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ABSTRACT 27	

Knowledge of oxygen diffusion in garnet is crucial for a correct interpretation of oxygen 28	

isotope signatures in natural samples. A series of experiments was undertaken to determine the 29	

diffusivity of oxygen in garnet, which remains poorly constrained. Firstly, high-pressure (HP) 30	

nominally dry experiments were performed in piston cylinder apparatus at (i) T = 1050-1600 °C 31	

(P = 1.5 GPa) and (ii) T = 1500 °C (P = 2.5 GPa). In these, yttrium aluminum garnet (YAG; 32	

Y3Al5O12) cubes were annealed in graphite powder mixed with fine-grained 18O-enriched YAG + 33	

corundum (Crn) powder. Secondly, HP H2O-saturated experiments were conducted at T = 900 °C 34	

and P = 1.0-1.5 GPa, wherein YAG crystals were packed into a YAG + Crn powder, along with 35	

18O-enriched H2O. Thirdly, 1-atm experiments (YAG cubes coated with 18O-enriched YAG and 36	

Crn powder) were performed in a gas-mixing furnace at T = 1500-1600 °C under Ar flux, to limit 37	

18O loss. Finally, an experiment at T = 900 °C (P = 1.0 GPa) was done using a pyrope cube 38	

embedded into pyrope powder and 18O-enriched H2O. Experiments using grossular were not 39	

successful.  40	

Profiles of 18O/(18O+16O) in the experimental charges were analyzed with three different 41	

Secondary Ion Mass Spectrometers (SIMS): Sensitive High Resolution Ion Microprobe 42	

(SHRIMP II and SI), CAMECA IMS-1280 and NanoSIMS. Considering only the measured 43	

length of 18O diffusion profiles, similar results were obtained for YAG and pyrope annealed at 44	

900 °C, suggesting limited effects of chemical composition on oxygen diffusivity. However, in 45	

both garnet types, a number of profiles deviate from the error function geometry, suggesting that 46	

the behavior of O in garnet cannot be fully described as simple concentration-independent 47	

diffusion, certainly in YAG and likely in natural pyrope as well. The experimental results are 48	

better described by invoking O diffusion via two distinct pathways with an inter-site reaction 49	

allowing O to move between these pathways. Modelling this process yields two diffusion 50	
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coefficients (Ds) for O, one of which is approximately two orders of magnitude higher than the 51	

other. Taken together, Arrhenius relationships are: 52	

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

2.303RT % 53	

for the slow pathway, and  54	

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

2.303RT % 55	

for the fast pathway. We interpret the two pathways as representing diffusion following vacancy 56	

and interstitial mechanisms, respectively. Regardless, our new data seem to suggest that the slow 57	

mechanism is prevalent in garnet with natural compositions, thus is likely to control the 58	

retentivity of oxygen isotopic signatures in natural samples.  59	

The diffusivity of oxygen is similar to Fe-Mn diffusivity in garnet at 1000-1100 °C and Ca 60	

diffusivity at 850 °C. However, the activation energy for O diffusion is larger, leading to lower 61	

diffusivities at P-T conditions characterizing crustal metamorphism. Therefore, original O 62	

isotopic signatures can be retained in garnets showing major element zoning partially re-63	

equilibrated by diffusion, with the uncertainty caveat of extrapolating the experimental data to 64	

lower temperature conditions.  65	

Keywords: oxygen isotopes; diffusion; piston cylinder experiments; gas mixing furnace; 66	

garnet; SIMS. 67	
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INTRODUCTION 68	

Garnet is a key metamorphic mineral present in a variety of rocks and tectonic settings. It 69	

plays a crucial role in revealing thermal and mechanical processes controlling the evolution of 70	

Earth’s crust at plate boundaries (Caddick and Kohn 2013) through its chemical and isotopic 71	

zoning. In particular, oxygen isotope heterogeneities in natural garnet crystals can record the 72	

infiltration of external fluids in metamorphic or hydrothermal systems, allowing for the 73	

determination of timing and rates of rock-fluid interactions in the crust (e.g., Kohn et al. 1993; 74	

Crowe et al. 2001; Skelton et al. 2002; Vielzeuf et al. 2005; Page et al. 2010, 2014; Sobolev et al. 75	

2011; D’Errico et al. 2012; Errico et al. 2013; Russell et al. 2013; Martin et al. 2014; Rubatto and 76	

Angiboust 2015; He et al. 2019; Higashino et al. 2019; Gauthiez-Putallaz et al. 2020; Vho et al. 77	

2020). Successful geothermobarometry and retrieval of accurate P-T-t-Xfluids paths relies on the 78	

assumption that mineral assemblages were formed at equilibrium. Equilibrium chemical and 79	

isotopic compositions can be modified by subsequent processes such as intra-crystalline diffusion 80	

or recrystallization, which can lead to erroneous inferred peak metamorphic P-T conditions (Eiler 81	

et al. 1993; Valley 2001; Chakraborty 2008; Ague and Carlson 2013; Baxter et al. 2013; Caddick 82	

and Kohn 2013).  83	

The diffusivity of oxygen in garnet remains poorly constrained, even though it has been the 84	

focus of various studies in the past decades (Freer and Dennis 1982; Haneda et al. 1984; Coghlan 85	

1990 unpublished data; Sakaguchi et al. 1996; Zheng and Fu 1998; Vielzeuf et al. 2005; Li et al. 86	

2012). Only two experimental studies on garnet with geologically relevant compositions exist. 87	

Freer and Dennis (1982) were the first to investigate oxygen diffusivity in grossular garnet under 88	

wet conditions. However, no Arrhenius relation was determined because the experiments were 89	

done at different temperatures and pressures. The unpublished work of Coghlan (1990) 90	

investigated oxygen diffusivity in natural (almandine-spessartine) garnet, but reports a 91	
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discrepancy of ~2 log units between the diffusion coefficients calculated from his Arrhenius 92	

parameters and some of the raw data. We suspect this is simply due to a mislabeling of the x-axis 93	

in his Figure 2.1.a and assume that the quoted diffusivities and Arrhenius parameters are correct. 94	

Haneda et al. (1984) investigated oxygen diffusivity in yttrium aluminum garnet (YAG) by bulk 95	

analyses, which could conceivably be affected by fast diffusion paths or multiple diffusion 96	

mechanisms, whose influence might not be recognized without direct profiling (Zhang and 97	

Cherniak 2010). Because these previous experimental studies used different starting materials 98	

and experimental techniques/conditions, it is difficult to disentangle the potential effects of 99	

pressure, chemical composition, water and oxygen fugacity on oxygen diffusivity in garnet. This 100	

work aims to rectify this situation to some extent by experimentally constraining the effects of 101	

temperature, pressure and chemical composition on O diffusion in garnet.  102	

 103	

EXPERIMENTAL PROCEDURE 104	

Several experimental procedures were developed for this study, and experiments included 105	

variations of crystal chemistry, pressure, temperature and water activity. All experiments were 106	

performed at the Research School of Earth Sciences, Australian National University (ANU).	107	

 108	

Starting material: crystals 109	

Synthetic undoped YAG (Y3Al5O12; Table S1, electronic supplement) was used for most 110	

experiments given its stability at high T (i.e., melting point ~1970 °C at 1 atm; Cockayne 1985) 111	

and low P (i.e., <1 atm), thus allowing investigation of oxygen diffusivity over a wide range of 112	

P-T conditions. Whilst the composition of YAG probably renders it geologically irrelevant for 113	

studying the behavior of cations in garnet, both YAG and pyrope have a cubic la3d crystal 114	

structure. Therefore, we make the first-order assumption that the oxygen sublattice of YAG is a 115	
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reasonable analogue for natural garnet, which is corroborated by analysis of the inter-oxygen 116	

spacing in YAG and pyralspite garnets (Fig. S1, electronic supplement).  Nevertheless, natural 117	

crystals of grossular (Grs-2, ~Grs94Alm4Adr2; provenance Afghanistan) and pyrope (Prp-1, 118	

~Prp70Alm30; provenance Orissa, India), both purchased at mineral fairs, were also used to 119	

investigate the effect of chemical composition on oxygen diffusivity. 120	

YAG was analyzed using a CAMECA SX-Five FE electron probe microanalyzer (EPMA) at 121	

the Department of Geoscience (University of Wisconsin-Madison, UW-Madison) (Table S1, 122	

electronic supplement). The composition of YAG starting materials and experimental run 123	

products was determined by collection of Y-Kα (LPET), Al-Kα (LTAP), and O-Kα (LPC0) X-124	

rays at both 15 and 7 kV accelerating voltage, 20 nA beam current using a fully focused electron 125	

beam (~80 nm diameter; Moy and Fournelle 2017). Pyrope and grossular crystals were checked 126	

for chemical homogeneity with a JEOL JSM-6610A Scanning Electron Microscope (SEM) 127	

equipped with an energy-dispersive X-ray analysis (EDXA) system, at the Research School of 128	

Earth Sciences (ANU) (Table S2, electronic supplement). The three garnet starting materials 129	

contain less than 1.0 wt.% (2 standard deviation, 2SD) variation in major element composition.   130	

Electron backscattered diffraction (EBSD) analysis was used to investigate the 131	

crystallographic orientation of the garnet in the near-interface region in some experimental 132	

charges. EBSD maps were collected at 20 kV, 20 nA using an Hitachi S3400 VP-SEM at the 133	

Department of Geoscience (UW-Madison) equipped with an Oxford EBSD detector. 134	

Garnet cubes (~1 mm3 and ~3 × 3 × 3 mm for piston-cylinder experiments, ~2 × 3 × 6 mm for 135	

1-atm experiments) were cut using a 120 μm diamond-impregnated wafering blade on a low 136	

speed circular saw, and at least one face was polished with diamond paste to a 1 μm finish. 137	

Garnet cubes used for HP experiments were polished on their six faces to increase the number of 138	
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potential analytical surfaces after recovery. Polishing using a colloidal silica-based slurry was 139	

attempted once, but did not yield better-polished surfaces. 140	

 141	

Starting material: powder sources 142	

18O-enriched diffusant source powders for nominally dry experiments at low- and high-143	

pressure were prepared using the sol-gel method, which is superior to simply mixing together 144	

powders when working with refractory components. Firstly, Y2O3 powder and Al metal powder 145	

were weighed in proportions to give ~30 wt.% Al2O3 and 70 wt.% Y3Al5O12. These were then 146	

dissolved, separately, in HNO3 in Teflon ® beakers. The solutions were combined, left on a hot 147	

plate to reduce in volume, then a gel was precipitated by the addition of concentrated ammonia. 148	

