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Abstract

We experimentally investigated changes to the titanium concentrations of quartz-rich rocks caused by grain-boundary
migration. Synthesis experiments were performed to make high-Ti quartz starting materials for usage in recrystallization
experiments. We isothermally recrystallized quartz starting material in separate experiments at 10-25 kbar to reduce the
solubility of Ti in quartz. Microstructural and geochemical results indicate that the high-Ti quartz starting material recrystal-
lized to form low-Ti quartz with acicular rutile inclusions. During recrystallization, high-Ti quartz was consumed to form
low-Ti quartz and acicular rutile crystals precipitated behind moving grain boundaries via the discontinuous precipitation
unmixing process. Experimentally imposed changes to the equilibrium solubility concentration of Ti in quartz by amounts
as low as~0.02 weight % (200 pg/g or ppm by weight) created a free energy driving force of 8.7 kJ/mol that was sufficient
to drive large-scale recrystallization of the quartzites. Microstructures of relict grains of the high-Ti quartz starting materials
are characterized by cuspate and irregular grain boundaries, whereas new quartz grains exhibit subhedral to euhedral grain
morphologies and abundant three-grain junctions. Discontinuous precipitation can significantly change mineral composi-
tions, and in the absence of a free fluid phase can operate much faster than other types of mass transfer processes commonly

associated with solid-state reactions.
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Introduction

Quartz-quartz grain boundaries are among the most abun-
dant interfaces in the Earth’s continental lithosphere. Given
the abundance of quartz in igneous, metamorphic, and
sedimentary rocks, combined with its propensity to accom-
modate deformation through various grain size-reducing
processes, the grain-boundary regions separating adjacent
quartz crystals in rocks exert first-order controls on a wide
range of geochemical, petrologic, geophysical, and geody-
namic processes. Grain boundaries are < 1 nm wide regions
separating crystals with different orientations. Kinetic
feedback mechanisms that operate along grain boundaries
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strongly control the compositional and textural properties of
rocks (e.g., Thomas and Watson 2014). Grain boundaries are
important geochemical reservoirs of elements that are not
compatible in the dominant matrix minerals of polycrystal-
line materials (Hiraga et al. 2002, 2007; Hiraga and Kohlst-
edt 2007), and grain-boundary diffusion mediates transport
of elements in systems that lack a wetting fluid or melt
(Thomas and Watson 2014; Bromiley and Hiscock 2016).
Partitioning of elements into static grain-boundary regions
and subsequent grain-boundary transport exert strong con-
trols on elemental and isotopic fractionations (Farver and
Yund 1992; Teng et al. 2006; Tominaga et al. 2009), and
mineral nucleation and growth (Thomas and Watson 2014).

In polycrystalline rocks lacking a wetting fluid or melt,
grain boundaries are the only geometric pathway for
coexisting minerals to “communicate” with one another
in response to changes in P-7-X conditions. Metamor-
phic reactions that operate by moving grain boundaries
through rocks can govern textural development and signifi-
cantly modify mineral geochemistry. Migration of grain
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boundaries occurs as ions change their position between
neighboring crystals, which causes relative motion of
the interfaces separating adjacent grains. Moving grain-
boundary reactions that involve changes to mineral chem-
istry of adjacent crystals are called discontinuous reactions
because the moving grain boundary produced a structural
(i.e., orientation) and chemical discontinuity between the
reactant and product minerals formed behind the moving
interface (Boland and van Roermund 1983; Boland and
Otten 1985; Putnis 1992; Manna et al. 2001). Discontinu-
ous precipitation (DP) is fundamentally different from
other moving interface reactions (e.g., spinodal decom-
position, diffusion-induced or chemically induced grain-
boundary migration, and diffusion-induced recrystalliza-
tion) because DP involves decomposing a supersaturated
solid solution into two new minerals that precipitate at a
moving grain boundary. Numerous studies document DP
reactions in natural (Nichols et al. 2018) and engineered
metallic systems (Manna et al. 2001), and DP reactions
can produce symplectite textures in silicate rocks (Boland
and van Roermund 1983; Boland and Otten 1985). We
argue that DP reactions are a mechanism to produce
finely rutilated quartz and may play an important role in
the development of quartz microstructures. Quartz with
acicular needles forms instead of lamellar symplectites of
quartz and coarser-grained rutile likely because changes
to Ti concentrations of quartz occur at trace element lev-
els—the maximum change produced here was ~200 ppm
Ti (TiO, mole fraction=2.7 X 10_4). In contrast, for exam-
ple, the generic symplectite-producing reaction common
to eclogites is diopside + albite = 2omphacite + quartz.
Previous experimental studies showed that grain bound-
ary migration under hydrostatic (Thomas et al. 2015) and
deformation (Nachlas et al. 2018a) conditions can modify
Ti concentrations of quartz, but DP reactions were not fully
appreciated. Here we present new piston-cylinder experi-
ments to explore reactions that operated along moving
grain boundaries in synthesized quartzites. We made high-
Ti quartz for usage as starting material. The quartz starting
material was recrystallized in separate experiments at 10-25
kbar to reduce Ti solubility. Light microscopy, cathodolu-
minescence, field-emission scanning electron microscopy,
electron probe microanalysis, and electron backscattered dif-
fraction measurements were used to characterize experimen-
tal run products. Light microscopy unequivocally revealed
DP of finely rutilated quartz that formed behind moving
grain boundaries. We used a Ti-in-quartz solubility model
to determine the magnitudes of chemical driving forces that
caused grain-boundary migration and discontinuous precipi-
tation. Results demonstrate that DP in quartzites operates in
response to trace-level impurity differences between neigh-
boring grains. The length scales of chemical and textural
modifications caused by DP are compared to geochemical
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changes caused by some other mass transfer processes (e.g.,
volume diffusion, grain-boundary diffusion).

Experimental and analytical methods

We performed two types of high P-T experiments using
end-loaded piston-cylinder devices at Syracuse University
and Rensselaer Polytechnic Institute. Synthesis experiments
were performed to make high-Ti quartz starting materials
for usage in recrystallization experiments. Both types of
experiments used Ag capsules contained in NaCl-Pyrex-
MgO assemblies wrapped in Pb foil (Watson et al. 2002).
Experiments performed at P <20 kbar used 19 mm diam-
eter assemblies and experiments performed at P > 20 kbar
used 12.7 mm diameter assemblies. The piston-cylinder
devices employed Enerpac Bourdon tube gauges with
18 cm-diameter dials to measure hydraulic oil pressures.
Temperatures were controlled to+1 °C using type-D ther-
mocouples (Wy;Re;—W;sRe,s) and Eurotherm Nanodac
PID controllers (thermocouple accuracy reported from
Concept Alloys is+0.5 °C). We did not apply “friction cor-
rections” to the calculated experimental pressures because
reported pressures are interpreted as accurate to within
approximately & 120 bars (Spear et al. 2014; Thomas and
Spear 2018; Bonazzi et al. 2019). Shutting off power to the
assemblies quenched experiments to below 100 °C in less
than 30 s.

