (SIMS): Sensitive High Resolution Ion Microprobe 38 

(SHRIMP II and SI), CAMECA IMS-1280 and NanoSIMS. Considering only the measured 39 

length of 18O diffusion profiles, similar results were obtained for YAG and pyrope annealed at 40 

900 °C, suggesting limited effects of chemical composition on oxygen diffusivity. However, in 41 

both garnet types, a number of profiles deviate from the error function geometry, suggesting that 42 

the behavior of O in garnet cannot be fully described as simple concentration-independent 43 

diffusion, certainly in YAG and likely in natural pyrope as well. The experimental results are 44 

better described by invoking O diffusion via two distinct pathways with an inter-site reaction 45 

allowing O to move between these pathways. Modelling this process yields two diffusion 46 

coefficients (Ds) for O, one of which is approximately two orders of magnitude higher than the 47 

other. Taken together, Arrhenius relationships are: 48 
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logD m2s–1 = –7.2 (±1.3)+ (
–321 (±32) kJmol–1

2.303RT
) 

for the slow pathway, and  49 

logD m2s–1 = –5.4 (±0.7)+ (
–312 (±20) kJmol–1

2.303RT
) 

for the fast pathway. We interpret the two pathways as representing diffusion following vacancy 50 

and interstitial mechanisms, respectively. Regardless, our new data suggest that the slow 51 

mechanism is prevalent in garnet with natural compositions, thus is likely to control the 52 

retentivity of oxygen isotopic signatures in natural samples.  53 

The diffusivity of oxygen is similar to Fe-Mn diffusivity in garnet at 1000-1100 °C and Ca 54 

diffusivity at 850 °C. However, the activation energy for O diffusion is larger, leading to lower 55 

diffusivities at P-T conditions characterizing crustal metamorphism. Therefore, original O 56 

isotopic signatures can be retained in garnets showing major element zoning partially re-57 

equilibrated by diffusion, with the uncertainty caveat of extrapolating the experimental data to 58 

lower temperature conditions.  59 

Keywords: oxygen isotopes; diffusion; piston cylinder experiments; gas mixing furnace; 60 

garnet; SIMS. 61 
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INTRODUCTION 62 

Garnet is a key metamorphic mineral present in a variety of rocks and tectonic settings. It 63 

plays a crucial role in revealing thermal and mechanical processes controlling the evolution of 64 

Earth’s crust at plate boundaries (Caddick and Kohn 2013) through its chemical and isotopic 65 

zoning. In particular, oxygen isotope heterogeneities in natural garnet crystals can record the 66 

infiltration of external fluids in metamorphic or hydrothermal systems, allowing for the 67 

determination of timing and rates of rock-fluid interactions in the crust (e.g., Kohn et al. 1993; 68 

Crowe et al. 2001; Skelton et al. 2002; Vielzeuf et al. 2005; Page et al. 2010, 2014; Sobolev et al. 69 

2011; D’Errico et al. 2012; Errico et al. 2013; Russell et al. 2013; Martin et al. 2014; Rubatto and 70 

Angiboust 2015; He et al. 2019; Higashino et al. 2019; Gauthiez-Putallaz et al. 2020; Vho et al. 71 

2020). Successful geothermobarometry and retrieval of accurate P-T-t-Xfluids paths relies on the 72 

assumption that mineral assemblages were formed at equilibrium. Equilibrium chemical and 73 

isotopic compositions can be modified by subsequent processes such as intra-crystalline diffusion 74 

or recrystallization, which can lead to erroneous inferred peak metamorphic P-T conditions (Eiler 75 

et al. 1993; Valley 2001; Chakraborty 2008; Ague and Carlson 2013; Baxter et al. 2013; Caddick 76 

and Kohn 2013).  77 

The diffusivity of oxygen in garnet remains poorly constrained, even though it has been the 78 

focus of various studies in the past decades (Freer and Dennis 1982; Haneda et al. 1984; Coghlan 79 

1990, unpublished data; Sakaguchi et al. 1996; Zheng and Fu 1998; Vielzeuf et al. 2005; Li et al. 80 

2012). Only two experimental studies on garnet with geologically relevant compositions exist. 81 

Freer and Dennis (1982) were the first to investigate oxygen diffusivity in grossular garnet under 82 

wet conditions. However, no Arrhenius relation was determined because the experiments were 83 

done at different temperatures and pressures. The unpublished work of Coghlan (1990) 84 

investigated oxygen diffusivity in natural (almandine-spessartine) garnet, but reports a 85 
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discrepancy of ~2 log units between the diffusion coefficients calculated from his Arrhenius 86 

parameters and some of the raw data. We suspect this is simply due to a mislabeling of the x-axis 87 

in his Figure 2.1.a and assume that the quoted diffusivities and Arrhenius parameters are correct. 88 

Haneda et al. (1984) investigated oxygen diffusivity in yttrium aluminum garnet (YAG) by bulk 89 

analyses, which could conceivably be affected by fast diffusion paths or multiple diffusion 90 

mechanisms, whose influence might not be recognized without direct profiling (Zhang and 91 

Cherniak 2010). Because these previous experimental studies used different starting materials 92 

and experimental techniques/conditions, it is difficult to disentangle the potential effects of 93 

pressure, chemical composition, water and oxygen fugacity on oxygen diffusivity in garnet. This 94 

work aims to rectify this situation to some extent by experimentally constraining the effects of 95 

temperature, pressure and chemical composition on O diffusion in garnet.  96 

 97 

EXPERIMENTAL PROCEDURE 98 

All experiments were performed at the Research School of Earth Sciences, Australian 99 

National University (ANU), and they included variations of crystal chemistry (YAG, pyrope, 100 

grossular), pressure (1 atm to 2.5 GPa), temperature (900 to 1600 °C) and water activity 101 

(nominally dry vs. water-saturated). Major experimental challenges included: (1) 18O exchange 102 

with the atmosphere in experiments at atmospheric pressure, (2) the relatively low temperature 103 

stability of natural garnet, (3) the effects of dissolution and precipitation in wet experiments and 104 

(4) the slow diffusivity of O, which considerably limits the analytical possibilities. Therefore, 105 

several different setups and experimental strategies were attempted (Table 1) in gas mixing 106 

furnace and piston-cylinder apparatus (see Appendix 1 for details). From a total of 41 107 

experiments only 16 were successfully recovered and gave measurable 18O profiles by SIMS 108 
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(total of 68 diffusion profiles), which yielded consistent results (Table 2). Examples of garnet 109 

crystals recovered from 1-atm and HP experiments are shown in Figs. 1 to 3.  110 

 111 

ANALYTICAL METHODS FOR OXYGEN ISOTOPE ANALYSIS 112 

In this study, oxygen diffusion profiles were measured using SHRIMP, CAMECA IMS-1280 113 

and NanoSIMS N50L instruments, in line-scan or depth profiling mode. Garnet crystals not 114 

annealed under experimental conditions and having a comparable chemical composition to the 115 

experimental charges (hereafter referred to as garnet reference materials) were analyzed 116 

simultaneously with the experimental charges to monitor potential analytical artifacts during 117 

depth profiling that could affect the shape of diffusion profiles measured in the experimental 118 

charges. A detailed explanation of the different analytical setups used in this study, as well as of 119 

the preparation and imaging of SIMS mounts, is given in Appendix 2.  120 

 121 

DATA TREATMENT AND FITTING OF PROFILES 122 

The standard practice in such studies as this is to fit the measured profiles to a concentration-123 

independent, constant boundary condition, one-dimensional, semi-infinite media solution to 124 

Fick's second law:  125 

C(x,t) – C0

C1 – C0
 = 1 – erf x

2√Dt
                 (1)                               126 

where C(x,t) is the concentration (C) at the distance x (m), from the interface, and time t (s); C1 is 127 

the concentration at the interface (or surface concentration); C0 is the initial concentration in the 128 

mineral (or background concentration); D is the diffusion coefficient (m2s-1). For this to be valid, 129 

profiles should all correspond to the form of an error function, which requires concentration-130 

independent diffusion. Whilst a minority of 18O/(18O+16O) profiles do have such geometry (Fig. 131 
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4) and could be fitted using Equation 1, the majority of profiles acquired in this study do not. In 132 

the latter case, the tail ends of the profiles were extracted and fitted to Equation 1. This gives an 133 

approximate diffusion coefficient (we denote this D̃) equivalent to that which would be obtained 134 

using the x = 4√(Dt) approximation by visual estimation of the profile lengths. For profiles with 135 

complex shapes that cannot be fitted to Equation 1, these D̃s are useful as a first-order estimate 136 

only. A model for extracting meaningful/useful diffusion coefficients (Ds) from profiles of 137 

complex shapes is discussed below. We note that, in this study, the fraction of 18O (i.e., 138 