The gel was dried, then the residue was placed into a Pt crucible and held over a Bunsen burner 149	

flame until visible fumes were no longer evolved. The crucible was then placed into a box 150	

furnace at 1200 °C to remove any remaining volatile components. Aliquots of the resulting 151	

powder were then placed into thick-walled, cold-sealed silver capsules (~6.3 mm outer diameter, 152	

OD) together with 18O-enriched H2O and annealed in an end-loaded piston-cylinder apparatus at 153	

T = 975 °C and P = 2.0 GPa for 48 h. This capsule design was described by Hack and 154	

Mavrogenes (2006) and is particularly suited for large-volume hydrothermal experiments because 155	

it can be cold-sealed by swaging in a hydraulic press. The fidelity of the experimental design, in 156	

terms of retaining water during experiments at equivalent P-T-t conditions, has been 157	

demonstrated previously (e.g. Jollands et al. 2016a; Tollan et al. 2018). After filling and swaging 158	

the capsules closed, each capsule was placed into an MgO-graphite-NaCl assembly (Fig. S2a). 159	

The temperature was monitored and controlled with a type B thermocouple (Pt70Rh30-Pt94Rh6) 160	

isolated by a two-bore mullite tube (or alumina-tipped mullite for T>1200 °C runs) and 161	

connected to a Eurotherm controller (Fig. S2a). A P of ~0.1 GPa was added before heating; then, 162	
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T was increased at 100 °C/min, and P was increased simultaneously with the aim of 163	

approximately following an isochore, according to Hack and Mavrogenes (2006). The pressure 164	

was manually adjusted throughout the experiment, as necessary. Experiments were quenched by 165	

turning off the power – the temperature on the Eurotherm controller dropped to ~40 °C in a few 166	

seconds (e.g., Hermann et al. 2016). The residual pressure was released gradually over ~30 min. 167	

After the HP anneal, the YAG buffer was analyzed by X-ray diffraction in order to confirm 168	

the synthesis of YAG plus corundum (Crn), the presence of which means that the yttria and 169	

alumina activities are fully buffered (Warshaw and Roy 1959). The 18O-enriched garnet buffer 170	

was then ground to a fine powder under acetone in an agate mortar and used for gas mixing and 171	

HP nominally dry experiments (see below). 18O-enriched pyrope powder was prepared in a 172	

similar way by annealing fine-grained pyrope (Prp-1) and 18O-enriched H2O in Ag capsules at T 173	

= 900 °C and P = 1.0 GPa for 48 h.  174	

Powders not enriched in 18O were prepared simply by crushing pyrope and grossular to a fine 175	

powder, or sintering a pellet of the Y2O3-Al2O3 mix prepared using the sol-gel method at 1400 °C 176	

in air (i.e. instead of hydrothermal sintering with 18O-enriched H2O). These three powders were 177	

used for HP experiments under water-present conditions (see below).     178	

 179	

Diffusion experiments and run products 180	

Major experimental challenges included: (1) 18O exchange with the atmosphere in experiments 181	

at atmospheric pressure, (2) the relatively low temperature stability of natural garnet, (3) the 182	

effects of dissolution and precipitation in wet experiments and (4) the slow diffusivity of O, 183	

which considerably limits the analytical possibilities. Therefore, several different setups and 184	

experimental strategies were attempted (Table 1). From a total of 41 experiments only 16 were 185	
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successfully recovered and gave measurable 18O profiles by SIMS (total of 68 diffusion profiles), 186	

which yielded consistent results (Table 2).  187	

Gas mixing furnace experiments. Experiments were conducted with YAG crystals, which 188	

had been ultrasonically cleaned in ethanol, coated with 18O-enriched YAG+Crn buffer powder 189	

(see above) mixed with polyethylene oxide glue. The experimental charges (i.e., crystal+buffer) 190	

were dried overnight in an oven at ~100 °C, placed into a platinum holder, and suspended inside 191	

a gas mixing vertical tube furnace. Experiments were performed at 1500 °C and 1600 °C for 168 192	

h and 24 h, respectively (Table 1). The final temperature was reached at a rate of 6 °C/min after 193	

ramping up from 600 °C. The furnace was flushed with Ar to limit loss of 18O from the buffer, 194	

which means that the fO2 was not buffered, but instead controlled by impurities in the Ar gas. To 195	

prevent crystals from breaking, experiments were ended by firstly cooling the furnace down to 196	

~600 °C at a rate of 5 °C/min and then pulling out the charges from the top of the furnace. 197	

Crystals were recovered from 1-atm experiments at 1500 °C and 1600 °C. The 18O buffer 198	

sintered on the surface of the crystal and could not be removed by sonication (Fig. 1a). The 199	

crystals were cut orthogonally to the diffusion interface, using a low-speed circular saw as above 200	

(Fig. 1b). One of the halves of each crystal was mounted in epoxy, ground with SiC paper 201	

(p1200, ~15 µm grit) and polished with diamond paste (3 μm and 1 μm) to be analyzed in line-202	

scan mode by SIMS (Figs. 1c-e). SEM imaging in cathodoluminescence (CL) mode shows a thin, 203	

relatively dark CL band with constant thickness at the interface between the 18O-YAG+Crn 204	

buffer and the YAG cube (Fig. 1e; Table S3, electronic supplement) as well as along all other 205	

edges of the crystal not in contact with the 18O-buffer.   206	

High-pressure experiments under water-present conditions. Experiments were conducted 207	

using three different garnet compositions (i.e., YAG, Grs-2, and Prp-1). Garnet cubes (1 mm3) 208	

were embedded into a matrix made of a fine-grained powder of the same composition plus 18O-209	
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enriched H2O (Fig. S3a, electronic supplement). A sintered YAG+Crn powder was used as the 210	

matrix for the YAG experiments (see above). Experiments with YAG, Prp-1, and Grs-2 were 211	

performed in end-loaded piston cylinder apparatus at T = 900 °C and P = 1.0 GPa for 14 days. A 212	

second experiment under these P-T conditions was conducted with a larger YAG cube (~3 × 3 × 213	

3 mm) to enable preparation for backward depth-profiling analysis by SIMS. Additional 214	

experiments with YAG and Prp-1 were performed at T = 900 °C and P = 1.5 GPa for 14 days to 215	

investigate the effect of P on oxygen diffusivity (Table 1). 216	

The experimental setup was similar to that used for the hydrothermal sintering of the source 217	

powders. For each experiment with YAG and pyrope, a layer of graphite powder was placed at 218	

the bottom of the silver capsule (Fig. S3a, electronic supplement) to buffer the fO2 (based on the 219	

buffered C-O-H equilibria; Connolly and Cesare 1993). For each experiment with grossular, the 220	

Re-ReO2 oxygen buffer (Pownceby and O’Neill 1994) was used to produce more oxidizing 221	

conditions to stabilize the andradite component. A garnet cube was embedded into fine-grained 222	

garnet powder atop the fO2 buffer powder, then 18O-enriched H2O was added (Fig. S3a, electronic 223	

supplement).  224	

Silver capsules recovered from the HP experiments under water-present conditions were 225	

pierced with a 1 mm drill bit to ensure water was still present and under pressure (i.e., no leaks 226	

formed during the experiment). The capsules were then opened on each face and crystals were 227	

removed, then cleaned ultrasonically to remove residual powder. The YAG crystals showed no 228	

evidence of dissolution, whereas the natural garnets did (Figs. 2a, b). In particular, grossular and 229	

pyrope crystals annealed at 1.0 and 1.5 GPa, respectively, were affected by intense dissolution 230	

that damaged the original diffusion interface and prevented further analysis. Pyrope annealed at 231	

1.0 GPa (sample PHPW-1, Table 1) was affected by only localized dissolution (Fig. 2b), thus 232	

partially preserving the original diffusion interface. The best face of each recovered crystal was 233	
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mounted in epoxy for forward depth profiling analysis by SIMS (towards the crystal core; Tables 234	

2 and S4, electronic supplement); these were not repolished. The recovered 3 × 3 × 3 mm YAG 235	

crystal was cut in half. One half was prepared and analyzed as above. The second half was 236	

ground to a thickness of ~10-12 μm and further polished to a final thickness of ~5 μm. It was 237	

then mounted in an epoxy disc for backward depth profiling analysis by SHRIMP (towards the 238	

crystal rim; low to high 18O with increasing depth) to estimate the extent of edge effects (i.e., the 239	

contribution to the diffusion profile arising from secondary ions sputtered from the edge of the 240	

crater) with this instrument. 241	

High-pressure experiments under nominally anhydrous conditions. This experimental 242	

approach was developed to overcome some of the difficulties encountered during the hydrous 243	

experiments, mainly dissolution occurring in the presence of water and relatively low melting 244	

temperatures of the silver capsule material. Diffusion under nominally anhydrous conditions was 245	

thus investigated using garnet cubes embedded into a matrix made of graphite powder and fine-246	

grained powder of YAG+Crn previously enriched in 18O (see above; Figs. S3b, c, electronic 247	

supplement). Graphite was added with the aim of limiting sintering of the garnet powder onto the 248	

cube, as in Van Orman et al. (2001, 2002). The proportions of graphite to garnet powder were 249	

always kept constant (i.e., 2:1 ratio by weight). No water was added to these runs.  250	

Experiments with YAG were conducted over the T range of 1050-1600 °C at P = 1.5 GPa. An 251	

additional experiment with YAG was conducted at T = 1500 °C and P = 2.5 GPa to further 252	

investigate the effect of pressure on oxygen diffusivity (Table 1). An experiment with pyrope 253	

(Prp-1) was also attempted at T = 1200 °C and P = 1.5 GPa for 48 h. Experiments were 254	

conducted either in platinum capsules (3.5 mm OD) or graphite-lined platinum capsules (5 mm 255	

OD) to limit garnet-platinum interaction, most notably Fe loss to the capsule (Figs. S3b, c, 256	

electronic supplement). The lined capsule technique was first tested on YAG annealed at T = 257	
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1200 °C and 1600 °C, P = 1.5 GPa (YHPD-1 and YHPD-10, Table 1). The capsules were filled 258	

with the graphite+18O-enriched garnet powder surrounding a garnet cube (Figs. S3b, c, electronic 259	

supplement). Most experiments were conducted with the piston cylinder assembly described 260	

above, a modification being the addition of borosilicate glass between the graphite heater and 261	