Quartz starting materials were synthesized from hydro-
thermal fluids in the Si0,-ZrO,-TiO, system at 10 kbar and
925 °C. Oxide starting materials (Alfa Aesar) consisted of
SiO, (amorphous; ~40 mg), TiO, (anatase; ~5 mg), ZrO,
(~5-10 mg), and water (distilled or deionized; ~25 mg).
Powders were gently loaded into silver capsules
with ~ 1 mm-thick walls and water was added to fill capsules
to within~ 1 mm of the lid (Thomas et al. 2015). Experi-
mental capsules were sealed during cold pressurization at
room temperature.

We opened synthesis experiment capsules with two
pairs of pliers by wrenching off capsule lids. Crystals were
washed out of capsules with alcohol or water. After drying,
we handpicked single crystals from the synthesis experi-
ments, placed them on double-sided tape, and cast them
in epoxy. The remaining high-Ti quartz starting materi-
als were hammered into Ag capsules using a drill blank to
pulverize the material. After recrystallization experiments,
we machined off the majority of capsule lids and bottoms
using a lathe to expose fully densified polycrystalline rocks.
Recrystallization experiments were vacuum impregnated
and cast in epoxy.

All experimental specimens were ground flat with silicon
carbide papers (600 grit), polished in 1 um alumina, and
final polished for 2 h in 60 nm colloidal silica suspensions,
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which produced a featureless finish suitable for subsequent
analyses. We polished both sides of some specimens for
transmitted light microscopy and confocal Raman micro-
probe measurements.

The Cameca SXFive electron probe microanalyzer
(EPMA) at Syracuse University and the Cameca SX100
microprobe at Rensselaer Polytechnic Institute were used
for trace element measurements of titanium in quartz. Both
instruments have cathodoluminescence (CL) imaging capa-
bilities used to document Ti distribution in experimen-
tal run products; CL imaging was performed using 10 to
100 nA beam currents and 15 kV accelerating voltage. For
quantitative measurements, the five wavelength dispersive
spectrometers were tuned, and elements were standardized
using oxide and silicate mineral standards by adjusting the
beam current to attain ~ 12,000 counts per second for ana-
lyte X-rays on gas-flow proportional counters. Trace element
measurements of Ti in quartz were performed using a 200
nA beam current and a “focused” beam (< 1 pm diameter).
Titanium Ka X-rays were diffracted with large PET diffrac-
tion crystals (22 X 60 mm) and simultaneously counted on
four spectrometers (200 s on peak, and 100 s on low and
high backgrounds), which yielded a statistical detection
limit between 5 and 8 ppm (by weight) for individual meas-
urements. We counted Si Kf X-rays to confirm analyzed
materials were silica and for accurate matrix correction. We
evaluated accuracy of EPMA measurements by analyzing
quartz reference materials including synthetic quartz refer-
ence materials from Thomas et al. (2010) with 18-813 ppm
Ti. It was not possible to completely avoid rutile crystals
contained in the recrystallized experiments, so not all recrys-
tallization experiments were measured with EPMA.

We measured the crystallographic orientations of quartz
in polycrystalline quartzites produced in recrystallization
experiments using electron backscatter diffraction (EBSD)
with a Tescan Vega3 scanning electron microscope with
Oxford EBSD detector housed at the State University of
New York (New Paltz). The experimental sample was tilted
at 70° to the incident beam and analyzed at 18 mm work-
ing distance with a 25 kV, ~ 12 nA electron beam. We col-
lected EBSD maps of 201,000 to 276,000 um? areas using
a 1 um step size. Regions selected for mapping contained
mostly quartz, and greater than 90% of the pixels indexed
as quartz, rutile, or zircon. Crystallographic orientation data
were processed and analyzed using the open-source MTEX
module for MATLAB (Bachmann et al. 2010). Individual
grains were defined as regions separated by > 10° (Shige-
matsu et al. 2006) that contain at least 8 pixels. Dauphine
twins (60° rotation about a quartz ¢ axis) were identified in
both relict and recrystallized quartz.

Field emission scanning electron microscopes at Rens-
selaer Polytechnic Institute (Carl Zeiss Crossbeam) and
Cornell University (Carl Zeiss Gemini) were used to image

recrystallization experiments. Secondary and backscattered
electron images were acquired using 20 kV accelerating volt-
age. X-ray analyses were performed using an Oxford AZTEC
energy dispersive spectrometer.

Raman spectra of experimental run products were
measured with a Renishaw In-Via Raman microprobe at
Syracuse University. The incident laser light (532 nm) was
focused onto targets using a 100X objective (N.A.=0.9).
We performed depth profiles through acicular mineral
inclusions that are < 1 um wide by moving the motorized
stage in 0.3 um increments. Spectra were acquired for 20 s.
Raman shifted light was backscattered (180° geometry)
and statically dispersed with 1800 grooves/mm gratings
onto a charged-couple device. The Renishaw spectrometer
has~0.5 cm™! spectral resolution (dependent on wavelength
of shifted light), and precision of standard measurements
is typically <0.1 cm™'. The spectrometer was calibrated
against numerous Ne lines, and spectral accuracy and lin-
earity were checked throughout each analytical session
by measuring the Rayleigh scattered laser light and the
520.5 cm™! band of a silicon standard.

Results

One of the examined recrystallization experiments is from
a previous study (Thomas et al. 2015) deployed to evaluate
the P-T dependencies of the Ti-in-quartz solubility models
used in thermobarometry. In that study, high-Ti quartz was
recrystallized under “wet” and “dry” conditions. Based on
results from reflected light microscopy, CL, and EPMA,
Thomas et al. (2015) suggested that quartz crystals in dry
experiments recrystallized via chemically induced grain-
boundary migration. All results of the previous study were
from polished sections of experimental capsules (i.e., the
capsule bottoms remained). After completion of the Thomas
et al. (2015) study, we cut off the bottoms of the capsules to
prepare sections polished on both sides to permit transmitted
light microscopy. We then discovered that the recrystallized
quartz in “dry” experiments contain numerous acicular rutile
inclusions with < 1 pm diameters that were not previously
recognized. Chemically induced grain-boundary migration
and DP are related discontinuous reactions, but the presence
of the rutile crystals locally precipitated in the “wake” of
moving grain boundaries indicates that the microstructures
technically formed by DP. Identification of the acicular rutile
crystals that developed in the dry recrystallization experi-
ments motivated additional experiments described here.

