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 14 

Abstract 15 

We have performed a series of experiments to measure diffusivity of Ti in polycrystalline 16 

quartz under high pressure/temperature, nominally anhydrous conditions. Resulting diffusion 17 

profiles reveal operation of both slow lattice diffusion and faster grain boundary diffusion. 18 

Over the temperature range investigated, 1000-1400°C, grain boundary diffusion of Ti is 19 

between 3 and 4 orders of magnitude faster than lattice diffusion and can be expressed by 20 

the following Arrhenius relationship:  21 

D(m2/s)= 2.00±0.08 x107 exp(-195±7 kJ.mol-1 /RT)  22 

Grain boundary diffusion is expected to have a considerable influence on Ti mobility in the 23 

crust in Si-rich rocks under fluid-absent conditions, especially in fine-grained rocks, with 24 

grain boundaries acting as fast conduits for transporting Ti. This has important 25 

consequences for the application of Ti in quartz geothermobarometry (TitaniQ). Grain 26 

boundary diffusion is a viable mechanism for re-equilibrating Ti contents in quartz-rich rocks 27 

to lower values, for example during dynamic recrystallization. This implies that TitaniQ can 28 

mailto:geoffrey.bromiley@ed.ac.uk


be applied to relatively low temperatures (below 600°C) although zonation of Ti contents in 29 

larger quartz grains is expected due to the relative sluggishness of lattice diffusion under 30 

these conditions and because fast diffusion in grain boundary regions effectively inhibits 31 

growth entrapment. Grain boundary diffusion for Ti also has implications for the activity of Ti 32 

in quartz-rich rocks and application of the TitaniQ geothermobarometer. 33 

 34 

Key words: quartz, TitaniQ, diffusion, grain-boundaries 35 

 36 

1. Introduction 37 

Geological thermometers and barometers provide key information needed to constrain the 38 

crystallization history of igneous and metamorphic rocks, providing valuable insight into 39 

geological processes powering their formation. Since its initial calibration by Wark and 40 

Watson (2006) the Ti-in-quartz (or TitaniQ) geothermobarometer has been applied to a wide 41 

variety of rocks in variable geological settings. This technique relies simply on the 42 

dependence of concentration of Ti in quartz [Ti]q with temperature, with a correction for Ti 43 

activity in cases where systems are Ti undersaturated. More recently, the coupled pressure 44 

and temperature dependence of [Ti]q has been determined to allow the TitaniQ technique to 45 

be used to determine pressure and/or temperature in silica-rich rocks (Huang and Audetat, 46 

2012; Thomas et al., 2010, 2015). The TitaniQ technique has several important advantages 47 

over other commonly used thermobarometers in that: 1) unlike many other methods it can be 48 

readily applied to felsic rocks, 2) it is not easily reset in altered or weathered rocks, and 3) it 49 

is not reliant on complex element partitioning between multiple phases (not withstanding 50 

issues over Ti activity). Analysis of [Ti]q by electron microprobe (EMP) allows easy and 51 

routine application of TitaniQ for crystallization temperatures exceeding 600°C. Secondary 52 

Ion Mass Spectrometery allows this range of temperatures to be extended, in theory, as low 53 

as 400°C. Consequently, applications of this method have been diverse, including 54 

determining temperature estimates in: 1) high grade metamorphic rocks (e.g. Ashley et al., 55 

2013; Sato and Santosh, 2007; Spear and Wark, 2009), 2) hydrothermal veins (e.g. Ashley 56 



et al., 2013; Barker et al., 2010; Müller et al., 2010; Rusk et al., 2008; Sato and Santosh, 57 

2007; Spear and Wark, 2009), 3) magmatic rocks and migmatites (e.g. Cole et al., 2014; 58 

Girard and Stix, 2010; Storm and Spear, 2009; Vazquez et al., 2009; Wark et al., 2007), and 59 

4) to mylonites and deformed rocks (e.g. Grujic et al., 2011; Kohn and Northrup, 2009; 60 

Pennacchioni et al., 2010).  61 

 62 

Application of TitaniQ, especially towards lower temperatures where element mobility is 63 

inherently more sluggish, requires an efficient mechanism for re-equilibrating [Ti]q. Published 64 

data on Ti diffusion in single crystal quartz (Cherniak et al., 2007) indicate, as expected, that 65 

lattice diffusion is too slow to allow effective equilibration of [Ti] over geological relevant 66 

timescales except at relatively high temperatures. Instead, it is typically assumed that melts 67 

or fluids play a key role in transporting Ti. In magmatic systems or in hydrothermal veins or 68 

bodies this is an obvious assumption to make. However, application of TitaniQ in other 69 

settings requires some validification of Ti transport mechanisms. In polycrystalline material 70 

grain boundaries can act as conduits for fluid flow which may greatly enhance Ti mobility, 71 

and previous studies have hypothesized the role that fluids may have in both driving grain 72 

boundary migration and in enhancing Ti lattice diffusion (e.g. Bestmann and Pennacchioni, 73 

2015). The presence of a grain boundary fluid might be expected to result in clear textural 74 

evidence, such as fluid inclusions; the absence of such evidence means that application of 75 

