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Abstract 11 
 12 Garnet is a common and important mineral in metamorphic systems, but the 13 mechanisms by which it incorporates Ti— one of the major elements in the crust— 14 are not well constrained. This study draws upon garnets synthesized at a range of 15 temperatures and pressures to understand Ti solubility and the substitution 16 mechanisms that govern its incorporation into garnet at eclogite and granulite facies 17 conditions. Garnets from these synthesis experiments can incorporate up to several 18 wt. % TiO2. Comparison of Ti content with deficits in Al and Si in garnet indicates 19 that Ti is incorporated by at least two substitution mechanisms (VITi4+ + VIM2+ ↔ 20 2VIAl3+,  and VITi4+ + IVAl3+ ↔ VIAl3+ + IVSi4+). Increasing Ti solubility is correlated with 21 increasing Ca and Fe/Mg ratios in garnet, clinopyroxene and melt. The complexity of 22 the substitution mechanisms involved in Ti solubility in garnet make practical Ti-in-23 garnet thermobarometry infeasible at present. However, a model fit to Ti 24 partitioning between garnet and melt can be used to predict melt compositions in 25 high grade metamorphic systems.  Additionally, the solubility and substitution 26 mechanisms described here can help explain the presence of crystallographically-27 aligned rutile needles in high grade metamorphic systems. 28   29 
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 30 
Introduction 31 

 32 Garnet is a common mineral in the crust and mantle, and its chemical 33 composition is crucial to our understanding of the chemical, physical and temporal 34 evolution of the earth. Its utility extends from its major-element composition [e.g. 35 Fe/Mg exchange between garnet and other phases used in thermobarometry 36 (Råheim and Green 1974; Ellis and Green 1979; Krogh 1988; Pattison and Newton 37 1989)] to its trace elements [e.g. Sm-Nd dating, Y zoning (Lanzirotti 1995; Baxter et 38 al. 2002; Thöni 2002; Pyle and Spear 2003)]. Still, it behooves geoscientists to 39 develop new garnet-based petrogenetic tools to better constrain our understanding 40 of metamorphic processes. While extensive work has been performed developing 41 and applying garnet-based petrogenetic tools, the utility of Ti in garnet remains 42 unclear. The fact that Ti activity is often buffered in natural metamorphic systems 43 by the presence of rutile⎯ combined with its typically trace or minor abundance in 44 most garnets⎯ makes Ti a potentially useful element for developing novel 45 petrogenetic tools involving garnet. However, its utility is currently hampered by 46 our limited understanding of the mechanism of Ti substitution into garnet and the 47 factors influencing its solubility. 48 The generalized chemical formula for garnets is (X3Y2Z3O12). While there are 49 over 29 naturally-occurring and hypothetical garnet end members, the majority of 50 crustal garnets lie within the pyralspite and ugrandite groups (Locock 2008). The 51 former is typified by octahedral Al and the later by dodecahedral Ca. The X site is a 52 dodecahedral site containing divalent cations Ca, Fe, Mg, and Mn (denoted 53 
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generically as M2+). The octahedral Y site contains trivalent Al and Fe3+, and the 54 tetrahedral Z site is primarily tetravalent Si. Most crustal garnets maintain a 55 divalent-trivalent-tetravalent ratio of 3:2:3, but the addition of Ti to the crystal 56 structure of garnet has been demonstrated to move these ratios out of stoichiometry 57 (Huggins et al., 1977(2), sources therein). 58  Although site occupancy of most major elements in garnet is well 59 understood, Ti coordination and potential substitution mechanisms have been a 60 subject of considerable discussion beginning as early as Zedlitz (1933). Several 61 studies have suggested— based on the hypothetical end-member configurations of 62 melanite and schorlomite garnets— that Ti4+ incorporation occurs primarily on the 63 tetrahedral Z site in garnet (Armbruster and Geiger 1993; Scordari et al. 2003). 64 Conversely— based on intra-crystalline chemical variations (Gwalani et al. 2000; 65 Chakhmouradian and McCammon 2005; Grew et al. 2013; Proyer et al. 2013) and 66 XANES analyses of schorlomite garnets (Waychunas 1987)— others have suggested 67 that Ti incorporation occurs primarily on the octahedral Y site. Substitution of Ti4+ 68 onto the tetrahedral site in garnet can be achieved through a simple Ti4+↔ Si4+ 69 substitution with Si4+. However, octahedral Ti4+ requires a charge-balancing 70 mechanism for Al3+. Alternatively, Ti3+ could be incorporated into the octahedral 71 site, although most studies suggest Ti3+ in naturally-occurring garnets or terrestrial 72 melts is negligible (Huggins et al. 1977; Gwalani et al. 2000; Chakhmouradian and 73 McCammon 2005; Krawczynski et al. 2009; Grew et al. 2013).  74 While most continental metamorphic garnets contain minor to trace 75 amounts of Ti, crystallographically-aligned rutile needles from high-grade 76 
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metamorphic garnets (primarily eclogites, granulites and mantle xenoliths) indicate 77 elevated Ti concentrations (up to several weight % TiO2) at high temperatures and 78 pressures. The commonly accepted petrogenetic theory behind the occurrence of 79 these rutile needles involves the retrogressive exsolution of rutile from the garnet 80 crystal lattice during exhumation to the surface (Ye et al. 2000; Alifirova et al. 2012; 81 Ague et al. 2013; Proyer et al. 2013). 82  Laboratory synthesis of garnets at elevated temperatures and pressures 83 enables observation of Ti coordination and solubility systematics in garnets at 84 geologic conditions where the Ti signature in natural garnets would probably 85 experience changes upon exhumation (as suggested by exsolved rutile/ilmenite 86 crystals in some high grade garnets). High Ti concentrations in experimental garnets 87 could bolster observations from natural systems and serve as a novel means to 88 identify high-grade metamorphic signatures where the other indicators (diamond or 89 coesite inclusions) may be absent. Furthermore, the controlled environment of 90 experimental synthesis allows for direct observations of the thermal, barometric 91 and chemical controls on Ti coordination and concentration in garnet.  92 In this study we aim to demonstrate using experimentally-grown garnets 93 that incorporation of Ti occurs primarily on the octahedral site via multiple 94 substitution mechanisms.  Ti partitioning between garnet and silicate melts can be 95 modelled using temperature and melt composition, while pressure appears to have 96 little effect on partitioning over the experimental range. Ti solubility of experimental 97 garnets at high pressures and temperatures correlates with the inferred solubility in 98 natural high grade garnets that contain crystallographically-aligned rutile needles. 99 
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Experimental 100 
 101 Experiments were performed in a piston-cylinder apparatus at Rensselaer 102 Polytechnic Institute. Rock powders and oxygen fugacity buffers were loaded into 103 opposite sides of two-chamber Ag capsules. Rock powders were juxtaposed against 104 the oxygen fugacity buffers and separated by Ag-Pd or Pd foil. The Ag capsule was 105 then loaded into a graphite-NaCl-Pyrex® assembly with MgO, Pyrex® and fired 106 pyrophyllite filler pieces (Fig. 1). 107  Three bulk compositions (Table 1) were selected based on the bulk 108 compositions from which garnets crystallize in a subducting oceanic slab. The 109 compositions include: a synthetic amphibolite (AMPH) based on the pillowed 110 greenstone amphibolite (Composition No. 4) of (Rapp and Watson 1995), a 111 synthetic global subducting sediment (GLOSS) of (Plank and Langmuir 1998), and a 112 natural basalt (SUNY MORB, Richter et al. 2003). Bulk compositions were then 113 doped with 5 wt. % TiO2 and 1 wt. % ZrO2 to ensure saturation of rutile and/or 114 ilmenite and zircon (respectively). Prior to running the experiments charges were 115 also doped with 10 wt.% H2O to facilitate crystal nucleation and grain growth. 116 Experiments were performed over a range of temperatures, pressures and 117 compositions (Table 2, Fig. 2). All experiments performed in this study were 118 buffered at the fayalite-magnetite-quartz (FMQ) buffer. All buffers were checked at 119 the end of the experiments to assure they contained the assemblage fayalaite + 120 magnetite + quartz. In some experiments the buffer assemblage was not FMQ, likely 121 because the buffer was depleted before experimental completion. These 122 experiments were repeated with new powders and larger volumes of buffer to 123 
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ensure the buffers were not depleted. Some experiments were also doped with <72 124 
μm Gore Mountain garnet seeds (Wentorf 1956) as a surface for epitaxial garnet 125 growth to overcome the garnet nucleation barrier (Yoder and Tilley 1962). 126 Experimental duration was typically 48 hrs, although additional experiments were 127 performed at 24 and 72 hrs. Despite evidence for chemical zoning in garnets 128 (discussed below) the near-identical compositions of the rims of phases present 129 over multiple time scales suggests that experiments reach equilibrium over run 130 durations as short as 24 hrs (Table 2).  131 

Analytical procedure 132 
 133 Chemical analyses of all experimental phases were performed using a 134 Cameca SX 100 electron probe microanalyzer (EPMA) at Rensselaer Polytechnic 135 Institute. The electron beam was operated at a 15 kV accelerating voltage and a 20 136 nA current with a 2 µm beam size. Ti in synthetic garnets was counted on Ti Kα X-137 rays using two large PET crystals with peak-measuring durations of 20 seconds. ZAF 138 corrections of the glass compositions were calculated assuming all analyses lower 139 than 100% were due to H from dissolved water. Garnet and clinopyroxene were 140 analyzed at their rims due to the existence of core-rim zoning in most experiments. 141 Several analyses were also performed at 10 kV to ensure the large activation volume 142 of the 15 kV beam was not generating significant secondary fluorescence from 143 proximal titaniferous phases. 144 