Synthesis experiments to make high-Ti
quartz

The generic reaction,
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describing the equilibrium solubility of Ti** contained in
the quartz structure and the solubility model of Thomas
et al. (2010) were used to guide synthesis experiments and
to study quartz recrystallization processes under nominally
dry conditions. Experimental run conditions and Ti concen-
trations of synthesis and recrystallization experiments are
shown in Fig. 1 and listed in Table 1. As briefly described
above, synthesis experiments conducted at 925 °C and 10
kbar were performed to make the quartz starting material.
Aqueous fluid was always present after opening synthesis
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Fig.1 Plot showing the pressure and temperature dependencies of
Ti in quartz. Curves are the Ti-in-quartz solubility model of Thomas
et al. (2010). The recrystallization experiment at 10 kbar is offset
from 925 °C to avoid overlapping the measured Ti in quartz of syn-
thesized quartz starting materials. Errors (two standard errors) are
smaller than the symbols. The dashed line shows a cooling experi-
ment. See text for details

Table 1 Experimental run conditions and Ti concentrations of quartz

capsules. Each synthesis experiment produced thousands of
anhedral to euhedral quartz crystals that ranged up to~ 1 mm
in diameter, and granular rutile and zircon with lengths typi-
cally < 100 pm and length/width aspect ratios ~2. Raman
spectroscopy confirmed that the starting oxide powders
crystallized to form quartz, rutile, and zircon during the
synthesis experiments (Fig. 2). Transmitted light micros-
copy revealed that most quartz crystals from the synthesis
experiments are free of inclusions, but some crystals con-
tain inclusions of primary rutile and zircon; fluid inclu-
sions occur but are rare. Cathodoluminescence images with
uniform brightness values and EPMA measurements of
quartz crystals demonstrate that Ti concentrations in quartz
are relatively uniform; synthesized quartz starting mate-
rial contained ~349 to 392 ppm Ti (see estimated standard
deviations in Table 1). Titanium concentrations of synthe-
sized quartz starting material (Fig. 1) are within the 95%
confidence interval of the Ti-in-quartz solubility model of
Thomas et al. (2010). The reproducibility of Ti concentra-
tions in quartz grown in numerous experiments using five
different piston-cylinder devices located at two universities
is noteworthy (Table 1; Wark and Watson 2006; Thomas
et al. 2010, 2015).

Recrystallization experiments

It was not possible to remove all rutile and zircon from the
quartz starting material used in recrystallization experi-
ments. We forcibly hammered the quartz starting mate-
rial into new capsules for the recrystallization experiments
(see Methods) to reduce porosity and pulverize the starting
material. No water was added to capsules. We performed
recrystallization experiments in 5 kbar increments along the
925 °C isotherm from the synthesis condition at 10 kbar up
to 25 kbar (Fig. 1; Table 1). We also performed a cooling

Name P (kbar) T (°C) t (h) H20 (wt%) Measured Ti (ppm) Calculated Ti (ppm)
Synthesis experiments

QTiP-43 10 925 98.7 40 392 (2) 367
QTiP-44 10 925 120 45 349 (50) 367
QTiP-47 10 925 120 45 376 (26) 367
Recrystallization experiments

TiiGrB-21 10 925 120 0 nd 367
TiiGrB-17 10 925-300 *18.3+173.6 0 nd 367-0.1
TiiGrB-20 15 925 120 0 nd 153
TiiGrB-1 20 925 120 0 100 (2) 84
TiiGrB-18 25 925 120 0 nd 27

1. Experiments QTiP-43 and TiiGrB-1 are from Thomas et al. (2015); numbers in parentheses are estimated 2 s. *TiiGrB-17 dwelled for 18.3 h

at 925 °C prior to ramping down temperature to 300 °C
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Fig.2 Raman spectra of quartz, rutile, and zircon from recrystal-
lization experiment TiiGrB-1 that exhibits decomposition of high-Ti
quartz by discontinuous precipitation of low-Ti quartz and acicular
rutile. A spectrum of rutile (Minas Gerais, Brazil) for reference is
from the RRUFF database (Lafuente et al. 2015)

experiment along the 10 kbar isobar with the goal of homo-
geneously precipitating rutile from high-Ti quartz.

Cathodoluminescence textures
of recrystallization experiments

Textural evidence that reactions operating along moving
grain boundaries modified Ti concentrations in quartzites
was first described in natural samples by Miiller et al. (2007)
and later experimentally demonstrated by Thomas et al.
(2015) and Nachlas et al. (2018a) based on CL images of
quartzites recrystallized under isostatic and dynamic condi-
tions, respectively. CL brightness directly correlates with
variations in Ti concentrations in quartz (Spear et al. 2012),
making CL an especially useful method for evaluating modi-
fications to quartz Ti concentrations during recrystallization.
Because the induced compositional variations are present
at trace element levels, other commonly used observational
methods cannot directly reveal the extent of recrystallization
(e.g., reflected light microscopy and other types of scanning
electron microscopy). Importantly, CL imaging is always
the initial reconnaissance method used to evaluate recrystal-
lization because cutting off capsule bottoms, grinding, and
polishing experimental capsules containing polycrystalline
aggregates sufficiently thin for light transmission (< 100 pm)
removes valuable material and risks destroying experimental
specimens.

A recrystallization experiment performed at the same
P-T condition as the synthesis experiment (10 kbar and
925 °C), which is regarded as a null experiment, produced a
polycrystalline aggregate composed of angular fragments of
pulverized quartz starting material with relatively uniform
CL brightness (Fig. 3a). Aside from some healed fractures
in quartz starting material, textural evidence for substantial
microstructure modification is absent. Titanium concentra-
tions of quartz crystals are essentially identical to the quartz
starting material (Table 1).

Cathodoluminescence images show that quartz in all
recrystallization experiments conducted at P> 10 kbar
underwent extensive recrystallization. The polycrystalline
quartzites have equilibrium microstructures with equant
quartz crystals joined at~120° triple-grain junctions
(Figs. 3b, c, 4a, b). There is no textural evidence indicat-
ing the presence of a free fluid phase during experiments
(e.g., wetted triple junctions, grain boundaries, etc.), and
fluid inclusions do not occur in any of the recrystallized
grains. CL images and EPMA measurements demonstrate
that quartz grown in the recrystallization experiments has
substantially lower Ti concentrations than the quartz start-
ing material (Fig. 4a; Thomas et al. 2015), consistent with
solubility models that predict reduced Ti concentration with
increasing pressure (Fig. 1; Table 1; Thomas et al. 2010,
2015).