NaCl at T>1000 °C and P = 1.5 GPa (Akella et al. 1969), and an MgO shield above the capsule 262	

(Fig. S2b).  263	

Most of the recovered capsules were mounted in epoxy and polished for line-scan analysis by 264	

SIMS (Figs. 2c-f). Three other capsules were opened, and crystals removed and cleaned, as 265	

above, and mounted in epoxy for forward depth profiling. All recovered YAG crystals were in 266	

good condition, with the exception of some fractures (e.g., Fig. 2d) that probably developed 267	

during decompression upon quenching.  268	

 269	

PREPARATION AND IMAGING OF SIMS MOUNTS 270	

All experimental charges were mounted, together with the corresponding garnet reference 271	

material, in the central part of 25.4 mm epoxy discs. The integrity of the diffusion interface was 272	

checked either by a Leica DM6000_M automated microscope in reflected light mode or by SEM 273	

imaging in Backscattered Electron (BSE) and CL modes (Figs. 1, 2, 3). Prior to analysis by 274	

SHRIMP, mounts were coated with 15 nm of aluminum or gold after chemical cleaning. Prior to 275	

analysis with a CAMECA IMS-1280, mounts were coated with ~60 nm thick gold. Samples were 276	

kept in a vacuum oven at 60 °C for at least 48 h before being introduced into the instruments. 277	

For NanoSIMS analyses, crystals were removed from their epoxy mounts and pressed into 278	

indium (preferable to epoxy for maintaining ultra-high vacuum ~10-8 Pa) in 25 mm aluminum 279	

holders, which were then gold-coated (15 nm). 280	
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SHRIMP traverses were imaged with a LEICA DM6000_M automated microscope (Research 281	

School of Earth Sciences, ANU) that allowed the average distance of each spot perpendicular 282	

from the diffusion interface to be measured. Traverses measured by NanoSIMS were imaged 283	

with a JSM-6610A SEM at the Research School of Earth Sciences (ANU) in BSE and Secondary 284	

Electron (SE) mode. Traverses measured with a CAMECA IMS-1280 were imaged using an 285	

Hitachi S3400 SEM at the Department of Geoscience (UW-Madison) using BSE and SE imaging 286	

modes. In addition, traverses in three experimental charges were also imaged in CL mode using a 287	

Gatan Pana/CL/F system. Finally, SHRIMP and CAMECA IMS-1280 pits from depth profiling 288	

analyses were imaged with a Leica DCM8 confocal microscope (Research School of Earth 289	

Sciences, ANU) and a ZYGO white-light interferometer (Department of Materials Science and 290	

Engineering, UW-Madison), respectively, to check their geometry and to measure their depth. 291	

 292	

ANALYTICAL METHODS FOR OXYGEN ISOTOPE ANALYSIS 293	

In this study, oxygen diffusion profiles were measured using SHRIMP, CAMECA IMS-1280 294	

and NanoSIMS N50L instruments, in line-scan or depth profiling mode. Garnet crystals not 295	

annealed under experimental conditions and having a comparable chemical composition to the 296	

experimental charges (hereafter referred to as garnet reference materials) were analyzed 297	

simultaneously with the experimental charges to monitor potential analytical artifacts during 298	

depth profiling that could affect the shape of diffusion profiles measured in the experimental 299	

charges. A detailed explanation of the different analytical setups used in this study is given in 300	

Electronic Appendix 1.  301	

 302	

DATA TREATMENT AND FITTING OF PROFILES 303	
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The standard practice in such studies as this is to fit the measured profiles to a concentration-304	

independent, constant boundary condition, one-dimensional, semi-infinite media solution to 305	

Fick's second law:  306	

C(x,t) – C0
C1 – C0  = 1 – erf x

2!Dt                 (1)                               307	

where C(x,t) is the concentration (C) at the distance x (m), from the interface, and time t (s); C1 is 308	

the concentration at the interface (or surface concentration); C0 is the initial concentration in the 309	

mineral (or background concentration); D is the diffusion coefficient (m2s-1). For this to be valid, 310	

profiles should all correspond to the form of an error function, which requires concentration-311	

independent diffusion. Whilst a minority of 18O/(18O+16O) profiles do have such geometry (Fig. 312	

4) and could be fitted using Equation 1, the majority of profiles acquired in this study do not. In 313	

the latter case, the tail ends of the profiles were extracted and fitted to Equation 1. This gives an 314	

approximate diffusion coefficient (we denote this D&) equivalent to that which would be obtained 315	

using the x = 4√(Dt) approximation by visual estimation of the profile lengths. For profiles with 316	

complex shapes that cannot be fitted to Equation 1, these D&s are useful as a first-order estimate 317	

only. A model for extracting meaningful/useful diffusion coefficients (Ds) from profiles of 318	

complex shapes is discussed below. We note that, in this study, the fraction of 18O (i.e., 319	

18O/(18O+16O)) is considered to be the equivalent of the absolute concentration. 320	

 321	

RESULTS 322	

Profile shapes 323	

Broadly, three different 18O/(18O+16O) profile geometries were encountered during this study.  324	

1) 'Stepped' profile shapes, which refers to profiles with two or three distinct sections/zones 325	

from the outside to the inside of the crystal (Fig. 5; Table S5, electronic supplement), as 326	
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described below. Zone I is characterized by a relatively steep decrease in the 18O/(18O+16O) 327	

ratios. This zone is observed in the YAG cubes annealed at T = 1400 °C and P = 1.5 GPa for 95.5 328	

h (Fig. 5a) and 2 h (Fig. 5b). It is also hinted at the YAG cube annealed at T = 1200 °C and P = 329	

1.5 GPa for 24 h (Table S5, electronic supplement). Zone II is characterized by a shallower slope 330	

than zone I and by a quasi-linear decrease in the 18O/(18O+16O) ratios with increasing distance 331	

from the interface (Figs. 5a-c). This zone is observed in all samples with complexly shaped 332	

profiles. In crystals where also zone I is observed, zone II is identified by a change in the slope of 333	

the curve (Figs. 5a-b). Zone III is identified by another change in the slope of the curve where the 334	

18O/(18O+16O) ratios decrease more rapidly than zone II until they reach the initial oxygen isotope 335	

composition (Figs. 5a-e). This region is observed in all samples. Such stepped profiles are 336	

encountered in all HP nominally dry experiments, with the exception of the one annealed at T = 337	

1050 °C (sample YHPD-1; Table S5, electronic supplement). 338	

2) Certain profiles correspond to an error function form, i.e., described by Equation 1. These 339	

are encountered in the low-P and high-T runs (samples YLPD-1 and YLPD-2; Table S3, 340	

electronic supplement), as well as the HP and low-T hydrothermal runs (Table S4, electronic 341	

supplement). In the latter, however, the shape of the diffusion profiles is dependent on the chosen 342	

position of the interface (see Electronic Appendix 2).  343	

3) Profiles with a broadly error function form, but that have an excessively long tail towards 344	

background values. These include only a CAMECA IMS-1280 profile (i.e., profile 1 in sample 345	

PHPW-1 annealed at 1.0 GPa and 900 °C; Table S4, electronic supplement).  346	

 347	

Gas mixing furnace experiments 348	

The measured concentration-distance profiles in two YAG cubes annealed in the gas mixing 349	

furnace at T = 1600 °C for 24 h and 1500 °C for 168 h (Tables 1, 2 and S3, electronic 350	
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supplement) follow an error-function shaped curve (Fig. 4), which could be fitted using Equation 351	

1. Comparable estimated diffusion coefficients (D) were calculated from profiles measured with 352	

SHRIMP (logD = –14.4±0.2 m2s-1 at 1600 °C and –14.8±0.2 m2s-1 at 1500 °C) and CAMECA 353	

IMS-1280 (logD = –14.7±0.1 m2s-1 at 1600 °C and –15.1±0.2 m2s-1 at 1500 °C) (Fig. 4; Table 2).  354	

 355	

High-pressure experiments under water-present conditions 356	

Recrystallization of the surrounding matrix on top of the original crystal is observed in the 357	

four experiments (Table 1). During forward depth profiling, 18O/(18O+16O)	ratios increase 358	

progressively (towards the center of the cube) in the overgrowth and drop dramatically when 359	

crossing the interface between overgrowth and garnet cube (Table S4, electronic supplement). 360	

The drastic drop in OH/O signal in profiles measured by CAMECA IMS-1280 (Table S4, 361	

electronic supplement) allowed us to objectively locate the interface between nominally dry YAG 362	

cubes and overgrowths formed during wet experiments (see Electronic Appendix 2 for details). 363	

Profiles measured in forward and backward profiling mode by CAMECA IMS-1280 have similar 364	

lengths and shapes confirming the limited extent of edge effects with IMS-1280 instruments 365	

(Table S4, electronic supplement). On the contrary, forward profiles measured by SHRIMP have 366	

longer tails when compared to backward profiles suggesting the occurrence of significant edge 367	

effects (Table S4, electronic supplement). Additionally, CAMECA IMS-1280 profiles are overall 368	

shorter compared to those measured by SHRIMP (including the backward profiles) resulting in 369	

approximate logD&s slower by ~1-2 log units (Table 2). Consequently, only data acquired with a 370	

CAMECA IMS-1280 in these experimental charges are further discussed.  371	

In contrast to the low-pressure experiments, the shape of the concentration-distance profiles 372	

for YAG annealed at HP in water-saturated conditions is not consistent with error function forms 373	
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(Table S4, electronic supplement), thus Equation 1 is inappropriate. The formation of such 374	

profiles will be discussed below.  375	

Similar approximate diffusivities were determined for YAG annealed at 900 °C and different 376	

pressures (logD&  = –21.3±0.9 m2s-1 at 1.0 GPa, combining all data from samples YHPW-1 and 377	