18O/(18O+16O)) is considered to be the equivalent of the absolute concentration. 139 

 140 

RESULTS 141 

Profile shapes 142 

Broadly, three different 18O/(18O+16O) profile geometries were encountered during this study.  143 

1) 'Stepped' profile shapes, which refers to profiles with two or three distinct sections/zones 144 

from the outside to the inside of the crystal (Fig. 5; Table S3). Zone I is characterized by a 145 

relatively steep decrease in the 18O/(18O+16O) ratios. This zone is observed in the YAG cubes 146 

annealed at T = 1400 °C and P = 1.5 GPa for 95.5 h (Fig. 5a) and 2 h (Fig. 5b). It is also hinted at 147 

the YAG cube annealed at T = 1200 °C and P = 1.5 GPa for 24 h (Table S3). Zone II is 148 

characterized by a shallower slope than zone I and by a quasi-linear decrease in the 149 

18O/(18O+16O) ratios with increasing distance from the interface (Figs. 5a-c). This zone is 150 

observed in all samples with complexly shaped profiles. In crystals where also zone I is observed, 151 

zone II is identified by a change in the slope of the curve (Figs. 5a-b). Zone III is identified by 152 

another change in the slope of the curve where the 18O/(18O+16O) ratios decrease more rapidly 153 

than zone II until they reach the initial oxygen isotope composition (Figs. 5a-e). This region is 154 
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observed in all samples. Such stepped profiles are encountered in all HP nominally dry 155 

experiments, with the exception of the one annealed at T = 1050 °C (sample YHPD-1; Table S3). 156 

2) Profiles that correspond to an error function form, i.e., described by Equation 1. These are 157 

encountered in the low-P and high-T runs (samples YLPD-1 and YLPD-2; Table S1), as well as 158 

the HP and low-T hydrothermal runs (Table S2). In the latter, however, the shape of the diffusion 159 

profiles is dependent on the chosen position of the interface (see Appendix 3).  160 

3) Profiles with a broadly error function form, but that have an excessively long tail towards 161 

background values. These include only a CAMECA IMS-1280 profile (i.e., profile 1 in sample 162 

PHPW-1 annealed at 1.0 GPa and 900 °C; Table S2).  163 

 164 

Gas mixing furnace experiments 165 

The measured concentration-distance profiles in two YAG cubes annealed in the gas mixing 166 

furnace at T = 1600 °C for 24 h and 1500 °C for 168 h (Tables 1, 2 and S1) follow an error-167 

function shaped curve (Fig. 4), which could be fitted using Equation 1. Comparable estimated 168 

diffusion coefficients (D) were calculated from profiles measured with SHRIMP (logD = –169 

14.4±0.2 m2s-1 at 1600 °C and –14.8±0.2 m2s-1 at 1500 °C) and CAMECA IMS-1280 (logD = –170 

14.7±0.1 m2s-1 at 1600 °C and –15.1±0.2 m2s-1 at 1500 °C) (Fig. 4; Table 2).  171 

 172 

High-pressure experiments under water-present conditions 173 

Recrystallization of the surrounding matrix on top of the original crystal is observed in the 174 

four experiments (Table 1). During forward depth profiling, 18O/(18O+16O) ratios increase 175 

progressively (towards the interface) in the overgrowth and drop dramatically when crossing the 176 

interface between overgrowth and garnet cube (Table S2). The drastic drop in OH/O signal in 177 

profiles measured by CAMECA IMS-1280 (Table S2) allowed us to objectively locate the 178 
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interface between nominally dry YAG cubes and overgrowths formed during wet experiments 179 

(see Appendix 3 for details). Profiles measured in forward and backward profiling mode by 180 

CAMECA IMS-1280 have similar lengths and shapes confirming the limited extent of edge 181 

effects with IMS-1280 instruments (Table S2). On the contrary, forward profiles measured by 182 

SHRIMP have longer tails when compared to backward profiles suggesting the occurrence of 183 

significant edge effects (Table S2). Additionally, CAMECA IMS-1280 profiles are overall 184 

shorter compared to those measured by SHRIMP (including the backward profiles) resulting in 185 

approximate logD̃s slower by ~1-2 log units (Table 2). Consequently, only data acquired with a 186 

CAMECA IMS-1280 in these experimental charges are further discussed.  187 

In contrast to the low-pressure experiments, the shape of the concentration-distance profiles 188 

for YAG annealed at HP in water-saturated conditions is not consistent with error function forms 189 

(Table S2), thus Equation 1 is inappropriate. The formation of such profiles will be discussed 190 

below.  191 

Similar approximate diffusivities were determined for YAG annealed at 900 °C and different 192 

pressures (logD̃ = –21.3±0.9 m2s-1 at 1.0 GPa, combining all data from samples YHPW-1 and 193 

YHPW-2, and –21.6±0.3 m2s-1 at 1.5 GPa) (Table 2). Profiles across pyrope annealed at similar 194 

experimental conditions as YAG (T = 900 °C, P = 1.0 GPa) return data that are consistent with an 195 

error function curve (with the exception of profile 1 that was excluded from calculations of 196 

diffusion coefficients; Table S2). From the fit, the calculated diffusion coefficient (logD = –197 

21.2±0.7 m2s-1) is within uncertainty identical to that obtained from experiments with YAG 198 

(Table 2).  199 

 200 

High-pressure experiments under nominally anhydrous conditions   201 
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Ten YAG cubes annealed at P = 1.5-2.5 GPa and T = 1050-1600 °C under nominally 202 

anhydrous conditions were analyzed (Tables 2 and S3). All samples except the one annealed at 203 

1050 °C have 'stepped' concentration-distance profiles (Fig. 5; Table S3). EPMA transects show 204 

no obvious variation in Y, Al, or O across the width of the YAG crystal or within the diffusion-205 

affected region (Appendix 1). EBSD analysis indicates that YAG substrate, diffusion-modified 206 

rim, and buffer-quench overgrowth are a crystallographically continuous single crystal of YAG 207 

(Appendix 1).  208 

Approximate average logD̃s for experimental charges annealed under nominally dry 209 

conditions at HP are summarized in Table 2. Notably, oxygen diffusivity calculated from profiles 210 

measured in depth profiling mode are comparable within uncertainty to those estimated from 211 

NanoSIMS traverses (Table 2).  212 

 213 

First-order approximation of the Arrhenius relationship 214 

Diffusivities calculated from fitting either the tail-ends of profiles (D̃), or the whole profile to 215 

Equation 1, where appropriate (D), result in the following first-order Arrhenius relationship (Fig. 216 

6): 217 

logD̃ m2s–1 = –3.8 (±0.7)+ (
–394 (±19) kJmol–1

2.303RT )   (2) 218 

where R is the gas constant (kJK-1mol-1), T is the temperature (K) and uncertainties represent 219 

95% confidence bounds (±2σ). The uncertainty on T of high-pressure and gas mixing furnace 220 

experiments is not included in the calculation of uncertainties on fits because they are negligible 221 

(~±10 °C for high-T piston cylinder experiments; e.g., Hudon et al. 1994) relative to other 222 

uncertainties. Notably, if only data calculated from error-function shaped profiles (i.e., samples 223 
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YLPD-1, YLPD-2, YHPD-1 and PHPW-1; Table 2) are fitted to Equation 1, Arrhenius 224 

parameters are within uncertainty of those reported above considering the full dataset.  225 

In this study, oxygen diffusion coefficients in garnet annealed at various P and constant T (i.e., 226 

1600 °C, 1500 °C, and 900 °C) show contrasting trends (negative D-P correlation at 1600 °C and 227 

