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Abstract

We present results from 25 hydrothermal quartz growth experiments, all conducted at 800 °C and 1 kbar but with varying
starting materials and run times, to address discrepancies between calibrations of the titanium-in-quartz (TitaniQ) thermo-
barometer. In our experiments, a gold capsule is loaded with silica glass, water, and either rutile or anatase as the TiO, source.
In most experiments, there is also a large quartz seed crystal contained in an open inner capsule. The use of rutile versus ana-
tase has a significant influence on the (re)crystallization pathways of the SiO, and TiO, components. When rutile is used,
quartz overgrowths have abundant open cavities and complex zonations. The rutile does not completely dissolve because
rutile is the stable TiO, polymorph, and yet, new rutile forms at the quartz seed-overgrowth interface and on the outer surface
of quartz crystals. This suggests crystallization of quartz near Q. ~ 1, but wide-ranging Ti concentrations and zonations in
quartz are indicative of kinetic effects. When powdered anatase is used, the quartz overgrowths look markedly different, lack-
ing the open cavities and instead exhibiting step edges and terraces. The Ti concentrations in quartz from these experiments
are also wide-ranging but reach larger values.

Our results span the range of previous calibrations and indicate that Ti concentrations in quartz are sensitive to the TiO,/
SiO, ratio of the fluid as opposed to the absolute concentration (or activity) of dissolved TiO,. We present a kinetic model for
quartz and rutile growth from a fluid where the input parameters are the initial degrees of supersaturation with respect to
quartz and rutile, the total reactive surface area, and rate constants that link the degree of supersaturation to net precipitation
rates. The model can explain many of the salient features of our experimental results, as well as those from previous studies,
but requires that the rate constant multiplied by the reactive surface area for rutile is less than that of quartz, and that rutile
solubility depends on the SiO, concentration of the fluid, as documented in the recent literature. Complete quartz-rutile equi-
librium may not have been established in any of the experimental studies, but low-pressure experiments with slowly grown
quartz seem to be more reliable than extrapolations from high-pressure experiments for thermobarometry of shallow natural
systems.
© 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The titanium-in-quartz geothermobarometer (TitaniQ)

was developed by Wark and Watson (2006) and takes
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environments. Over the past decade, TitaniQ has been
refined experimentally (Thomas et al., 2010; 2015) and
applied by others to infer the conditions and rates of crys-
tallization in volcanic and plutonic environments (Wark
et al.,, 2007; Shane et al., 2008; Girard and Stix, 2012,
Mercer and Reed, 2013; Ackerson et al., 2018;
Chamberlain et al., 2014), metamorphic environments
(Behr and Platt, 2011; Bergman and Piazolo, 2012;
Ashley et al., 2013), and hydrothermal systems (Betsi and
Lentz, 2010; Miiller et al., 2010; Vasyukova et al., 2013;
Tanner et al., 2013; Mercer and Reed, 2013).

A puzzling issue that has emerged from the widespread
application of the Thomas et al. (2010) calibration of Tita-
niQ is that it yields temperature estimates that are system-
atically lower, by about 100-150 °C, than those given by
other thermobarometers applied to the same rocks
(Fig. 1a), especially in relatively low pressure environments
(<3-4 kbar) where temperature can also be estimated by
other methods. TitaniQ is based on principles of equilib-
rium partitioning, as applied to the experiments upon which
TitaniQ is based, which were carried out at temperatures of
700 to 940 °C and pressures of 5 to 20 kbar. Thomas et al.
(2010) were thorough in their analysis of run products and
established multiple lines of evidence for having achieved
quartz-rutile equilibrium in their experiments, including:
(1) reproducible and systematic temperature- and
pressure-dependences of Ti concentration in quartz, (2)
homogeneous distributions of Ti in quartz, (3) inclusions
of rutile in quartz, indicating co-precipitation, and (4)
checking the results by doing thermal annealing experi-
ments (Thomas et al., 2015). If the expressions of TitaniQ
represent the equilibrium case, how do we interpret the sys-
tematic differences with other thermobarometers (Fig. 1a)
and other insights derived from decades of study? Two
issues emerge: one is whether equilibrium was established
in the experiments or in nature, and the other concerns
the extrapolation of higher pressure data to low pressures.
A related point is that natural crystals typically grow at
rates that are many orders of magnitude slower than those
in laboratory experiments, and thus the role of kinetic
effects in the experiments should be evaluated.

Other researchers have grown quartz in the laboratory
at pressures ranging from 1 to 10 kbar and reported lower
Ti concentrations, by a factor of 2-3, than predicted by
TitaniQ (Huang and Audétat, 2012; Nachlas and Hirth,
2015). In none of these latter experiments has quartz-
rutile equilibrium been convincingly established, and yet,
when one applies to natural quartz the empirical expres-
sions deduced from slow quartz growth experiments
(Huang and Audétat, 2012), the temperature estimates
agree with those from other thermobarometers, including
those based on mineral and fluid inclusions in quartz
(Fig. 1b).

Our goal in this study is to investigate the low-pressure
region with experiments at 800 °C and 1 kbar using a range
of different starting materials and experimental configura-
tions. An important point is that different sources of SiO,
and polymorphs of TiO, have been used as starting mate-
rial in previous studies. Because anatase has a higher solu-
bility than rutile, it yields a larger initial concentration of
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Fig. 1. TitaniQ applied to natural samples for which temperature
has been estimated by other methods (Appendix A.1). Triangles are
volcanic samples with zircon saturation temperatures based on
quartz-hosted melt inclusion compositions along the same growth
zones as entrapped zircons in the quartz crystals (Kularatne and
Audétat, 2014). Circles are plutonic samples. Squares are
hydrothermal quartz veins with rutile. For these latter samples, it
is important to note that the Zr-in-rutile temperatures (Tomkins
et al., 2007) from rutile within quartz veins are indistinguishable
from the Zr-in-rutile temperatures from rutile in the alteration
envelopes around quartz veins (Mercer and Reed, 2013). (A) The
THI10 calibration yields temperatures that are systematically lower
than those estimated using other geothermometers. (B) The HA12
calibration is in better agreement with the other geothermometers.