YHPW-2, and –21.6±0.3 m2s-1 at 1.5 GPa) (Table 2). Profiles across pyrope annealed in similar 378	

experimental conditions as YAG (T = 900 °C, P = 1.0 GPa) return data that are consistent with an 379	

error function curve (with the exception of profile 1 that was excluded from calculations of 380	

diffusion coefficients; Table S4, electronic supplement). From the fit, the calculated diffusion 381	

coefficient (logD = –21.2±0.7 m2s-1) is within uncertainty identical to that obtained from 382	

experiments with YAG (Table 2).  383	

 384	

High-pressure experiments under nominally anhydrous conditions   385	

Ten YAG cubes annealed at P = 1.5-2.5 GPa and T = 1050-1600 °C under nominally 386	

anhydrous conditions were analyzed (Tables 2 and S5, electronic supplement). All samples 387	

except the one annealed at 1050 °C have 'stepped'	concentration-distance profiles (Fig. 5; Table 388	

S5, electronic supplement). EPMA transects show no obvious variation in Y, Al, or O across the 389	

width of the YAG crystal or within the diffusion-affected region (Electronic Appendix 3). EBSD 390	

analysis indicates that YAG substrate, diffusion-modified rim, and buffer-quench overgrowth are 391	

a crystallographically continuous single crystal of YAG (Electronic Appendix 3).  392	

Approximate average logD&s for experimental charges annealed under nominally dry 393	

conditions at HP are summarized in Table 2. Notably, oxygen diffusivity calculated from profiles 394	

measured in depth profiling mode are comparable within uncertainty to those estimated from 395	

NanoSIMS traverses (Table 2).  396	
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 397	

First-order approximation of the Arrhenius relationship 398	

Diffusivities calculated from fitting either the tail-ends of profiles (D&), or the whole profile to 399	

Equation 1, where appropriate (D), result in the following first-order Arrhenius relationship (Fig. 400	

6): 401	

logD&(m2s–1) = –3.8(±0.7)+ $–394(±19)kJmol
–1

2.303RT %   (2) 402	

where R is the gas constant (kJK-1mol-1), T is the temperature (K) and uncertainties represent 403	

95% confidence bounds (±2σ). Notably, if only data calculated from error-function shaped 404	

profiles (i.e., samples YLPD-1, YLPD-2, YHPD-1 and PHPW-1; Table 2) are fitted to Equation 405	

1, Arrhenius parameters are within uncertainty of those reported above considering the full 406	

dataset.  407	

In this study, oxygen diffusion coefficients in garnet annealed at various P and constant T (i.e., 408	

1600 °C, 1500 °C, and 900 °C) show contrasting trends (negative D-P correlation at 1600 °C and 409	

900 °C, no correlation at 1500 °C) (Fig. S4, electronic supplement). This, along with the large 410	

uncertainty on the first order approximate diffusion coefficients, prevents the effect of P on 411	

oxygen diffusivity in garnet under either nominally dry or water-saturated conditions to be 412	

determined; small discrepancies between the data might be due to differences in ƒO2, or ƒH2O 413	

between low- and high-P experiments.  414	

The results obtained in one pyrope annealed in similar P-T conditions as YAG suggest no 415	

significant effect of chemical composition within the uncertainties of the data (Fig. 6, Table 2). 416	

Finally, it was not possible to investigate the effects of water (i.e. ƒH2O) on oxygen diffusivity at 417	

T>900 °C. Nevertheless, logD&s calculated for water-saturated experiments at 900 °C fall on the 418	

Arrhenius curve described by nominally dry experiments (Fig. 6) and future experimental studies 419	
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should verify whether a similar slope can be expected for oxygen diffusivity in garnet under wet 420	

conditions and quantify the effects of water (and ƒH2O).  421	

 422	

DISCUSSION 423	

Diffusion mechanism and diffusion coefficient determination 424	

As described above, the majority of acquired profiles of 18O/(18O+16O)	versus distance from 425	

the crystal edge do not conform to any analytical solutions of Fick's second law for reasonable 426	

initial and boundary conditions. This suggests that the assumption that the profiles can be 427	

described simply as resulting from a single diffusion mechanism is not valid.  428	

It could be suggested that stepped profiles are the result of the overgrowth of a garnet rim 429	

followed by diffusive exchange between the new rim and original crystal. Whilst this may be 430	

valid for the HP wet experiments, there is no justification for invoking overgrowth in a nominally 431	

dry experiment where the crystal and O-source powder are nominally in major element 432	

equilibrium, and where the polished crystal faces were generally recovered after the experiments. 433	

These stepped profiles are similar to those reported by Dohmen et al. (2010) for Li diffusion in 434	

olivine, and by Jollands et al. (2016b) for Ti diffusion in olivine. Dohmen et al. (2010) described 435	

their profile shapes by assuming that Li occupied two distinct positions (interstitial or lattice 436	

sites) in olivine, and that each of these positions was associated with a different diffusion 437	

mechanism and hence diffusivity. Allowing Li to exchange between these positions enables the 438	

creation of profiles with stepped shapes. The formation of such profiles can be broadly described 439	

as resulting from a species diffusing rapidly along one pathway, then hopping into another site 440	

(which has some finite capacity to accommodate the diffusing species), after which the species 441	

becomes relatively immobile. The stepped profiles then represent a wave of the diffusing species 442	

moving into the crystal rapidly along one pathway, then moving into, and filling up, the available 443	



	 20	

sites in the other pathway. The model presented herein follows similar logic based on 444	

considerations of O-substitution and diffusion in olivine (e.g., Gérard and Jaoul 1989; Ryerson et 445	

al. 1989; Costa and Chakraborty 2008). The main point is that the behavior of O in garnet cannot 446	

be fully described as simple concentration-independent diffusion on a single crystallographic site, 447	

certainly in YAG and likely in natural pyrope as well.  448	

Diffusion model. First principle calculations of intrinsic point defects in YAG have shown 449	

that there are two main oxygen defect types: oxygen vacancies (𝑉"••) and interstitial oxygen 𝑂$%% 450	

(Li et al. 2012). Based on this, it is suggested that the two diffusion pathways for O could involve 451	

(1) O2- on its own lattice site, i.e. in Kröger-Vink notation, 𝑂"× diffusing by a vacancy 452	

mechanism; and (2) O on an interstitial site, 𝑂$%%. It is implicitly assumed that interstitial O2- is 453	

charge balanced. 𝑂$%% is arbitrarily designated as more mobile, i.e. 𝑂"× has lower diffusivity than 454	

𝑂$%%. Finally, there must be some available site into which the more mobile 𝑂$%% can relocate, which 455	

reduces its mobility. For this, vacant O sites are invoked, i.e. 𝑉"••.  456	

With these assumptions, a simple exchange reaction is written, wherein 𝑂$%% moves into a 457	

vacant oxygen site, forming 𝑂"×, i.e. the reaction describing an O Frenkel defect: 458	

𝑂$%% + 𝑉"	•• = 𝑂"×  (3) 459	

Another simplification of the model is that 18O is treated as a trace element, i.e., 16O is 460	

explicitly not considered. A discussion of the implications of the omission of 16O is provided in 461	

Appendix 2. Consequently, Equation 3 can be written in terms of 18O as: 462	

𝑂	() $
%% + 𝑉"•• = 𝑂	() "

× (4) 463	

From Equation 4, an equilibrium expression is constructed: 464	

𝐾	 = 
[ $	"# $

×]
& $	"# &

'''[($
••]
  (5) 465	
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where brackets represent concentrations per 12 oxygens. To describe uniquely the concentrations 466	

of 𝑂	() $
%%, 𝑉"•• and 𝑂	() "

×, two other variables need to be fixed. These are the sum of 18O: 467	

∑ 𝑂 =	
() [ 𝑂	() $

%%] + [ 𝑂	() "
×] (6) 468	

and the total number of O sites in the YAG lattice (i.e. excluding the interstitial sites) occupied 469	

by either 𝑂	() $
%% or 𝑉"••: 470	

∑𝑋" = [𝑉"••] + [ 𝑂	() "
×] (7) 471	

If K, ∑18O and ∑XO are defined, then the concentrations of 𝑂	() $
%%, 𝑉"•• and 𝑂	() "

× are calculated by 472	

solving Equations A2.1 to A2.3 (Electronic Appendix 2). 473	

With these equations, the system can be modelled using a two-step explicit finite difference 474	

routine, wherein the total time of the diffusion experiment is divided into many time steps, with 475	

the number of steps variable, but defined by the resolution of the model and the highest diffusion 476	

coefficient to retain numerical stability. In the first part of each time step, diffusion occurs. 477	

Concentration-independent diffusion is assumed. Diffusion was modelled separately for each of 478	

the three species of interest ( 𝑂	() $
%%, 𝑉"•• and 𝑂	() "

×), using three diffusion coefficients. In the 479	

second step, the inter-site reaction occurs according to Equation 3. Then, the next time step 480	

begins with diffusion, then reaction, and so on, until the total experimental time is reached. The 481	

inputs of the model are K, three Ds, and the interface and initial values of ∑ 𝑂	()  and ∑𝑋". The 482	

output of the model is the concentration of each species as a function of distance after a model 483	

time corresponding to the duration of the experiment. The model is then fitted to the data with 484	

some fit parameters presented in Table 2. A full description of the routine is presented in 485	

Appendix 2, but a brief description is as follows. Firstly, ∑ 𝑂	()  at the interface was set manually 486	

based on visual inspection of the profiles, and log10K was set at some value, normally between 0 487	

and 4. Then, the best fit values of ∑𝑋" (interface and initial), ∑ 𝑂	()  (background) and the three 488	
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Ds were determined by nonlinear least squares regression. This was then repeated for many 489	

values of log10K, and the fit parameters associated with the lowest summed square of residuals 490	

were taken to be the parameters defining the best fit. Examples fits of profiles measured in HP 491	

experiments are shown in Figure 7. Uncertainties on the fit parameters are not presented in Table 492	

2, but we estimate that 2s uncertainty on log10D 𝑂	() "
× is 0.03 to 1 m2s-1 and 0.01-0.05 m2s-1 on 493	

log10D 𝑂	() $
%%. Further information is provided in Appendix 2.  494	

Whilst we model the profiles using the relationship in Equation 4, we emphasise that this is 495	

only one possible model. Any situation including 1) a substitution mechanism associated with 496	

low concentration and fast diffusion; 2) a slow diffusion, high-concentration substitution 497	

mechanism and 3) a reaction allowing exchange between these two sites, could potentially 498	

produce profiles with such stepped shapes as observed here. For example, given that the stepped 499	

shapes are only observed following piston cylinder experiments, and even the 'dry' experiments 500	

will be only nominally dry (cf. absolutely dry), one could invoke a reaction such as: 501	