900 °C, no correlation at 1500 °C) (Fig. S1). This, along with the large uncertainty on the first 228 

order approximate diffusion coefficients, prevents the effect of P on oxygen diffusivity in garnet 229 

to be determined; small discrepancies between the data might be due to differences in ƒO2, or ƒH2O 230 

between low- and high-P experiments.  231 

The results obtained in one pyrope cube annealed in similar P-T conditions as YAG suggest 232 

no significant effect of chemical composition within the uncertainties of the data (Fig. 6, Table 233 

2). Finally, it was not possible to investigate the effects of water (i.e. ƒH2O) on oxygen diffusivity 234 

at T>900 °C. Nevertheless, logD̃s calculated for water-saturated experiments at 900 °C fall on the 235 

Arrhenius curve described by nominally dry experiments (Fig. 6) and future experimental studies 236 

should verify whether a similar slope can be expected for oxygen diffusivity in garnet under wet 237 

conditions and quantify the effects of water (and ƒH2O).  238 

 239 

DISCUSSION 240 

Diffusion mechanism and diffusion coefficient determination 241 

As described above, the majority of acquired profiles of 18O/(18O+16O) versus distance from 242 

the crystal edge do not conform to any analytical solutions of Fick's second law for reasonable 243 

initial and boundary conditions. This suggests that the assumption that the profiles can be 244 

described simply as resulting from a single diffusion mechanism is not valid.  245 

It could be suggested that stepped profiles are the result of the overgrowth of a garnet rim 246 

followed by diffusive exchange between the new rim and original crystal. Whilst this may be 247 
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valid for the HP wet experiments, there is no justification for invoking overgrowth in a nominally 248 

dry experiment where the crystal and O-source powder are in major element equilibrium, and 249 

where polished crystal faces were recovered after the experiments. These stepped profiles are 250 

similar to those reported by Dohmen et al. (2010) for Li diffusion in olivine, and by Jollands et 251 

al. (2016b) for Ti diffusion in olivine. Dohmen et al. (2010) described their profile shapes by 252 

assuming that Li occupied two distinct positions (interstitial or lattice sites) in olivine, and that 253 

each of these positions was associated with a different diffusion mechanism and hence 254 

diffusivity. Allowing Li to exchange between these positions enables the creation of profiles with 255 

stepped shapes. The formation of such profiles can be broadly described as resulting from a 256 

species diffusing rapidly along one pathway, then hopping into another site (which has some 257 

finite capacity to accommodate the diffusing species), after which the species becomes relatively 258 

immobile. The stepped profiles then represent a wave of the diffusing species moving into the 259 

crystal rapidly along one pathway, then moving into, and filling up, the available sites in the 260 

other pathway. The model presented herein follows similar logic based on considerations of O-261 

substitution and diffusion in olivine (e.g., Gérard and Jaoul 1989; Ryerson et al. 1989; Costa and 262 

Chakraborty 2008). The main point is that the behavior of O in garnet cannot be fully described 263 

as simple concentration-independent diffusion on a single crystallographic site, certainly in YAG 264 

and likely in natural pyrope as well.  265 

Diffusion model. First principle calculations of intrinsic point defects in YAG have shown 266 

that there are two main oxygen defect types: oxygen vacancies (𝑉𝑂
••) and interstitial oxygen 𝑂𝑖

′′ 267 

(Li et al. 2012). Based on this, it is suggested that the two diffusion pathways for O could involve 268 

(1) O2- on its own lattice site, i.e. in Kröger-Vink notation, 𝑂𝑂
× diffusing by a vacancy 269 

mechanism; and (2) O on an interstitial site, 𝑂𝑖
′′. It is implicitly assumed that interstitial O2- is 270 
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charge balanced. 𝑂𝑖
′′ is arbitrarily designated as more mobile, i.e. 𝑂𝑂

× has lower diffusivity than 271 

𝑂𝑖
′′. Finally, there must be some available site into which the more mobile 𝑂𝑖

′′ can relocate, which 272 

reduces its mobility. For this, vacant O sites are invoked, i.e. 𝑉𝑂
••.  273 

With these assumptions, a simple exchange reaction is written, wherein 𝑂𝑖
′′ moves into a 274 

vacant oxygen site, forming 𝑂𝑂
×, i.e. the reaction describing an O Frenkel defect: 275 

𝑂𝑖
′′ + 𝑉𝑂 

•• = 𝑂𝑂
×  (3) 276 

Another simplification of the model is that 18O is treated as a trace element, i.e., 16O is 277 

explicitly not considered. A discussion of the implications of the omission of 16O is provided in 278 

Appendix 3. Consequently, Equation 3 can be written in terms of 18O as: 279 

𝑂 
18

𝑖
′′ + 𝑉𝑂

•• = 𝑂 
18

𝑂
× (4) 280 

From Equation 4, an equilibrium expression is constructed: 281 

𝐾 = 
[ 𝑂 

18
𝑂
×]

[ 𝑂 
18

𝑖
′′][𝑉𝑂

••]
  (5) 282 

where brackets represent concentrations per 12 oxygens. To describe uniquely the concentrations 283 

of 𝑂 
18

𝑖
′′, 𝑉𝑂

•• and 𝑂 
18

𝑂
×, two other variables need to be fixed. These are the sum of 18O: 284 

∑ 𝑂 = 
18 [ 𝑂 

18
𝑖
′′] + [ 𝑂 

18
𝑂
×] (6) 285 

and the total number of O sites in the YAG lattice (i.e. excluding the interstitial sites) occupied 286 

by either 𝑂 
18

𝑖
′′ or 𝑉𝑂

••: 287 

∑𝑋𝑂 = [𝑉𝑂
••] + [ 𝑂 

18
𝑂
×] (7) 288 

If K, ∑18O and ∑XO are defined, then the concentrations of 𝑂 
18

𝑖
′′, 𝑉𝑂

•• and 𝑂 
18

𝑂
× are calculated by 289 

solving Equations A3.1 to A3.3 (Appendix 3). 290 

With these equations, the system can be modelled using a two-step explicit finite difference 291 

routine, wherein the total time of the diffusion experiment is divided into many time steps, with 292 
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the number of steps variable, but defined by the resolution of the model and the highest diffusion 293 

coefficient to retain numerical stability. In the first part of each time step, diffusion occurs. 294 

Concentration-independent diffusion is assumed. Diffusion was modelled separately for each of 295 

the three species of interest ( 𝑂 
18

𝑖
′′, 𝑉𝑂

•• and 𝑂 
18

𝑂
×), using three diffusion coefficients. In the 296 

second step, the inter-site reaction occurs according to Equation 3. Then, the next time step 297 

begins with diffusion, then reaction, and so on, until the total experimental time is reached. The 298 

inputs of the model are K, three Ds, and the interface and initial values of ∑ 𝑂 
18  and ∑𝑋𝑂. The 299 

output of the model is the concentration of each species as a function of distance after a model 300 

time corresponding to the duration of the experiment. The model is then fitted to the data with the 301 

fit parameters presented in Table 2. A full description of the routine is presented in Appendix 3, 302 

but a brief description is as follows. Firstly, ∑ 𝑂 
18  at the interface was set manually based on 303 

visual inspection of the profiles, and log10K was set at some value, normally between 0 and 4. 304 

Then, the best fit values of ∑𝑋𝑂 (interface and initial), ∑ 𝑂 
18  (background) and the three Ds were 305 

determined by nonlinear least squares regression. This was then repeated for many values of 306 

log10K, and the fit parameters associated with the lowest summed square of residuals were taken 307 

to be the parameters defining the best fit. Examples fits of profiles measured in HP experiments 308 

are shown in Figure 7. Uncertainties on the fit parameters are not presented in Table 2, but we 309 

estimate that 2s uncertainty on log10D 𝑂 
18

𝑂
× is 0.03 to 1 m2s-1 and 0.01-0.05 m2s-1 on 310 

log10D 𝑂 
18

𝑖
′′(see Appendix 3 for details).  311 

Whilst we model the profiles using the relationship in Equation 4, we emphasise that this is 312 

only one possible model. Any situation including 1) a substitution mechanism associated with 313 

low concentration and fast diffusion; 2) a slow diffusion, high-concentration substitution 314 

mechanism and 3) a reaction allowing exchange between these two sites, could potentially 315 