Secondary fluorescence  145 Secondary fluorescence was a specific concern when analyzing Ti in garnet. 146 Secondary fluorescence of Ti occurs when Ti Kα X-rays are generated in a phase 147 
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adjacent to (in this case ilmenite or rutile) the phase of interest (garnet) via 148 interaction between ilmenite/rutile and high energy X-rays generated within the 149 excitation volume of the incident electron beam. Secondary X-rays have been shown 150 to result in erroneously high apparent Ti contents in minerals and alloys at 151 distances greater than 100 µm from phase boundaries (Bastin et al. 1984, Feenstra 152 and Engi 1998, Wark and Watson 2006, Jercinovic et al. 2008). In particular, 153 Feenstra and Engi (1998) saw fluorescence in a garnet adjacent to ilmenite at a 154 distance greater than 40 µm.  155  The results of Feenstra and Engi (1998) could pose a significant problem for 156 analysis of Ti in experimental garnet due to the large number of ilmenite and rutile 157 inclusions in garnets (Fig. 4). However, the magnitude of secondary fluorescence 158 effects depends critically on the geometry of the contact between the two phases. 159 Feenstra and Engi (1998) conducted secondary fluorescence experiments using 160 polished slabs of garnet and ilmenite juxtaposed against each other in a plane 161 parallel to the direction of the incident beam, thus maximizing the amount of 162 ilmenite interacting with the electron beam (and secondary X-rays). This geometry 163 contrasts with that of  most experimentally-grown garnets, which  contain small (5 164 µm) ilmenite or rutile inclusions⎯ meaning fewer secondary X-rays will interact 165 with the ilmenite/rutile than in the case of an infinite planar interface.  166 The magnitude of secondary fluorescence effects can be explored directly 167 with the EPMA on various target geometries, and also using the program PENEPMA 168 ("Penetration and Energy Loss of Positrons and Electrons, Electron Probe 169 Microanaysis”; Fournelle 2007).  Electron-probe analyses of garnet approaching an 170 
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artificial (planar) garnet-ilmenite interface and near a typical ilmenite inclusion in 171 garnet  show that both the unrealistic planar geometry in the EMPA tests and the 172 PENEPMA simulations significantly overestimate the effect of secondary 173 fluorescence in experimental garnets (Fig. 3). A transect of a garnet with ilmenite 174 inclusions indicates that the effect of secondary fluorescence from the ilmenite is 175 only appreciable within 5 µm of the phase boundary. 176  The minor role of secondary fluorescence demonstrated above means that 177 accurate measurement of Ti concentrations in garnets can be made even in the 178 presence of widespread Fe-Ti oxide inclusions. Nevertheless, garnets were analyzed 179 only in regions where no ilmenite or rutile were observed in the polished surface 180 within at least 20 microns of the analytical spot. Furthermore, several analyses were 181 performed at 10 kV to reduce the activation volume of the beam, and returned near-182 identical results. Garnets were also inspected for subsurface inclusions using an 183 optical microscope prior to analyses to avoid "contamination" of the Ti 184 measurements by subsurface Ti phases.  185 
Results 186 

 187 Garnet and clinopyroxene are the primary mineral phases present in the 188 experimental run products, with minor amounts of zircon, ilmenite and/or rutile 189 (Fig. 4). Orthopyroxene and amphibole are present in some experiments, while 190 titanite is present in several experiments (Table 2). All experiments were buffered 191 at the FMQ buffer as demonstrated by the presence of fayalite, magnetite and quartz 192 in the buffer chamber of the experimental containers (Fig. 4). Garnets typically 193 occur as large (40-100μm), euhedral crystals containing mineral inclusions of zircon 194 
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and the Fe-Ti oxide phase(s). All garnets are primarily almandine with varying 195 amounts of grossular and pyrope components and < 5 % spessartine. 196 Clinopyroxenes are bladed with a maximum diameter of ~10 μm perpendicular to 197 the long axis. They are primarily hedenbergite composition with several weight % 198 Mg and Al (Table 5).  199 Both garnets and clinopyroxenes in most experiments are zoned from core-200 rim. This is consistent with observations from other experimental studies at similar 201 temperatures (Råheim and Green 1974; Ellis and Green 1979; Pattison and Newton 202 1989) where low temperatures, highly viscous melt compositions and rapid mineral 203 growth surpass the ability of complete mineral-melt re-equilibration . The large size 204 of garnets allows for core-rim analysis of the chemical zoning. Garnets 205 systematically become more Fe, Ca, and Ti poor and Mg and Mn rich from core to 206 rim. The relatively small size of pyroxenes makes observing systematic zoning 207 difficult via EPMA, but generally there is rim-ward increase in Fe and Ca relative to 208 Mg, with no resolvable change in Ti. The small size and zoning within the pyroxenes 209 as well as the number of rutile and/or ilmenite inclusions made it difficult to obtain 210 consistent and meaningful analyses of pyroxenes in many run products.  211 All experiments were performed above the wet solidus of the bulk 212 compositions used for garnet synthesis as demonstrated by the presence of 213 quenched melt (glass) in all experiments. Glass compositions ranged from dacitic to 214 rhyolitic for all bulk compositions analyzed. Melt compositions were analyzed in 215 experiments that contained segregated melt pools large enough to be analyzed by 216 EPMA. However, most experimental glasses are too densely populated with mineral 217 
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inclusions or vapor bubbles to obtain meaningful chemical compositions. High 218 spatial densities of Ti-oxide minerals in the melt and the possibility of secondary 219 fluorescence increasing the measured Ti content of the melt cannot be discounted 220 (Hayden and Watson 2007). Analytical points were chosen in melt where no oxide 221 phases were present within 20 μm, although sub-surface inclusions could contribute 222 to the measured (apparent) Ti content of the melt.   223  While most experiments were performed for 48 hours, experiments were 224 also conducted for 24 and 72 hours to observe possible time-dependent effects on 225 the experimental results.  The results of these experiments display negligible 226 compositional drift over the time interval (Table 3). The same phases are present in 227 all of these time series experiments at similar proportions.  Additionally, garnets 228 analyzed using a 10 kV beam returned near-identical results to analyses using a 15 229 kV beam (Table 3).  230 Additionally, garnet and melt composition data from multiple experimental 231 studies (Rapp and Watson 1995; Tailby 2009; Qian and Hermann 2013) were 232 included with the data from this study in order to sample a wide compositional, 233 thermal and barometric range over which to observe chemical trends in garnet. 234 Oxygen normalization of garnet compositional data to an ideal 12 oxygen per 235 formula unit (a.p.f.u.) provides information on deviations from idealized garnet 236 chemistry. In ideal pyralspite and grossular garnets there are two moles of Al for 237 every mole of garnet, all of which exists on the octahedral site. If other elements 238 substitute onto the octahedral site the aluminum content will decrease in 239 stoichiometric proportion with the substituting cation. Similarly, there should only 240 
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be 3 total moles of the M2+ cations and 3 moles of Si. Deviations from ideal 241 stoichiometry are reported in table 3, and are defined as: 242 ݐ݂݅ܿ݅݁݀ ݈ܣ ൌ 2 െ ݐ݂݅ܿ݅݁݀ ݅ܵ              ሻ             243ݑ݂ሺ݈ܽܣ ൌ 3 െ ܵ݅ሺܽݑ݂ሻ             244 ݁ܯ ݏݏ݁ܿݔଶା ܿܽݏ݊݅ݐ ൌ ∑ ሻݑ݂ଶାሺܽܯ െ 3            245 The data reported in table 3 of garnet compositions are the averages of at least 246 six garnet analyses from each experiment near the rims of the garnets (see below 247 for discussion of garnet zoning). It is important to consider the magnitude of 248 analytical uncertainty (x-ray counting errors) of individual data points and  actual 249 compositional variations within populations from a single experiment, and the role 250 these statistical aspects will have in interpreting relationships between elements in 251 garnets both within a single experiment and between experiments. The errors 252 associated with derived quantities (e.g., Al- and Si-deficit) are ultimately the errors 253 associated with measurement of Al and Si content in the garnets. For the EPMA 254 routine used in this study, the relative standard deviations (ܴܵܦ ൌ 100 ௌா௫ , where SE 255 is the 1σ standard error of the measurement and x is the measured value of a given 256 element) of individual element measurements result in minimal errors in the 257 derived quantities (Si- and Al-deficit, excess cations) and are encompassed  in the 258 error bars reported for the derived quantities (Table 3).  Intra-experimental 259 variations in garnet composition are generally higher than the analytical error. 260 Ultimately, the intra-sample errors on elemental measurements have a 261 significant impact on the error bars on the derived quantities, in particular the 262 excess cation values. Error propagation of the intra-sample errors for the excess 263 
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cations can be approximated using the formula: 264 ܵܦሺ݁ܯ ݏݏ݁ܿݔଶାሻ ൌ ඥሺܵܦெሻଶ  ሺܵܦிሻଶ  ሺܵܦிሻଶ  ሺܵܦெሻଶ .  This formula is a 265 minimum error on the excess M2+ cations because it neglects the correlation 266 coefficient between the variables which has been shown (Kohn and Spear 1991a, 267 1991b) to be important when estimating errors on normalized formulae. The 268 propagated errors on the excess M2+ values are often greater than the quantities 269 themselves. For example the calculated excess M2+ value for sample 15-AMPH is 270 0.08 ± 0.14. In the same sample the Al deficit is 0.08 ± 0.02. Combining multiple 271 sources of errors also makes it difficult to determine the proportions of substitution 272 mechanisms contributing to individual data points.  273 
Discussion 274 