𝑂𝐻	
()

$
% + 𝑉"•• = 𝑂	() "

× + 𝐻$• (8) 502	

Likewise, a mechanism could be invoked involving interstitial O charge-compensated by 503	

interstitial Al3+, or some other cation: 504	

{ 𝑂	() $
%%−𝐴𝑙$•••}• + 𝑉"•• = 𝑂	() "

× + 𝐴𝑙$••• (9) 505	

Or, some strain-induced extended defect that enables fast diffusion could be invoked. 506	

However, if we can assume that it is the slow mechanism that is relevant for O diffusion in 507	

natural garnet (discussed below), then the specific definition of the fast mechanism is relatively 508	

unimportant. Based on our EBSD, EPMA and X-ray map investigations as well as the 509	

consistency between profiles we can, however, rule out surface recrystallization as an explanation 510	

for the profile shapes. 511	



	 23	

 512	

Arrhenius relations. The results from the profiles that were fitted to Equation 1 (where 513	

appropriate) and to the reaction-diffusion model are shown in Figure 8. Effectively, most profiles 514	

that required the diffusion-reaction model show that the two O diffusion coefficients (which we 515	

designate D 𝑂	() "
× and 𝐷 𝑂	() $

%%) are different by approximately two orders of magnitude (Table 2). 516	

This is the case over the full range of temperature studied, and for both pyrope and YAG, 517	

suggesting that the two diffusion mechanisms have similar activation energies. Profiles from the 518	

900 °C experiments that were fitted using an error function shape (Equation 1) yield diffusion 519	

coefficients in agreement with the slow mechanism, and profiles from the 1500 and 1600 °C 520	

experiments fitted using the same equation yield Ds that agree with those associated with the 521	

faster mechanism. The profile from the 1050 °C experiment that was fitted using Equation 1 522	

yielded Ds in agreement with the fast mechanism.  523	

Therefore, taking all of the Ds associated with the fast mechanism from diffusion-reaction 524	

modelling, as well as the data from the 1050 °C experiment fitted to Equation 1, a general 525	

Arrhenius relationship can be defined: 526	

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

2.303RT %	 (10)	527	

where uncertainties represent 95% confidence bounds (±2σ). Likewise, taking all of the Ds 528	

associated with the slow mechanism, plus those extracted using Equation 1 for the low 529	

temperature runs, and the data of Coghlan (1990 unpublished data) that fall on our calibration, we 530	

obtain: 531	

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

2.303RT %	 (11)	532	
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Both of these fits are unweighted; given the issues described above regarding the low sensitivity 533	

of the residuals of each fit on the values of some D 𝑂	() "
×, determining any meaningful 534	

uncertainties using our fitting routine is precluded. The data from the 1500 °C and 1600 °C 535	

experiments that were fitted to error function curves (Equation 1) are not included in either fit 536	

because it is not clear whether the associated Ds should be assigned to the fast or slow 537	

mechanism. 538	

Note that these relationships do not include any garnet composition, ƒH2O nor pressure term, as 539	

we find no systematic effect of these variables on diffusion. That the values obtained from YAG 540	

(slow mechanism) and pyrope (this study) and almandine-spessartine (Coghlan, 1990 541	

unpublished data) are in agreement suggests that any compositional effect on O diffusion is 542	

minor – this is extremely promising when considering the applicability of data derived from 543	

experiments with unnatural endmember compositions that can withstand a broader range of P-T-544	

X conditions (i.e. YAG) than their natural counterparts. 545	

Variations in profile shapes. One first-order observation is that there is some inconsistency 546	

concerning profile shapes from different experiments. For example, many of the 1-atm 547	

experiments at 1500 °C and 1600 °C show profiles with error function forms, whereas all of the 548	

HP 1200-1400 °C experiments show stepped shapes. Then, the HP experiment at 1050 °C shows 549	

an error function form with Ds consistent with the fast mechanism, whereas the HP experiments 550	

at 900 °C, when fitted to an error function, show Ds consistent with the slow mechanism. The 551	

same can be said for the Coghlan (1990 unpublished data) data – regardless of the relatively poor 552	

spatial resolution of his profiles, they seem to show error function forms consistent with our slow 553	

diffusivities. We cannot explain conclusively why this is the case, but offer some suggestions. 	554	

Figure 9a shows a diffusion reaction model wherein all parameters, except the interface 18O 555	

concentration, are kept constant. As the interface concentration decreases, the profiles tend 556	
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towards an error function shape, and become shorter. Alternatively, Figure 9b shows the results 557	

of a model where all parameters except K are kept constant. As K increases, the profile again 558	

tends towards an error function, but here the length approaches that associated with the fast 559	

mechanism. Similarly, the shape can be changed by modifying the concentration of defects in the 560	

starting material – this would be unreasonable considering that the experiments were done with 561	

the same starting material, but might go some way towards explaining differences between the 562	

YAG and natural garnet profiles.  563	

	564	

Comparison with previous studies 565	

Oxygen diffusion in garnet has previously been investigated by several authors (Freer and 566	

Dennis 1982; Haneda et al. 1984; Coghlan 1990 unpublished data; Sakaguchi et al. 1996; Zheng 567	

and Fu 1998; Vielzeuf et al. 2005; Li et al. 2012) using different methodologies (e.g., 568	

experiments, calibrations in natural samples, first-principle investigations). No studies report 569	

profiles with complex shapes such as those that we observe, but all results fall within the range of 570	

the two Arrhenius relationships that we have identified. 571	

Freer and Dennis (1982) reacted natural crystals of grossular with water enriched in 18O at T = 572	

850 °C (P = 0.2 GPa) and T = 1050 °C (P = 0.8 GPa), and measured diffusion profiles by SIMS 573	

depth profiling. They obtained diffusivity values that agree with our fast diffusion mechanism at 574	

850 °C (logD = –20.3 m2s-1) and slow diffusion mechanism at 1050 °C (logD = –19.6 m2s-1) (Fig. 575	

10a), and it is not clear why this is the case. Coghlan (1990 unpublished data) performed 576	

experiments at constant water pressure (0.1 GPa) and temperatures between 800 °C and 1000 °C 577	

by hydrothermal exchange between 18O-enriched H2O and natural almandine-spessartine garnet 578	

crystals (~Alm70Sps30), suggesting diffusivity values up to ~2 log units slower than that obtained 579	

by Freer and Dennis (1982) at 850 °C (Fig. 10a). The Coghlan (1990 unpublished data) data 580	
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agree well with our slow mechanism, so we propose that our study and the Coghlan (1990 581	

unpublished data) study were measuring the same process. The assumptions of the diffusion-582	

reaction model suggest that this process represents O diffusion on the O site. 583	

Haneda et al. (1984) investigated oxygen diffusivity in YAG by the gas-solid isotope 584	

exchange technique (P = 1 atm) using oxygen gas enriched with about 20% 18O as a tracer at 585	

temperatures of 1060 °C to 1550 °C. The authors observed a variation in D0, depending on the 586	

composition of the atmosphere in which YAG crystals were pre-heated before diffusion 587	

annealing (i.e., air, D0 = 2.34 × 10-8 m2s-1; aluminum vapor, D0 = 8.13 × 10-7 m2s-1; nitrogen, D0 = 588	

5.24 × 10-7 m2s-1 similar to YAG that was not pre-heated). The composition of the atmosphere in 589	

the pre-heating stage affects the oxygen vacancy levels. The Arrhenius relations proposed by 590	

Haneda et al. (1984) for YAG pre-heated in air (their 'O-YAG') and aluminum vapor ('FC-YAG') 591	

are in good agreement with our slow and fast diffusion mechanisms, respectively, whereas the 592	

Arrhenius relation for YAG not pre-heated ('AG-YAG') or pre-heated in nitrogen atmosphere 593	

('N-YAG') falls in between our two calibrations (Fig. 10a). First principle calculations of intrinsic 594	

point defects in YAG (Li et al. 2012) show that the formation of AlY anti-site defects (i.e., the 595	

substitution of Y with Al in a lattice site) lowers the energy barrier for O diffusion, and explain 596	

the faster O diffusivity observed if an excess of Al is available. Thus the buffering with 597	

corundum in our experiments might have led to a similar fast pathway. Nevertheless, it is not 598	

straightforward to compare our results with those of Haneda et al. (1984) because the latter did 599	

not buffer the Al2O3.  600	

Sakaguchi et al. (1996) studied the effect of chemical composition on oxygen volume and 601	

grain-boundary diffusion in different YAG ceramics (i.e., 2% and 1% excess Y2O3, 602	

stoichiometric, and 0.5% excess Al2O3). All samples were reacted with 18O2 at ~17 kPa in the T 603	

range 1100 °C to 1385 °C and diffusion profiles were measured by SIMS. The authors observed 604	
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that volume diffusion of oxygen is little influenced by the excess composition, whereas grain 605	

boundary diffusion is suppressed in the Y2O3-excess samples and enhanced in the Al2O3-excess 606	

ones. Our calibration for the slow diffusion mechanism agrees well also with the Arrhenius 607	

relationship proposed by Sakaguchi et al. (1996) for volume diffusion in stoichiometric YAG not 608	

annealed before the experiments (Fig. 10a). 609	

 610	

Oxygen versus cation diffusion in garnet 611	

Several authors have determined the diffusivities of major (e.g., Fe, Mg, Ca, and Mn) and 612	

minor cations (e.g., REEs) in garnet (e.g. Ganguly 2010 for a review). Unlike oxygen, diffusion 613	

of major cations in garnet has to be treated as part of a multicomponent system in which the 614	

diffusivities of each component have to be constrained (Lasaga 1979). According to our study, 615	

oxygen diffuses at a rate that is comparable to those observed for the fastest major cations in 616	

garnet at higher temperatures (Fig. 10b). In particular, the slow oxygen diffusion mechanism is 617	

comparable to self-diffusivities calculated for Mn and Fe in the pyrope-almandine diffusion 618	

couple by Ganguly et al. (1998). However, unlike for oxygen, the diffusivity of cations in garnet 619	

is significantly affected by chemical composition (e.g., Chakraborty and Ganguly 1992; Ganguly 620	

et al. 1998; Borinski et al. 2012).  621	

Vielzeuf et al. (2005) measured compositional profiles of major cations (Mg, Mn, Fe, Ca) at 622	

the core-rim interface of zoned garnet crystals. The profiles are consistent with a relaxation of an 623	

initial sharp step in Ca, Mg, and Fe by Ca ↔ (Fe, Mg) interdiffusion. At the same interface, the 624	

authors observed an oxygen isotope profile comparable to that described by Ca and suggest that 625	