TiO, in the fluid phase than does rutile. As we show, ana-
tase also has a surprisingly strong influence on the growth
rate and morphology of the crystallizing SiO, component,
suggesting a heretofore overlooked coupling between the
SiO, and TiO, components. We use these new insights,
combined with models of the evolution of the fluid phase
composition during experiments, to evaluate the conflicting
evidence from experiments and natural samples.

1.1. History of TitaniQ calibrations

Ostapenko et al. (1987, 2007) suggested that Ti in quartz
could be used as a thermometer. Two decades later, the
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TitaniQ geothermometer was calibrated experimentally by
Wark and Watson (2006) using a piston cylinder apparatus
at P =10 kbar, temperatures ranging from 600 to 1000 °C,
and durations of 3 to 17 days (66406 h). At the time, Wark
and Watson (2006) thought that the pressure dependency
would be negligible but subsequent application of the 10
kbar calibration to natural samples yielded temperatures
that were inconsistent with equilibrium mineral assem-
blages (e.g. Lowers, 2007; Ghiorso and Evans, 2008). Moti-
vated by the possibility that such discrepancies could be due
to a pressure-dependence, Thomas et al. (2010), hereafter
referred to as ‘TH10’, ran similar experiments lasting 1—
5 days at P = 5-20 kbar and T'= 700-940 °C. Their results
revealed that there is indeed a strong pressure dependence
to TitaniQ (Fig. 2a).

To extend TitaniQ to lower pressures, Huang and
Audétat (2012) ran quartz growth experiments lasting 3—
10 days at T'=600-850 °C and P =1, 2, and 10 kbar. Their
results are significantly different from those of the previous
work (Fig. 2b). In the Huang and Audétat (2012) study,
hereafter referred to as ‘HA12’, Ti concentrations are more
variable, correlate positively with quartz growth rate, and
are systematically lower than those of TH10. Because
slower growth rates are generally indicative of a system clo-
ser to equilibrium, HA12 reasoned that the Ti concentra-
tions from their slow-grown quartz crystals could be used
as the basis of a new set of equilibrium calibration curves
(Fig. 2b), which as shown in Fig. 1b, generally agree well
where comparisons can be made with other temperature
estimates. This implies that, the systematic nature of their
results notwithstanding, the higher Ti-in-quartz from
THI10 reflects far-from-equilibrium behavior.

The results of HA12 and interpretation therein led
Thomas et al. (2015), hereafter referred to as “TH15’, to
conduct thermal annealing experiments where they used
quartz starting material with higher-than-equilibrium Ti
contents. The overgrowths on their quartz seeds had lower
Ti, by an amount that was consistent with their previous
results at 20 kbar. This, along with the generally more sys-
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tematic P and 7 dependence of their calibration, allowed
them to make a case for why their experiments reached
equilibrium whereas those of HA12 did not. They con-
cluded that HA12's low Ti concentrations were a conse-
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quence of large gradients in titania activity (agp,

persisting throughout the runs.
1.2. Equilibrium partitioning relationships

TitaniQ is intended to apply to equilibrium between
coexisting quartz, rutile, and a silicate or aqueous liquid.
For slowly growing quartz crystals in natural rocks, an
approximation to equilibrium may be attainable, but for
rapidly grown crystals in laboratory experiments, it is not
guaranteed.

The amount of TiO, incorporated into quartz crystals at
equilibrium with a liquid at rutile saturation is described by
the relationship:

uTiO,(qtz) = uTiO(liq) = uTiO,(rt), (1)

which states that the chemical potential of TiO, dissolved in

quartz is equal to that of TiO; in rutile and the liquid. The
quartz-rutile equality can be expanded to:

rio, (Atz) + RT In yxgio,(qtz)

= ,u’}ioz (I't) + RT In aTio, (I't), (2)

where p is chemical potential, u° is chemical potential at a
defined standard state, R is the gas constant (8.314 J mol ™!
K’l), T is temperature in Kelvin, a is activity, x is mole
fraction, and v is the activity coefficient for TiO, dissolved
in quartz as a solid solution constituent. This expression
can be rearranged to the form:

Mo, (1) — 1550, (q12)
B RT
—In VTioz(th)7

In xrio,(qtz) +1In ario, (rt)

3)

which is essentially identical to equation (4) of THIO,
except that they used the notation “k” instead of “y” for
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Fig. 2. Ticoncentrations in quartz from Thomas et al. (2010) are higher and more systematic than those from Huang and Audétat (2012). The
THI10 experiments were done with anatase as a source of titanium whereas the HA12 experiments used rutile with the exception of one
experiment that used a mixture of rutile and anatase. The HA12 curves are based on their most slowly-grown quartz, which corresponds to the

lowest Ti values.



152 M.D. Acosta et al./ Geochimica et Cosmochimica Acta 281 (2020) 149-167

the last term, where they referred to k& as a Henry’s Law
constant. The first and last terms on the right-hand side
of Eq. (3) have an unknown P- and 7-dependence that
can only be determined by experiment. Eq. (3) also states
explicitly that if quartz and rutile coexist at equilibrium
with a liquid, the mole fraction of TiO, in quartz is not
dependent on the activity of TiO, in the liquid phase. When
the system departs from equilibrium, Eq. (3) does not hold.
For example, it is possible for quartz and rutile to grow
simultaneously from a liquid phase where ur,(liq) is
higher than the equilibrium value in both phases. And in
general, if both quartz and rutile are growing at relatively
high rates, both ppo,(liq) and g0, (liq) are likely larger
than the equilibrium solubility values. How much larger is
the main question for interpreting the experimental results,
since crystal growth, especially at laboratory experimental
rates, is an inherently non-equilibrium process.