 15 

produce profiles with such stepped shapes as observed here. For example, given that the stepped 316 

shapes are only observed following piston cylinder experiments, and even the 'dry' experiments 317 

will be only nominally dry (cf. absolutely dry), one could invoke a reaction such as: 318 

𝑂𝐻 
18

𝑖
′ + 𝑉𝑂

•• = 𝑂 
18

𝑂
× + 𝐻𝑖

• (8) 319 

Likewise, a mechanism could be invoked involving interstitial O charge-compensated by 320 

interstitial Al3+, or some other cation: 321 

{ 𝑂 
18

𝑖
′′−𝐴𝑙𝑖

•••}• + 𝑉𝑂
•• = 𝑂 

18
𝑂
× + 𝐴𝑙𝑖

••• (9) 322 

Or, some strain-induced extended defect that enables fast diffusion could be invoked. 323 

However, if we can assume that it is the slow mechanism that is relevant for O diffusion in 324 

natural garnet (discussed below), then the specific definition of the fast mechanism is relatively 325 

unimportant. Based on our EBSD, EPMA and X-ray map investigations as well as the 326 

consistency between profiles we can, however, rule out surface recrystallization as an explanation 327 

for the profile shapes. 328 

 329 

Arrhenius relations. The results from the profiles that were fitted to Equation 1 (where 330 

appropriate) and to the reaction-diffusion model are shown in Figure 8. Effectively, most profiles 331 

that required the diffusion-reaction model show that the two O diffusion coefficients (which we 332 

designate D 𝑂 
18

𝑂
× and 𝐷 𝑂 

18
𝑖
′′) are different by approximately two orders of magnitude (Table 2). 333 

This is the case over the full range of temperature studied, and for both pyrope and YAG, 334 

suggesting that the two diffusion mechanisms have similar activation energies. Profiles from the 335 

900 °C experiments that were fitted using an error function shape (Equation 1) yield diffusion 336 

coefficients in agreement with the slow mechanism, and profiles from the 1500 and 1600 °C 337 

experiments fitted using the same equation yield Ds that agree with those associated with the 338 
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faster mechanism. The profile from the 1050 °C experiment that was fitted using Equation 1 339 

yielded Ds in agreement with the fast mechanism.  340 

Therefore, taking all of the Ds associated with the fast mechanism from diffusion-reaction 341 

modelling, as well as the data from the 1050 °C experiment fitted to Equation 1, a general 342 

Arrhenius relationship can be defined: 343 

logD m2s-1 = –5.4 (±0.7) + (
–312 (±20) kJmol–1

2.303RT ) (10) 344 

where uncertainties represent 95% confidence bounds (±2σ). Likewise, taking all of the Ds 345 

associated with the slow mechanism, plus those extracted using Equation 1 for the low 346 

temperature runs, and the data of Coghlan (1990, unpublished data) that fall on our calibration, 347 

we obtain: 348 

logD m2s-1 = –7.2 (±1.3) + (
–321 (±32) kJmol–1

2.303RT ) (11) 349 

Both of these fits are unweighted; given the issues described above regarding the low sensitivity 350 

of the residuals of each fit on the values of some D 𝑂 
18

𝑂
×, determining any meaningful 351 

uncertainties using our fitting routine is precluded. The data from the 1500 °C and 1600 °C 352 

experiments that were fitted to error function curves (Equation 1) are not included in either fit 353 

because it is not clear whether the associated Ds should be assigned to the fast or slow 354 

mechanism. 355 

Note that these relationships do not include any garnet composition, ƒH2O nor pressure term, as 356 

we find no systematic effect of these variables on diffusion. That the values obtained from YAG 357 

(slow mechanism) and pyrope (this study) and almandine-spessartine (Coghlan 1990, 358 

unpublished data) are in agreement suggests that any compositional effect on O diffusion is 359 

minor – this is extremely promising when considering the applicability of data derived from 360 
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experiments with unnatural endmember compositions that can withstand a broader range of P-T-361 

X conditions (i.e. YAG) than their natural counterparts. 362 

Variations in profile shapes. One first-order observation is that there is some inconsistency 363 

concerning profile shapes from different experiments. For example, many of the 1-atm 364 

experiments at 1500 °C and 1600 °C show profiles with error function forms, whereas all of the 365 

HP 1200-1400 °C experiments show stepped shapes. Then, the HP experiment at 1050 °C shows 366 

an error function form with Ds consistent with the fast mechanism, whereas the HP experiments 367 

at 900 °C, when fitted to an error function, show Ds consistent with the slow mechanism. The 368 

same can be said for the Coghlan (1990, unpublished data) data – regardless of the relatively poor 369 

spatial resolution of his profiles, they seem to show error function forms consistent with our slow 370 

diffusivities. We cannot explain conclusively why this is the case, but offer some suggestions.  371 

Figure 9a shows a diffusion reaction model wherein all parameters, except the interface 18O 372 

concentration, are kept constant. As the interface concentration decreases, the profiles tend 373 

towards an error function shape, and become shorter. Alternatively, Figure 9b shows the results 374 

of a model where all parameters except K are kept constant. As K increases, the profile again 375 

tends towards an error function, but here the length approaches that associated with the fast 376 

mechanism. Similarly, the shape can be changed by modifying the concentration of defects in the 377 

starting material – this would be unreasonable considering that the experiments were done with 378 

the same starting material, but might go some way towards explaining differences between the 379 

YAG and natural garnet profiles.  380 

 381 

Comparison with previous studies 382 

Oxygen diffusion in garnet has previously been investigated by several authors (Freer and 383 

Dennis 1982; Haneda et al. 1984; Coghlan 1990, unpublished data; Sakaguchi et al. 1996; Zheng 384 
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and Fu 1998; Vielzeuf et al. 2005; Li et al. 2012) using different methodologies (e.g., 385 

experiments, calibrations in natural samples, first-principle investigations). No studies report 386 

profiles with complex shapes such as those that we observe, but all results fall within the range of 387 

the two Arrhenius relationships that we have identified. 388 

Freer and Dennis (1982) reacted natural crystals of grossular with water enriched in 18O at T = 389 

850 °C (P = 0.2 GPa) and T = 1050 °C (P = 0.8 GPa), and measured diffusion profiles by SIMS 390 

depth profiling. They obtained diffusivity values that agree with our fast diffusion mechanism at 391 

850 °C (logD = –20.3 m2s-1) and slow diffusion mechanism at 1050 °C (logD = –19.6 m2s-1) (Fig. 392 

10a), and it is not clear why this is the case. Coghlan (1990, unpublished data) performed 393 

experiments at constant water pressure (0.1 GPa) and temperatures between 800 °C and 1000 °C 394 

by hydrothermal exchange between 18O-enriched H2O and natural almandine-spessartine garnet 395 

crystals (~Alm70Sps30), suggesting diffusivity values up to ~2 log units slower than that obtained 396 

by Freer and Dennis (1982) at 850 °C (Fig. 10a). The Coghlan (1990, unpublished data) data 397 

agree well with our slow mechanism, so we propose that our study and the Coghlan (1990, 398 

unpublished data) study were measuring the same process. The assumptions of the diffusion-399 

reaction model suggest that this process represents O diffusion on the O site. 400 

Haneda et al. (1984) investigated oxygen diffusivity in YAG by the gas-solid isotope 401 

exchange technique (P = 1 atm) using oxygen gas enriched with about 20% 18O as a tracer at 402 

temperatures of 1060 °C to 1550 °C. The authors observed a variation in D0, depending on the 403 

composition of the atmosphere in which YAG crystals were pre-heated before diffusion 404 

annealing (i.e., air, D0 = 2.34 × 10-8 m2s-1; aluminum vapor, D0 = 8.13 × 10-7 m2s-1; nitrogen, D0 = 405 

5.24 × 10-7 m2s-1 similar to YAG that was not pre-heated). The composition of the atmosphere in 406 

the pre-heating stage affects the oxygen vacancy levels. The Arrhenius relations proposed by 407 

Haneda et al. (1984) for YAG pre-heated in air (their 'O-YAG') and aluminum vapor ('FC-YAG') 408 
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are in good agreement with our slow and fast diffusion mechanisms, respectively, whereas the 409 