TitaniQ must be treated with caution. However, even in the absence of fully permeating 76 

fluids, grain boundaries can still act as fast pathways for element transport. The importance 77 

of (fluid-absent) grain boundary diffusion in polycrystalline aggregates is well known in the 78 

fields of solid-state chemistry and materials science (see Sutton and Balluffi, 1995, Mehrer, 79 

2007, and Dohmen and Milke, 2010 for a general review). However, to date, experimental 80 

and analytical challenges mean that experimental studies of grain boundary diffusion under 81 

high-pressure/temperature conditions in geologically relevant systems are limited (e.g. 82 

Demouchy, 2010a, b; Hayden and Watson, 2008). Here, we present the first experimental 83 

data on Ti grain boundary diffusion in polycrystalline quartz under (fluid-absent) high-84 



pressure conditions of the lower crust. Results allow us, in combination with the data of 85 

Cherniak et al. (2007), to assess the mobility of Ti in quartz-rich rocks within the crust and 86 

the applicability of the TitanQ technique towards lower temperatures in melt- and fluid free 87 

(or poor) systems.  88 

 89 

2. Experimental procedure 90 

Experiments were performed using a source-sink design which promotes Ti diffusion from a 91 

Ti capsule (source) into and through a matrix of synthetic, fine-grained polycrystalline quartz 92 

(sink).  5mm long, 4mm o.d., 0.3mm wall thickness capsules with hammer fit lids were 93 

machined from high purity (99.999%) Ti rod. Capsules are similar to those described in 94 

Bromiley et al. (2004), and are designed to seal effectively during loading to prevent volatile 95 

exchange into or out of the sample during high-pressure/temperature experiments. These 96 

thick-walled capsules also minimize deformation of the capsule interior (Ayers et al. 1992). 97 

Capsules were first annealed in air to promote oxidation of surface layers to TiO2. SEM 98 

imaging of run products revealed that this produced a 20 micron thick oxide layer. High-99 

purity quartz was used for diffusion experiments, which had been pre-synthesized under 100 

anhydrous conditions at 300 MPa, 900°C from 99.995% SiO2. Due to variable grain growth 101 

during annealing, synthesised quartz was crushed and sifted to a grain size of ~10-30μm to 102 

ensure an even, small grain size during diffusion experiments. Quartz was stored at 130°C 103 

to drive off any volatiles before being loaded into capsules. In selected runs, 10μl of 104 

deionized water was also added during loading to achieve water-saturated conditions in 105 

quartz during diffusion experiments.  High-pressure/temperature (HPT) experiments were 106 

performed using an end-loaded piston-cylinder apparatus with 0.5” talc-pyrex-graphite 107 

assemblies, as described in more detail in Bromiley et al. (2010). No additional pressure 108 

calibration of the capsule design used here was conducted, although Ayers (1992) note that 109 

thick walled transition metal capsules (including Ti) have no effect on pressure loss due to 110 

friction in piston-cylinder assemblies. Temperature was measured using a Pt-Pt13%Rh 111 

thermocouple placed close to the top of the capsule. Runs were pressurized using the hot-112 



piston out technique, pressure and temperature continually monitored and maintained 113 

throughout, and quenched rapidly (<10s) by turning off power to the heating circuit.  114 

Presence of water in recovered hydrous experiments was determined by carefully weighing 115 

capsules before and after experiments. Recovered capsules were prepared as a series of 116 

discs cut perpendicular to the long axis of the capsule which were then mounted in epoxy 117 

and polished using SiC and diamond pastes prior to analysis.  118 

 119 

3. Sample examination and analysis 120 

Recovered, sectioned capsules were first examined optically and by scanning electron 121 

microscope (SEM). Ti contents of quartz grains within the capsule were determined using a 122 

Cameca SX100 electron microprobe equipped with 5 spectrometers. Initially, sectioned 123 

capsules were examined by EMP to verify that Ti diffusion had occurred and examine 124 

relationships between the capsule, oxide layer and experimental charge. In later analyses 125 

used for fitting diffusion laws, Ti capsules were carefully removed from the run products prior 126 

to EMP analysis. Analysis was performed using a 20kV accelerating voltage and 60 nA 127 

beam current, resulting in a beam size of approximately 2 μm diameter. Ti Kα X-rays were 128 

simultaneously counted on PET crystals (3 overlarge, one standard size) in four 129 

spectrometers and standardized to synthetic rutile using a method similar to that outlined in 130 

Wark and Watson (2006), yielding a detection limit of ~5 ppm. Si Kβ X-rays were also 131 

counted on one TAP crystal to verify that analyzed crystals were SiO2. Point analyses were 132 

made in regions of quartz grains as close to grain boundaries as possible, in order to 133 

minimize the effects of lattice diffusion of Ti through quartz. Numerous diffusion profiles 134 

across different transects were obtained from each recovered sample. Consistency in data 135 

obtained across different transects meant that data could be readily amalgamated to 136 

produce averaged diffusion profiles for each sample. Parameters discussed below were 137 

obtained by fitting diffusion laws to these averaged diffusion profiles. Fitting diffusion laws to 138 

individual diffusion profiles produced, within error, similar results.  After EMP analysis, 139 



polished sections were re-analyzed by SEM so that distance of analysis points from the 140 

edge of the sample (TiO2 boundary layer) could be determined as accurately as possible, 141 

and to verify that all analysis points were from central regions of crack and inclusion-free 142 

quartz crystals. 143 

 144 

4. Results and data fitting 145 

Experimental conditions used in successful experiments are listed in Table 1. A typical 146 

diffusion profile is shown in Figure 1a. The experimental design used promotes diffusion of 147 