1.3. Requirements for maintaining equilibrium during quartz
crystal growth

If quartz crystal growth in a laboratory experiment is
not happening at near-equilibrium conditions, then the
challenge is to estimate the SiO, and TiO, activities in the
liquid phase during quartz and rutile growth. This is not
necessarily an easy task, but a high degree of accuracy is
not required. For example, the difference between the
TH10 and HA12 TiO, concentrations in quartz at 10 kbar
is about a factor of 3 (Fig. 2). If that difference results from
a difference in ag?oz, the liquid must be oversaturated with
respect to rutile by a factor of three in TH10, undersatu-
rated by a factor of three in HA12, or some other combina-
tion that leads to a factor of three difference between the
two.

If the liquid is at rutile saturation, then a¥§02 = Ksp rut
“IT‘?O2
Keprut?
where Q. > 1 if the liquid is saturated in anatase, since

anatase has a significantly higher solubility than rutile.

and the degree of supersaturation is given by Q. =

Effective buffering of a¥?02 at K, . requires that rutile
nucleation, growth, and dissolution are fast relative to
quartz growth, despite being near rutile saturation, and that
diffusion of TiO, in the liquid phase can efficiently erase any
transient concentration gradients arising from the growth
or dissolution of rutile and quartz. The complication in
the quartz growth experiments of both TH10 and HA12
is that as quartz grew there likely was a continually chang-
ing TiO,/SiO, ratio, and SiO, oversaturation in the liquid
(without which the quartz would not grow). It is this issue
we address below with models of what might be happening
during the experiments.

2. METHODS

There are a number of challenges facing low pressure
experiments that have been identified previously. TH10
attempted experiments at 1 kbar in cold-seal pressure ves-
sels (CSPVs) but were unsuccessful in growing quartz large
enough to analyse by electron probe microanalysis

(EPMA). When they used powdered quartz as starting
material, the overgrowths were too small (<2 um) for a
microprobe, and when they used silica glass as starting
material, it led to the formation of a mixture of polycrys-
talline cristobalite and tridymite. Another challenge is that
EPMA measurements are susceptible to contamination by
secondary fluorescence of Ti from rutile crystals, even if
they are tens of microns away from the primary interaction
volume (Wark and Watson, 2006; Borisova et al., 2018).
These issues were circumvented by HA12 by using large
quartz seed crystals that could be physically separated from
the surrounding rutile. However, the HA12 experiments
produced a wide range of Ti concentrations and Thomas
et al. (2015) suggested that this aspect of the experimental
design is fundamentally flawed and accounts for differences
between the HA12 and TH10 calibrations.

2.1. Experimental capsules

Our experimental approach is a hybrid of those in
TH10 and HA12. In most of our experiments, a 5 mm
long Pt capsule (0.127 mm wall thickness) containing only
a Ti-free quartz seed crystal is placed within a 15 mm long
gold capsule (0.2 or 0.4 mm wall thickness) loaded with
silica glass beads, 10 uLL of de-ionized water and a TiO,
phase (Fig. 3). The inner capsule mimics the conditions
of the HA12 experiments, whereby a Ti-rich overgrowth
forms on a large seed crystal. The outer capsule mimics
the TH10 experiments, whereby quartz nucleates and
grows in an environment where small TiO, particles are
pervasive, which promotes buffering of ag?oz. We also
ran experiments without an inner capsule or quartz seed,
but these produced mostly tridymite in runs lasting less
than 10 days, confirming the behaviour documented by
THI10 at low pressures. A select few of the newly formed
quartz and tridymite crystals from double capsule and sin-
gle capsule experiments were painstakingly separated from
nearby TiO, and analysed using a novel combination of
the plasma focused ion beam (PFIB) and EPMA (Appen-
dix A.2 and A.3).

We initially planned to run experiments across a range
of temperatures and pressures, but the variable results at
800 °C and 1 kbar warranted continued investigation under
these conditions using different SiO, and TiO, starting
materials (Table 1). In the end, the most important vari-
ables proved to be (a) whether quartz grew on a pre-
existing seed or nucleated and grew through a series of
metastable precursors and (b) whether the TiO, starting
material was powdered rutile (99.9% purity; Alfa Aesar)
or powdered anatase (99% purity; Sigma-Aldrich).

2.2. Experimental runs

Experiments were run in computer-controlled, rapid-
quench cold-seal pressure vessels (CSPVs) at the University
of Oregon. The capsules were placed in an Inconel rod,
which was then inserted into a René 41 pressure vessel.
The pressure vessel was connected to a stepper motor-
controlled pressure line with H,O as the pressure medium.
Pressure was measured using a digital Omega pressure



M.D. Acosta et al./ Geochimica et Cosmochimica Acta 281 (2020) 149-167 153

-

7 Si0, glass

Double Capsule

" Au outer capsule —

tri-crimped & welded

Qz seed crystal
Pt inner capsule
10 “L HZO loosely tri-crimpegnot welded
rutile or anatase
1 kbar
800 °C

Fig. 3. Left: SEM images of starting materials: (A) sieved silica glass, (B) powdered rutile, (C) a single natural crystal of anatase showing a
cleavage trace, (D) a single natural rutile crystal, and (E) powdered anatase. Note the particle size difference between the powdered rutile and
powdered anatase. Right: Double-capsule and single-capsule designs used in this study.

transducer with a precision of +1 bar. Temperature was
measured using a type K (chromel-alumel) thermocouple
and was controlled to +2 °C.

To start a run, the pressure was brought up to 1 kbar
and the pre-heated oven was lowered over the pressure
vessel. The stepper motor controlled the pressure during
heating. The desired temperature was reached after ~36
min. At this point we closed a valve to isolate the pressure
vessel and turned off the stepper motor. This was done to
mitigate pressure leaks along the pressure line but led to
thermally induced pressure variations of about +10 bars
throughout the run. To end the run, the sample was
quenched slowly by raising the oven and allowing
ambient air to cool the vessel. It took about 15 min for
the pressure to drop to 1 bar and about 2 h for the sample
to cool to 25 °C.

After an experiment, crystals were extracted from the
capsules, imaged with a scanning electron microscope
(SEM), mounted in epoxy, and polished to 0.25 microns
using diamond grit. The polished surfaces were re-imaged
prior to being analyzed on the microprobe.