 275 Understanding the factors influencing Ti solubility in garnet is important for 276 interpreting crustal and mantle geochemical processes. In the following discussion 277 we aim to demonstrate, using garnets grown at eclogite- and granulite-facies 278 conditions, that (1) Ti incorporation must occur through multiple substitution 279 mechanisms onto the octahedral site, (2) Ti incorporation into garnet is influenced 280 by VIIICa and is correlated with increases in Fe/Mg fractions in garnet, clinopyroxene 281 and the melt, (3) temperature, melt composition and garnet-melt KD values can be 282 used to predict Ti concentrations in garnet, and (4)  exsolution of rutile from high-283 grade garnets can be explained using the substitution mechanisms observed in this 284 study and open system exchange between garnets and their mineral or melt matrix.  285 
Attainment of equilibrium  286 
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The observation of chemical zoning in garnets and pyroxenes demonstrates 287 disequilibrium within the experimental assembly. Calibrations of the garnet-288 clinopyroxene Fe-Mg exchange thermobarometer have noted zoning in garnets at 289 temperatures and pressures equivalent to our experimental conditions (Yoder and 290 Tilley 1962; Råheim and Green 1974).  Reversal experiments (Pattison and Newton 291 1989) indicate that the rim compositions of non-reversed garnet and clinopyroxene 292 are closest to the equilibrium value. By this logic, zoned minerals in our experiments 293 will be closest to the equilibrium value near their rims. Fe-Mg exchange 294 thermobarometry (given T, P, Xgrs and molar Fe/Mg in clinopyroxene and garnet) 295 applied to a core-rim transect in a zoned garnet from experiment 8-GLOSS (an 296 experiment with large and relatively unzoned clinopyroxene) using the (Ellis and 297 Green 1979) calibration demonstrate a rim-ward approach toward the expected 298 equilibrium value (Fig. 5). This observation validates the analytical approach of 299 measuring mineral compositions near their rims.  300 In all of the experiments that were seeded with garnet (with the exception of 301 9-GLOSS), the garnet seeds have sharp edges and appear fragmented, suggesting no 302 dissolution of the seeds prior to crystallization. However, in the experiment 9-303 GLOSS the garnet seed is rounded with irregular faces, suggesting at least a minimal 304 amount of dissolution prior to epitaxial crystallization of new garnet. Because the 305 Gore Mountain seed garnet is relatively Fe- and Mg-rich, this likely changed (at least 306 locally) the melt composition from which the garnets were crystallizing. In return, 307 this created new garnet growth that is relatively Fe and Mg rich (relative to 4-308 
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GLOSS), and subsequently deficient in Ti relative to garnets from 4-GLOSS that were 309 grown without a seed. 310 Similarly, garnet-clinopyroxene Fe-Mg partition coefficients ܭଵ ൌ311 ሺ݃ܯ/݁ܨሻீ௧ ௫൘݃ܯ/݁ܨ  for the experiments of Rapp and Watson 1995 and this study 312 
match the experimental calibrations (Råheim and Green 1974; Ellis and Green 1979; 313 Pattison and Newton 1989; Ravna 2000) for Fe-Mg exchange. The spread in 314 calculated temperatures for this study (Fig. 6) are similar to the spread in higher-315 temperature experiments of Rapp and Watson 1995— validation that even the 316 lower temperature garnets of this study approached equilibrium conditions.  317 
Substitution mechanisms 318 Proyer et al., 2012 laid a theoretical framework for understanding possible 319 substitution mechanisms of octahedral Ti incorporation into garnet. These include:  320 

(1) VITi4+ + VIIINa+ ↔ VIIIM2+ + VIAl3+, 321 
(2) VITi4+ + VIM2+ ↔ 2VIAl3+,  322 
(3) VITi4+ + IVAl3+ ↔ VIAl3+ + IVSi4+ (Ti—tschermak), 323 
(4) VITi4+ + IVFe3+ ↔ VI(Al,Fe)3++ IVSi4+(Ti-andradite),   324 
(5)  VIII□ + 2VITi4+ ↔ VIIIM2+ + 2VIAl3+ (□ denotes vacancy). 325 

Additionally, Ti incorporation into garnet could take place via direct substitution for 326 Si on the tetrahedral site: 327 
(6) IVTi4+ ↔ IVSi4+. 328 
Incorporation of VITi4+ with VIIINa+ (mechanism 1) onto the dodecahedral site is a 329 plausible substitution mechanism in some natural systems where the measured Na 330 
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content of the garnet equals (Auzanneau et al. 2009) or exceeds Ti content (e.g. grt2 331 from (Krenn et al. 2008; Proyer et al. 2013). However, the concentration of Na in 332 many natural garnets is appreciably lower than that of Ti. In the experimental 333 garnets grown for this study, Na concentrations were near or below the EPMA 334 detection limit and far below the Ti content, reducing the possibility of the Na 335 substitution as a dominant substitution mechanism.  336 The roles of substitution mechanisms 2, 3 and 5 can be assessed by comparing 337 the Ti content of garnet with cation-normalized deficits on the Al and Si sites. If Ti 338 sits on the octahedral site via a coupled substitution with an octahedrally-339 coordinated M2+ cation, the slope between Ti content and Al deficit on the Al site [2-340 Al (a.p.f.u)] should equal 2. If the Ti-tschermak substitution dominates, there is no 341 net loss of Al with Ti incorporation, so the slope between Ti and Al deficit will equal 342 zero. Similar arguments can be made in Ti versus Si deficit space [3-Si (a.p.f.u)]. If 343 the Ti + M2+ substitution or vacancy mechanism dominate, the slope between Ti and 344 Si deficit should be zero, while the Ti-tschermak substitution mechanism will result 345 in a slope of 1. 346 Least-squares linear regression of the data in Ti versus Al deficit space (Fig. 7a) 347 exhibits a slope of 1.32— between the expected trends of mechanisms 2 and 3. 348 While closer in slope to the expected slope (2) for mechanism 2/5, the data are 349 shifted to a lower Al-deficit value. This would be expected if Al is also incorporated 350 onto the tetrahedral site (mechanism 3).  351 As in the case of the Ti vs. Al deficit trends, the slope of the data in Ti versus Si 352 deficit space (0.39) lies between mechanisms 2 or 5 and 3 (Fig. 7b). These combined 353 
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observations suggest Ti incorporation occurs predominately via both mechanisms 2 354 and 3.  Integrating mechanisms 2 and 3 onto a single plot [Al deficit + 2(Si deficit)] 355 (Fig. 7c) yields a positive correlation with a slope of 2.07 ± 0.16, within error of the 356 theoretical value. In Ti and Al-deficit or Si-deficit space, scatter from the linear 357 regression is likely a function of both the inherent analytical scatter and varying 358 contributions of the two substitution mechanisms to the individual experiments.  359 It is not possible to deconvolve the vacancy mechanism (mechanism 5) from 360 mechanism 2 in Ti versus Al deficit space, or from mechanism 3 in Ti versus Si 361 deficit space. However, the vacancy mechanism alone does not account for the 362 positive correlation between Ti and Si-deficit. Similarly, the andradite-type 363 substitution mechanism (mechanism 4) should result in positive trends between Ti 364 an Al-deficit and Si-deficit space, but alone cannot account for the total variability 365 observed in Figure 7.  Whereas the combination of mechanisms 2 and 3 provide the 366 best fit to the data, mechanisms 4 and 5 could also contribute to the incorporation of 367 Ti into garnet. Using Al-deficit and Si-deficit calculations, it is clear that no one 368 substitution mechanism controls Ti incorporation in garnet.  369 If only the vacancy substitution (m5) is invoked, it fails to account for the 370 observed trend between Ti and Si-deficit, and convolving m5 with m3 to account for 371 the Ti vs. Si-deficit trend would push the slope in Ti versus Al-deficit space to a value 372 <1, not >1 as demonstrated in Figure 7. The Fe3+ Ti-andradite mechanism (m4) 373 could conceivably account for the positive slope in Ti versus Si-deficit space, and the 374 substitution of Fe3+ for Al3+ in the octahedral site irrespective of Ti content could 375 occlude the use of Ti versus Al-deficit. Still, the slope <1 in Ti versus Si-deficit 376 
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suggests that m4 is not the only possible substitution mechanism responsible for Ti 377 incorporation. 378 In addition to the substitution mechanisms discussed above, Ti3+ could 379 substitute onto the octahedral site via a direct substitution for Al3+ (Krawczynski et 380 al., 2009), or Ti4+ could substitute for Si4+ on the tetrahedral site. For the sake of 381 brevity, these substitutions will be regarded as negligible contributions to the Ti 382 content of the experimental garnets and are not discussed further here (but see the 383 companion paper on XANES spectroscopy of natural garnets).  384 
Relationship between Ti and other cations in garnet 385 Coupled substitution of Ti via mechanism 2 involves the incorporation of an 386 additional cation (Fe, Mg, Ca, or Mn) on the octahedral site in garnet. Trends 387 between Ti and the divalent cations can indicate which cations are most likely to be 388 involved in this mechanism. Still, because the dodecahedral site holds multiple 389 elements, chemical trends alone cannot directly discern which elements are being 390 incorporated octahedrally with Ti. Octahedral Mg has been observed in high 391 pressure systems (10s of GPa) as a component of majoritic garnet (Hazen et al. 392 1994) and more recently in the end-member garnet menzerite (Grew et al. 2010) 393 from granulite-facies rocks. Octahedral Fe2+ (in conjunction with octahedral Ti) is 394 suggested in the hypothetical end-member garnet morimotoite (Henmi et al. 1995) 395 while the large ionic radius of Ca is typically believed to inhibit octahedral Ca 396 solubility (Novak and Gibbs 1971; Bosenick et al. 2000). 397  Of the divalent cations, only Ca is positively correlated with Ti incorporation 398 over the entire experimental range (Fig. 8). This trend suggests that Ca content 399 
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plays a significant role in Ti incorporation. The large ionic radius of Ca imparts high 400 strain on the dodecahedral site (Armbruster and Geiger 1993; Ballaran et al. 1999), 401 and has also been shown to influence the bonding environment of the octahedral 402 and tetrahedral crystallographic sites. It also makes Ca substitution onto the 403 octahedral site unlikely (Bosenick et al. 2000). Additionally, the dodecahedral site in 404 high-Ti natural garnets [morimotoite (Ca3TiFe2+Si3O12) and schorlomite 405 (Ca3Ti2SiFe23+O12), (Grew et al. 2013)] is almost entirely occupied by Ca (Kuhberger 406 et al. 1989; Henmi et al. 1995; Chakhmouradian and McCammon 2005). Ultimately, 407 the covariance between Ti and Ca suggests that— regardless of the substitution 408 mechanism— increasing dodecahedral Ca results in an increase in octahedral Ti 409 solubility. 410  Unlike Ca, Mg decreases in concentration with increasing Ti (Fig. 8d). This 411 negative correlation does not immediately discount the possibility of VIMg solubility 412 as a charge-balancing cation with VITi, especially considering that its VI-fold ionic 413 radius is the closest of the divalent cations to VIAl3+. However, the range of run 414 conditions between experiments, differences in bulk compositions, varying degrees 415 of melting of multiple bulk compositions, multiple mineral assemblages could all 416 account for changes in Mg content irrespective of Ti.  417 There is no significant correlation between Ti and Mn in the experimental 418 garnets, yet the possibility that Mn is incorporated with Ti octahedrally cannot be 419 discounted. From an ionic radius perspective, Mn is less likely to incorporate with Ti 420 than Fe and the general increase in Fe with Ti suggests it is the most likely cation to 421 substitute octahedrally with Ti. However, many garnets from this study exhibit 422 
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higher Fe and lower Mg relative to other phase equilibrium studies (Fig. 8) and have 423 a negative trend in Fe versus Ti space compared to the positive trend exhibited in 424 other experimental studies. This trend can be explained by the convolution of 425 temperature and grossular content ultimately influencing Fe-Mg partitioning in 426 garnet. The effect of T and ܺ௦  on Fe-Mg exchange between garnet and cpx has 427 been well-documented experimentally (Ellis and Green 1979; Pattison and Newton 428 1989). Decreasing T and increasing ܺ௦ result in an increase in the garent-cpx Fe-429 
Mg ܭଵ, where ܭଵ ൌ ሺ݃ܯ/݁ܨሻ௧ ሺ݃ܯ/݁ܨሻ௫൘ . Compared to the experiments of 430 
Rapp and Watson (1995), our experiments were performed at lower temperatures 431 and the garnets contain higher ܺ௦. These will produce a higher ܭ and lead to 432 more Fe in the garnets. Despite the negative trend in Fe-Ti space exhibited by many 433 garnets in this study, the overall Fe content of garnets along the negative trend is 434 higher than the Fe content of garnets along the positive trend (Fig. 8c). The higher 435 Fe content of these garnets suggests the negative trend does not preclude Fe 436 incorporation on the octahedral site with Ti.  437 