Ca and oxygen have similar relative diffusivities on the order of logD (m2s-1) = – 21.9, as 626	

calculated by Vielzeuf et al. (2007) for Ca. Extrapolation of our slow calibration to T = 850 °C 627	

results in a logD (m2s-1) of – 22.2±0.4 (2σ) for oxygen that is comparable within uncertainty to 628	
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the diffusivity of Ca (Vielzeuf et al. 2007). The fast calibration was not extrapolated to lower Ts 629	

because the fast mechanism is less applicable to natural garnets.   630	

Despite comparable diffusivities between oxygen and divalent cations, the activation energy 631	

for oxygen diffusion is higher than that of major divalent cations, suggesting that the 632	

extrapolation of experimental results to temperatures typical of crustal conditions (T<850 °C) 633	

would result in slower oxygen diffusivity relative to major cations (Fig. 10b).  634	

   635	

Diffusion chronometry  636	

Oxygen isotopic heterogeneities in garnet at the microscale have been observed in various 637	

geological settings by several workers, but only a few studies have reported profiles that were 638	

attributed to diffusion (e.g., Vielzeuf et al. 2005; Page et al. 2010; Higashino et al. 2019). Herein, 639	

we discuss the results of re-fitting some published data with our new, slow Arrhenius relationship 640	

(Fig. 11).  641	

Page et al. (2010) measured a <50 μm long profile with a 2.1‰ δ18O change in a skarn garnet 642	

that underwent regional granulite-facies metamorphism at peak temperature of 750 °C. Following 643	

the original interpretation, diffusion is modelled by assuming an initial step function, with the 644	

step located at x=X, and the initial concentrations on either side of the step being C1 and C0. 645	

Diffusion is then modelled assuming plane sheet geometry, which is reasonable given that the 646	

length scale of the diffusion profile is much lower than the size of the crystal: 647	

C(x,t)	=	C0	+	12(C1–C0)erfc 8
x–X
2!Dt

9 (12) 648	

(Crank 1975). Fitting their data gives a best fit logDt (m2) of –10.8, an upper limit (+2σ) of –10.5, 649	

whereas the lower limit of Dt is 0. Taking just the upper bound of logDt, and the lower limit 650	
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(mean minus 2σ) of logD (m2s-1) at 750 °C (i.e., –24.2), the maximum time for diffusion is 1.6 651	

M.y..  652	

Higashino et al. (2019) reported δ18O profiles across a core-rim transect in almandine-pyrope 653	

garnet. The length scale over which δ18O changed is >500 µm in a garnet with a rim-to-rim 654	

distance of ~3.5 mm, thus plane sheet geometry is inappropriate. Therefore, a spherical geometry 655	

for garnet is used with radius R and composition C0 (i.e. the core), surrounded by a large volume 656	

of garnet with composition C1 (i.e. the overgrowth). For this geometry, the concentration at radial 657	

distance r (given as distance from the crystal core) is: 658	

C(r,t)=C1+
1
2
(C0–C1) :erf 8

R+r
2√Dt

	9+erf 8
R–r
2√Dt

	9< – 659	

–
*C0–C1+
r =>Dtπ ? :exp $–

*R–r+2
4Dt % –exp$–

*R+r+2
4Dt %< (13) 660	

(Crank 1975). Fitting the data from Figure 6 of Higashino et al. (2019) to Equation 13 gives 661	

logDt (m2) = –7.4±0.2 (assuming symmetrical uncertainties in logD space). At 800 °C (Higashino 662	

et al. 2019) our overall regression for the slow diffusivity gives logD (m2s-1) of –22.9±0.5 (2σ) 663	

resulting in times of 30-320 M.y..  664	

Finally, Vielzeuf et al. (2005) reported δ18O profiles in garnets from migmatitic rocks from the 665	

French Pyrenees. As with the data from Higashino et al. (2019), the profile lengths were non-666	

negligible relative to the size of the garnets, thus the spherical model (Equation 13) was applied. 667	

At 850 °C (see Vielzeuf et al. 2005), logD = –22.2±0.4, and fitting their data to Equation 13 gives 668	

a mean logDt (m2) of –7.5±0.3, which then results in times between 4 and 50 M.y..  669	

The relatively large uncertainty on time in each case comes from (1) the uncertainty on the fit, 670	

which is due to the relatively sparse data density as well as the uncertainties on individual points; 671	

(2) the uncertainty on D at a given temperature. Although the timescales calculated using our new 672	



	 30	

Arrhenius relationship are comparable to those estimated in the original studies, it is important to 673	

be able to reproduce older datasets that estimated metamorphic timescales using an earlier 674	

Arrhenius relationship based on limited and unpublished SIMS data by Coghlan (1990, 675	

unpublished data).     676	

  677	

IMPLICATIONS 678	

This study applied a variety of experimental and analytical techniques to investigate oxygen 679	

diffusivity in YAG and pyrope garnet at P-T conditions varying from 1 atm to 2.5 GPa and from 680	

900 to 1600 °C, under both nominally dry and wet conditions. Diffusion profiles measured with 681	

SHRIMP, CAMECA IMS-1280 and NanoSIMS are overall consistent in most experimental 682	

charges (with the exception of those annealed at HP in hydrothermal conditions). Nevertheless, 683	

CAMECA 1280 and NanoSIMS have a higher spatial resolution than SHRIMP in line-scan mode 684	

due to the much smaller size of the analyzed domain (<3 μm vs. ~10 × 15 μm), which allowed 685	

identifying the complex shapes of the diffusion profiles. Additionally, even though profiles 686	

measured in depth-profiling mode by SHRIMP and CAMECA 1280 gave comparable estimates 687	

of the first-order approximations for diffusion coefficients, SHRIMP depth profiles could not be 688	

fitted using the reaction-diffusion model due to their longer tails resulting from analytical 689	

artifacts (edge effects) unavoidable with this instrument. The new data are self-consistent and 690	

suggest no significant effect of chemical composition and pressure on oxygen diffusivity, within 691	

the uncertainty of the data, and predict slower diffusivity of oxygen relative to major divalent 692	

cations when extrapolated to typical crustal P-T conditions. Additionally, the data of Coghlan 693	

(1990 unpublished data) agree well with the new dataset presented in this study. The complexity 694	

of most measured diffusion profiles is interpreted as the result of two different diffusion 695	

mechanisms that differ by ~2 log units. The slow mechanism seems prevalent in garnet with 696	
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natural compositions, hence it may be useful to consider the extent to which O isotopic signatures 697	

can be retained as a function of various T-t conditions.  698	

We consider a case in which garnet crystals (assumed spherical) have a homogeneous isotopic 699	

signature (C0), then are exposed to some other isotopic condition at their boundary (C1) whilst 700	

maintaining their shape and size. Equations A2-19 to A2-21 given in Electronic Appendix 2 701	

(equivalent to Equations 6.18-6.20 from Crank 1975), are useful for considering retention in 702	

spherical systems. Figure 12 shows some example applications considering the effect of 703	

temperature, radius and time applying the diffusivities for the slow diffusion mechanism from 704	

Equation 11.  705	

Whilst these curves do not include the uncertainties associated with the Arrhenius relationship, 706	

the models show the utility of O in garnet. Firstly, relevant for using O isotopes in garnet as a 707	

geochemical tracer, the core isotopic compositions will almost always be preserved at realistic T-t 708	

conditions. Secondly, whilst subject to uncertainties both in terms of diffusivities and diffusion 709	

mechanisms, O in garnet has the potential to be a 'Goldilocks' system for diffusion chronometry 710	

in metamorphic systems – neither too fast to eliminate heterogeneities nor too slow for diffusion 711	

profiles to be measured given current analytical limitations. Potentially, calibrating O diffusion 712	

against major element diffusion in garnets using natural diffusion profiles has promise for 713	

increasing confidence in (and potentially refining) the experimental calibration, but we note that, 714	

as with O, the extrapolation of major element diffusivities to relevant temperatures also comes 715	

with non-negligible uncertainties.  716	
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FIGURE CAPTIONS 956	

Figure 1. Images of YAG annealed in a gas mixing furnace at (a) 1450 °C (failed experiment not 957	

discussed in the text) where it is possible to see the 18O-enriched YAG+Crn buffer sintered on top 958	

of the crystal (reflected light). (b) Sketch showing sample preparation for line-scan analysis by 959	

SIMS (see text for details). (c) Reflected light image of a line-scan measurement for δ18O with 960	

SHRIMP (sample YLPD-1; T = 1600 °C, P = 1 atm). Analyses were performed obliquely to the 961	

diffusion interface to increase the number of spots within the diffusion profile. SEM-BSE (d) and 962	

CL (e) images of a line-scan measurement performed with a CAMECA IMS-1280 (sample 963	

YLPD-1).   964	

Figure 2. Images of garnet crystals recovered from HP experiments. Reflected light images of 965	

YAG sample YHPW-1 (a) and Prp-1 sample PHPW-1 (b) annealed at 900 °C and 1.0 GPa for 14 966	

days under water-present conditions, mounted in epoxy discs for forward depth profiling analysis 967	

by SIMS. The buffer recrystallized on top of the original interface in both pyrope and YAG. 968	

Reflected light images of YAG crystals annealed at 1.5 GPa under nominally dry conditions at 969	

1300 °C (sample YHPD-5) (c) and 1500 °C (sample YHPD-8) (d). Crystals are surrounded by 970	

the graphite+18O-enriched YAG+Crn powder. Two line-scan measurements by SHRIMP are 971	

visible in (d). SEM-BSE (e) and CL (f) images of line-scan measurements performed with a 972	

CAMECA IMS-1280 in the same sample (YHPD-8). Images in (e) and (f) are rotated by 90° 973	

relative to image in (d).  974	

Figure 3. (a) SEM-BSE image of a line-scan analysis conducted with a NanoSIMS in YAG 975	

annealed at 1400 °C and 1.5 GPa under nominally anhydrous conditions for 95.5 h (sample 976	