2.3. SEM imaging

For most experiments, we collected SEM secondary
electron (SE) and backscattered electron (BSE) images of
quartz overgrowths from the inner capsule as well as the
newly formed quartz crystals in the outer capsule. All crys-
tals were imaged and analyzed at the Center for Advanced
Materials Characterization in Oregon (CAMCOR) at the
University of Oregon on an FEI Quanta 200 FEG Environ-
mental SEM at 15 keV with a beam current of 400 nA.

The BSE and SE data were collected using the SEM in
low-vacuum mode with variable water pressure (water pres-
sure was increased if charging of the sample prevented ade-
quate image collection). BSE imaging often produced a
higher quality image than did SE, as it is less susceptible
to charging. Once mounted and carbon-coated, SEM-
cathodoluminescent (CL) images were collected under the
same operating conditions but under high vacuum. Gain
and offset vary from image-to-image and were optimized
accordingly.

2.4. Raman spectroscopy

Phase identification was made with a Horiba Jobin-
Yvon Labram 800 Raman spectrometer with a 5313-nm
laser excitation and beam size of ~1 um at Oregon State
University. Spectra were analysed with the LapSpec 6.0
software suite. Each measurement was taken in the
wavenumber range 50-850 cm ™! using a 200 pm confocal
hole diameter and 1200 lines-per-mm diffraction grating.
After backgrounds were subtracted, peaks were fit with
Gaussian functions identifying peak positions and attri-
butes. The fitted spectra were compared to reference spectra
from the RRUFF database.

2.5. PFIB sample prep of outer capsule materials

To escape the secondary fluorescence of proximal rutile
in EPMA Ti analyses, quartz crystals were separated from
rutile using a plasma focused ion beam (PFIB) at the
University of Oregon (Appendix A.2). A Helios G4 PFIB
UXe DualBeam SEM with a beam current of 0.5 pA was
used to mill 70 pm deep moats around polished SiO, crys-
tals. For some samples in which polishing would make it
difficult to isolate crystals of certain morphology, the
unmounted experimental run products were adhered to a
carbon tab for PFIB extraction. After the crystal(s) of inter-
est were identified, they were welded to the micromanipula-
tor with C, removed from the sample, attached to a TEM
holder and ion polished to a smooth, flat surface. We were
then able to analyse these crystals by EPMA. Since this
technique is time-consuming, only a few of the experimental
run products were analysed in this manner.

2.6. Microprobe measurements

After SEM-BSE/SE/CL images were collected, Ti con-
centrations in quartz overgrowths were measured by elec-
tron probe microanalysis (EPMA) on a Cameca SX100
electron microprobe equipped with five tunable wavelength
dispersive spectrometers. Operating conditions were 40
degrees takeoff angle, and a beam energy of 20 keV. The
beam current was 100 nA and the beam diameter was 10



Table 1
Overview of experiments including capsule design and source materials used. Dashes and blank entries indicate no data. Images of quartz overgrowths are provided in Appendix A.5.
Capsule Design TiO, source Experiment  SiO, sieve size (microns)  Duration (hours)  Min Ti (ppm) Max Ti (ppm) n Outer Quartz Ti Range (ppm)
Double Capsule Experiments ~ Powdered rutile 2 >149 216 310 347 5
Powdered rutile 3 >149 214 288 315 5
Powdered rutile 4 >149 241 443 546 20
Powdered rutile 7B 175-104 189 288 513 17
Powdered rutile 8 249-175 260 357 482 11
Powdered rutile 9B 104-60 306 235 356 3
Powdered rutile 9C 104-60 247 216 570 17 458-562 (n = 3)
Powdered rutile 15 175-104 314 275 443 19 629 (n=1)
Powdered rutile 18 175-104 288 272 454 10
Powdered anatase 19 ana 6043 526 - - -
Powdered rutile 20 60-48 140 199 582 19
Powdered rutile 21 60-43 139 278 464 29
Single rutil xtl 24b 6043 161 28 62 101 14-487 (n = 28)
Single anatas xtl 27 ana 175-104 236 105 116 7 36-350 (n = 12)
Powdered anatase 29 _ana 175-104 169 126 248 23 177-890 (n = 18)
Powdered anatase 31 ana 175-104 24 111 505 14 552-870 (n = 12)
Powdered anatase 32 ana 175-104 6 275 419 8
Powdered rutile 33 175-104 24 211 215 2
Powdered rutile 34 175-104 6 416 673 9
Powdered anatase  Qzero_ana 175-104 - - - -
Powdered rutile Qzero 175-104 - - - -
Single Capsule Experiments Powdered anatase  35_ana 175-104 400 608 952 9
Powdered rutile 36 175-104 170 437 582 2
Powdered anatase 37 ana 175-104 120 - - -
Powdered rutile 39 175-104 96 - -
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or 5 microns. The data were reduced using ProbeForEPMA
software.

The counting time was 425 seconds on-peak. Ti ko was
calibrated using a synthetic TiO,, standard. When necessary,
intensity data were corrected for Time Dependent Intensity
(TDI) loss (or gain) using a self-calibrated correction for Ti
ko Ti ko was measured on all five spectrometers and com-
bined for quantitative analysis using the aggregate intensity
method and correction for continuum artifacts using the
quantitative blank correction (Donovan et al., 2011). The
MAN background intensity data were measured on synthetic
SiO,, MgO, NiO, and MnO standards and the Ti Ka back-
ground was corrected for continuum absorption (see
Donovan et al., 2016). Unknown and standard intensities
were corrected for dead time and standard intensities were
corrected for beam and standard drift over time. The matrix
correction method was the Armstrong-Brown p(¢z) method.

To avoid secondary fluorescence, areas selected for spot
analysis were imaged with BSE when digitizing on the
microprobe. A small number of spots (n =15 out of 437)
were identified as being contaminated by secondary fluores-
cence from a TiO, crystal beneath the surface and were
therefore excluded from the final data set. The excluded
data have Ti concentrations ranging from ~15000 to
35000 ppm. We also quantified the potential magnitude of
secondary fluorescence contamination with Monte Carlo
simulations of the geometries of our experimental run-
products (Appendix A.3).