Ti from the capsule wall into the sample of polycrystalline quartz. For a simple case where 148 

we consider that Ti diffuses through the polycrystalline quartz by a simple, single 149 

mechanism, i.e. lattice diffusion, data can be fitted to a standard solution of Fick’s 2nd law. 150 

Here we assume that the capsule acts as a constant Ti source, with Ti diffusing into a semi-151 

infinite sink, such that: 152 

 153 

𝐶(𝑥, 𝑡) = (1 − 𝑒𝑟𝑓
(𝑥−𝑥0)

2√𝐷𝑒𝑓𝑓𝑡
) ∗ 𝐶0      [1] 154 

 155 

where C(x,t) is the concentration of the diffusant (Ti) at distance x from the source (i.e. 156 

capsule wall at distance x0) after time t, Deff is the effective diffusion coefficient, and C0 is the 157 

concentration of the diffusant in the sink at t=0 (confirmed by EMP analysis to be below the 158 

detection limit and assumed to be zero). The dashed line in Figure 1a shows a fit of this 159 

solution to the typical diffusion profile. In all cases it is evident that data cannot be 160 

adequately fitted to a single diffusion law, implying that a single diffusion mechanism cannot 161 

fully explain Ti mobility during the experiments. In all cases it is also evident that diffusivity of 162 

Ti is at least an order of magnitude faster than would be expected based on LD of Ti in 163 

quartz (Table 1). For comparison, data from Cherniak et al. (2007) suggests that under 164 

conditions of experiment TiQ9 which produced the diffusion profile shown in Figure 1a, 165 

lattice diffusion would only account for Ti migration of up to a few microns into the sample. 166 



From the absence of a fluid or melt phase in the experimental charges it is clear that grain 167 

boundary diffusion plays an important contribution to Ti mobility in polycrystalline quartz, and 168 

that experiments represent a type B kinetic regime of (Harrison, 1961). Accordingly, we note 169 

that in accordance with type B kinetics, the following relation holds in all experiments: 170 

 171 

δ << (Defft)0.5 << Φ/2        [2] 172 

 173 

using measured grain size, Φ, and making a reasonable assumption for grain boundary 174 

width, δ, of the order of 1x109 m.   175 

 176 

In order to separate the effects of lattice and grain boundary diffusion, and to determine the 177 

grain boundary diffusion coefficient, Dgb, we used the relationship of Leclaire (1963) as 178 

derived from the constant source solution of Whipple (1954), such that: 179 

 180 

𝑠𝛿𝐷𝑔𝑏 = 𝑞.√
𝐷𝐿

𝑡
. [
𝜕𝑙𝑛𝐶�̅�𝑣𝑒(𝑥,𝑡)

𝜕(𝑥
6
5)

]

−2

𝑝

       [3] 181 

 182 

where s is the segregation factor (between quartz grains and grain boundaries), δ is the 183 

grain boundary width, Cave is the average concentration of the diffusant at distance x from 184 

the source, and p=6/5 and q=1.322. The product sδDgb can be solved graphically by plotting 185 

lnCave vs x6/5, as shown in Figure 1b. In this plot, the initial steep part of the diffusion profile 186 

can be assigned to LD of Ti into quartz grains, with the subsequent straight line region 187 

assigned to grain boundary diffusion. As data were obtained within quartz grains but 188 

adjacent to grain boundaries, Ti concentrations effectively represent averaged values at 189 

distance x from the Ti source, and diffusion profiles are not additionally overprinted by the 190 

effects of varying degrees of lattice diffusion within quartz grains at a given distance x. 191 

Typically, an insufficient number of data points were available to meaningfully fit the first part 192 



of diffusion profiles to LD, so we instead used data from Cherniak et al. (2007) to model data 193 

and obtain Dgb. In accordance with numerous previous studies we assumed a lower estimate 194 

of grain boundary width of 0.75 nm (e.g. Demouchy, 2010a, b), and assume a segregation 195 

factor of 1. Results of fitting are listed in Table 1.  196 

  197 

5. Discussion 198 

5.1 Sample characterization and diffusion mechanism 199 

Ti capsules in this study act as the source of Ti diffusing into the polycrystalline quartz. In 200 

nature, Ti is incorporated in minerals dominantly as Ti4+, and only rarely as Ti3+, for example 201 

under the very reducing conditions of the lunar interior. However, the fact that Ti is a 202 

multivalent element, and that experiments described here are nominally unbuffered with 203 

respect to oxygen, necessitates careful consideration of Ti speciation in the present study. 204 

Oxidation of Ti capsules to TiO2 would impart extremely reducing conditions on the sample 205 

assembly, sufficient in fact to reduce SiO2 to Si metal. Examination of run products 206 

demonstrates that this is clearly not the case; both high magnification optical and SEM 207 

imaging of run products exclude growth of oxide rims, coloration due to the presence of 208 

reduced Ti oxides, or reduction of silica. This is consistent with the common observation that 209 