The discrepancy between Fe and Mg content relative to Ti from many of the 438 
experiments of this study relative to other studies (Fig. 8c,d) is reflected in the 439 
partitioning of Fe and Mg between garnet and melt and clinopyroxene (Fig. 9). Relative 440 
to the Ti and grossular content of garnets, several experiments from this study have 441 
elevated Fe/Mg values compared to those of Rapp and Watson 1995 (Fig. 9c,e). The 442 
higher Fe/Mg fractions of these garnets is accompanied by higher Fe/Mg values in both 443 
the clinopyroxene and melt (Fig. 9a,b). This apparent increase in Fe/Mg fractions of the 444 
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major phases in the experiments has no apparent affect on Ti concentration in the garnet, 445 
which could indicate that Ca content and/or T have a greater influence on Ti 446 
concentration than do the almandine or pyrope component of garnet. 447 

The elevated Fe in some of the experimental garnets from this study relative to the 448 
main body of data in Fig. 7c is not easily resolved by differences in phase assemblage, as 449 
the phase assemblage is identical to many of the experiments on the main trend. Also, 450 
experiments from all three bulk compositions are in both the high- and low-Fe groups, 451 
suggesting bulk chemistry does not play a significant role in creating the elevated Fe 452 
garnets.  453 

A third possible explanation would be elevated Fe due to the presence of Fe3+ as 454 
andradite (Ca3Fe3+

2Si3012). This is unlikely for several reasons. First, all experiments 455 
reported in this study were buffered at the FMQ buffer, lower than the nickel-nickel 456 
oxide buffer of the other studies reported in Figure 8 and therefore likely to contain less 457 
Fe3+. Second, the increase in Fe is accompanied by a decrease in Mg (Fig. 7c,d). 458 
Including ferric iron as andradite onto the octahedral site should not affect the solubility 459 
of Mg on either the dodecahedral or octahedral sites.  460 