The recrystallized quartz crystals have dark CL and well-
developed facets that directly impinge on the high-Ti quartz
starting material (bright CL; Fig. 4a). For this reason, the
high-Ti quartz always occurs as individual grains with bright
CL and cuspate grain boundaries. The high-Ti quartz start-
ing material never occurs as cores with crystallographically
continuous overgrowths of dark-CL quartz, which is a com-
mon texture that occurs in “wet” quartzite recrystallization
experiments described in Thomas et al. (2015) that were
interpreted to have recrystallized by dissolution—precipita-
tion processes. Based on interpretations of EBSD results
described below, many of the recrystallized regions shown
in Fig. 3b were likely large single crystals of high-Ti quartz
starting material that were replaced (partially or completely;
Fig. 3b, c¢) by numerous smaller quartz crystals to form an
equilibrium microstructure of equant grains with similar
dimensions. We emphasize that significant microstructural
development was not observed in the null experiment recrys-
tallized at the synthesis condition.

Nucleation of the new quartz grains in the quartzites
is not well understood, but we speculate that nucleation
occurred within high-energy regions of the quartz starting
material followed by radial growth outwards. Some recrys-
tallized quartz crystals display fine-scale chemical zonation,
indicating that attainment of chemical equilibrium by grain-
boundary migration may have been incomplete (cf. Manna
et al. 2001).
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Fig.3 Cathodoluminescence images of recrystallization experi-
ment capsule cross-sections (left) and higher magnification images
of microstructures (right). a A “null” recrystallization experiment
performed at the same P-T conditions as the synthesis experiment
used to make the starting material (TiiGrB-21; Table 1). Note that
quartz crystals remain as angular fragments with unaltered Ti con-
centrations. Titanium concentrations near the ends of the crystal
with asterisks were affected by secondary fluorescence from nearby
rutile. b Recrystallization experiment performed at 15 kbar and
925 °C (TiiGrB-20; Table 1). Most high-Ti quartz starting material

@ Springer
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was consumed in the discontinuous reaction high-Ti quartz=Ilow-Ti
quartz+rutile. The high-Ti quartz has irregular cuspate boundaries
impinged by low-Ti quartz. Concentric zoning of the low-Ti quartz
indicates that imperfect chemical equilibrium was achieved during
the recrystallization experiment. ¢ Isobaric slow cooling experiment
(TiiGrB-17; Table 1). High-Ti quartz has serrated and irregular grain
boundaries; the newly formed quartz with dark-CL forms a finer-
grained microstructure compared to the isothermal experiments per-
formed at higher temperatures, and evidence for grain migration in
the form of cuspate boundaries or triple junctions is absent
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Fig.4 Images of recrystallization experiment performed at 20 kbar
and 925 °C (TiiGrB-1; Table 1). Cathodoluminescence image a and
the corresponding transmitted plane-polarized light photomicro-
graph Field of view=312 micrometers. b showing that high-Ti quartz
recrystallized to produce low-Ti quartz with dark-CL and acicular

We ran a cooling experiment (3.6 °C/h) along the 10 kbar
isobar (Fig. 1) to evaluate textural changes that result from
decreased Ti-in-quartz solubility in response to decreasing
temperature. Because cooling was relatively rapid, recrystal-
lization was considerably more limited than previous recrys-
tallization experiments and restricted to irregular, serrated
quartz-quartz boundaries characterized by dark-CL recrystal-
lized quartz adjacent to high-Ti relict quartz crystals (Fig. 3c).
The serrated grain boundaries resemble grain-boundary bulge
recrystallization textures (Urai et al. 1986; Hirth and Tullis
1992). Relative to the isothermal experiments, quartz in the
cooling experiment experienced more limited textural and
chemical modifications likely related to decreased grain-
boundary migration rates with decreasing temperature.

It was nearly impossible to obtain accurate Ti measure-
ments of dark-CL, recrystallized quartz because of perva-
sive secondary fluorescence from abundant acicular rutile

Low-Ti quartzg
yWith acicular
rutile

,‘/ .
\ | ‘Low—T| quartz
o || “with acicular
\ a',‘rutile

rutile crystals. Crossed polarized ¢ and plane-polarized transmitted
light photomicrographs d are composites of 18 stacked photographs
taken throughout a 90-um-thick section of the recrystallization exper-
iment. Note the acicular rutile crystals that trace the exterior crystal
shape of quartz near center of photograph (c)

inclusions formed during recrystallization experiments (see
below) as well as granular rutile crystals included with the
starting material (Fig. 4b—d). Recrystallized quartz grains
with dark CL (Fig. 4a) that have Ti concentrations close to the
equilibrium solubility (Fig. 1) occur in isolated regions that
do not contain many nearby acicular rutile crystals (Fig. 4b).
Titanium concentrations in doubly polished thin (<30 pum)
crystals of dark-CL quartz (Fig. 4a) from the experiment at
20 kbar and 925 °C range from 86 to 113 ppm Ti and have
an average of 100 ppm Ti (Fig. 1; Table 1). Secondary fluo-
rescence from abundant rutile inclusions in recrystallized
quartz produces Ti concentrations in all recrystallization
experiments (Thomas et al. 2015) that are slightly higher
than predicted by the Ti-in-quartz solubility model (Fig. 1).

Titanium depletion haloes surrounding rutile inclusions
in quartz were observed in CL images of some natural ruti-
lated quartz crystals (Cherniak et al. 2007; Nachlas et al.
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2018b). We do not observe any CL variation in quartz sur-
rounding rutile crystals in these experimental specimens.

Transmitted light microscopy
of recrystallization experiments

At the time when the recrystallization experiments of
Thomas et al. (2015) were measured, we did not know that
the recrystallized quartz was thoroughly rutilated because
we had not observed experimental specimens in transmit-
ted light. Thomas et al (2015) attributed relatively large
ranges of Ti concentrations measured in the recrystallized
dark-CL quartz to secondary fluorescence analytical arti-
facts caused by nearby/subsurface granular rutile crystals
that were inadvertently added from the original synthesis
experiments (Fig. 4b—d). The acicular rutile crystals were
not visible with reflected light microscopy typically used
to examine polished samples of experimental specimens.
The acicular crystals were also not resolvable with back-
scattered and secondary electron imaging obtained using
the LaBg and tungsten filament electron sources in our
EPMA and SEM-EBSD instruments, respectively.

Transmitted light microscopy revealed that the interi-
ors of recrystallized grains with dark CL are thoroughly
rutilated. Acicular rutile crystals are remarkably well
resolved at high magnification in transmitted light with a
petrographic microscope (Fig. 4b—d), likely because many
rutile crystals have width dimensions (i.e., equivalent a-
and b-axes in tetragonal rutile) near the wavelengths of
transmitted visible light (i.e., ~380-780 nm) (Seifert et al.
2011). Transmitted light and CL images in Fig. 4a—d show
that relict grains of high-Ti quartz with bright CL never
contain acicular rutile crystals, whereas recrystallized
low-Ti quartz with dark CL always contains acicular rutile
crystals. Transmitted light microscopy also revealed that
dark-CL quartz in restricted regions (e.g., Fig. 4a) have Ti
concentrations approaching predicted equilibrium values
because quartz crystals in those regions are very thin and
contain few acicular rutile crystals (Fig. 4b).