Ti remains inert even up to high temperatures due to the stability of thin TiO2 films. Ti has 210 

been used successfully as an encapsulating metal in many high-pressure experiments (as 211 

initially described in Ayers et al., 1991), and Wu and Koga (2013) have demonstrated that 212 

transition metal capsules are actually ineffective at influencing fO2 conditions in sample 213 

assemblies. We observed this directly in trial experiments. During volatile-free runs using 214 

thick-walled Ti capsules with additional synthetic TiO2 oxide layers interspersed throughout 215 

polycrystalline quartz, we observed that recrystallized rutile crystals in recovered run 216 

products were colourless to light blue. This indicates the presence of only trace amounts of 217 

Ti3+, indicating that Ti was dominantly Ti4+; this is in marked contrast to the intense dark blue 218 

colour noted in H-saturated rutile which has been reduced (e.g. Bromiley and Hilairet, 2005; 219 

Bromiley and Shiryaev 2006). This indicates that although unbuffered, fO2 conditions within 220 



Ti capsules cannot be significantly different from those encountered in nature, and that 221 

importantly, Ti within samples is dominantly stable as Ti4+. 222 

 223 

EMP examination of polycrystalline quartz indicates clear Ti diffusion profiles from the 224 

capsule wall/quartz interface into the center of the sample volume. Ti is typically 225 

incorporated into the quartz structure as Ti4+ (e.g. Ashley et al., 2013;Thomas et al., 2010), 226 

although Ti can also be incorporated into quartz in lower oxidation states such as Ti3+, 227 

typically coupled with other defects such as Fe3+ (e.g. Cohen and Makar 1985). The 228 

analytical approach used here to fit data distinguishes between lattice diffusion in quartz and 229 

the the dominant transport process, grain boundary diffusion. As such, although analysis of 230 

run products or comparison with data in the literature might be used to indicate Ti 231 

incorporation mechanisms within quartz grains, they would not indicate Ti speciation and Ti 232 

incoporation in grain boundary regions. As such, speciation of Ti in quartz grain boundary 233 

regions, and Ti transport mechanisms can only be inferred from circumstantial evidence. Ti 234 

capsules used in this study contain thin TiO2 oxide layers. Importantly, we do not observe 235 

any growth in oxide layers in recovered run products. Given that in the absence of other 236 

species such as Fe3+, Ti is favourably incorporated into quartz as Ti4+ substituting directly for 237 

Si4+, it is likely that the dominant transport process occuring in experiments is direct Ti-Si 238 

exchange and Ti4+ migration; namely, that Ti is incorporated into, and mobile within grain 239 

boundary regions as Ti4+. Coupled with Ti diffusion into quartz, during initial analysis of run 240 

products we also observed Si incorporation into the oxide layer of Ti capsules. EMP analysis 241 

of oxide rims of the Ti capsules revealed the presence of <1 weight % silica. In contrast, Ti 242 

capsules remained Si-free (at the detection limit of Si of a few hundred ppm). This is 243 

consistent with direct Si4+ - Ti4+ exchange between the capsule rims and quartz, but not with 244 

Si-Ti oxidation/reduction which would be required for Si diffusion into Ti metal.  245 

 246 

In contrast, diffusion of species such as Ti3+ or Ti2+ would require some additional charge 247 

balancing mechanism. Use of synthetic, spec pure silica essentially prevents coupled 248 



diffusion of defects other than Si, Ti and O. H+ incorporation into quartz could charge-249 

balance Ti3+ incorporation, for example via a coupled mechanism of Ti3+ + H+ diffusion into 250 

the experimental charge. However, for the experimental durations used, use of anhydrous 251 

starting materials and thick-walled Ti capsules effectively inhibit H incorporation in the 252 

sample. Furthermore, examination of run products by IR spectroscopy failed to reveal the 253 

presence of characteristic O-H stretching bands in quartz which should be very readily 254 

detectable. Ti3+ diffusion could be charge balanced alternatively by coupled diffusion of 255 

oxygen vacancies. This would then require net flux of oxygen out of the sample volume. Ti 256 

capsules remain effectively sealed during experiments, implying that diffusing oxygen could 257 

not be readily lost from the capsule. We observed no evidence for further oxidation of Ti 258 

capsules which could act as a sink for this oxygen, although growth of oxide layers via such 259 

a mechanism could conceivably be too small to be easily observed. Flux of oxygen towards 260 

the TiO2 oxide layer would, however, result in an effective increase in fO2 near the edge of 261 

the sample. This would then be inconsistent with continued Ti4+ reduction in the oxide layer 262 

and diffusion of Ti3+ during diffusion experiments. As such, it is difficult to justify coupled Ti3+-263 

oxyygen vacancy diffusion as an important mechanism throughout the duration of 264 

experiments performed here. 265 

 266 

Alternatively, Ti3+ diffusion through quartz grain boundaries could take place by a coupled 267 

mechanism involving coupled incorporation and ‘hopping’ of Ti3+ onto/across both Si4+ sites 268 

and interstitial Ti3+. Such a mechanism would require reduction of Ti4+ at the oxide layer, and 269 

is, of course, inconsistent with the observed diffusion of Si into the oxide layer or inferred fO2 270 

conditions. However, flux of some Ti in grain boundary regions of quartz as Ti3+ cannot be 271 

discounted, either here or in nature, where Ti3+ defects in quartz are commonly observed in 272 

small quantities coupled to other subsitutional defects. However, on balance, observations 273 

indicate that Ti4+-Si4+ exchange between quartz and the oxide layer is the dominant process 274 

occuring during the experiments. Clearly, further investigation of element speciation in grain 275 

boundary regions is required, although this remains analytically extremely challenging. 276 