Arrhenius relation for YAG not pre-heated ('AG-YAG') or pre-heated in nitrogen atmosphere 410 

('N-YAG') falls in between our two calibrations (Fig. 10a). First principle calculations of intrinsic 411 

point defects in YAG (Li et al. 2012) show that the formation of AlY anti-site defects (i.e., the 412 

substitution of Y with Al in a lattice site) lowers the energy barrier for O diffusion, and explain 413 

the faster O diffusivity observed if an excess of Al is available. Thus the buffering with 414 

corundum in our experiments might have led to a similar fast pathway. Nevertheless, it is not 415 

straightforward to compare our results with those of Haneda et al. (1984) because the latter did 416 

not buffer the alumina activity.  417 

Sakaguchi et al. (1996) studied the effect of chemical composition on oxygen volume and 418 

grain-boundary diffusion in different YAG ceramics (i.e., 2% and 1% excess Y2O3, 419 

stoichiometric, and 0.5% excess Al2O3). All samples were reacted with 18O2 at ~17 kPa in the T 420 

range 1100 °C to 1385 °C and diffusion profiles were measured by SIMS. The authors observed 421 

that volume diffusion of oxygen is little influenced by the excess composition, whereas grain 422 

boundary diffusion is suppressed in the Y2O3-excess samples and enhanced in the Al2O3-excess 423 

ones. Our calibration for the slow diffusion mechanism agrees well also with the Arrhenius 424 

relationship proposed by Sakaguchi et al. (1996) for volume diffusion in stoichiometric YAG not 425 

annealed before the experiments (Fig. 10a). 426 

 427 

Oxygen versus cation diffusion in garnet 428 

Several authors have determined the diffusivities of major (e.g., Fe, Mg, Ca, and Mn) and 429 

minor cations (e.g., REEs) in garnet (e.g. Ganguly 2010 for a review). Unlike oxygen, diffusion 430 

of major cations in garnet has to be treated as part of a multicomponent system in which the 431 

diffusivities of each component have to be constrained (Lasaga 1979). According to our study, 432 
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oxygen diffuses at a rate that is comparable to those observed for the fastest major cations in 433 

garnet at higher temperatures (Fig. 10b). In particular, the slow oxygen diffusion mechanism is 434 

comparable to self-diffusivities calculated for Mn and Fe in the pyrope-almandine diffusion 435 

couple by Ganguly et al. (1998). However, unlike for oxygen, the diffusivity of cations in garnet 436 

is significantly affected by chemical composition (e.g., Chakraborty and Ganguly 1992; Ganguly 437 

et al. 1998; Borinski et al. 2012).  438 

Vielzeuf et al. (2005) measured compositional profiles of major cations (Mg, Mn, Fe, Ca) at 439 

the core-rim interface of zoned garnet crystals. The profiles are consistent with a relaxation of an 440 

initial sharp step in Ca, Mg, and Fe by Ca ↔ (Fe, Mg) interdiffusion. At the same interface, the 441 

authors observed an oxygen isotope profile comparable to that described by Ca and suggest that 442 

Ca and oxygen have similar relative diffusivities on the order of logD (m2s-1) = – 21.9, as 443 

calculated by Vielzeuf et al. (2007) for Ca. Extrapolation of our slow calibration to T = 850 °C 444 

results in a logD (m2s-1) of – 22.2±0.4 (2σ) for oxygen that is comparable within uncertainty to 445 

the diffusivity of Ca (Vielzeuf et al. 2007). The fast calibration was not extrapolated to lower Ts 446 

because the fast mechanism is less applicable to natural garnet.   447 

Despite comparable diffusivities between oxygen and divalent cations, the activation energy 448 

for oxygen diffusion is higher than that of major divalent cations, suggesting that the 449 

extrapolation of experimental results to temperatures typical of crustal conditions (T<850 °C) 450 

would result in slower oxygen diffusivity relative to major cations (Fig. 10b).  451 

   452 

Diffusion chronometry  453 

Oxygen isotopic heterogeneities in garnet at the microscale have been observed in various 454 

geological settings by several workers, but only a few studies have reported profiles that were 455 

attributed to diffusion (e.g., Vielzeuf et al. 2005; Page et al. 2010; Higashino et al. 2019). Herein, 456 
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we discuss the results of re-fitting some published data with our new, slow Arrhenius relationship 457 

(Fig. 11).  458 

Page et al. (2010) measured a <50 μm long profile with a 2.1‰ δ18O change in a skarn garnet 459 

that underwent regional granulite-facies metamorphism at peak temperature of 750 °C. Following 460 

the original interpretation, diffusion is modelled by assuming an initial step function, with the 461 

step located at x=X, and the initial concentrations on either side of the step being C1 and C0. 462 

Diffusion is then modelled assuming plane sheet geometry, which is reasonable given that the 463 

length scale of the diffusion profile is much lower than the size of the crystal: 464 

C(x,t) = C0 + 12(C1–C0)erfc (
x–X
2√Dt

) (12) 465 

(Crank 1975). Fitting their data gives a best fit logDt (m2) of –10.8, an upper limit (+2σ) of –10.5, 466 

whereas the lower limit of Dt is 0. Taking just the upper bound of logDt, and the lower limit 467 

(mean minus 2σ) of logD (m2s-1) at 750 °C (i.e., –24.2), the maximum time for diffusion is 1.6 468 

M.y..  469 

Higashino et al. (2019) reported δ18O profiles across a core-rim transect in almandine-pyrope 470 

garnet. The length scale over which δ18O changed is >500 µm in a garnet with a rim-to-rim 471 

distance of ~3.5 mm, thus plane sheet geometry is inappropriate. Therefore, a spherical geometry 472 

for garnet is used with radius R and composition C0 (i.e. the core), surrounded by a large volume 473 

of garnet with composition C1 (i.e. the overgrowth). For this geometry, the concentration at radial 474 

distance r (given as distance from the crystal core) is: 475 

C(r,t)=C1+1
2
(C0–C1) (erf (

R+r
2√Dt

 ) +erf (
R–r

2√Dt
 )) – 

–
(C0–C1)

r √(
Dt
π ) (exp (–

(R–r)
2

4Dt ) –exp (– (R+r)
2

4Dt )) (13) 476 
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(Crank 1975). Fitting the data from Figure 6 of Higashino et al. (2019) to Equation 13 gives 477 

logDt (m2) = –7.4±0.2 (assuming symmetrical uncertainties in logD space). At 800 °C (Higashino 478 

et al. 2019) our overall regression for the slow diffusivity gives logD (m2s-1) of –22.9±0.5 (2σ) 479 

resulting in times of 30-320 M.y..  480 

Finally, Vielzeuf et al. (2005) reported δ18O profiles in garnets from migmatitic rocks from the 481 

French Pyrenees. As with the data from Higashino et al. (2019), the profile lengths were non-482 

negligible relative to the size of the garnets, thus the spherical model (Equation 13) was applied. 483 

At 850 °C (see Vielzeuf et al. 2005), logD = –22.2±0.4, and fitting their data to Equation 13 gives 484 

a mean logDt (m2) of –7.5±0.3, which then results in times between 4 and 50 M.y..  485 

The relatively large uncertainty on time in each case comes from (1) the uncertainty on the fit, 486 

which is due to the relatively sparse data density as well as the uncertainties on individual points; 487 

(2) the uncertainty on D at a given temperature. Although the timescales calculated using our new 488 

Arrhenius relationship are comparable to those estimated in the original studies, it is important to 489 

be able to reproduce older datasets that estimated metamorphic timescales using an earlier 490 

Arrhenius relationship based on limited and unpublished data by Coghlan (1990, unpublished 491 

data).     492 

  493 

IMPLICATIONS 494 

This study applied a variety of experimental and analytical techniques to investigate oxygen 495 

diffusivity in YAG and pyrope garnet at P-T conditions varying from 1 atm to 2.5 GPa and from 496 

900 to 1600 °C, under both nominally dry and wet conditions. Diffusion profiles measured with 497 

SHRIMP, CAMECA IMS-1280 and NanoSIMS are overall consistent in most experimental 498 

charges (with the exception of those annealed at HP in hydrothermal conditions). Nevertheless, 499 