3. RESULTS
3.1. Titanium in quartz at 800 °C and 1 kbar

We observe variations in crystal form, TiO, abundance,
and Ti zonation within quartz that depend on the type of
TiO, source material and whether the quartz grows on the
seed crystal (hereafter referred to as “inner quartz”) or
nucleates and grows in the outer capsule (hereafter referred
to as “outer quartz”). When powdered rutile is used, the
inner quartz Ti varies from ~200 to 600 ppm, with many val-
ues clustering at or above the 267 ppm Ti calculated from
HA12 (Fig. 4 — black symbols). When powdered anatase is
used, the inner quartz has a similar range of ~150-
550 ppm Ti (Fig. 4 - blue symbols) whereas the outer quartz
has higher and more variable Ti (~450-850 ppm; Fig. 4 —
open blue symbols). When a large single crystal of rutile or
anatase is used, the inner quartz has low Ti (~50-150 ppm)
whereas the outer quartz has higher and more variable Ti
(~50 to 500 ppm; Fig. 4 — orange and vermillion symbols).
For single capsule experiments with no quartz seed crystal,
the Ti concentrations in tridymite are higher in the anatase
experiment than in the rutile experiment Electronic Annex.

3.2. Time series experiments (double capsule)

A series of short-duration experiments highlights the
remarkably strong influence that powdered anatase versus
powdered rutile has on the dissolution of SiO, glass as well
as growth rates and shapes of SiO, polymorphs (Fig. 5). In
the zero-time rutile experiment, the run products are indis-

tinguishable from the starting material. By contrast, the
zero-time anatase experiment produced a mixture of cristo-
balite and source silica glass alongside anatase powder that
has a larger grain size than the starting material. In both
sets, outer silica appears to progress through the following
Ostwald step rule sequence of metastable phases: glass-cris
tobalite-tridymite-quartz.

An important clue for interpreting the Ti results is that
quartz and rutile crystallization in the outer capsule are
considerably faster when anatase is used, suggesting high
initial degrees of supersaturation in both components. A
high initial degree of supersaturation with respect to rutile
is supported by the direct precipitation and preservation
of anatase in the 6-h experiment, as revealed by Raman
spectroscopy (Appendix A.4). In the 24-h anatase experi-
ment, the habits of outer quartz dipyramids are indistin-
guishable from those in the multi-day runs, suggesting
that the reaction goes to near-completion sometime
between 6 and 24 h. By contrast, the 24-h rutile experiment
still contains incompletely dissolved silica glass and hexag-
onal platelets of tridymite in the outer capsule.

3.3. Multi-day powdered rutile experiments (double capsule)

Multi-day double capsule experiments using powdered
rutile produced variable overgrowth thicknesses and Ti
concentrations in quartz that overlap but extend the range
produced in the HA12 experiments. Despite the variability,
there are several generalizations that can be made. First, the
inner quartz overgrowths always have abundant open cav-
ities (incipient fluid inclusions) that run parallel to the c-axis
of the overgrowth and are more filled-in near the intersec-
tions of crystal faces (Fig. 6a). Second, all the overgrowths
are coated with small (~2 pm) spherical to subrounded
TiO, particles (Fig. 6a). When we observe TiO, encased
within overgrowths after cutting and polishing, the TiO,
is generally sparse, and occurs near the seed-overgrowth
interface, akin to the experiments of HA12 (Fig. 6b). Third,
nearly all the quartz overgrowths exhibit complex Ti zona-
tions, as seen in SEM-CL images (e.g., Fig. 6c; Appendix
A.5) and corroborated by EPMA analyses.

In the outer capsules, newly formed SiO, crystals are
small (10-20 um) and exhibit two morphologies: euhedral
quartz dipyramids and subhedral hexagonal platelets iden-
tified by Raman spectroscopy as metastable tridymite
(Fig. 6d). The relative abundance of the two polymorphs
differs from experiment-to-experiment. In two of the exper-
iments (9¢c and 15), the quartz dipyramids predominated,
and a few of these crystals were extracted using the PFIB
and then analysed by EPMA, yielding Ti-in-quartz values
of ~450-650 ppm (Fig. 4).

3.4. Multi-day powdered anatase experiments (double
capsule)

The experiments using powdered anatase produced
markedly different run products. The inner quartz lacks
open cavities and instead exhibits step edges, terraces, and
spiral growth features (Fig. 7a). In our first experiment
using a 50:50 mixture of SiO, glass and anatase, the over-
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Fig. 4. Ti concentrations in quartz from each type of experiment (see legend), arranged in ascending order. Quartz overgrowths on the seed
crystal are variable and below the values predicted by TH10. Dipyramidal quartz that nucleated and grew in the outer capsules also has
variable but generally higher Ti values than inner capsule quartz. The single-capsule experiments (results not shown in the figure) produced
mostly tridymite with sparse dipyramidal quartz, the latter of which are a target for future PFIB-EPMA analyses.

growth was so riddled with equant, relatively large (2-7 pum)
TiO, crystals that we could not analyze it with EPMA.
TEM-SAED analysis confirmed that the TiO, crystals were
rutile but also revealed that the quartz lattice in the imme-
diate vicinity of the TiO, inclusion was strained (Appendix
A.4). Subsequent experiments were carried out using a
75:25 mixture of SiO, glass and anatase, which led to
smooth overgrowths that lack TiO, inclusions and are rel-
atively uniform in CL (Fig. 7b).

In the outer capsule, the newly precipitated quartz
formed euhedral quartz dipyramids interspersed with euhe-
dral TiO, crystals and some elongate rutile prisms (Fig. 7c).
The outer quartz crystals show some variability in CL
brightness (Fig. 7d) and have generally higher Ti concentra-
tion (~600-900 ppm) than the inner quartz from the same
experiment (~150-500 ppm).