 277 

In contrast to anhydrous experiments, H-present diffusion experiments were unsuccessful 278 

due to a number of experimental difficulties. Some higher temperature experiments 279 

(>1000°C) suffered from water-loss (as detected by weight loss) presumably due to failure of 280 

the Ti capsule. Presence of an unknown Ti-Si-rich hydrous phase in grain boundary regions 281 

within the polycrystalline matrix was also noted in recovered samples from successful 282 

experiments. The texture of this phase indicates that it is probably a quenched (hydrous) 283 

melt. In experiment TiQ11 Ti diffusion profiles within the polycrystalline quartz could be 284 

measured, and the melt phase was confined to regions of the sample immediately adjacent 285 

to the capsule wall. As such, diffusion profiles could be obtained from regions of the same 286 

which were melt-free. However, uncertainties in how diffusion data from such experiments 287 

can be interpreted, and observed grain growth in H-present experiments means that results 288 

cannot be meaningfully used. 289 

 290 

5.2 Temperature dependence of Ti diffusivity 291 

Figure 2 is an Arrhenius plot showing the temperature dependence of Dgb. Over the 292 

temperature range investigated, 1000-1400°C, grain boundary diffusion of Ti in quartz is 293 

between 3 and 4 orders of magnitude faster than LD of Ti4+, as constrained by Cherniak et 294 

al. (2007). Calculated activation energy from the Arrhenius plot in Figure 2 is 195±7 kJ/mol, 295 

in comparison to 273±12 kJ/mol for lattice diffusion of Ti in quartz from Cherniak et al. 296 

(2007). Lower activation energy associated with grain boundary diffusion is consistent with a 297 

generally lower free energy barrier for Ti migration between defect sites in grain boundary 298 

regions. This is in general agreement with results of molecular dynamic simulations of near-299 

surface environments in quartz by Lanzillo et al. (2014), who calculated substantially lower 300 

free energy barriers for Ti diffusion close to oxygen-terminated quartz surfaces. However, 301 

Lanzillo et al. (2014) predicted a cross-over in log diffusivity of near-surface (i.e. grain 302 

boundary) vs lattice diffusion of Ti in quartz at high T (their figure 7b) which we do not note, 303 

and predicted a difference in EA a factor of 2-3 lower, which is substantially higher than we 304 



observe. Broadly similar temperature dependences for grain boundary and lattice diffusion 305 

as noted here have, however, also been observed in other studies of polycrystalline 306 

materials (e.g. Nogueira et al., 2003). 307 

 308 

From experiment TiQ11 it is clear that Ti diffusivity is significantly enhanced. In regions 309 

adjacent to capsule walls this could be due to the presence of a hydrous melt phase. 310 

However diffusion profiles consistent with enhanced Ti diffusivity extend into the 311 

experimental charge into regions in which additional phases at grain boundaries are not 312 

observed. However, as grain growth had occurred in the quartz, which might have acted as 313 

an additional mechanism to modify Ti contents of quartz grains, and as we cannot readily 314 

ascertain whether a free fluid phase was present throughout the sample, we cannot readily 315 

draw meaningful interpretation of the results. 316 

 317 

5.2 Importance of grain boundary diffusion on Ti mobility and geothermobarometry 318 

Assuming that the width of grain boundaries in polycrystalline quartz is approximately 319 

constant (i.e. of the order of 1 nm), the relative importance of grain boundary diffusion vs 320 

lattice diffusion of Ti in fluid- and melt-free quartz-rich rocks will depend on grain size and 321 

temperature. Assuming a segregation factor of s=1, a lower estimate of grain boundary width 322 

of 0.75 nm and using equation 3, with Dgb from Table 1 and DL from Cherniak et al, (2007), 323 

we have calculated effective total diffusion of Ti in polycrystalline quartz, Deff, for a range of 324 

grain sizes for each data point in Figure 2. Results are shown in the Arrhenius plot in Figure 325 

3. Extrapolation to lower temperatures highlights the key role which grain boundary diffusion 326 

plays in mobilizing Ti in fine-grained quartz under conditions of the lower crust, with a 6 order 327 

of magnitude difference in flux of Ti in 1cm compared to 1μm polycrystalline quartz at 600°C. 328 