The acicular rutile crystals that formed during the recrys-
tallization experiments may be aligned at angles to or along
the lengths of quartz grain boundaries (Fig. 4c). Petrographic
observations indicate that acicular rutile crystals have high
aspect ratio with long axes typically > 100 um and widths
always <1 um (Fig. 4b—d). Many acicular rutile crystals
apparently delineate positions of a former grain boundary
as the new quartz crystal grain boundary migrated to con-
sume the out-of-equilibrium quartz with high Ti concentra-
tions (Fig. 4c, d). Some acicular rutile crystals are curved
and trace former facets developed on migrating quartz grain
boundaries (see Fig. 4c). The acicular rutile crystals are not
correlated with quartz symmetry presumably because some

@ Springer

rutile crystals nucleated at random angles to the migrating
grain boundaries, and because not all new quartz crystals
are perfectly faceted.

The quartz in water-saturated recrystallization experi-
ments of Thomas et al. (2015) has bright-CL quartz with
overgrowth mantles of dark-CL quartz with low Ti con-
centrations. Based on CL textural relationships, Thomas
et al. concluded that the high-Ti quartz starting material in
the water-saturated experiments recrystallized by dissolu-
tion—precipitation processes to produce low-Ti rims that con-
tained the equilibrium solubility concentration of Ti. Tita-
nium that exceeded the equilibrium solubility concentration
during recrystallization must have been partitioned into fluid
along the grain boundaries and subsequently transported
to preexisting rutile crystals residing on grain boundaries.
Notably, quartz recrystallized in the water-saturated experi-
ments do not contain acicular rutile crystals.

Electron backscatter diffraction
measurements of recrystallization
experiments

We used EBSD to measure crystallographic orientations of
quartz in the recrystallization experiments. Goals of EBSD
measurements were to evaluate intracrystalline structure and
determine misorientation along boundaries between relict
high-Ti quartz crystals and low-Ti quartz that formed during
the recrystallization experiments. EBSD maps reveal large,
single crystals of relict quartz mantled by multiple smaller,
equant grains of recrystallized low-Ti quartz (Fig. Sa—c).
The EBSD maps also clearly show that recrystallized quartz
formed a foam-like texture characteristic of an equilibrium
microstructure at the expense of the high-Ti quartz. Most
of the mapped region shown in Fig. 5 was likely one large
single crystal of high-Ti quartz surrounded by fine-grained
rutile and zircon. The EBSD maps also suggest that recrys-
tallized quartz crystals may have nucleated along a fracture
near the center of the relict high-Ti quartz crystal (Fig. Sa—c)
followed by outward growth. The radius of grain-boundary
curvature of recrystallized grains points from crystal nuclei
outwards in the growth direction. Recrystallized quartz crys-
tals do not exhibit preferred orientations, and they show no
evidence for intracrystalline distortion (cf. Nachlas et al.
2018a). The high-Ti relict grains and the numerous low-Ti
recrystallized grains do not exhibit preferred misorientations
along shared boundaries, suggesting that grain misorienta-
tion was not a major driving force for grain-boundary migra-
tion in these experiments (Fig. 5b). Dauphiné twins occur in
both relict and recrystallized quartz and are not correlated
with growth of new quartz crystals.

We used a FE-SEM to image the recrystallized regions
shown in Fig. 5. Acicular rutile crystals were not readily
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Fig.5 Relict crystals of high-Ti quartz from a recrystallization exper-
iment performed at 15 kbar and 925 °C (TiiGrB-20; Table 1) partially
replaced by multiple smaller recrystallized grains. a Cathodolumi-
nescence image showing a high-Ti quartz crystal with bright-CL that
has smooth, cuspate boundaries surrounded by numerous smaller,
equant low-Ti quartz crystals with dark-CL. b Band contrast electron

visible in backscattered electron images collected using
5-10 kV accelerating voltages. We found that operating
the FE-SEM at 20 kV increased the analytical volume and
improved the chances of observing small rutile crystals,
most of which were not exposed on the polished surfaces of
specimens. Measurements of rutile crystals on backscattered
electron images show that rutile crystals range from~ 100 to
750 nm wide (Fig. 6a—d). Energy-dispersive spectroscopic
analyses (Fig. 6e) agree with Raman analyses (Fig. 2) to
confirm that acicular inclusions are rutile.

Discussion
Phenomenology

Low-Ti quartz included with numerous acicular rutile
crystals discontinuously precipitated behind moving grain
boundaries that advanced through high-Ti quartz starting
material. Interfaces between the new and old quartz are sharp
compositional and structural discontinuities (Figs. 3,4,5) that
must have formed by grain-boundary migration. Based on
the lack of acicular rutile crystals in the quartz starting mate-
rial and abundant acicular rutile crystals in the new quartz,
the Ti source for acicular rutile precipitation is likely from
the decomposed high-Ti quartz starting material. The basic
steps involved with the DP reaction,

high-Ti quartz = low-Ti quartz + rutile, )

include structural decomposition of the high-Ti quartz start-
ing material, formation of a new grain boundary, partitioning
of Ti into the grain boundary, precipitation of rutile, and
low-Ti quartz, followed by migration of the grain bound-
ary. Figure 6¢ shows small rutile needles nucleated at a
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backscatter diffraction map of a large, single crystal of high-Ti quartz
(shaded in red) mantled with numerous smaller quartz crystals. White
lines delineate Dauphiné twin boundaries. ¢ Electron backscatter dif-
fraction grain-boundary map with relict-recrystallized boundaries
colorized by misorientation angle. Fine-grained minerals are mostly
zircon and rutile. Scales in (b) and (c) are the same

migrating grain boundary between low- and high-Ti quartz.
Grain boundaries may sweep through materials numerous
times to reduce system free energy because the first pass
may not achieve textural and/or chemical equilibrium (Hay
and Evans 1987; Yoon 1995; Manna et al. 2001; Evans et al.
2001). Given time, additional grain-boundary migration and
DP may occur to reduce chemical zoning noted in the low-
Ti quartz crystals (Figs. 4, 5). Changes to system P-T-X
conditions may drive the discontinuous reaction described
by Eq. 2 toward the left to cause discontinuous dissolution
(Manna et al. 2001).