3.5. Large crystal experiments (double capsule)

The double capsule experiments in which we placed a
single crystal of rutile or anatase in the outer capsule pro-

duce similar inner and outer quartz textures to those in
the powdered rutile experiments, but a lower abundance
of rutile precipitated during the run. Inner quartz exhibits
open cavities (Fig. 8a) and zonations of Ti concentration
(Fig. 8b). In the rutile crystal experiment, we found elon-
gate TiO, micro-needles extending outward from the quartz
overgrowth, forming a rutilated quartz overgrowth
(Fig. 8c) with only 50 ppm Ti in a non-rutilated zone about
200 pm away.

The newly formed quartz in the outer capsule coated the
large rutile or anatase crystal, the surface of which had
barely dissolved during the run. In the anatase experiment,
the surface of the crystal as viewed by SEM was highly
altered from the initially flat anatase cleavage surfaces to
a hummocky, irregular surface, a change presumably
caused by the polymorphic transformation of anatase to
rutile.

The lower abundance of rutile interspersed among the
quartz crystals enabled us to measure Ti-in-quartz for both
the inner and the outer crystals. In the outer capsule, the tri-
dymite crystals are fairly homogeneous in CL and have Ti
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Fig. 5. Results from time series experiments performed with rutile powder (top) and anatase powder (bottom). Barbells in this and subsequent
figures indicate the direction of the c-axis. (A) In a rutile experiment with no dwell, the end products are indistinguishable from the starting
materials. (B-D) The inner quartz overgrowth has open channels parallel to the c-axis whereas the outer material crystallizes through the
sequence cristobalite-tridymite-quartz. (E) In an anatase experiment with no dwell, cristobalite has already formed. (F-H) The inner quartz
overgrowth has a rugose texture that evolves into a smooth surface lacking the c-axis channels. The outer SiO, material crystallizes through
the sequence cristobalite-tridymite-quartz but does so more rapidly than in the rutile experiments. The outer TiO, material is a mixture of

anatase and rutile in the 6-h run that evolves into relatively large euhedral rutile crystals in the multi-day runs.

between 237-430 ppm with an average of ~320 ppm Ti.
The quartz dipyramids are more complex in CL (Fig. 8d),
having a diffuse CL-bright core surrounded by a CL-dark
mantle (~30-150 ppm Ti) that is truncated by a sharp,
irregular boundary with a CL-bright rim (~410-430 ppm
Ti).

3.6. Multi-day powdered rutile and powdered anatase
experiments (single capsule)

Four experiments were carried out without an inner cap-
sule or quartz seed crystal. The single capsule rutile exper-
iments produced hexagonal platelets of tridymite with 437—
582 ppm Ti (n = 2) (Fig. 9a and b). There were also sparse
dipyramidal quartz crystals about 5-10 pm in diameter that
we were unable to relocate for PFIB extraction. The newly
precipitated TiO, particles are subhedral and exhibit a uni-
modal size distribution (Fig. 9b and 9c¢).

The single capsule anatase experiments produced tridy-
mite as both hexagonal columns and 10-20 um wedges
(Fig. 9d and e). The Ti-in-tridymite values range from
608 to 952 ppm (n =9). The newly precipitated TiO, parti-
cles exhibit a bimodal size distribution, with large, euhedral
crystals (10-20 pm) alongside smaller (0.85-1.5 pm), anhe-
dral to subrounded TiO, particles (Fig. 9f).

4. SIMPLIFIED KINETIC MODEL FOR THE TIO,-
S10,-H,O SYSTEM

The wide range of textures, Ti concentrations, and CL
zonations in quartz overgrowths produced in our single-
capsule and double-capsule experiments is a clear manifes-
tation of kinetic effects. Consequently, we need to evaluate
the reaction kinetics of the Ti0,-Si0,-H,O system with
consideration for how different starting materials could lead
to different initial conditions and various Ti concentrations
in quartz. In this section, we develop a kinetic model for a
starting fluid that is quartz supersaturated and is under- or
supersaturated with rutile, and that can evolve in composi-
tion during the experiment, to estimate whether these effects
could account for the observations of our experiments, and
what parameter values are implied. The model is an attempt
to represent the dynamic nature of the experiments as
opposed to assuming or asserting that equilibrium is
attained in a subset of them. A key postulate is that the
TiO,/SiO, ratio of precipitated quartz depends on the
TiO,/SiO, ratio of the fluid, as opposed to simply
the TiO, concentration (or ag?oz). This is to be expected
where a trace ion substitutes for a lattice ion (e.g., Mg/Ca
or Sr/Ca in calcite; Tesoriero and Pankow, 1996; Gabitov
and Watson, 2006; Nielsen et al., 2013), and there is strong
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Fig. 6. Results from multi-day double-capsule runs using powdered rutile. (A) SE image of Qz21 showing the c-axis channels and rutile
coating the outer surface of the overgrowth. (B) BSE image of Qz20 showing the polished overgrowth with rutile inclusions near the seed-
overgrowth interface. The circle shows where a value of 434 ppm Ti was measured. (C) SEM-CL image of the polished Qz18 overgrowth
showing rutile inclusions near the seed-overgrowth interface and complex zonation. (D) BSE image of Qz20, which is representative of outer
capsule material in many of the multi-day runs. Exceptions are Qz15 and Qz9c, which yielded dipyramidal quartz as opposed to tridymite.

evidence that Ti*" substitutes for Si*' on the tetrahedral
site in quartz (Thomas et al., 2010).

4.1. Governing equations

As quartz grows it excludes TiO; relative to SiO,, so the
TiO,/SiO, ratio of the solution tends to increase even as
quartz growth draws down the TiO, concentration. If
quartz and rutile grow simultaneously, the fluid TiO,/
SiO, will differ from the value at quartz and rutile satura-
tion, and the amount of the difference depends on the
quartz and rutile precipitation rates. The faster quartz
grows, and the slower rutile grows, the higher the TiO,/
SiO, ratio in the fluid becomes.