Even in the absence of a fluid phase it is clear that grain boundaries act as important 329 

conduits for mobilizing Ti in quartz-rich rocks. To highlight this, we have also calculated the 330 

temperature dependence of characteristic diffusion distance for this range of quartz grain 331 

sizes for 2 geologically relevant end-member scenarios: (1) t=105 years, as a model of small-332 



scale thermal perturbations in the crust such as those related to a large igneous intrusion, 333 

and (2) t=107 years, as a model of thermal perturbations in the crust related to large-scale 334 

tectonic activity. Results, shown in Figure 4, can be used to assess the mobility of Ti in 335 

different model scenarios and to consider the ease with which the TitaniQ 336 

geothermobarometer can be reset in systems in which an abundant melt or fluid phase is 337 

either absent or cannot be proven. This is particularly relevant to the use of the TitaniQ 338 

method at lower temperatures in metamorphic terrains and areas of dynamic 339 

recrystallization. For fine-grained quartz-rich rocks (grain sizes of approximately 10 μm), and 340 

relatively short period of 105 years, Ti is mobilized over a limited distance of the order of cms 341 

at the lowest temperatures to which the TitaniQ thermobarometer is applied (500-800°C). 342 

Over a period of 107 years, however, mobilization of Ti is more extensive, of the order of 343 

several 10s of cms. Even in coarser grained rocks (100 μm grain size), Ti is mobilized on 344 

this time scale over distances of cm to 10s of cm. Figure 4 clearly demonstrates that in 345 

regional metamorphic settings, resetting of the TitaniQ thermobarometer is expected in finer 346 

grain rocks. 347 

 348 

For calculations described here, in the absence of any direct determination of partitioning of 349 

Ti between quartz crystals and grain boundary regions, we assume a segregation factor of 350 

unity. Trace element concentrations in grain boundary regions cannot readily be measured 351 

due to spatial limitations in analytical techniques, so the actual segregation factor of Ti in 352 

quartz is not easily determined. It is, however, generally assumed that higher point defect 353 

and vacancy concentrations in grain boundary regions could result in higher solubilites of 354 

incompatible elements, and there is some limited data which indicates that this might be the 355 

case, at least for highly incompatible elements in mantle rocks (Hiraga et al. 2003, 2004). To 356 

explore the effects of segregation of Ti into grain boundaries, we recalculated characteristic 357 

diffusion distances using a high segregation factor, s=20. This segregation factor is based 358 

on the assumption that Ti solubility in quartz grain boundary regions is the same as Ti 359 

solubility in a siliceous melt of the same composition, using data from Hayden and Watson 360 



(2007). This is obviously a flawed assumption, as grain boundary regions are far from being 361 

amorphous, although it does provide a useful end-member scenario for investigating the full 362 

effects of large degrees of grain boundary segregation of Ti. Dashed lines in Figure 4 show 363 

corresponding characteristic diffusion distances for the 5 different modelled grain sizes using 364 

this end-member high segregation factor. Characteristic diffusion distances are significantly 365 

reduced, especially in finer-grained aggregates. This implies, in cases of significant grain-366 

boundary/crystal fractionation, that only very localized remobilization of Ti can occur in fine-367 

grained quartzite over periods of 105 years. However, even with significant fractionation, cm 368 

scale remobilization of Ti occurs over long timescales of 107 years, even in coarser grain 369 

quartzite (100 μm grain size). Clearly, accurate determination of segregation factors is 370 

required in order to fully determine the geological importance of grain boundary diffusion, 371 

and in particular, to correctly determine grain boundary diffusivities from experimental 372 

studies. Furthermore, additional factors such as variations in grain boundary width in 373 

different systems clearly require investigation. However, even cursory examination of run 374 

products from the present study demonstrates that Ti mobility in fine-grained (10-30 μm) 375 

quartz aggregates is very significantly enhanced relative to Ti mobility in single crystal 376 

quartz, and modelling of data, even assuming very high segregation factors for Ti, validates 377 

the importance of grain boundary diffusion as a mechanism for mobilizing Ti.  378 

 379 

Recently, there have been several attempts to apply the TitaniQ thermobarometer to 380 

mylonites and other deformed metamorphic rocks, and ongoing controversy over the 381 

scientific justification of applying the technique at low temperatures in deformed quartz. It is 382 

commonly assumed that incorporation of incompatible trace elements into mineral structures 383 

can be predicted by considering resulting lattice strain of the host structure, such as in the 384 

well-known model of Blundy and Wood (2003). Recent high-precision X-ray diffraction data 385 

(Ashley et al., 2013), X-ray absorption studies and molecular dynamics simulations (Thomas 386 

et al., 2010) support the supposition that Ti4+ substitutes directly for Si4+ and is incorporated 387 

onto tetrahedral sites in the quartz structure. The substantial size mismatch between Ti4+ 388 



and Si4+ would, therefore, be expected to result in considerable lattice strain in quartz. 389 

Although the relationship between lattice strain arising from Ti substitution and Ti 390 

concentration in quartz will be non-linear due to effects such as clustering of Ti defects at 391 

high concentrations, this obvious size mismatch explains the strong temperature 392 

dependence which is the basis of the TitaniQ geothermobarometer. The extent to which a 393 

technique such as TitaniQ can be applied in low temperature deformed terrains depends on 394 

the efficiency of Ti mobility at low temperatures and the possible additional effects of 395 

deformation (i.e. additional lattice strain) on mineral chemistry.  The extent to which 396 

deformation might influence [Ti]Q has been the subject of several recent investigations. 397 