Comparing the Ti content of garnet with Fe/Mg partitioning between garnet and 461 
clinopyroxene reveals the most likely explanation for the observed trends. The Fe-rich 462 
garnets are accompanied by Fe-rich clinopyroxene and melt, resulting in continuous 463 
trends in TiO2-KD1 space. The increase in Fe/Mg in garnet, clinopyroxene and melt could 464 
reflect differences in bulk Fe or Fe activity of the melt, Fe loss in other studies, Fe 465 
contamination from the sample preparation process, or uncharacterized phenomena. 466 
Factors controlling Ti incorporation 467 
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Given the non-ideality of garnet solid solutions (Ellis and Green 1979; Harley 468 1984; Koziol and Bohlen 1992, 1992; Ungaretti et al. 1995; Nakamura 2009), the 469 size of analytical errors, and a lack of activity buffering phases (quartz, 470 aluminosilicate, rutile) in many experiments it has not been possible to fit a 471 thermodynamic partitioning model to garnet-melt partitioning behavior. Attempts 472 to create other Ti-based thermobarometers— e.g., for micas, where Ti incorporation 473 occurs through only the mechanism VITi4+ + IVAl3+ ↔ VIAl3+ + IVSi4+— have yielded 474 mixed results. Auzanneau et al. (2009) demonstrated a positive pressure 475 dependence of Ti incorporation in experimentally-grown micas, and subsequently 476 calibrated a Ti-in-phengite barometer, while Chambers and Kohn (2012) observed 477 virtually no pressure dependence of Ti incorporation in a database of experimental 478 micas. Chambers and Kohn (2012) also note that the dependence of Ti-in-mica on 479 the compositions of the mineral phases involved in the reaction significantly 480 diminishes the application of Ti-in-mica for estimating T and P. In contrast, Henry et 481 al. (2005) created an empirical Ti-in-biotite geothermometer by fitting Ti to 482 Fe/(Fe+Mg) and T in a  suite of peraluminous metapelites from Maine. In the 483 experimental garnets of this study, there is no obvious relationship solely between 484 Ti and T or Ti and P (Fig. 10). 485 Given the thermodynamic limitations stated above, we created an empirical 486 fit to the experimental data set using T, P, and various compositional parameters 487 [Xgrs, Fe/(Fe+Mg) in garnet, melt composition (FM, M, and ASI parameters)]. 488 Convolving garnet-melt partitioning, melt composition and temperature provided 489 the best empirical fit to the data.  490 
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 Previous studies have demonstrated the systematic behavior of mineral-melt 491 
KD values (ܭଶ ൌ ಸಽ , where ்ܺீ௧ and ்ܺ  are the cation mol fractions of Ti in garnet 492 
and coexisting silicate melt, respectively) with respect to T, P, ܺுమை , and melt 493 composition (Mahood and Hildreth 1983; Blundy and Wood 1994). Several melt 494 composition parameters were tested to obtain the best fit between melt 495 composition and KD, including M (Watson and Harrison 1983; Boehnke et al. 2013), 496 ASI (Zen 1986) and the closely related FM (Ryerson and Watson 1987; Hayden and 497 Watson 2007), which was modified from the original M of Watson and Harrison 498 (1983) by inclusion of Mg and Fe ቂܯܨ ൌ ଵௌ · ேାାଶሺାெାிሻ ቃ, where the element 499 symbols represent cation fractions).  Both FM and its predecessor M are empirical, 500 quasi-thermodynamic melt composition parameters that capture the expected 501 inverse dependence of the activities of highly-charged ions (Zr4+, Ti4+) in the melt 502 upon melt SiO2 content, as well as the role of univalent and divalent cations present 503 in the melt in excess of Al.  (Watson 1976; Ryerson and Hess 1978; Dickinson Jr. and 504 Hess 1985; Ryerson and Watson 1987; Hayden and Watson 2007). As a predictor of 505 Ti uptake of garnet in equilibrium with felsic melt, FM yielded a better fit to our 506 data. 507   Garnet-melt KD2 values fit to 1/T (in Kelvin) and FM using a non-weighted 508 multiple linear regression yields the relationship: 509     ݈݊ܭଶ ൌ െ1.701ሺേ0.984ሻ  ସଷହ଼.ଵ଼ሺേଵଵଶଽ.ሻ் െ 0.720ሺേ.068ሻ510          ܯܨ with an adjusted R2=0.85 (Fig. 12). The errors reported are errors in the fit of model 511 to the data, and do not take into account analytical uncertainties or the standard 512 
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errors of the measurements of individual garnets from a single experiment. Several 513 linear and non-linear curve fitting techniques were applied to the data, but 514 ultimately the multiple-linear regression yielded the best fit. Fitting of Ti between 515 garnet compositional parameters (Fe/Mg, Xgrs), T and P without melt compositional 516 parameters yielded poor fits (adjusted R2 values less than 0.3), suggesting a strong 517 melt composition effect on Ti incorporation.  518 This model relates a decrease in both temperature and FM value to an 519 increase in KD2 (Fig. 12), which is consistent with previous studies of Ti 520 mineral/melt equilibria (Ryerson and Watson 1987; Hayden and Watson 2007) and 521 is able to reliably estimate Ti content in garnet (Fig. 13). Over the experimental 522 range FM exerts stronger influence on partitioning than does T, as demonstrated by 523 the shallow slope of the FM isopleths in T-lnKD space. 524 Unlike similar models that include a pressure term (Ryerson and Watson 525 1987), pressure was not included into this model as it resulted in a decrease in the 526 adjusted R2 value of the linear regression fit and fitting errors on the coefficient of 527 the pressure term were larger than the coefficient itself. This does not discount the 528 possibility that pressure may influence the KD, but rather that its effect is not 529 resolvable in this data set. Although there is no significant correlation between Ti 530 content of garnet and P over the investigated experimental range, at higher 531 pressures (5-15 GPa) Zhang et al., 2003 noticed an increase in Ti solubility 532 attributed to a significant majorite component (VISi4+ + VIMg2+ = 2VIAl3+) in the 533 garnet. Increased partitioning of Ti into garnet due to an increase in the majorite 534 component is reasonable for mantle garnet, but this occurs at pressures much 535 
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higher than those experienced by most continental high-grade garnets, including 536 those containing exsolved rutile needles (Ague et al. 2013; Proyer et al. 2013; Zhang 537 et al. 2005a). 538 One of the interesting features of this model fit is the shift in Ti compatibility 539 between garnet and melt. As temperature and FM value decrease KD reaches a point 540 (lnKD>0) where Ti is more compatible in garnet than the melt. Low degree partial 541 melts of experimental intermediate to mafic rocks have melt FM values (and lower 542 T) that generate garnets into which Ti is compatible. Increasing temperature leads 543 to an increase in the degree of partial melting and ultimately the generation of 544 garnets that contain less Ti than the melt. There is significant scatter in the data 545 relative to the fit (Fig. 11) that reduces the utility of this model to understanding the 546 composition of garnet-bearing melts.  Given the thermodynamic implications of a 547 shift in Ti compatibility between garnet and melt, the observations and the model fit 548 to garnet-melt Ti partitioning warrants future study.  It should also be noted that—549 relative to changes in Ti content of garnets— variations in the Ti content of the melt 550 play a strong role in the partitioning behavior of Ti between garnets and melt.  551 In natural systems, melting of metapelitic and metabasaltic rocks will initially 552 create leucosome melts in which Ti is incompatible relative to garnets that may 553 crystallize from the melt. For example, the melting of granulite-facies metapelites in 554 the Limpopo Belt of South Africa (Taylor et al. 2014) occurs via dehydration of 555 biotite and muscovite for garnet ± cordierite and orthopyroxene. Bulk “stromatic” 556 leucosomes from these metapelites have an FM value near 1, suggesting that garnet 557 crystallization will initially cause Ti depletion in the melt.  558 
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Disparity between experimental and natural garnets 559  Observations from natural high-grade systems support the conclusion from 560 our experiments that Ti and Mg are not positively correlated, which suggests that Ti 561 incorporation via mechanism 2 does not utilize Mg. Experimental results shown 562 here demonstrate that garnet can incorporate Ti up to several wt. % in garnets with 563 higher almandine and grossular components. High-grade natural garnets with 564 appreciable almandine and grossular components (e.g. UHT garnets of (Ague et al. 565 2013)) have Ti content up to 0.374 wt. %, and evidence of higher Ti solubility exists 566 in the form of crystallographically-aligned rutile needles. Contrastingly, the coesite-567 bearing, grossular-poor Dora Maira pyrope (grown in the presence of rutile) has 568 almost no detectible Ti and no evidence of Ti loss through re-equilibration (Schertl 569 et al. 1991). Whereas it is difficult to include Ca onto the octahedral site in garnet, 570 the apparent increase in Ti solubility with increases in grossular and almandine 571 components in synthetic garnets should also be born out in observations from 572 natural systems (see Ackerson et al., this issue). Given the correlation between high 573 Ti in our experimental garnets and high Ca and Fe (up to 12.7 wt. % CaO) relative to 574 high grade pyrope-rich garnets that do not contain exsolved rutile needles, it is 575 likely that the solubility of Ti in natural pyrope-rich garnets is too low to 576 accommodate rutile exsolution. Furthermore, if Ca and/or Fe play significant roles 577 in the solubility of Ti in high-Ti garnets it is conceivable that the substitution 578 mechanisms governing Ti substitution (and Ti solubility) will change depending on 579 the grossular,  almandine and/or andradite component of the garnets.  580 
Relevance to UHP/UHT systems and rutile exsolution 581 
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 The exsolution of crystallographically-aligned rutile needles in garnets from 582 high-grade metamorphic rocks is difficult to explain with closed-system reaction 583 mechanisms because Ti cannot be stoichiometrically removed from garnet. 584 Extensive discussion of the history of the rutile exsolution debate is available in the 585 literature (Van Roermund et al. 2000; Zhang et al. 2003; Hwang et al. 2007; Ague et 586 al. 2013; Proyer et al. 2013). Proyer et al. (2013) adopt open-system precipitation 587 (OSP) as a viable alternative to form rutile needles.  588 In OSP, garnet initially crystallizes with appreciable lattice-bound Ti. As the 589 garnet-bearing rock migrates through the crust, Ti solubility in the garnet decreases 590 and eventually reaches a point where rutile needles are exsolved from the garnet 591 lattice. In this model, Ti does not migrate out of the crystal, but rather nucleates 592 rutile needles in response to changing Ti solubility. OSP requires diffusive exchange 593 of atoms (O2-, M2+, Si4+ or e-) between a static garnet-melt or garnet-matrix interface 594 and little to no movement of Ti out of the crystal. Another key requirement of OSP is 595 Al3+ solubility on the tetrahedral site and subsequent mobility to the octahedral site 596 during rutile exsolution. For example, (Proyer et al. 2013) suggest the following 597 reaction as one possible means to produce exolved rutile: 598 ܯଷሺܯ, ܶ݅ሻܵ݅ଷ ଵܱଶ  ଶሻ݈݅ܵܣሻሺ݈ܣଷሺܶ݅ܯ3 ൌ ଶܵ݅ଷ݈ܣଷܯ3 ଵܱଶ  4ܱܶ݅ଶ   In this example, oxygen and a divalent cation diffuse out of the crystal, Al moves to 599 the octahedral site and rutile is exsolved. Alternatively, the vacancy mechanism 600 (m5) could account for rutile exsolution, but would not require the long diffusive 601 length scales required to move divalent cations out of the garnet crystals.  602 ܱܯ4
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 OSP requires that garnets can incorporate enough Ti under reasonable 603 conditions to favor rutile exsolution upon exhumation, and substitution mechanisms 604 that can explain the seemingly non-stoichiometric exsolution of rutile from garnet. 605 Our experimental observations suggest that Ti can be incorporated at 606 concentrations greater than 2 wt % in garnet grown at UHP and UHT conditions, 607 and that Ti is incorporated by at least two substitution mechanisms in garnet.  608 Additionally, rutile exsolution from garnet requires exhumation rates slow enough 609 at and at high enough temperatures for Ti to diffuse through the garnet lattice to the 610 site of rutile nucleation. It is unclear whether or not the conditions needed to 611 exsolved rutile are conducive to loss of the charge-compensating M2+ cations out of 612 the garnet. Still, the theoretical framework of  Proyer et al. (2013) and our 613 experimental demonstration of the possible substitution mechanisms governing Ti 614 incorporation into garnet provide a realistic picture of rutile exsolution from high-615 grade metamorphic rocks.  616 
Implications 617 