CAMECA 1280 and NanoSIMS have a higher spatial resolution than SHRIMP in line-scan mode 500 
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due to the much smaller size of the analyzed domain (<3 μm vs. ~10 × 15 μm), which allowed 501 

identifying the complex shapes of the diffusion profiles. Additionally, even though profiles 502 

measured in depth-profiling mode by SHRIMP and CAMECA 1280 gave comparable estimates 503 

of the first-order approximations for diffusion coefficients, SHRIMP depth profiles could not be 504 

fitted using the reaction-diffusion model due to their longer tails resulting from analytical 505 

artifacts (edge effects) unavoidable with this instrument. The new data are self-consistent and 506 

suggest no significant effect of chemical composition and pressure on oxygen diffusivity, within 507 

the uncertainty of the data, and predict slower diffusivity of oxygen relative to major divalent 508 

cations when extrapolated to typical crustal P-T conditions. The complexity of most measured 509 

diffusion profiles is interpreted as the result of two different diffusion mechanisms that differ by 510 

~2 log units. The slow mechanism seems prevalent in garnet with natural compositions, hence it 511 

may be useful to consider the extent to which O isotopic signatures can be retained as a function 512 

of various T-t conditions.  513 

We consider a case in which garnet crystals (assumed spherical) have a homogeneous isotopic 514 

signature (C0), then are exposed to some other isotopic condition at their boundary (C1) whilst 515 

maintaining their shape and size. Equations A3-19 to A3-21 given in Appendix 3 (equivalent to 516 

Equations 6.18-6.20 from Crank 1975), are useful for considering retention in spherical systems. 517 

Figure 12 shows some example applications considering the effect of temperature, radius and 518 

time applying the diffusivities for the slow diffusion mechanism from Equation 11.  519 

Whilst these curves do not include the uncertainties associated with the Arrhenius relationship, 520 

the models show the utility of O isotope measurements in garnet. Firstly, the core isotopic 521 

compositions will almost always be preserved at realistic T-t conditions, which is relevant for 522 

using O isotopes in garnet as a geochemical tracer. Secondly, whilst subject to uncertainties both 523 

in terms of diffusivities and diffusion mechanisms, O in garnet has the potential to be a 524 
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'Goldilocks' system for diffusion chronometry in metamorphic systems – neither too fast to 525 

eliminate heterogeneities nor too slow for diffusion profiles to be measured given current 526 

analytical limitations. Calibrating O diffusion against major element diffusion in garnets using 527 

natural diffusion profiles has the potential to further constrain and refine the experimental 528 

calibration. We however note that, as with O, the extrapolation of major element diffusivities to 529 

relevant temperatures also comes with non-negligible uncertainties.  530 

 531 
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FIGURE AND TABLE CAPTIONS 768 

Figure 1. Images of YAG (cut from a slab of cylinder) annealed in a gas mixing furnace at (a) 769 

1450 °C (failed experiment not discussed in the text) where it is possible to see the 18O-enriched 770 

YAG+Crn buffer sintered on top of the crystal (reflected light). (b) Sketch showing sample 771 

preparation for line-scan analysis by SIMS (see text for details). (c) Reflected light image of a 772 

line-scan measurement for δ18O with SHRIMP (sample YLPD-1; T = 1600 °C, P = 1 atm). 773 

Analyses were performed obliquely to the diffusion interface to increase the number of spots 774 

within the diffusion profile. SEM-BSE (d) and CL (e) images of a line-scan measurement 775 

performed with a CAMECA IMS-1280 (sample YLPD-1).   776 

Figure 2. Images of garnet crystals recovered from HP experiments. Reflected light images of 777 

YAG sample YHPW-1 (a) and Prp-1 sample PHPW-1 (b) annealed at 900 °C and 1.0 GPa for 14 778 

days under water-present conditions, mounted in epoxy discs for forward depth profiling analysis 779 

by SIMS. The buffer recrystallized on top of the original interface in both pyrope and YAG. 780 

Reflected light images of YAG crystals annealed at 1.5 GPa under nominally dry conditions at 781 

1300 °C (sample YHPD-5) (c) and 1500 °C (sample YHPD-8) (d). Crystals are surrounded by 782 

the graphite+18O-enriched YAG+Crn powder. Two line-scan measurements by SHRIMP are 783 

visible in (d). SEM-BSE (e) and CL (f) images of line-scan measurements performed with a 784 

CAMECA IMS-1280 in the same sample (YHPD-8). Images in (e) and (f) are rotated by 90° 785 

relative to image in (d).  786 

Figure 3. (a) SEM-BSE image of a line-scan analysis conducted with a NanoSIMS in YAG 787 

annealed at 1400 °C and 1.5 GPa under nominally anhydrous conditions for 95.5 h (sample 788 

YHPD-6). (b) SEM X-ray map of the same crystal. Both images show that the diffusion interface 789 

is well preserved.            790 

Figure 4. Concentration-distance profiles with error function geometry measured in line-scan 791 
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mode by SHRIMP and CAMECA IMS-1280 in YAG annealed in a gas mixing furnace (P = 1 792 

atm) at 1600 °C (sample YLPD-1). The large uncertainty on the distance in the profile measured 793 

by SHRIMP is due to the relatively large size of the SHRIMP pit (~10 × 15 µm) vs. ~3 µm for 794 

the IMS-1280. The measured profiles were fitted to Equation 1 by using the least squares 795 

regression. Error bars for 18O/(18O+16O) ratios are not visible because they are smaller than the 796 

symbols.  797 

Figure 5. ‘Stepped’ concentration-distance profiles measured in YAG annealed under nominally 798 

anhydrous conditions at (a, b) 1400 °C and 1.5 GPa, (c, d) 1200 °C and 1.5 GPa, (e) 1600 °C and 799 

1.5 GPa. Two experiments were performed for different durations (numbers on curves) at both 800 

1400 °C and 1200 °C to ensure no time-dependence of oxygen diffusivity and to compare results 801 

obtained in line-scan mode with the NanoSIMS (a, c) and in depth profiling mode by IMS-1280 802 

(b) and SHRIMP (d). The profiles can be divided into two to three zones (I, II, III; see text for 803 

details). (e) The lower spatial resolution of the line-scan analysis by SHRIMP did not allow the 804 

identification of the complex features in the concentration-distance profiles, in contrast to line-805 

scan analysis with a NanoSIMS performed in the same sample. However, the penetration 806 

distances are comparable. Error bars for 18O/(18O+16O) ratios are not visible because they are 807 

smaller than the symbols. 808 

Figure 6. Arrhenius plot showing approximate average values of D̃ (for complexly shaped 809 

profiles) and D (for profiles with error-function form) in garnet calculated in this study by fitting 810 

profiles to Equation 1 (logD̃s calculated from SHRIMP depth profiling at 900 °C are not used to 811 

determine this Arrhenius relationship, see text; Table 2). The different symbols indicate the 812 

various analytical methods used to measure the concentration-distance profiles. D̃s and Ds 813 

calculated from multiple profiles measured with different techniques in the same experimental 814 
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charge, or in different experimental charges annealed under similar P-T conditions, are 815 

comparable within uncertainty. The different colors indicate the different P at which both YAG 816 

and pyrope were annealed, whereas the fill indicates either presence (empty symbols) or absence 817 

(full symbols) of a free fluid (H2O) phase. Oxygen isotope data for each diffusion profile 818 

measured in this study are shown in Tables S1 to S3. Samples with error-function shaped profiles 819 

are: YLPD-1, YLPD-2, YHPD-1 and PHPW-1. Uncertainties on T are not visible because they 820 

are smaller than the symbols. 821 

Figure 7. Examples of measured profiles from nominally dry (a, b) and wet (c, d) experiments 822 

along with the associated model fits, and the concentrations of all modelled species. Note the 823 

difference in x axes on the different panels – similar behavior is observed at very different spatial 824 

scales. Experiments: a) YHPD-5 (T = 1300 °C, P = 1.5 GPa, t = 218 h), b) YHPD-2 (T = 1200 825 

°C, P = 1.5 GPa, t = 48 h), c) PHPW-1 (T = 900 °C, P = 1.0 GPa, t = 366 h), d) YHPW-3 (T = 826 