Atomistic simulations of Ashley et al. (2013) indicated that resetting [Ti]Q during dynamic 398 

recrystallization can only occur to a limited extent due to processes such as sub-grain 399 

rotation and migration of dislocation arrays. In high-strain deformation experiments using 400 

single crystal, fluid-bearing quartz, Negrini et al. (2014) found abundant evidence for 401 

recrystallization processes such as grain boundary migration recrystallization and sub-grain 402 

rotation, but noted that these did not result in re-equilibration [Ti]Q in experimental charges. 403 

In contrast, in a systematic investigation of dynamically recrystallized quartz Bestmann and 404 

Pennacchioni (2015) found strong evidence of re-equilibration to low [Ti]Q. In the absence of 405 

any obvious mechanism, the authors assigned this to a fluid-mediated process, both in terms 406 

of enhancing Ti loss from within large quartz grains and transporting Ti through the 407 

intragranular medium. Therefore, ongoing research does indicate that the TitaniQ method 408 

can potentially be used at low temperatures in, for example, dynamically recrystallized rocks, 409 

as long as mechanisms for resetting [Ti]Q are fully constrained and understood. Results here 410 

suggest that even under fluid-absent or fluid-poor conditions, intragranular regions can act 411 

as the fast conduits for Ti migration/removal needed to explain Ti loss in dynamically 412 

metamorphosed quartz-rich rocks. In fact, processes such as sub-grain rotation which result 413 

in marked reduction of grain size should significantly enhance Ti mobility through the 414 

coupled processes of grain size reduction (i.e. limitation of rate-controlling lattice diffusion) 415 

and the development of a greater volume fraction of fast grain-boundary pathways. We 416 



might even extrapolate from data presented here, which demonstrates considerable 417 

difference between flux of Ti through the quartz lattice vs grain boundary region, that 418 

development of subgrain boundaries within larger quartz grains might well be expected to 419 

promote fast Ti loss from large quartz grains, as also proposed by Bestmann and 420 

Pennacchioni (2015). The limitation in resetting [Ti]Q in quartz must remain the sluggishness 421 

of LD of Ti into and out of larger quartz grains. The model developed here in Figures 3 and 4 422 

accounts for coupled grain boundary diffusion and lattice diffusion but in a simplified, type B 423 

regime of (Harrison, 1961). As such, it can only be applied meaningfully to the resetting of Ti 424 

concentrations in fine-grain rocks or in the rims of coarser grained rocks. Observations here 425 

do, however, support the observation that Ti depleted rims in quartz grains, as noted by 426 

Bestmann and Pennacchioni (2015), are expected due to the inherently faster mobility of Ti 427 

in grain boundary regions.  428 

 429 

A type B kinetic regime noted in experiments here results in Ti enrichment at grain 430 

boundaries in polycrystalline quartz (i.e. higher temperatures). Similarly, resetting to higher 431 

temperatures in metamorphic rocks might also lead to enrichment in the rims of quartz 432 

grains. Huang and Audetat (2012) argued that fast growth kinetics of quartz grains can result 433 

in trapping of thermodynamically unstable, high Ti contents. Although they argued that this 434 

might be driven by the thermodynamically higher stability of Ti in grain boundary regions 435 

compared to quartz intragrains, a similar effect might be noted during rapid quartz growth in 436 

quartz-rich rocks with Ti enriched rims due to rapid grain boundary flux. Any limit in the 437 

extent to which artificially high Ti concentrations might develop would then be partly 438 

dependent on growth rates of quartz compared to lattice diffusivity. Lanzillo et al. (2014) 439 

suggested, based on results of their molecular dynamic simulations and using the empirical 440 

approach mentioned in Watson (2004), that ‘growth entrapment’ of high Ti concentrations 441 

originating from grain boundary regions in quartz was, even in a ‘worst case scenario’, of 442 

minor importance. Their calculation was made using a lower estimate of Ti diffusivity in near-443 

grain boundary regions based on lattice diffusion data of Cherniak et al. (2007). If grain 444 



boundary diffusivity, as measured here, is comparably to near-surface diffusivity, as Lanzillo 445 

et al. (2014) suggest, present results indicate that Ti entrapment during quartz growth must 446 

be negligible. High Ti contents in natural quartz are instead more likely to indicate resetting 447 

of Ti at higher temperatures, in the absence of any other mechanism which results in 448 

increased Ti concentrations. Furthermore, even during grain growth, the efficiency of grain 449 

boundary diffusion as a transport mechanism should be apparent in near-surface zonation of 450 

Ti contents of quartz. 451 

 452 

The efficiency of grain boundary diffusion as a local transport process in quartz-rich rocks 453 

also has implications for the interpretation of textures seen in metamorphic rocks. Grain 454 

boundary diffusion provides a mechanism for mobilizing Ti, and might conceivably also be 455 

important in mobilizing other high field strength elements in other systems. Rutile-enriched 456 

veins, and localized crystallization of rutile in quartz-rich veins are commonly noted in high 457 

pressure rocks, and these features are sometimes interpreted as evidence for high Ti 458 

solubility in subduction zone fluids (for example, Gao et al. 2007 and references therein). 459 