By taking the derivative of the fluid TiO,/SiO, quotient,
the rate of change of the fluid (TiO,/SiO,); (=r) is written
as:

@[S0y dr '[Si0)]  ar “)

The rates of change of the individual concentrations are:

d[SiO;]  —Ry,
dt - M; (5)

and

d[TlOz} . _(Rrutile + erdthz) (6)

dt M; ’

where R, is precipitation rate in units of moles/s, My is the
mass of the fluid in kg, [TiO,] and [SiO,] are concentrations
in moles/kg. The partition coefficient, Ky = (Ti/Si)quare/(Ti/
Si)fuia, describes the TiO,/SiO, partitioning between quartz
and fluid (cf. Mclntyre, 1963). Eq. (6) shows that both
rutile and quartz growth act to lower [TiO;].

Substituting (5) and (6) into (4) yields, after some
rearrangements:

dre _ (., k. Buie)  Rew
dt T R ) Mi[SiO)]

e~ (}"f _ Rrutile) quz ) (7)

thz M f [SIOZ]

This equation shows that what happens to r; during the
experiment depends on where it starts and the relative rates
of rutile and quartz precipitation during the run. Quartz
should precipitate with rq, = K4(TiO»/SiO,)g; that is, in
proportion to the fluid phase ry whether Ky is an equilib-
rium or a kinetically controlled value. If r¢ starts out close
to the ratio of precipitation rates, then it should remain

close to constant during a run. If r; substantially exceeds
that ratio, then it will increase monotonically at a rate that
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Fig. 7. Results from a multi-day double-capsule run using powdered anatase (Qz29_ana). (A) SEM image of the overgrowth showing growth
terraces. The shadow is cast by a portion of the overgrowth not in the field of view (sample was tilted with respect to the electron beam). (B)
SEM-CL image showing the smooth and continuous nature of the overgrowth in cross section. (C) BSE image showing outer quartz
dipyramids co-existing with faceted TiO, crystals. (D) SEM-CL image of outer quartz. The boundaries of the crystals are “fuzzy” because of
signal loss at the edges of the microcrystals. Dark equant spots scattered in the quartz cluster are TiO, crystals.

depends on the removal rate of SiO, from the fluid (the last
term in Eq. (7) has units of s~' and is thus a timescale).
However, if rutile is precipitating sufficiently fast, then r¢
can decrease.

In the absence of diffusive transport limitations, the net
precipitation rate of quartz and rutile can be written in the
form (cf. DePaolo, 2011):

thz = kf-qtqutzK:p,qtz (thz - 1) = kf‘thK:p,qtz (thz - 1) (8)

and

Qi — 1) =k K5 Qe — 1) (9)

f,rut™ sp,rut

Rrutile = kf,rulArutK*

sp,rut

where k; is the forward rate constant for precipitation, A4 is
the total mineral reactive surface area, K7, is the stoichio-
metric solubility product (i.e., it is based on concentration
and not activity), and Q is the degree of supersaturation.
It has been found experimentally that precipitation rates
for other minerals such as calcite are not proportional to
(Q —1), but rather, vary with this quantity raised to a power
n. In the absence of experimental data for quartz, rutile,
and anatase, we take the simplest approach and adopt
Egs. (8) and (9) for our calculations but note that other rate
laws may prove more appropriate in the future. Addition-

ally, we treat k’f as constant with time even though the reac-

tive surface area is variable and k¢ can also vary with Q
(e.g., De Yoreo et al., 2009).
The four input parameters required to calculate rp as a

function of time are Qqez initials Crut.initials Kpgipo Ky a0
M;. Since we don’t know the absolute values of the rate

’ ’

constants, we fix k., = 1.0 and vary &, for the purpose
of illustration. The value of M determines how long it takes
for the system to relax back to equilibrium from the initially

’

oversaturated state, but since we fix k;,, at an arbitrary
value of unity, it is sensible to remove M as a free param-
eter by normalizing the time by the total time. Finally, to
convert ryinto a Ti in quartz value, it is necessary to specify
a partition coefficient.

4.2. Estimating the partition coefficient

Previous studies on the solubility of Ti in quartz have
not expressed the results in terms of partition coefficients,
perhaps because it is difficult to estimate the amount of dis-
solved SiO, and TiO; in the liquid phase when the degree of
supersaturation is unknown. A useful starting point is to
estimate what the SiO, and TiO, concentrations would be
if quartz and rutile were exactly at saturation and then spec-
ulate how much the TiO,/SiO, ratio of the fluid might
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Fig. 8. A double-capsule multi-day experiment (Qz24b), where a large crystal of natural rutile was used as the source of TiO, yielded a
rutilated overgrowth that had only 50 ppm Ti. (A) The quartz overgrowth exhibits striations and open cavities. (B) SEM-CL image showing
wavy-oscillatory zonations on part of the overgrowth. (C) BSE image showing a portion of the overgrowth that was rutilated. (D) SEM-CL
image showing zoned dipyramidal outer quartz coexisting with homogeneous hexagonal tridymite crystals.
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Fig. 9. SEM-BSE and SE images showing results from multi-day single-capsule experiments. Experiments done with rutile yielded both (A)
polycrystalline, intergrown masses of euhedral-to-subhedral tridymite and (B) isolated, euhedral crystals tridymite in pockets of rutile. (C)
Rutile from the single-capsule experiments developed facets with rounded edges. The single-capsule anatase experiments formed (D)
polycrystalline masses of tridymite and (E) isolated euhedral crystals surrounded by TiO,. (F) In these experiments, was there a striking
bimodal size distribution of TiO,.
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change if the liquid were to have been highly supersaturated
with respect to either or both of these phases.

The solubility of quartz in a hydrothermal solution at
800 °C and 1 kbar is mgjo, = 0.048 moles/kg-H,O solvent
as computed using SUPCRT92 (Johnson et al., 1992). This
value is in good agreement with the value calculated using
the expressions in Mysen (2019) for a TiO,-SiO,-H,O fluid,
which yields mg;o, = 0.046 moles/kg-soln.