YHPD-6). (b) SEM X-ray map of the same crystal. Both images show that the diffusion interface 977	

is well preserved.            978	

Figure 4. Concentration-distance profiles with error function geometry measured in line-scan 979	
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mode by SHRIMP and CAMECA IMS-1280 in YAG annealed in a gas mixing furnace (P = 1 980	

atm) at 1600 °C (sample YLPD-1). The large uncertainty on the distance in the profile measured 981	

by SHRIMP is due to the relatively large size of the SHRIMP pit (~10 × 15 µm) vs. ~3 µm for 982	

the IMS-1280. The measured profiles were fitted to Equation 1 by using the least squares 983	

regression. Error bars for 18O/(18O+16O) ratios are not visible because smaller than the symbols.  984	

Figure 5. ‘Stepped’ concentration-distance profiles measured in YAG annealed under nominally 985	

anhydrous conditions at (a, b) 1400 °C and 1.5 GPa, (c, d) 1200 °C and 1.5 GPa, (e) 1600 °C and 986	

1.5 GPa. Two experiments were performed for different durations (numbers on curves) at both 987	

1400 °C and 1200 °C to ensure no time-dependence of oxygen diffusivity and to compare results 988	

obtained in line-scan mode with the NanoSIMS (a, c) and in depth profiling mode by IMS-1280 989	

(b) and SHRIMP (d). The profiles can be divided into two to three zones (I, II, III; see text for 990	

details). (e) The lower spatial resolution of the line-scan analysis by SHRIMP did not allow the 991	

identification of the complex features in the concentration-distance profiles, in contrast to line-992	

scan analysis with a NanoSIMS performed in the same sample. However, the penetration 993	

distances are comparable. Error bars for 18O/(18O+16O) ratios are not visible because smaller than 994	

the symbols. 995	

Figure 6. Arrhenius plot showing approximate average values of D& (for complexly shaped 996	

profiles) and D (for profiles with error-function form) in garnet calculated in this study by fitting 997	

profiles to Equation 1 (logD&s calculated from SHRIMP depth profiling at 900 °C are not used to 998	

determine this Arrhenius relationship, see text; Table 2). The different symbols indicate the 999	

various analytical methods used to measure the concentration-distance profiles. D&s and Ds 1000	

calculated from multiple profiles measured with different techniques in the same experimental 1001	

charge, or in different experimental charges annealed under similar P-T conditions, are 1002	
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comparable within uncertainty. The different colors indicate the different P at which both YAG 1003	

and pyrope were annealed, whereas the fill indicates either presence (empty symbols) or absence 1004	

(full symbols) of a free fluid (H2O) phase. Oxygen isotope data for each diffusion profile 1005	

measured in this study are shown in Tables S3 to S5 (electronic supplement). Samples with error-1006	

function shaped profiles are: YLPD-1, YLPD-2, YHPD-1 and PHPW-1.  1007	

Figure 7. Examples of measured profiles from nominally dry (a, b) and wet (c, d) experiments 1008	

along with the associated model fits, and the concentrations of all modelled species. Note the 1009	

difference in x axes on the different panels – similar behavior is observed at very different spatial 1010	

scales. Experiments: a) YHPD-5 (T = 1300 °C, P = 1.5 GPa, t = 218 h), b) YHPD-2 (T = 1200 1011	

°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 = 1012	

900 °C, P = 1.5 GPa, t = 336 h). 1013	

Figure 8. (a) Arrhenius plot showing values of oxygen diffusion coefficients (D) in garnet 1014	

calculated in this study by fitting profiles to Equation 1 (for error-function shaped profiles) and to 1015	

the diffusion-reaction model (for complexly shaped profiles). See text for details. The same 1016	

diffusion coefficients are shown in (b) according to the analytical method used to acquire the 1017	

18O/(18O+16O) profiles. The figure only includes the Coghlan (1990 unpublished data) data from 1018	

his longest experimental runs, i.e. the profiles least affected by analytical artifacts. This is 1019	

following the decision of Coghlan (see his Table 2.2 and Fig. 2.3.a).  1020	

Figure 9. Variations in profile shapes due to (a) changing the interface 18O concentration and (b) 1021	

changing K. Models in both (a) and (b) were run with the following parameters: ∑XO (initial and 1022	

interface): 0.35; ∑18O (initial): 0.025; D 𝑂	() $
%%=10-17 m2s-1; D 𝑂	() "

× = D𝑉"••=10-19 m2s-1. In (a), 1023	

18O/(18O+16O) was varied between 0.005 and 0.15 – the values on the y-axis are given in 18O per 1024	

12xO; and in (b) logK was varied between -1 and 3. 1025	

Figure 10. Comparison of the Arrhenius relations determined in this study with previous 1026	
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experimental calibrations for (a) oxygen and (b) major cations in garnet. Data for cations are 1027	

normalized to a pressure of 1 GPa using the activation volumes (Jbar-1mol-1) calculated by 1028	

Chakraborty and Ganguly (1992) for Mg, Mn and Fe. Because no experimental data on the 1029	

pressure dependence of DCa is available, an activation volume of 0.6 Jbar-1mol-1 was assumed for 1030	

Ca, according to Ganguly (2010). Data are not normalized to a fixed oxygen fugacity. CG92: 1031	

Chakraborty and Ganguly (1992); G98: Ganguly et al. (1998); FE99: Freer and Edwards (1999); 1032	

V07: Vielzeuf et al. (2007); B12: Borinski et al. (2012).	1033	

Figure 11. Data from three studies, described in the text, fitted to Equations 12 or 13. 2σ 1034	

uncertainties on the fits are estimated as minimum chi-square+4 that of the same associated with 1035	

the best fit (i.e. based on the 'constant chi-square boundaries' method from Press et al. 2007). 1036	

Figure 12. Some examples considering the retentivity of O isotopic signatures at different T-t 1037	

conditions. (a): the bulk garnet composition, given as the difference between the original and 1038	

imposed boundary composition, as a function of radius at 800 °C (Equation A2.19, Electronic 1039	

Appendix 2). (b) The evolution of a profile, in spherical coordinates, as a function of time. The 1040	

curves represent times of 1, 10, 100, 200, 500, 1000 and 2000 M.y. (Equation A2.20, Electronic 1041	

Appendix 2). (c) As (a), but considering the core of a garnet crystal of different radii, rather than 1042	

its bulk signature (Equation A2.21, Electronic Appendix 2). (d) The time taken to modify the 1043	

bulk composition of a garnet to a value of 0.5 (i.e. midway between the initial and boundary 1044	

compositions) as a function of temperature and radius. 1045	

 1046	

SUPPLEMENTARY FIGURE AND TABLE CAPTIONS 1047	

Figure S1. Histograms of spacing between oxygen ions in YAG, pyrope, almandine and 1048	

spessartine derived from X-ray diffraction data, and tabulated by CrystalMakerX software. Bins 1049	

represent a range of 0.05 Å. Data sources: YAG: Jain et al. (2013); pyrope: Gibbs and Smith 1050	
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(1965); almandine, spessartine: Novak and Gibbs (1971). 1051	

Figure S2. Schematic illustration of experimental assemblies for wet (a) and nominally dry (b) 1052	

HP experiments. See text for details. 1053	

Figure S3. Schematic illustration of a cold-sealed Ag capsule used for HP experiments under 1054	

water-present conditions (a), a 3.5 mm Pt capsule (b), and graphite-lined platinum capsules used 1055	

for nominally anhydrous HP experiments (c). See text for details. 1056	

Figure S4. Oxygen diffusivity in garnet as a function of pressure determined at different 1057	

temperatures and under both wet and nominally dry conditions. See text for details. 1058	

Table S1. Representative major element compositions (wt.%) by EPMA of synthetic YAG used 1059	

for the experiments. Cations are based on 12 oxygens. 1060	

Table S2. Representative major element compositions (wt.%) by EDXA-SEM of natural garnet 1061	

crystals used for the experiments. Cations are based on 12 oxygens. 1062	

Table S3. Complete data table of oxygen isotope measurements done in experimental charges of 1063	

YAG annealed at 1500 or 1600 °C and 1 atm in a gas mixing furnace, along with images of each 1064	

traverse. 1065	

Table S4. Complete data table of oxygen isotope measurements done in experimental charges of 1066	

YAG or pyrope annealed at 900 °C and 1.0 or 1.5 GPa under water-saturated conditions, along 1067	

with images of each SIMS pit. 1068	

Table S5. Complete data table of oxygen isotope measurements done in experimental charges of 1069	

YAG annealed at 1050, 1200, 1300, 1400, 1500 or 1600 °C and 1.5 or 2.5 GPa under nominally 1070	

dry conditions, along with images of each SIMS pit and traverse. 1071	

Table S6. Estimate of depth resolution during depth profiling by CAMECA IMS-1280 and by 1072	

SHRIMP. Analyses were performed in YAG reference material coated with an olivine thin film 1073	

enriched in 18O. 1074	
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Table 1. Temperature, pressure, and time conditions for successful experiments conducted in gas 1075	

mixing furnace and end-loaded piston cylinder apparatus under both wet and nominally 1076	

anhydrous conditions.  1077	

 1078	

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

YLPD-1 YAG 1600 1 atm 24 18O-enriched(YAG+Crn) no 

YLPD-2 YAG 1500 1 atm 168 18O-enriched(YAG+Crn) no 

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

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

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

PHPW-1 Prp-1 900 1.0 GPa 336 Prp-1+18O-rich H2O yes 
YHPD-1 YAG 1050 1.5 GPa 240 18O-enriched(YAG+Crn)+Gr no 
YHPD-2 YAG 1200 1.5 GPa 48 18O-enriched(YAG+Crn)+Gr no 
YHPD-3 YAG 1200 1.5 GPa 240 18O-enriched(YAG+Crn)+Gr no 
YHPD-4 YAG 1200 1.5 GPa 24 18O-enriched(YAG+Crn)+Gr no 
YHPD-5 YAG 1300 1.5 GPa 218 18O-enriched(YAG+Crn)+Gr no 
YHPD-6 YAG 1400 1.5 GPa 95.5 18O-enriched(YAG+Crn)+Gr no 
YHPD-7 YAG 1400 1.5 GPa 2 18O-enriched(YAG+Crn)+Gr no 
YHPD-8 YAG 1500 1.5 GPa 144 18O-enriched(YAG+Crn)+Gr no 
YHPD-10 YAG 1600 1.5 GPa 27.5 18O-enriched(YAG+Crn)+Gr no 
YHPD-11 YAG 1500 2.5 GPa 144 18O-enriched(YAG+Crn)+Gr no 
* The notation of the experiment ID indicates the garnet composition (P = pyrope, Y = YAG), the pressure (LP = 1-1079	

atm experiments, HP = piston cylinder experiments) and the presence/absence of water (W = wet, D = dry).1080	
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Table 2. Oxygen diffusion coefficients (m2s-1) calculated in YAG and pyrope according to the 1081	

error-function fit (erf fit) and diffusion-reaction model (diff-reac).  1082	
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Experiment ID Garnet T (°C) P t (h) log10D  log10D 𝑂	"# $
%%  log10D 𝑉&••  log10D 𝑂&×  Analytical method erf fit (Eq. 1) diff-reac diff-reac diff-reac 

YHPW-1_s1 YAG 900 1.0 GPa 336 -19.6       SHRIMP d.p. 
YHPW-1_s2 YAG 900 1.0 GPa 336 -19.6       SHRIMP d.p. 
YHPW-1_s3 YAG 900 1.0 GPa 336 -19.6       SHRIMP d.p. 
YHPW-1_s4 YAG 900 1.0 GPa 336 -19.7       SHRIMP d.p. 
YHPW-1_c1 YAG 900 1.0 GPa 336  -19.4 -21.7 -21.7 CAMECA 1280 d.p. 