900 °C, P = 1.5 GPa, t = 336 h). 827 

Figure 8. (a) Arrhenius plot showing values of oxygen diffusion coefficients (D) in garnet 828 

calculated in this study by fitting profiles to Equation 1 (for error-function shaped profiles) and to 829 

the diffusion-reaction model (for complexly shaped profiles). See text for details. The same 830 

diffusion coefficients are shown in (b) according to the analytical method used to acquire the 831 

18O/(18O+16O) profiles. The figure only includes the Coghlan (1990, unpublished data) data from 832 

his longest experimental runs, i.e. the profiles least affected by analytical artifacts. This is 833 

following the decision of Coghlan (see his Table 2.2 and Fig. 2.3.a). Uncertainties on T are not 834 

visible because they are smaller than the symbols. 835 

Figure 9. Variations in profile shapes due to (a) changing the interface 18O concentration and (b) 836 

changing K. Models in both (a) and (b) were run with the following parameters: ∑XO (initial and 837 

interface): 0.35; ∑18O (initial): 0.025; D 𝑂 
18

𝑖
′′=10-17 m2s-1; D 𝑂 

18
𝑂
× = D𝑉𝑂

••=10-19 m2s-1. In (a), 838 
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18O/(18O+16O) was varied between 0.005 and 0.15 – the values on the y-axis are given in 18O per 839 

12xO; and in (b) logK was varied between -1 and 3. 840 

Figure 10. Comparison of the Arrhenius relations determined in this study with previous 841 

experimental calibrations for (a) oxygen and (b) major cations in garnet. Data for cations are 842 

normalized to a pressure of 1 GPa using the activation volumes calculated by Chakraborty and 843 

Ganguly (1992) for Mg, Mn and Fe. Because no experimental data on the pressure dependence of 844 

DCa is available, an activation volume of 6·10-6 JPa-1mol-1 was assumed for Ca, according to 845 

Ganguly (2010). Data are not normalized to a fixed oxygen fugacity. CG92: Chakraborty and 846 

Ganguly (1992); G98: Ganguly et al. (1998); FE99: Freer and Edwards (1999); V07: Vielzeuf et 847 

al. (2007); B12: Borinski et al. (2012). 848 

Figure 11. Data from three studies, described in the text, fitted to Equations 12 or 13. 2σ 849 

uncertainties on the fits are estimated as minimum chi-square+4 that of the same associated with 850 

the best fit (i.e. based on the 'constant chi-square boundaries' method from Press et al. 2007). 851 

Figure 12. Some examples considering the retentivity of O isotopic signatures at different T-t 852 

conditions. (a): the bulk garnet composition, given as the difference between the original and 853 

imposed boundary composition, as a function of radius at 800 °C (Equation A3.19, Appendix 3). 854 

(b) The evolution of a profile, in spherical coordinates, as a function of time. The curves 855 

represent times of 1, 10, 100, 200, 500, 1000 and 2000 M.y. (Equation A3.20, Appendix 3). (c) 856 

As (a), but considering the core of a garnet crystal of different radii, rather than its bulk signature 857 

(Equation A3.21, Appendix 3). (d) The time taken to modify the bulk composition of a garnet to 858 

a value of 0.5 (i.e. midway between the initial and boundary compositions) as a function of 859 

temperature and radius. 860 

 861 

Figure S1. Oxygen diffusivity in garnet as a function of pressure determined at different 862 
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temperatures and under both wet and nominally dry conditions. See text for details. 863 

Table S1. Complete data table of oxygen isotope measurements done in experimental charges of 864 

YAG annealed at 1500 or 1600 °C and 1 atm in a gas mixing furnace, along with images of each 865 

traverse. 866 

Table S2. Complete data table of oxygen isotope measurements done in experimental charges of 867 

YAG or pyrope annealed at 900 °C and 1.0 or 1.5 GPa under water-saturated conditions, along 868 

with images of each SIMS pit. 869 

Table S3. Complete data table of oxygen isotope measurements done in experimental charges of 870 

YAG annealed at 1050, 1200, 1300, 1400, 1500 or 1600 °C and 1.5 or 2.5 GPa under nominally 871 

dry conditions, along with images of each SIMS pit and traverse. 872 

Table S4. Estimate of depth resolution during depth profiling by CAMECA IMS-1280 and by 873 

SHRIMP. Analyses were performed in YAG reference material coated with an olivine thin film 874 

enriched in 18O. 875 
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Table 1. Temperature, pressure, and time conditions for successful experiments conducted in gas 876 

mixing furnace and end-loaded piston cylinder apparatus under both wet and nominally 877 

anhydrous conditions.  878 

 879 

Experiment ID* Garnet T (°C) P (GPa)  t (hours) 18O-buffer Free fluid  
phase 

YLPD-1 YAG 1600 1.0·10-4 24 18O-enriched(YAG+Crn) no 

YLPD-2 YAG 1500 1.0·10-4 168 18O-enriched(YAG+Crn) no 

YHPW-1 YAG 900 1.0  336 YAG+Crn+18O-rich H2O yes 

YHPW-2 YAG 900 1.0  262 YAG+Crn+18O-rich H2O yes 

YHPW-3 YAG 900 1.5  336 YAG+Crn+18O-rich H2O yes 

PHPW-1 Prp-1 900 1.0  336 Prp-1+18O-rich H2O yes 
YHPD-1 YAG 1050 1.5  240 18O-enriched(YAG+Crn)+Gr no 
YHPD-2 YAG 1200 1.5  48 18O-enriched(YAG+Crn)+Gr no 
YHPD-3 YAG 1200 1.5  240 18O-enriched(YAG+Crn)+Gr no 
YHPD-4 YAG 1200 1.5  24 18O-enriched(YAG+Crn)+Gr no 
YHPD-5 YAG 1300 1.5  218 18O-enriched(YAG+Crn)+Gr no 
YHPD-6 YAG 1400 1.5  95.5 18O-enriched(YAG+Crn)+Gr no 
YHPD-7 YAG 1400 1.5  2 18O-enriched(YAG+Crn)+Gr no 
YHPD-8 YAG 1500 1.5  144 18O-enriched(YAG+Crn)+Gr no 
YHPD-10 YAG 1600 1.5  27.5 18O-enriched(YAG+Crn)+Gr no 
YHPD-11 YAG 1500 2.5  144 18O-enriched(YAG+Crn)+Gr no 
* The notation of the experiment ID indicates the garnet composition (P = pyrope, Y = YAG), the pressure (LP = 1-880 

atm experiments, HP = piston cylinder experiments) and the presence/absence of water (W = wet, D = dry).881 



 42 

Table 2. Oxygen diffusion coefficients (m2s-1) calculated in YAG and pyrope according to the 882 

error-function fit (erf fit) and diffusion-reaction model (diff-reac).  883 
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Experiment ID Garnet T (°C) P (GPa) t (h) log10D  log10D 𝑂 
18

𝑖
′′  log10D 𝑉𝑂

••  log10D 𝑂𝑂
×  Analytical method erf fit (Eq. 1) diff-reac diff-reac diff-reac 

YHPW-1_s1 YAG 900 1.0  336 -19.6       SHRIMP d.p. 
YHPW-1_s2 YAG 900 1.0  336 -19.6       SHRIMP d.p. 
YHPW-1_s3 YAG 900 1.0  336 -19.6       SHRIMP d.p. 
YHPW-1_s4 YAG 900 1.0  336 -19.7       SHRIMP d.p. 
YHPW-1_c1 YAG 900 1.0  336 

 
-19.4 -21.7 -21.7 CAMECA 1280 d.p. 

        -21.8         
YHPW-1_c2 YAG 900 1.0  336 

 
-19.5 -21.6 -21.6 CAMECA 1280 d.p. 