 618 Incorporation of Ti into experimentally-grown garnet is convolved with a 619 departure from ideal M2+:Al:Si stoichiometry. These stoichiometric departures can 620 be used to determine the mechanism(s) by which Ti is incorporated into the garnet 621 lattice. Ti incorporation in experimental garnets occurs on the octahedral site 622 primarily via two substitution mechanisms: VITi4+ + VIM2+ ↔ 2VIAl3+ and VITi4+ + IVAl3+ 623 ↔ VIAl3+ + IVSi4+. It is also conceivable that a vacancy or andradite-type mechanism 624 could contribute to Ti solubility in garnet, at least to a small degree. Although it is 625 not clear exactly which substitution mechanisms govern the majority of Ti solubility 626 
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in these garnets, it is important to note that no single substitution mechanisms can 627 account for the incorporation of Ti in garnet. This observation significantly 628 diminishes the possibility of thermodynamically-constrained Ti-in-garnet 629 thermobarometry. Additionally, the wide range of T, P, and compositions 630 investigated experimentally in this study allow for an empirical calibration of the Ti 631 content in garnet as a function of T and melt composition.  632 Our experimental results demonstrate that garnet grown experimentally at 633 eclogite and granulite facies conditions can incorporate up to 2.1 wt. % Ti, unlike 634 most mid-crustal garnets that typically contain less than 0.1 wt. % TiO2. These 635 combined observations demonstrate that garnets from high-grade metamorphic 636 systems can incorporate Ti in sufficient quantities and via multiple substitution 637 mechanisms to facilitate exsolution of rutile needles. Garnets at the surface that 638 contain crystallographically-aligned exolved rutile needles probably experienced 639 high-grade metamorphic growth. In addition to Ti solubility considerations, garnets 640 would need to maintain elevated temperature for a sufficient amount of time to 641 allow for the diffusive movement of Ti through the lattice and subsequent rutile 642 exsolution. It is worth noting that the experiments of this study were performed at 643 relatively high temperatures and pressures and as such do not preclude Ti solubility 644 in lower-grade garnets.  645 As has been observed in high grade garnets (Ague and Eckert 2012; Axler 646 and Ague 2015), crystallographically-aligned rutile needles can be accompanied by 647 Ti depletion halos in the surrounding garnet. Future work to elucidate the 648 mechanisms and rates of Ti diffusion in garnet could be used to extract cooling and 649 
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exhumation rates of garnets containing exolved rutile needles (as described by 650 Cherniak et al. 2007 for quartz), especially if combined with a similar approach to P 651 depletion in garnets with exolved apatite needles (Axler and Ague 2015).  652 
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Figure 3: Secondary fluorescence in garnet adjacent to ilmenite. The garnet-870 ilmenite sandwich experiment and PENEPMA simulation demonstrate significant 871 secondary fluorescence at distances up to 45 μm from the garnet-ilmenite interface. 872 In an experimental garnet with an ilmenite inclusion, secondary fluorescence is not 873 observed until 5 μm from the interface.  874 
Figure 4: Results of garnet synthesis experiments. a Typical fO2-buffered run 875 product with the experiment and fO2 buffer juxtaposed against one another with a 876 Pd foil membrane to facilitate H movement between capsules, the charges and 877 subsequent fO2 buffering at FMQ. b Backscatter electron images (BSE) of several 878 experimental run products. In some experiments (e.g. GLOSS at 850 ˚C and 1.5 GPa ) 879 garnets are large and relatively inclusion free, and contain segregated melt pools 880 large enough for analysis. Conversely, other experiments (e.g. MORB at 850 ˚C and 881 2.5 GPa) contain garnets with too many Fe-Ti oxides to be analyzed without 882 secondary fluorescence contamination, and melt segregations too small to analyze. 883 
Figure 5: Core-rim changes in Ti content and garnet-clinopyroxene Fe/Mg KD in a 884 garnet from sample 8-GLOSS. The horizontal line is the KD for this garnet 885 composition, temperature and pressure estimated using the garnet-clinopyroxene 886 Fe-Mg exchange thermobarometer from Ellis and Green, 1979. The rim-ward 887 approach of the KD to the expected value suggests cores of zoned garnets are out of 888 chemical equilibrium with the melt and rims of other mineral phases. 889 
Figure 6: Known experimental temperatures compared to temperatures calculated 890 using multiple models for Fe-Mg partitioning between garnet and clinopyroxene. 891 Black line is the 1:1 line between experimental and calculated temperatures. 892 
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Colored lines are linear regressions to the calculated temperature, corresponding in 893 color to the model fits. Colored dashed lines are the 95% confidence bands for the 894 linear regressions.  895 
Figure 7: Relationships between Ti and oxide-normalized deficits in Al and Si. 896 Dashed lines represent the ideal vectors for substitution mechanisms 2, 3, and 5.  897 
a,b Individually, Ti versus Al- and Si-deficits do not match the ideal vectors. c 898 Combining substitution mechanism 2 and 3 yields a reasonable fit to the idealized 899 substitution vectors.   900 
Figure 8: Variations between Ti and M2+ cations in garnet, expressed in atoms per 901 formula unit (a.p.f.u.), based on 12 oxygens. 902 
Figure 9: Relationship between Ti and Fe/Mg content of garnet and other phases. 903 Open circles are samples from this study that fall along the trend of the Rapp and 904 Watson 1995 data in figure 7c,d. a,b Molar Fe/Mg fractions in garnet compared to 905 molar Fe/Mg fractions in clinopyroxene and melt, demonstrating an overall increase 906 in Fe/Mg content of all three phases. c,d Grossular content of garnet versus Fe/Mg 907 fractions in garnet and Fe/Mg partitioning between garnet and clinopyroxene. Data 908 from Ellis and Green 1979 added to demonstrate the spread in data from a study 909 used to calibrate a garnet-clinopyroxene Fe-Mg partitioning thermobarometer. e,f Ti 910 content versus Fe/Mg fraction and garnet-clinopyroxene Fe-Mg exchange. 911 
Figure 10: Ti versus T (˚C) and P (GPa) in experimental garnets. 912 
Figure 11: Model fit to garnet melt KD values. a FM versus lnKD contoured to T. b T 913 versus lnKD for experiments whose melt compositions were within ± 0.05 of integer 914 FM values. 915 
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Figure 12: Three dimensional representation of the model fit between lnKD, 1/T 916 and FM. 917 
Figure 13: ࢚ࡳࢀࢄ (mole fraction Ti in garnet) observed from experiments versus the 918 values calculated using the empirical fit. 919   920 
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Tables 921 
 922 

Table 1: Bulk compositions of starting materials 

  GLOSS* AMPH* MORB 

SiO2 66.17 53.11 49.43 

TiO2 0.67 1.23 1.62 

Al2O3 13.48 17.22 15.97 

Fe2O3 — — 2.02 

FeO 6.04† 11.72† 7.61 

MnO 0.38 0.23 0.17 

MgO 2.81 6.82 8.5 

CaO 5.07 4.3 10.73 

Na2O 2.82 4.51 2.87 

K2O 2.35 0.85 0.18 

P2O5 0.19 — 0.15 

H2O — — 0.12 

*indicates synthetic starting material, †represents total Fe 
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Table 2: Phase assemblages from experiments 

  
T 

(˚C) 
P 

(Gpa) 
assemblage* 

10-GLOSS 800 1.5 grt, cpx, ilm, zrn, mlt 
5-GLOSS 800 1.5 grt, cpx, opx, ilm, zrn, mlt 
10-MORB 800 1.5 grt, cpx, amp, rt, zrn, spn, mlt 
10-AMPH 800 1.5 grt, cpx, amp, ilm, zrn, mlt  
5-AMPH 850 1.5 grt, cpx, amp, ilm, mag, zrn, mlt 
8-GLOSS 850 1.5 grt, cpx, ilm, zrn, mlt 
17-GLOSS 850 1.5 grt, cpx, ilm, zrn, mlt 
17-AMPH 850 1.5 grt, cpx, opx, amp, ilm, zrn, mlt  
4-GLOSS 900 1.5 grt, cpx, ilm, zrn, mlt 
9-GLOSS 900 1.5 grt, cpx, ilm, zrn, mlt 
4-MORB 900 1.5 grt, cpx, rt, zrn, spn, mlt 
4-AMPH 900 1.5 grt, cpx, amp, ilm, zrn, mlt 
7-AMPH 950 1.5 grt, ilm, zrn, mlt 
15-GLOSS 800 2.5 grt, cpx, rt, qz, zrn, mlt 
15-MORB 800 2.5 grt,cpx, rt, zrn, mlt 
15-AMPH 800 2.5 grt, cpx, rt, zrn, mlt 
13-GLOSS 850 2.5 grt, cpx, ilm, rt, zrn, mlt 
12-MORB 850 2.5 grt, cpx, rt, zrn, mlt 
11-AMPH 850 2.5 grt, cpx, opx, ilm, zrn, mlt 
14-GLOSS 900 2.5 grt, cpx, Ilm, rt, zrn, mlt 
14-MORB 900 2.5 grt, cpx, rt, zrn, mlt 
14-AMPH 900 2.5 grt, cpx, opx, ilm, zrn, mlt 

  

*Abbreviations from Whitney and Evans, 2010. (grt) garnet, 
(cpx) clinopyroxene, (opx) orthopyroxene, (amp) amphibole, 
(ilm) ilmenite, (rt) rutile, (zrn) zircon, (spn) sphene/titanite, 
(mlt) melt  
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Table 3: Compositions of experimental garnets 

  10-GLOSSb 10-GLOSS 5-GLOSS 10-MORB 10-AMPH 

      