        -21.8         
YHPW-1_c2 YAG 900 1.0 GPa 336  -19.5 -21.6 -21.6 CAMECA 1280 d.p. 
          -21.9         
YHPW-2_s1 YAG 900 1.0 GPa 336 -19.0       SHRIMP d.p. 
YHPW-2_s2 YAG 900 1.0 GPa 336 -19.4       SHRIMP d.p. 
YHPW-2_s3 YAG 900 1.0 GPa 336 -19.1       SHRIMP d.p. 
YHPW-2_s4 YAG 900 1.0 GPa 336 -19.0       SHRIMP d.p. 
YHPW-2_c1 YAG 900 1.0 GPa 262 -20.8       CAMECA 1280 d.p. 
          -21.1         
YHPW-2_c2 YAG 900 1.0 GPa 262 -20.8       CAMECA 1280 d.p. 
          -21.5         
YHPW-2_c3 YAG 900 1.0 GPa 262 -21.0       CAMECA 1280 d.p. 
          -21.6         
YHPW-3_s1 YAG 900 1.5 GPa 336 -19.4       SHRIMP d.p. 
YHPW-3_c1 YAG 900 1.5 GPa 336  -19.7 -21.7 -21.7 CAMECA 1280 d.p. 
          -21.6         
PHPW-1_s1 Prp 900 1.0 GPa 336 -19.2       SHRIMP d.p. 
PHPW-1_s2 Prp 900 1.0 GPa 336 -19.2       SHRIMP d.p. 
PHPW-1_c1 Prp 900 1.0 GPa 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 GPa 336 -20.9       CAMECA 1280 d.p. 
          -21.2         
PHPW-1_c3 Prp 900 1.0 GPa 336 -21.7       CAMECA 1280 d.p. 
          -21.2         
YHPD-1_ns1 YAG 1050 1.5 GPa 240 -17.4       NanoSIMS tr. 
YHPD-1_ns2 YAG 1050 1.5 GPa 240 -17.5       NanoSIMS tr. 
YHPD-2_s1 YAG 1200 1.5 GPa 48 -17.8       SHRIMP d.p. 
YHPD-2_s2 YAG 1200 1.5 GPa 48 -17.6       SHRIMP d.p. 
YHPD-2_c1 YAG 1200 1.5 GPa 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 1083	
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	"# $

%%	= 1084	
oxygen in interstitial site, 𝑉&••	= oxygen vacancy, 𝑂&×	= oxygen in lattice site. 1085	

 1086	
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Experiment ID Garnet T (°C) P t (h) log10D log10D 𝑂	"# $
%%  log10D 𝑉&••  log10D 𝑂&×  Analytical method erf fit (Eq. 1) diff-reac diff-reac diff-reac 

YHPD-2_c2 YAG 1200 1.5 GPa 48 -18.0 -16.6 -19.9 -19.9 CAMECA 1280 d.p. 
YHPD-2_c3 YAG 1200 1.5 GPa 48 -17.9 -16.8 -19.8 -19.8 CAMECA 1280 d.p. 
YHPD-3_ns1 YAG 1200 1.5 GPa 240 -17.6 -16.8 -18.9 -19.0 NanoSIMS tr. 
YHPD-3_ns2 YAG 1200 1.5 GPa 240 -17.7 -16.8 -19.2 -19.2 NanoSIMS tr. 
YHPD-4_s1 YAG 1200 1.5 GPa 24 -17.0       SHRIMP d.p. 
YHPD-4_s2 YAG 1200 1.5 GPa 24 -17.0       SHRIMP d.p. 
YHPD-4_c1 YAG 1200 1.5 GPa 24 -17.8 -16.7 -19.6 -19.7 CAMECA 1280 d.p. 
YHPD-4_c2 YAG 1200 1.5 GPa 24 -17.8 -16.7 -20.0 -20.0 CAMECA 1280 d.p. 
YHPD-5_ns1 YAG 1300 1.5 GPa 218 -16.8 -16.0 -19.3 -19.3 NanoSIMS tr. 
YHPD-5_ns2 YAG 1300 1.5 GPa 218 -16.8 -16.0 -17.8 -18.2 NanoSIMS tr. 
YHPD-6_s1 YAG 1400 1.5 GPa 95.5 -15.8       SHRIMP tr. 
YHPD-6_ns1 YAG 1400 1.5 GPa 95.5 -15.5 -15.2 -15.4 -17.1 NanoSIMS tr. 
YHPD-7_s1 YAG 1400 1.5 GPa 2 -15.5       SHRIMP d.p. 
YHPD-7_s2 YAG 1400 1.5 GPa 2 -15.7       SHRIMP d.p. 
YHPD-7_c1 YAG 1400 1.5 GPa 2 -16.1       CAMECA 1280 d.p. 
YHPD-7_c2 YAG 1400 1.5 GPa 2 -16.3 -15.1 -17.1 -18.2 CAMECA 1280 d.p. 
YHPD-7_c3 YAG 1400 1.5 GPa 2 -16.2 -15.2 -16.8 -18.9 CAMECA 1280 d.p. 
YHPD-7_c4 YAG 1400 1.5 GPa 2 -16.2 -15.3 -16.5 -16.5 CAMECA 1280 d.p. 
YHPD-7_c5 YAG 1400 1.5 GPa 2 -16.3 -15.3 -16.7 -15.6 CAMECA 1280 d.p. 
YHPD-8_s1 YAG 1500 1.5 GPa 144 -14.8       SHRIMP tr. 
YHPD-8_s2 YAG 1500 1.5 GPa 144 -14.8       SHRIMP tr. 
YHPD-8_c1 YAG 1500 1.5 GPa 144 -14.9 -14.3 -15.5 -15.6 CAMECA 1280 tr. 
YHPD-8_c2 YAG 1500 1.5 GPa 144 -14.9 -14.0 -15.8 -15.8 CAMECA 1280 tr. 
YHPD-8_c3 YAG 1500 1.5 GPa 144 -14.9 -14.1 -15.7 -15.7 CAMECA 1280 tr. 
YHPD-8_c4 YAG 1500 1.5 GPa 144 -14.9 -14.2 -15.6 -15.6 CAMECA 1280 tr. 
YHPD-10_s1 YAG 1600 1.5 GPa 27.5 -15.1       SHRIMP tr. 
YHPD-10_ns1 YAG 1600 1.5 GPa 27.5 -15.3 -14.4 -16.0 -16.0 NanoSIMS tr. 
YHPD-11_s1 YAG 1500 2.5 GPa 144 -15.3       SHRIMP tr. 
YHPD-11_s2 YAG 1500 2.5 GPa 144 -15.0       SHRIMP tr. 
YHPD-11_c1 YAG 1500 2.5 GPa 144 -15.2 -14.5 -16.2 -16.2 CAMECA 1280 tr. 
YHPD-11_c2 YAG 1500 2.5 GPa 144 -15.1 -14.3 -16.2 -16.2 CAMECA 1280 tr. 
YHPD-11_c3 YAG 1500 2.5 GPa 144 -15.3 -14.5 -16.0 -16.0 CAMECA 1280 tr. 
YHPD-11_c4 YAG 1500 2.5 GPa 144 -15.2 -14.6 -16.0 -16.1 CAMECA 1280 tr. 
YLPD-1_s1 YAG 1600 1 atm 24 -14.4       SHRIMP tr. 
 1087	
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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 1088	
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	"# $

%%	= 1089	
oxygen in interstitial site, 𝑉&••	= oxygen vacancy, 𝑂&×	= oxygen in lattice site. 1090	

 1091	

Experiment ID Garnet T (°C) P t (h) log10D  log10D 𝑂	"# $
%% log10D 𝑉&••	 log10D 𝑂&×	 Analytical method erf fit (Eq. 1) diff-reac diff-reac diff-reac 

YLPD-1_c1 YAG 1600 1 atm 24 -14.7       CAMECA 1280 tr. 
YLPD-1_c2 YAG 1600 1 atm 24 -14.7       CAMECA 1280 tr. 
YLPD-1_c3 YAG 1600 1 atm 24 -14.7       CAMECA 1280 tr. 
YLPD-1_c4 YAG 1600 1 atm 24 -14.5       CAMECA 1280 tr. 
YLPD-2_s1 YAG 1500 1 atm 168 -14.8       SHRIMP tr. 
YLPD-2_c1 YAG 1500 1 atm 168 -15.1       CAMECA 1280 tr. 
YLPD-2_c2 YAG 1500 1 atm 168 -15.0       CAMECA 1280 tr. 
YLPD-2_c3 YAG 1500 1 atm 168 -15.0       CAMECA 1280 tr. 
YLPD-2_c4 YAG 1500 1 atm 168 -15.1       CAMECA 1280 tr. 
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 1092	
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	"# $

%%	= 1093	
oxygen in interstitial site, 𝑉&••	= oxygen vacancy, 𝑂&×	= oxygen in lattice site. 1094	

 1095	
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