Grain boundary diffusion could, over geologically realistic timescales as shown in Figure 4, 460 

mobilise Ti over several centimeters to decimeters, providing an alternative to the common 461 

assumption that local rutile enrichment necessarily implies fluid transport. Furthermore, 462 

enrichment in Ti along grain boundaries in quartz-rich rocks could also enrich Ti, and 463 

possibly other elements, into regions from which they can then be readily scavenged by 464 

permeating fluids. 465 

 466 

Finally, as noted above, application of the TitaniQ geothermobarometer requires either Ti-467 

saturated conditions or some estimate of Ti activity. Ti activity is non-trivial to determine, and 468 

typically estimated/assumed from the proximity of quartz grains to Ti-rich phases. The 469 

important contribution which grain boundaries play in Ti flux suggests, however, that in fine-470 

grained quartz-rich rocks quartz grains might be considered Ti-saturated if they are in 471 

contact with a fine-grained intergranular medium, even if Ti-rich phases such as rutile are not 472 



immediately adjacent. For example, from Figure 4, characteristic diffusion distances of Ti in 473 

fine-grained quartz (<10μm) are of the order of 10cm at 800°C over 105 years. By contrast, 474 

in coarse-grained rocks (>1mm), characteristic diffusion distances are of a similar order to 475 

grain size, implying that quartz grains can only be considered to be Ti saturated if they are in 476 

contact with Ti-rich phases or if a free-melt or fluid phase can be demonstrated to have been 477 

present. 478 
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Tables 487 

Table 1. Experimental conditions used in Ti diffusion in polycrystalline quartz experiments at 488 

1.0 GPa and results determined by (i) fitting a single diffusion law to all data points, and (ii) 489 

modelling the contributions of both lattice and grain boundary diffusion using the method of 490 

LeClaire (1963). Grain Boundary diffusivity is determined assuming a grain boundary width 491 

of 0.75 nm, segregation factor s=1 and by modelling the contribution of lattice diffusivity (DL) 492 

using the data of Cherniak (2007) as discussed in the text. 493 

 494 

Run 
no. 

T(⁰C) Duration 
(mins) 

Single diffusion law for all data 
points 

LeClaire (63) fit 
of grain 
boundary 
diffusion 

notes 

   D (m2/s) C0 (ppm) Dgb (m2/s)   

TiQ5 1400 1430 3.9±0.2x10-15 2.5±0.1x103 2.1±0.1x10-13  

TiQ6 1400 1531 5.2±0.7x10-15 2.06±0.09x103 1.4±0.2x10-13  

TiQ7 1200 2755 8.9±0.5x10-15 1.12±0.03x103 2.3±0.1x10-14  

TiQ9 1000 5806 3.8±0.3x10-15 2.11±0.08x103 1.89±0.07x10-15  

TiQ10 1000 4364 4.0±0.2x10-15 2.5±0.1x103 2.26±0.07x10-15  

TiQ11 1000 5829 1.5±0.3x10-13 2.0±0.2x103 5±3x10-14 Free fluid 
phase 
present  

 495 

  496 



Figure captions 497 

 498 

Figure 1a) Typical diffusion pattern (from TiQ9) showing concentration of Ti in quartz with 499 

distance from the capsule wall (Ti source). Symbols larger than error bars unless shown. 500 

Data are fitted to a single diffusion law (dashed line) as discussed in text. b) Plot highlights a 501 

change in trend of the data, with the first part of the data obeying a diffusion law consisted 502 

with slower lattice diffusion and most data fitting reasonably well to a straight line fit, 503 

consistent with grain boundary diffusion in a type B kinetic regime. Scatter in data at the end 504 

of profile is due to greater error in Ti measurement at low Ti contents close to the detection 505 

limit. This part of the data was not used for fitting.  506 

 507 

Figure 2. Temperature dependence of grain boundary diffusion of Ti in quartz. Error bars 508 

smaller than plot symbols unless shown. Open symbol is water-saturated experiment and 509 

was not used for fitting data. Arrhenius parameters extracted from the plot are: activation 510 

energy 195±7 kJ/mol and pre-exponential factor 2.00±0.08 x10-7 m2/s.   511 

 512 

 513 

Figure 3. Arrhenius plot showing the temperature dependence of modelled effective total 514 

diffusivity of T in polycrystalline quartz (anhydrous) as a function of grain size. Calculated 515 

diffusivities consider the effects of both grain boundary diffusion (assuming a lower limit 516 

imposed by a segregation factor of s=1 and data for each experiment performed in this 517 

study) and lattice diffusion using the data of Cherniak et al., (2007). 518 

 519 

Figure 4. Grain size dependence of characteristic diffusion distances in Ti in polycrystalline 520 

quartz as a function of temperature, calculated from total effective diffusivities given in Figure 521 

3. Characteristic diffusion distances are calculated for 2 model end-members: time=105 522 

years and time=107 years (see text for details). Bold lines are distances calculated using a 523 

segregation factor, s=1 for grain sizes labelled in the figure. Dashed lines are corresponding 524 



distances determined based on strong partitioning of Ti into grain boundaries, s=20, as 525 

discussed in the text. 526 
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