T (˚C) 800 800 800 800 800 

P (Gpa) 1.5 1.5 1.5 1.5 1.5 

time (hr) 24 48 72 48 48 

garnet seed* Y Y Y Y Y 

no. analyses 12 37 15 14 12 

 
wt 

%** 
O-

nrml 
wt % 

O-
nrml 

wt % 
O-

nrml 
wt % 

O-
nrml 

wt % 
O-

nrml 
Si*** 37.01 2.95 36.43 2.94 36.73 2.97 38.59 2.95 36.98 2.94 
SE� 0.17 0.01 0.08 0.01 0.30 0.02 0.14 0.01 0.19 0.01 
Ti 1.56 0.09 1.56 0.09 1.32 0.08 1.03 0.06 0.96 0.06 
SE 0.03 0.00 0.02 0.00 0.09 0.00 0.06 0.00 0.23 0.01 
Al 19.36 1.82 19.07 1.81 19.03 1.81 21.83 1.97 20.54 1.92 
SE 0.31 0.03 0.26 0.02 0.16 0.02 0.14 0.01 0.32 0.03 
Fe 27.60 1.84 27.68 1.87 25.77 1.74 20.83 1.33 31.00 2.06 
SE 0.48 0.04 0.75 0.05 0.36 0.02 0.24 0.02 0.33 0.04 
Mn 1.15 0.08 1.36 0.09 2.66 0.18 1.21 0.08 0.36 0.02 
SE 0.15 0.01 0.06 0.02 0.03 0.00 0.08 0.01 0.04 0.00 
Mg 1.66 0.20 1.92 0.23 2.73 0.33 5.63 0.64 3.79 0.45 
SE 0.28 0.01 0.18 0.01 0.11 0.02 0.25 0.02 0.92 0.04 
Ca 12.70 1.08 11.77 1.02 10.64 0.92 11.82 0.97 6.88 0.59 
SE 0.58 0.05 0.52 0.06 0.27 0.02 0.21 0.02 0.57 0.03 
SUM 101.05 99.79 98.87 100.95 100.52 
aldef 0.18 0.19 0.19 0.03 0.08 
SE 0.03 0.02 0.02 0.01 0.03 
Si def 0.05 0.06 0.03 0.05 0.06 
SE 0.01 0.01 0.02 0.01 0.01 
Al def + 2 Sidef 0.29 0.31 0.24 0.13 0.20 
SE 0.01 0.01 0.01 0.01 0.02 
ex cat 0.19 0.21 0.18 0.02 0.12 
SE 0.07 0.08 0.04 0.04 0.07 

Xgrs 0.34 0.32 0.29 0.32 0.19 
Xalm 0.58 0.58 0.55 0.44 0.66 
Xprp 0.06 0.07 0.10 0.21 0.14 
Xsps 0.02 0.03 0.06 0.03 0.01 
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Table 3 cont'd: Compositions of experimental garnets 

  5-AMPH 8-GLOSS 17-GLOSS 17-AMPH 4-GLOSS 

      

T (˚C) 800 850 850 850 900 

P (Gpa) 1.5 1.5 1.5 1.5 1.5 

time (hr) 72 48 48 48 48 

garnet seed* Y Y Y Y N 

no. analyses 21 32 6 15 12 

 
wt % 

O-
nrml 

wt % 
O-

nrml 
wt % 

O-
nrml 

wt % 
O-

nrml 
wt % 

O-
nrml 

Si** 37.43 2.98 37.02 2.95 37.78 2.97 37.05 2.97 37.00 2.94 
SD� 0.22 0.02 0.34 0.03 0.51 0.04 0.19 0.02 0.10 0.01 
Ti 0.91 0.05 1.44 0.09 1.67 0.10 1.34 0.08 1.89 0.11 
SD 0.02 0.00 0.14 0.01 0.12 0.01 0.34 0.01 0.16 0.01 
Al 20.11 1.89 19.74 1.85 20.04 1.85 19.78 1.87 19.56 1.83 
SD 0.18 0.02 0.57 0.06 0.30 0.03 0.27 0.03 0.27 0.03 
Fe 28.20 1.88 29.67 1.98 29.30 1.92 30.14 2.02 26.19 1.74 
SD 0.35 0.02 0.75 0.05 0.51 0.04 0.46 0.04 1.95 0.13 
Mn 0.94 0.06 1.32 0.09 1.65 0.11 0.41 0.03 2.13 0.14 
SD 0.25 0.01 0.13 0.01 0.02 0.00 0.08 0.00 0.20 0.02 
Mg 4.11 0.49 2.53 0.30 2.36 0.28 3.44 0.41 3.52 0.42 
SD 0.41 0.04 0.26 0.04 0.62 0.04 0.18 0.02 0.27 0.03 
Ca 7.90 0.67 9.15 0.78 9.29 0.78 7.55 0.65 9.88 0.84 
SD 0.27 0.03 0.51 0.03 0.25 0.02 0.26 0.01 1.02 0.09 

99.60 100.88 102.09 99.71 100.17 
aldef 0.11 0.15 0.15 0.13 0.17 
SE 0.02 0.06 0.03 0.03 0.03 
Si def 0.02 0.05 0.03 0.03 0.06 
SE 0.02 0.03 0.04 0.02 0.01 
Al def + 2 Sidef 0.15 0.25 0.21 0.20 0.29 
SE 0.01 0.03 0.02 0.01 0.01 
ex cat 0.10 0.15 0.09 0.10 0.14 
SE 0.05 0.08 0.06 0.05 0.16 

Xgrs 0.22 0.25 0.25 0.21 0.27 
Xalm 0.61 0.63 0.62 0.65 0.55 
Xprp 0.16 0.10 0.09 0.13 0.13 
Xsps 0.02 0.03 0.04 0.01 0.05 
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Table 3 cont'd: Compositions of experimental garnets 

  9-GLOSS 4-MORB 4-AMPH 7-AMPH 15-GLOSS 

   
  

  

T (˚C) 900 900 900 950 800 

P (Gpa) 1.5 1.5 1.5 1.5 2.5 

time (hr) 48 48 48 48 48 

garnet seed* Y N N Y Y 

no. analyses 14 13 16 15 10 

 
wt % 

O-
nrml 

wt % 
O-

nrml 
wt % 

O-
nrml 

wt % 
O-

nrml 
wt % 

O-
nrml 

Si** 37.24 2.94 38.35 2.94 38.18 3.01 38.90 2.94 37.39 2.93 
SD� 0.26 0.02 0.25 0.02 0.22 0.02 0.22 0.02 0.49 0.04 
Ti 0.39 0.02 1.62 0.09 1.15 0.07 2.04 0.12 1.63 0.10 
SD 0.10 0.00 0.11 0.01 0.09 0.01 0.15 0.01 0.23 0.01 
Al 21.58 2.01 21.39 1.93 19.54 1.81 20.95 1.87 20.71 1.92 
SD 0.10 0.01 0.11 0.01 0.14 0.01 0.21 0.02 0.29 0.03 
Fe 26.85 1.77 19.70 1.26 27.40 1.81 20.58 1.30 26.99 1.77 
SD 0.37 0.02 0.25 0.01 0.32 0.02 0.44 0.02 0.52 0.04 
Mn 1.85 0.12 0.88 0.06 0.63 0.04 0.78 0.05 0.67 0.04 
SD 0.01 0.00 0.17 0.00 0.06 0.01 0.08 0.00 0.09 0.00 
Mg 4.96 0.58 7.82 0.89 4.69 0.55 9.47 1.07 3.11 0.36 
SD 0.07 0.01 0.11 0.03 0.06 0.01 0.06 0.03 0.37 0.04 
Ca 6.92 0.58 9.97 0.82 8.64 0.73 8.24 0.67 10.52 0.88 
SD 0.27 0.01 0.33 0.03 0.19 0.02 0.41 0.03 0.28 0.02 

99.79 99.72 100.23 100.95 101.02 
aldef -0.01 0.07 0.19 0.13 0.08 
SE 0.01 0.01 0.01 0.02 0.03 
Si def 0.06 0.06 -0.01 0.06 0.07 
SE 0.02 0.02 0.02 0.02 0.04 
Al def + 2 Sidef 0.11 0.19 0.17 0.25 0.21 
SE 0.01 0.01 0.01 0.01 0.02 
ex cat 0.06 0.03 0.13 0.09 0.06 
SE 0.03 0.04 0.03 0.04 0.06 

Xgrs 0.19 0.27 0.23 0.22 0.29 
Xalm 0.58 0.42 0.58 0.42 0.58 
Xprp 0.19 0.29 0.18 0.35 0.12 
Xsps 0.04 0.02 0.01 0.02 0.01 
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Table 3 cont'd: Compositions of experimental garnets 

  15-MORB 15-AMPH 13-GLOSS 12-MORB 11-AMPH 

      