Energetics of discontinuous precipitation
of quartz and rutile

These experiments provide information on the driving forces
for DP in quartzites. Rutilated quartz formation in these
experiments required the two independent events of initiation
and steady-state growth of DP. Williams and Butler (1981)
described the Gibbs energy change for initiation of DP as

AG, = AG, + AGgp + AG, + AG, 3)

where subscripts p, GB, d, and ¢ terms refer to energy con-
tributions from “puckering” and grain-boundary deflection
near precipitate nuclei, grain boundary (related to grain
shape and size), deformation (related to stored strain energy
in the form of lattice dislocations), and compositional strain
(related to changes in unit cell dimensions resulting from
substitutional impurities). Energetics related to “puckering”
and grain coarsening in quartzites are not fully understood.
Energetics related to deformation are not relevant to the
isostatic experiments described here (Nachlas et al. 2018a,
b). Below, we consider the effect of compositional-related
strain on DP.
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Fig.6 Backscattered electron images (a—d) of rutilated quartz from
recrystallization experiment performed at 15 kbar and 925 °C (Tii-
GrB-20; Table 1), and e energy-dispersive spectrum showing Ti Ko
X-rays obtained from a traverse (blue colored line) across the rutile
crystal in d. Many rutile crystals intersect the polished surfaces at

After exceeding AG;, the Gibbs energy change in DP for
steady-state growth of DP minerals is

AGpp = AG), + AGY,, )

where superscripts y and c are the interfacial energy and
chemical free energy (Williams and Butler 1981). We did

@ Springer

low angles which causes diffuse appearances to subsurface portions
of the crystals. In c rutile needles are growing behind the low-Ti grain
boundary that was advancing into the high-Ti quartz. The colloidal
SiO, in dilated grain boundaries and on polished surfaces is from the
polishing compound

not control surface areas of these experiments (e.g., grain
size of starting material), but interfacial energetic contribu-
tions are believed to be small because quartz has a relatively
low interfacial energy (~0.36 J/m?) (Parks 1984). Results
from the null recrystallization experiment performed at
the synthesis condition (10 kbar and 925 °C) showed that
annealing quartz starting material at a condition of chemical



Contributions to Mineralogy and Petrology (2020) 175:38

Page 110f 16 38

equilibrium did not cause significant changes to microstruc-
ture, quartz Ti concentrations were not affected, and acicular
rutile crystals did not form (Fig. 3a). This finding indicates
that AG,, AG and AGZP are not sufficient to initiate and
maintain steady-state DP in these experiments. Conversely,
experimental results show that it is energetically favorable
to initiate and grow new quartz and rutile crystals when the
Ti concentrations of quartz deviate from the equilibrium
solubility concentration by amounts characterized as trace
element concentrations (< 0.1% by weight), which indicates
that AGY,, is the dominant driving force for DP in these
experimental quartzites (i.e., AGY), ~ AGpp).

The Ti concentration of the quartz starting material and the
Ti-in-quartz solubility model of Thomas et al. (2010) can be
used to calculate the Gibbs energy change (i.e., AGpp)—the
‘driving force’—responsible for causing DP. Recrystallization
experiments used quartz starting material with 376 ppm Ti
(.e., lnX%';:tz = —7.66). In the null experiment where the start-
ing material was recrystallized at the same condition at which
it was synthesized (10 kbar and 925 °C), the Ti-in-quartz solu-
bility model of Thomas et al. can be used to calculate that

60.95kJ 0.00152kJ 174K
AG,, = —<11981<-W)+<10kbar- — )
0.008314kJ
(W < 1198K « —7.66) ~0 )

because the quartz remained in equilibrium (the model pre-

dicts perfect equilibrium for quartz with 367 ppm

Ti=lnX%?érlZ = —7.68; Table 1). At 15, 20 and 25 kbar along
2

the 925 °C isotherm the calculated equilibrium solubility
concentrations of Ti in quartz are 153, 64 and 27 ppm Ti,
respectively (Fig. 1). Changing the pressure value in the
third term to 15, 20 and 25 kbar to represent conditions of
the recrystallization experiments using quartz starting mate-
rial with 367 ppm Ti (actual value measured was 376 ppm),
gives AGpp values of 8.7, 17.4 and 26.1 kJ/mol available to
drive quartz recrystallization by DP. It is remarkable that
compositional differences as small as~0.03 wt% TiO,
(~200 ppm Ti) were sufficient to drive extensive recrystal-
lization of the synthetic quartzites. Even though DP was
driven by trace element concentrations, it is important to
emphasize that recrystallization experimental conditions
imposed > 58% changes to the equilibrium solubility con-
centration of Ti in quartz. We performed experiments at 5
kbar increments in order to directly compare measured/pre-
dicted Ti-in-quartz concentrations with previous data
(Thomas et al. 2010, 2015), but DP likely operates at even
smaller concentration differences (i.e., smaller AG).
Compositional strain between neighboring grains in a
polycrystalline material in which the crystals contain impu-
rities could affect initiation and maintenance of grain-bound-
ary migration (Yoon 1995). Strain may develop in quartz

that has Ti concentrations that exceed the solubility limit for
the imposed recrystallization experimental conditions. Osta-
penko et al. (1987) measured unit-cell parameters of quartz
that contained 0 to 1974 ppm Ti at room conditions. Accord-
ing to Ostapenko et al.’s unit-cell parameter data for Ti-bear-
ing quartz, running the 367 ppm Ti quartz starting material
at the recrystallization P-T condition at which the equi-
librium solubility concentration was 153, 64, and 27 ppm,
Ti would have caused strains of +2.1x 107, 4+ 3.0 X 1073,
and + 3.4 x 10 for the a-axis, and +2.4x 107, +3.3x 107,
and 4+ 3.8 x 107 for the c-axis (positive strain values indi-
cate an increase in unit cell dimension caused by Ti incor-
poration). The effect of pressure on unit-cell parameters
of Ti-bearing quartz is unknown, and there are not yet any
investigations on the nature of unmixing of high-Ti quartz
into low-Ti quartz + acicular rutile, associated strain, and its
effect on lattice coherency. It is plausible that reported elas-
tic anisotropy caused by adding Ti to the quartz structure
may affect nucleation of DP.

Grain-boundary migration rates

High-Ti quartz starting material recrystallized to form rocks
with equilibrium microstructures and relatively uniform
grain sizes. Textural evidence indicates that single crys-
tals of quartz starting material were replaced by numerous,
smaller crystals of recrystallized quartz (Fig. 5). We used
average recrystallized grain sizes determined by the intercept
method with known experimental durations (Table 1) to cal-
culate the velocities of grain-boundary migration associated
with DP.