          -21.9         
YHPW-2_s1 YAG 900 1.0  262 -19.0       SHRIMP d.p. 
YHPW-2_s2 YAG 900 1.0  262 -19.4       SHRIMP d.p. 
YHPW-2_s3 YAG 900 1.0  262 -19.1       SHRIMP d.p. 
YHPW-2_s4 YAG 900 1.0  262 -19.0       SHRIMP d.p. 
YHPW-2_c1 YAG 900 1.0  262 -20.8       CAMECA 1280 d.p. 
          -21.1         
YHPW-2_c2 YAG 900 1.0  262 -20.8       CAMECA 1280 d.p. 
          -21.5         
YHPW-2_c3 YAG 900 1.0  262 -21.0       CAMECA 1280 d.p. 
          -21.6         
YHPW-3_s1 YAG 900 1.5  336 -19.4       SHRIMP d.p. 
YHPW-3_c1 YAG 900 1.5  336 

 
-19.7 -21.7 -21.7 CAMECA 1280 d.p. 

          -21.6         
PHPW-1_s1 Prp 900 1.0  336 -19.2       SHRIMP d.p. 
PHPW-1_s2 Prp 900 1.0  336 -19.2       SHRIMP d.p. 
PHPW-1_c1 Prp 900 1.0  336 -20.5 -19.1 -19.1 -22.0 CAMECA 1280 d.p. 
            -19.0 -20.5 -20.5   
PHPW-1_c2 Prp 900 1.0  336 -20.9       CAMECA 1280 d.p. 
          -21.2         
PHPW-1_c3 Prp 900 1.0  336 -21.7       CAMECA 1280 d.p. 
          -21.2         
YHPD-1_ns1 YAG 1050 1.5  240 -17.4       NanoSIMS tr. 
YHPD-1_ns2 YAG 1050 1.5  240 -17.5       NanoSIMS tr. 
YHPD-2_s1 YAG 1200 1.5  48 -17.8       SHRIMP d.p. 
YHPD-2_s2 YAG 1200 1.5  48 -17.6       SHRIMP d.p. 
YHPD-2_c1 YAG 1200 1.5  48 -18.0 -17.0 -19.4 -19.4 CAMECA 1280 d.p. 
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s = SHRIMP, c = CAMECA IMS-1280, ns = NanoSIMS, d.p. = depth profiling, tr. = line-scan. For HP wet experiments, two sets of parameters are given 884 
depending on the position of the diffusion interface. All values in italics are those defining the two Arrhenius relationships for slow and fast mechanisms. 𝑂 

18
𝑖
′′ = 885 

oxygen in interstitial site, 𝑉𝑂
•• = oxygen vacancy, 𝑂𝑂

× = oxygen in lattice site. 886 

 887 
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Experiment ID Garnet T (°C) P (GPa) t (h) log10D log10D 𝑂 
18

𝑖
′′  log10D 𝑉𝑂

••  log10D 𝑂𝑂
×  Analytical method erf fit (Eq. 1) diff-reac diff-reac diff-reac 

YHPD-2_c2 YAG 1200 1.5  48 -18.0 -16.6 -19.9 -19.9 CAMECA 1280 d.p. 
YHPD-2_c3 YAG 1200 1.5  48 -17.9 -16.8 -19.8 -19.8 CAMECA 1280 d.p. 
YHPD-3_ns1 YAG 1200 1.5  240 -17.6 -16.8 -18.9 -19.0 NanoSIMS tr. 
YHPD-3_ns2 YAG 1200 1.5  240 -17.7 -16.8 -19.2 -19.2 NanoSIMS tr. 
YHPD-4_s1 YAG 1200 1.5  24 -17.0       SHRIMP d.p. 
YHPD-4_s2 YAG 1200 1.5  24 -17.0       SHRIMP d.p. 
YHPD-4_c1 YAG 1200 1.5  24 -17.8 -16.7 -19.6 -19.7 CAMECA 1280 d.p. 
YHPD-4_c2 YAG 1200 1.5  24 -17.8 -16.7 -20.0 -20.0 CAMECA 1280 d.p. 
YHPD-5_ns1 YAG 1300 1.5  218 -16.8 -16.0 -19.3 -19.3 NanoSIMS tr. 
YHPD-5_ns2 YAG 1300 1.5  218 -16.8 -16.0 -17.8 -18.2 NanoSIMS tr. 
YHPD-6_s1 YAG 1400 1.5  95.5 -15.8       SHRIMP tr. 
YHPD-6_ns1 YAG 1400 1.5  95.5 -15.5 -15.2 -15.4 -17.1 NanoSIMS tr. 
YHPD-7_s1 YAG 1400 1.5  2 -15.5       SHRIMP d.p. 
YHPD-7_s2 YAG 1400 1.5  2 -15.7       SHRIMP d.p. 
YHPD-7_c1 YAG 1400 1.5  2 -16.1       CAMECA 1280 d.p. 
YHPD-7_c2 YAG 1400 1.5  2 -16.3 -15.1 -17.1 -18.2 CAMECA 1280 d.p. 
YHPD-7_c3 YAG 1400 1.5  2 -16.2 -15.2 -16.8 -18.9 CAMECA 1280 d.p. 
YHPD-7_c4 YAG 1400 1.5  2 -16.2 -15.3 -16.5 -16.5 CAMECA 1280 d.p. 
YHPD-7_c5 YAG 1400 1.5  2 -16.3 -15.3 -16.7 -16.7 CAMECA 1280 d.p. 
YHPD-8_s1 YAG 1500 1.5  144 -14.8       SHRIMP tr. 
YHPD-8_s2 YAG 1500 1.5  144 -14.8       SHRIMP tr. 
YHPD-8_c1 YAG 1500 1.5  144 -14.9 -14.3 -15.5 -15.6 CAMECA 1280 tr. 
YHPD-8_c2 YAG 1500 1.5  144 -14.9 -14.0 -15.8 -15.8 CAMECA 1280 tr. 
YHPD-8_c3 YAG 1500 1.5  144 -14.9 -14.1 -15.7 -15.7 CAMECA 1280 tr. 
YHPD-8_c4 YAG 1500 1.5  144 -14.9 -14.2 -15.6 -15.6 CAMECA 1280 tr. 
YHPD-10_s1 YAG 1600 1.5  27.5 -15.1       SHRIMP tr. 
YHPD-10_ns1 YAG 1600 1.5  27.5 -15.3 -14.4 -16.0 -16.0 NanoSIMS tr. 
YHPD-11_s1 YAG 1500 2.5  144 -15.3       SHRIMP tr. 
YHPD-11_s2 YAG 1500 2.5  144 -15.0       SHRIMP tr. 
YHPD-11_c1 YAG 1500 2.5  144 -15.2 -14.5 -16.2 -16.2 CAMECA 1280 tr. 
YHPD-11_c2 YAG 1500 2.5  144 -15.1 -14.3 -16.2 -16.2 CAMECA 1280 tr. 
YHPD-11_c3 YAG 1500 2.5  144 -15.3 -14.5 -16.0 -16.0 CAMECA 1280 tr. 
YHPD-11_c4 YAG 1500 2.5  144 -15.2 -14.6 -16.0 -16.1 CAMECA 1280 tr. 
YLPD-1_s1 YAG 1600 1.0·10-4 24 -14.4       SHRIMP tr. 
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Experiment ID Garnet T (°C) P (GPa) t (h) log10D  log10D 𝑂 
18

𝑖
′′ log10D 𝑉𝑂

••  log10D 𝑂𝑂
×  Analytical method erf fit (Eq. 1) diff-reac diff-reac diff-reac 

YLPD-1_c1 YAG 1600 1.0·10-4 24 -14.7       CAMECA 1280 tr. 
YLPD-1_c2 YAG 1600 1.0·10-4 24 -14.7       CAMECA 1280 tr. 
YLPD-1_c3 YAG 1600 1.0·10-4 24 -14.7       CAMECA 1280 tr. 
YLPD-1_c4 YAG 1600 1.0·10-4 24 -14.5       CAMECA 1280 tr. 
YLPD-2_s1 YAG 1500 1.0·10-4 168 -14.8       SHRIMP tr. 
YLPD-2_c1 YAG 1500 1.0·10-4 168 -15.1       CAMECA 1280 tr. 
YLPD-2_c2 YAG 1500 1.0·10-4 168 -15.0       CAMECA 1280 tr. 
YLPD-2_c3 YAG 1500 1.0·10-4 168 -15.0       CAMECA 1280 tr. 
YLPD-2_c4 YAG 1500 1.0·10-4 168 -15.1       CAMECA 1280 tr. 
 890 
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