T (˚C) 800 800 850 850 850 

P (Gpa) 2.5 2.5 2.5 2.5 2.5 

time (hr) 48 48 48 48 48 

garnet seed* Y Y Y Y Y 

no. analyses 15 15 10 18 13 

 
wt % 

O-
nrml 

wt % 
O-

nrml 
wt % 

O-
nrml 

wt % 
O-

nrml 
wt % 

O-
nrml 

Si** 39.09 2.95 37.38 2.94 36.56 2.93 38.86 2.94 37.90 2.95 
SD� 0.61 0.05 0.43 0.03 0.32 0.03 0.82 0.07 0.20 0.01 
Ti 0.94 0.05 1.37 0.08 2.08 0.13 2.08 0.12 1.59 0.09 
SD 0.30 0.01 0.12 0.01 0.13 0.01 0.85 0.05 0.04 0.00 
Al 22.45 2.00 20.71 1.92 19.57 1.85 21.20 1.89 20.59 1.89 
SD 0.25 0.02 0.23 0.02 0.50 0.04 1.16 0.11 0.21 0.02 
Fe 20.34 1.28 28.81 1.89 27.35 1.83 17.51 1.11 24.08 1.57 
SD 1.07 0.10 0.45 0.04 0.42 0.03 2.99 0.12 0.27 0.02 
Mn 0.46 0.03 0.29 0.02 1.10 0.07 0.35 0.02 0.36 0.02 
SD 0.12 0.01 0.09 0.00 0.17 0.01 0.44 0.01 0.13 0.00 
Mg 7.41 0.83 3.28 0.38 2.45 0.29 9.58 1.08 6.43 0.75 
SD 2.11 0.12 1.61 0.10 0.43 0.02 0.52 0.23 0.48 0.03 
Ca 10.49 0.85 9.27 0.78 10.50 0.90 10.14 0.82 9.10 0.76 
SD 0.19 0.02 1.07 0.09 0.69 0.06 0.90 0.07 0.28 0.04 

101.17 101.10 99.62 99.72 100.04 
aldef 0.00 0.08 0.15 0.11 0.11 
SE 0.02 0.02 0.04 0.11 0.02 
Si def 0.05 0.06 0.07 0.06 0.05 
SE 0.05 0.03 0.03 0.07 0.01 
Al def + 2 Sidef 0.10 0.20 0.28 0.22 0.22 
SE 0.02 0.02 0.03 0.06 0.01 
ex cat 0.00 0.08 0.11 0.04 0.09 
SE 0.16 0.14 0.08 0.27 0.05 

Xgrs 0.28 0.25 0.29 0.27 0.25 
Xalm 0.43 0.62 0.59 0.37 0.51 
Xprp 0.28 0.12 0.09 0.36 0.24 
Xsps 0.01 0.01 0.02 0.01 0.01 
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Table 3 cont'd: Compositions of experimental garnets 

  14-GLOSS 14-MORB 14-AMPH 
14-AMPH 10 

kV 

    

T (˚C) 900 900 900 900 

P (Gpa) 2.5 2.5 2.5 2.5 

time (hr) 48 48 48 48 

garnet seed* Y Y Y Y 

no. analyses 10 8 9 9 

 
wt % 

O-
nrml 

wt % 
O-

nrml 
wt % 

O-
nrml 

wt % 
O-

nrml 
Si** 36.58 2.91 38.69 2.93 36.67 2.92 38.00 2.97 
SD� 0.15 0.01 0.00 0.06 0.39 0.03 0.28 0.02 
Ti 2.16 0.13 1.80 0.10 1.73 0.10 1.79 0.11 
SD 0.06 0.01 0.00 0.03 0.07 0.01 0.03 0.00 
Al 19.73 1.85 21.73 1.94 19.49 1.83 19.52 1.80 
SD 0.32 0.03 0.00 0.05 0.47 0.04 0.33 0.03 
Fe 25.76 1.72 18.28 1.16 23.00 1.53 23.24 1.52 
SD 0.67 0.05 0.01 0.11 1.50 0.11 0.53 0.03 
Mn 1.21 0.08 0.46 0.03 0.52 0.04 0.56 0.04 
SD 0.07 0.00 0.00 0.01 0.71 0.02 0.10 0.01 
Mg 3.63 0.43 9.33 1.05 7.91 0.94 7.92 0.92 
SD 0.45 0.02 0.02 0.26 1.22 0.10 0.12 0.01 
Ca 10.70 0.91 9.75 0.79 8.18 0.70 8.04 0.67 
SD 0.21 0.06 0.01 0.12 0.12 0.02 0.18 0.01 

99.76 100.04 97.50 99.06 
aldef 0.15 0.06 0.17 0.20 
SE 0.03 0.05 0.04 0.03 
Si def 0.09 0.07 0.08 0.03 
SE 0.01 0.06 0.03 0.02 
Al def + 2 Sidef 0.32 0.20 0.33 0.26 
SE 0.01 0.04 0.02 0.02 
ex cat 0.14 0.03 0.21 0.15 
SE 0.08 0.30 0.15 0.18 

Xgrs 0.29 0.26 0.22 
Xalm 0.55 0.38 0.48 
Xprp 0.14 0.35 0.29 
Xsps 0.03 0.01 0.01 
                  
*indicates if exp. contained Gore Mtn. garnet seeds 
**Wt % oxides 
***Garnet analyses normalized to 12O 
�SE is reported in 1σ 
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Table 4: Compositions of selected clinopyroxene 

  9-GLOSS 15-GLOSS 12-MORB 14-MORB 8-GLOSS         
T (˚C) 900 800 850 900 850 

P (Gpa) 1.5 2.5 2.5 2.5 1.5 

wt. 
% O-nrml* 

wt. 
% O-nrml* 

wt. 
% O-nrml* 

wt. 
% O-nrml* wt. % 

O-
nrml* 

SiO2 51.49 3.98 53.67 4.09 52.25 3.88 51.39 3.92 52.81 4.04 

SE** 0.52 0.04 0.40 0.03 0.94 0.07 0.35 0.03 2.01 0.15 

TiO2 0.45 0.03 0.86 0.05 0.61 0.03 0.62 0.04 0.31 0.02 

SE 0.09 0.01 0.05 0.00 0.14 0.01 0.05 0.00 0.11 0.01 

Al2O3 2.86 0.20 4.93 0.33 10.55 0.69 8.04 0.54 2.95 0.20 

SE 0.48 0.03 0.48 0.03 0.44 0.03 0.35 0.02 1.46 0.10 

FeO 18.41 0.60 13.94 0.44 6.33 0.20 4.69 0.15 16.97 0.54 

SE 1.19 0.04 0.86 0.03 1.69 0.05 0.23 0.01 7.45 0.24 

MnO 0.48 0.02 0.14 0.00 0.09 0.00 0.06 0.00 0.49 0.02 

SE 0.01 0.00 0.04 0.00 0.07 0.00 0.03 0.00 0.13 0.00 

MgO 9.09 0.52 7.19 0.41 10.33 0.57 11.96 0.68 9.63 0.55 

SE 0.29 0.02 0.31 0.02 0.50 0.03 0.25 0.01 2.28 0.13 

CaO 15.31 0.63 14.15 0.58 12.50 0.50 13.52 0.55 14.75 0.61 

SE 0.38 0.02 0.40 0.02 0.36 0.01 0.25 0.01 5.87 0.24 

K2O 0.28 0.01 0.67 0.02 0.02 0.00 0.02 0.00 0.27 0.01 

SE 0.05 0.00 0.03 0.00 0.01 0.00 0.01 0.00 0.20 0.00 

Na2O 0.42 0.02 1.92 0.07 3.56 0.13 3.25 0.12 0.39 0.01 

SE 0.39 0.01 0.14 0.01 0.52 0.02 0.42 0.02 0.20 0.01 

total 98.79 97.46 96.25 93.53 98.58 

XAeg 0.00 0.00 0.00 0.00 0.00 

XJd 4.73 19.71 34.01 30.31 4.54 

XDi 95.27 80.29 65.99 69.69 95.46 

*normalized to 6O 

*SE are reported in 1σ   937 
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Table 5: Selected glass compositions, normalized to anhydrous totals 

  10_GLOSS 10_AMPH 10_MORB 8_GLOSS 9_GLOSS 13_GLOSS 14_AMPH 14_GLOSS 

SiO2 75.64 72.31 72.72 73.12 68.46 77.75 66.09 74.42 
SE* 0.66 0.55 1.67 1.18 0.75 2.46 3.91 1.43 
TiO2 0.24 0.25 0.27 0.37 0.66 0.46 0.54 0.57 
SE 0.02 0.02 0.07 0.04 0.01 0.04 0.06 0.05 
Al2O3 13.90 16.34 17.29 13.82 14.33 11.69 17.33 11.54 
SE 0.14 0.19 1.09 0.10 0.10 0.66 2.10 0.21 
FeO 2.32 2.55 1.97 4.43 6.55 2.29 4.65 3.96 
SE 0.25 0.89 0.93 0.32 0.22 0.83 1.38 0.34 
MnO 0.03 0.00 0.03 0.10 0.19 0.03 0.03 0.06 
SE 0.02 0.18 0.02 0.03 0.01 0.02 0.02 0.02 
MgO 0.33 0.21 0.40 0.60 1.08 0.20 0.56 0.44 
SE 0.04 0.18 0.36 0.06 0.04 0.12 0.31 0.03 
CaO 3.05 1.88 2.79 3.89 4.99 1.51 2.97 2.58 
SE 0.16 0.23 1.37 0.15 0.30 0.23 1.89 0.46 
K2O 3.16 2.20 1.67 2.62 2.50 3.73 1.94 3.99 
SE 0.12 0.04 0.72 0.26 0.10 0.29 0.24 0.19 
Na2O 1.32 4.26 2.87 1.03 1.23 2.34 5.88 2.44 
SE 0.26 0.76 0.78 0.18 0.21 0.43 0.45 0.25 
total 89.44 92.37 88.83 89.34 88.85 87.80 89.83 87.54 

FM 1.09 1.12 0.95 1.44 1.98 1.18 1.74 1.72 
                  
*SE are reported in 1σ 
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