To determine the number of grains intercepted, we drew
114 randomly oriented lines on CL and BSE images across
regions that contained only newly recrystallized quartz. The
lines of variable lengths intercepted 731 recrystallized quartz
crystals to give an average grain size of 57+ 1.1 um (errors
are estimated 2c). The average grain sizes of all recrystal-
lization experiments at P> 10 kbar are similar (Table 1), per-
haps because recrystallization experiments were run for the
same duration along an isotherm (i.e., 5 days at 925 °C), and
recrystallization likely occurred via the same mechanism.
Crystal growth rate was calculated by varying the volume
of quartz added to growing crystals required to produce
the average crystal sizes observed on CL, BSE, and EBSD
images. For crystal growth rate calculations, we assumed
that quasi-hexagonal-shaped grains are spherical, growth
rate was constant throughout the 5-day experiments, and
that nucleation of new crystals occurred instantaneously at a
point source. Addition of 1.27 x 107'* cm®/s of quartz on an
infinitesimally small nucleus during a 5-day experiment will
produce crystals 5.53 x 10~ cm? with 2-D radii of 28.5 um
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observed in cross-section. Interestingly, the growth rates of
recrystallized grains from all recrystallization experiments
are similar even though G varies by a factor of three.

In nominally dry systems, processes including DP, vol-
ume diffusion, and grain-boundary diffusion, can modify the
Ti concentration of quartz. These experiments demonstrate
that DP operates significantly faster than other mass transfer
mechanisms. Consider an example using the above crystal
growth rates caused by DP at 925 °C, a 100-um diameter
sphere of quartz with 200 ppm Ti recrystallized at a condi-
tion at which the equilibrium solubility is 100 ppm Ti. The
crystal would relinquish all of its excess Ti in 27 days leaving
behind new acicular rutile crystals and quartz crystals with
the equilibrium solubility concentration of Ti. Diffusion of
Ti in quartz grain boundaries (Bromiley and Hiscock 2016)
is significantly faster than volume diffusion of Ti through
the quartz structure (Cherniak et al. 2007). Grain-boundary
diffusion can deliver Ti toward or away from the surface of
a quartz crystal in a quartzose rock, but volume diffusion
is required to change the Ti concentration of the interior of
a crystal. The occurrence of rutilated quartz indicates that
grain-boundary migration outpaced the capability of grain-
boundary diffusion to transport Ti to preexisting rutile grains
from the starting materials that reside on grain-boundaries
(Fig. 4b—d). For the above example, volume diffusion would
cause a concentration gradient in only the outer ~2 pm of
the aforementioned 100-um-diameter sphere to produce a
fractional loss of ~3% of its Ti.

Evidence for discontinuous precipitation
in natural quartz-rich rocks

Discontinuous precipitation is so efficient at changing the
Ti concentrations of quartz that the only trace it may leave
behind after protracted metamorphic events may be dark-
CL quartz with numerous randomly oriented rutile crystals
and/or dark-CL quartz consuming bright quartz with cuspate
grain boundaries. There are several reported occurrences
of DP in quartzites characterized by weak oscillatory zon-
ing of low-Ti quartz consuming high-Ti quartz. Miiller et al.
(2007) documented kyanite quartzites with dark-CL quartz
consuming bright-CL quartz with cuspate grain boundaries
in a kyanite quartzite from Tverradalen, Norway. They spec-
ulated that high-purity quartzites were produced through
DP-type processes described above.

Quartz-rich migmatites at Fall Mountain near Bellows
Fall, Vermont (USA) have CL textures (Spear and Wark
2009) strikingly similar to textures we interpret as resulting
from DP (Fig. 7a, b). Based on chemical zoning, the dark-CL
quartz with relatively low Ti concentrations (<4-15 ppm)
partially consumed the bright-CL quartz with higher Ti
concentrations (13-32 ppm). Both types of quartz have
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Ti zoning, indicating some disequilibrium remains, and
both types of quartz contain acicular rutile needles, which
suggests that grain boundaries may have previously swept
through the crystals during the approach to chemical equilib-
rium. The rocks exhibit CL textures in which low-Ti quartz
was apparently consuming high-Ti quartz to produce an
equilibrium microstructure characterized by ~ 120° triple
junctions between crystals (Fig. 7c, d).

Previously described mechanisms to form rutilated quartz
do not reflect DP phenomenology described above. A com-
plete discussion of rutilated quartz occurrences and quartz
with other types of acicular mineral inclusions is beyond
the scope of this paper, but we provide a brief overview for
comparative purposes. Two generalized mechanisms to form
quartz with acicular inclusions are entrapment of preexisting
acicular crystals by growing quartz, and unmixing (exsolu-
tion) of high-Ti quartz into low-Ti quartz and acicular rutile.

An entrapment mechanism is most likely for incorporat-
ing multi-component acicular minerals as inclusions because
most other common inclusion minerals (e.g., ilmenite) are
composed of elements with sufficiently low solubilities
in the quartz structure that an external source is required
(Sorby and Butler 1869; Ma et al. 2002; Seifert et al. 2011;
Deer et al. 2013). The blue coloration of quartz in igneous
rocks is commonly attributed to the occurrence of numer-
ous acicular inclusions. Seifert et al. (2011) determined that
sub-micrometer acicular crystals of mica and ilmenite are
more abundant than rutile in some igneous blue quartzes.
They suggested inclusion dimensions cause blue coloration
of some quartz. Because most essential constituent elements
of micas and ilmenite (e.g., Fe, Mg) do not have sufficiently
high solubilities in the quartz structure, the inclusion min-
erals were interpreted to have grown from boundary layer
melts adjacent to crystal-melt interfaces that were saturated
in elements excluded by growing quartz. Sub-micrometer
crystals nucleated in boundary layer regions were subse-
quently entrapped by growing quartz crystals.

Medium- to high-grade metamorphic rocks commonly
have quartz with acicular rutile needles (Storm and Spear
2009; Adachi et al. 2010). In some cases, rutile needles
(tetragonal crystal system) reportedly have preferred orien-
tations coincident with the trigonal symmetry of the host
quartz. Coincidence of crystallographic orientations has been
interpreted as evidence that rutile homogeneously exsolved
from quartz that initially contained high Ti concentrations
(Jayaraman 1939; Herz and Force 1987; Adachi et al. 2010).
Titanium-depleted halos in quartz surrounding rutile needles
indicate that acicular rutile precipitation likely involved vol-
ume diffusion of Ti in the quartz structure (Wark and Watson
2006; Cherniak et al. 2007; Storm and Spear 2009; Nachlas
et al. 2018b). Not all quartz with acicular rutile crystals show
the evidence for diffusion-controlled rutile precipitation, and
in most reported occurrences, rutile distribution is random,
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Fig. 7 Cathodoluminescence images and a light photomicrograph of
migmatitic rocks at Fall Mountain near Bellows Falls, New Hamp-
shire (USA). a, b Large crystal of dark-CL quartz with low Ti con-
centrations impinging on bright-CL quartz with higher Ti concen-
trations. Concentric zoning of quartz crystals suggests that some
chemical disequilibrium remains. Cathodoluminescence image (c)

both of which suggest operation of alternative rutilation
mechanisms such as discontinuous precipitation.

Implications

The identification of trace-level compositional driving forces
for initiating grain-boundary migration has significant impli-
cations for the geochemistry and petrology of the associ-
ated minerals, the resultant microstructure of the rocks, and
mineral fabrics that are used for geophysical interpretation
of seismic anisotropy in the deep crust.

Quartz, rutile, and zircon geochemistry is commonly
used for petrogenetic interpretations. Equilibrium solubil-
ity models for Ti in quartz, Ti in zircon, and Zr in rutile

and the corresponding transmitted plane-polarized light photomicro-
graph (d) showing weakly zoned, dark-CL quartz that contains acicu-
lar rutile crystals (inset) forming a microstructure with~120° triple
junctions surrounded by biotite and chlorite (lower right). The crys-
tals and Ti concentrations (EPMA) shown in (a) and (b) are the same
as those that appear in Spear and Wark (2009)

can be used to determine the crystallization P-T condi-
tions, and rutile and zircon can be used for geochronology.
The mechanism by which rutile inclusions in quartz form
will affect their trace element and isotopic compositions,
which has implications for thermobarometric applications
that use P-T dependencies of Ti-in-quartz and Zr-in-rutile
solubilities, and oxygen isotopic compositions of quartz-
rutile pairs (Shulaker et al. 2015). For example, the acicular
rutile needles in these experiments were likely not chemi-
cally equilibrated with zircon, which means that Zr-in-rutile
measurements would not return the equilibrium solubility
of Zr in rutile.

Discontinuous reactions can significantly change min-
eral compositions and, in the absence of a free fluid phase,
can operate much faster than other types of mass transfer

@ Springer



38 Page140f16

Contributions to Mineralogy and Petrology (2020) 175:38

processes commonly associated with solid-state reactions.
Changes to P-T conditions during cooling, exhumation,
and subsequent metamorphic events must change equilib-
rium concentration of Ti in quartz, which in turn can induce
discontinuous reactions to accommodate changes to trace
element solubilities in minerals. Titanium and Al typically
have the highest concentrations of all impurities in quartz.
Because Al concentrations of quartz vary systematically
with pressure and temperature (Nachlas and Thomas 2018),
imposed changes to P-T conditions that reduce the equi-
librium solubility concentration of Al in quartz will likely
cause DP and simultaneous precipitation of an aluminosili-
cate mineral.

Textural differences between the water-saturated experi-
ments of Thomas et al. (2015) and the nominally dry experi-
ments described here can be used to infer relative rates of
crystal growth and grain-boundary transport. The water-
saturated experiments did not contain acicular rutile crys-
tals, which implies that excess Ti was partitioned into the
grain-boundary fluid and advected away from the moving
grain boundary, likely to preexisting granular rutile crystals
residing along grain boundaries. Conversely, the presence
of acicular rutile crystals in the nominally dry experiments
described here implies that excess Ti partitioned into grain
boundaries nucleated acicular rutile needles, which means
that grain-boundary diffusion was not sufficient to transport
excess Ti away from moving grain boundaries. The presence
of randomly oriented acicular rutile crystals in quartz may
provide indirect evidence for metamorphism under anhy-
drous conditions.

We induced DP by imposing chemical disequilibrium
of ~200 ppm Ti, but smaller differences likely cause DP.
Natural quartz crystals with CL and microstructural textures
interpreted as evidence for DP (Fig. 7) imply that DP may
be induced by changes to the equilibrium solubility of Ti in
quartz at concentrations of less than~ 10 ppm Ti. A change
in pressure by ~ 1 kbar or a temperature change of ~20 °C
can cause a change to the equilibrium solubility of Ti in
quartz equivalent to~ 10 ppm, which could cause micro-
structural changes. There is extensive evidence for operation
of the related moving grain-boundary process of chemically
induced grain-boundary migration in carbonates (Hay and
Evans 1987; Evans et al. 2001; McCaig et al. 2007). We
suggest that compositional modifications caused by moving
grain boundaries can operate to rapidly change the chemi-
cal compositions of many other rock-forming minerals over
short timescales. It is likely that discontinuous dissolution
(Manna et al. 2001) may also play an important role in the
formation of quartzite geochemistry and microstructural
development.

Grain-boundary migration is arguably the most impor-
tant grain-scale process for modifying the microstructure of
rocks, and these results show that GBM driven by changes
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to mineral stability could modify rock microstructures under
hydrostatic conditions. In earth materials, grain-boundary
migration is typically associated with dislocation-accommo-
dated deformation mechanisms and results in the formation
of a mineral fabric reflecting the orientation of principal
stresses imposed on the sample. Quartz grains in rocks that
have been strongly deformed by plastic deformation mech-
anisms will retain a crystal-preferred orientation which,
in combination with the seismic anisotropy exhibited by
quartz single crystals, can be used to infer patterns of ductile
flow in the lithosphere (Lowry and Pérez-Gussinyé 2011).
However, recent evidence from experimental annealing of
previously deformed samples has suggested that it may be
possible to produce rock fabrics that do not reflect tectonic
stresses (Boneh et al. 2017). Static annealing could act to
reduce the intensity of a rock fabric and under certain condi-
tions may even result in the formation of a secondary fabric
with no relation to the stress experienced by the sample. As
recrystallization acts to reduce the bulk free energy of the
rock, low-energy boundary misorientations will form pref-
erentially. Depending on the crystal system of the material
in question, certain boundary misorientations have lower
energy that correspond to the density of shared or coincident
lattice sites (McLaren 1986). The results of these experi-
ments indicate that changes to the equilibrium solubility at
the trace element level can drive recrystallization to reduce
system free energy. If grains are preferentially reorgan-
ized into specific low energy misorientations in response
to changes in mineral compositional stability, it is possible
to develop a rock fabric that does not reflect the external
stress, a process that would complicate the interpretation of
seismic anisotropy.

Numerous outstanding questions remain on how DP
affects the chemistry and microstructure of rocks. The
extent to which DP can affect the compositions of rocks
may be revealed through experimental studies and detailed
observations of natural samples. Temperature must affect
grain-boundary velocities, but temperature dependence of
DP in silicate minerals is unknown. Small fluctuations in
P or T may cause grain boundaries to sweep through the
same crystal more than once (Hay and Evans 1987; Manna
et al. 2001; Evans et al. 2001; McCaig et al. 2007), and
oscillating grain boundaries will certainly modify previously
developed microstructures. We determined the rate of crystal
growth in response to DP, but it is conceivable that grain-
boundary velocities are not constant. Systematic studies may
also reveal how the presence of additional minerals in the
path of a migrating grain boundary affects grain-boundary
velocities. Additionally, there are not yet sufficient data to
evaluate the effects of grain misorientation on grain-bound-
ary velocities. Acicular rutile crystals grew at the migrating
grain boundaries on all faces of individual crystals, but there
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may be crystallographic orientation relationships that con-
trol the distribution of rutile crystals along grain boundaries.
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