The solubility of rutile is sensitive to fluid composition.
While there is general agreement that rutile solubility
increases with dissolved salt concentration, there is some
disagreement concerning the effect of dissolved SiO,.
Antignano and Manning (2008) found no measurable
increase or decrease on rutile solubility with increasing
SiO, in two experiments at 800 °C and 10 kbar, whereas
Mysen (2019) found a substantial (up to 3X) increase in
rutile solubility in going from a TiO,-H,O fluid to a
quartz-saturated TiO,-SiO,-H,O fluid. At 800 °C and 1
kbar, the expressions of Mysen (2019) yield
mrio2 = 0.00113 moles/kg-soln, or about 54 ppm Ti.

If quartz and rutile both precipitate exactly at satura-
tion, the TiO,/SiO, ratio of the fluid should be about
0.00113/0.048 = 0.024. For the solid TiO,/SiO, ratio, a
Ti in quartz of 850 ppm by mass (THI10) translates to
molar TiO,/SiO, = 0.00109, which is more than an order
of magnitude lower than that in the liquid, meaning that
quartz crystals are depleted in Ti with respect to the lig-
uid (K43~ 0.045). A Ti concentration in quartz of
267 ppm (HAI12) translates to an even lower
K4~ 0.014. In what follows, we use Ky3=0.014 and
assume Ky does not vary with the degree of supersatura-
tion, i.e., there are no surface reaction-controlled kinetic
effects (cf. Watson, 2004; DePaolo, 2011). Either or both
assumptions may need to be relaxed in future iterations
of the model.

4.3. Range of permissible supersaturation (£2) values

The degree of supersaturation must be greater than
unity to nucleate and grow a given phase. Upper bounds
to the degree of supersaturation with respect to quartz
and rutile can be estimated by considering the precursor
phases and solubilities of the dissolving starting materials.
Amorphous silica has a higher solubility than quartz by
about a factor of 2, and the solubility of cristobalite is
between that of quartz and amorphous silica (cf. Fig. 2 in
Walther and Helgeson, 1977). The direct precipitation of
cristobalite as a precursor to tridymite and quartz suggests
an initial Qg > 1.5 but we consider initial values of Qg
from 1 to 2.

The solubility of anatase is not well known at temper-
atures above 325 °C, but it is certainly higher than that of
rutile, possibly by a factor of three or greater based on
extrapolation of lower temperature data (cf. Kalyani
et al., 2015). We consider initial values of Q. in the range
of 04 depending on whether rutile or anatase is used as
starting material. A value less than unity implies that
rutile or anatase dissolution is slow and that the fluid
reaches quartz saturation faster than it reaches rutile
saturation.

4.4. Model behavior

1

Model outputs for different values of k., (relative to

f,rui
k/ﬂqlZ = 1) are shown in Fig. 10 to confirm the behavior of
the model as described above. In all cases, the starting fluid
is supersaturated in quartz. A lower initial Qq, leads to a
smaller range of Ti in quartz that is closer to the specified
equilibrium value.

In Case 1-1, the fluid is initially undersaturated in rutile.
According to Egs. (5) and (6), [SiO;] and [TiO,] change
at rates that depend on the respective k/f values. The
TiO,/Si0, ratio of the fluid is initially low due to the
high [SiO,] and it increases monotonically because
re 3> Rywile/ Rqe, for all three values of k;m.
of the model, if the fluid starts below rutile saturation, it
stays below rutile saturation because both rutile and quartz
are sinks of TiO,.

In Cases 1-2 and 1-3, the fluid is supersaturated with
respect to rutile. When k/f,rut < k/f‘qlz, the TiO,/SiO, ratio

increases during the period of quartz precipitation due to
TiO, exclusion and then decreases as the effects of rutile

In this version

’

precipitation take over. When k; , = k'f‘qtz, the TiO,/SiO,
evolves to the equilibrium value on the timescale of SiO,
removal. When k;_mt > k/f_qtz, the TiO,/SiO, decreases on
the short timescale of rutile precipitation and then increases
back to the equilibrium value on the longer timescale of
quartz precipitation. Importantly, if the fluid starts above
rutile saturation, it stays above rutile saturation because
the sink of TiO, to quartz is insufficient to drive the fluid
to rutile undersaturation.

4.5. Modified kinetic model (Model 2)

The initial treatment using constant &, ky oK

f.qtz> "f,rut>**sp,rut>
and K¢, ., implies that the TiO and SiO, components oper-

ate nearly independently from each other. Such indepen-
dence, however, is belied by the extent to which use of
anatase instead of rutile as a starting material influences
the initial dissolution and subsequent crystallization of
the SiO, component. There is some guidance in the recent
literature for how to incorporate TiO,-SiO, coupling into
the model parameters. Mysen (2019) showed that the solu-
bility of rutile increases substantially as aqueous silica con-
centration increases from zero to quartz saturation, and it is
plausible that rutile solubility may further increase as the
fluid becomes increasingly supersaturated with respect to
quartz; e.g.,

K (moles kg-soln™") = 0.00061 - Q, +0.00052,  (10)

sp,rut

which describes a line going from rutile solubility in a TiO,-
H,O fluid (Qy, = 0) through rutile solubility in a quartz-
saturated a TiO,-Si0»-H,O fluid (Q,, = 1) (Mysen, 2019).

Fig. 11 shows Model 2 outputs for the same three initial
rutile saturation states shown in Fig. 10, given that
k/ﬁrut < k;‘qtz. Case 2-1 shows that by incorporating the
dependence of K, ., on Qy,, an initial liquid that undersat-

urated in rutile can become supersaturated and new rutile



162 M.D. Acosta et al./ Geochimica et Cosmochimica Acta 281 (2020) 149-167

Case 1-1:initial rutile undersaturation Case 1-2: initial rutile supersaturation Case 1-3: high initial rutile supersaturation
015 R R SR S 015 S R SR S 045 R R SR S
k', = variable k., = variable k., = variable
0.10 1 K= b= 0.10 1 =1 b= 0.10 K=t -
3 Q=07 3 \ Qum=13 3 \ Lo =4
=2 Q. ..=2 2 Q=2 2 Q=
bl izt ) izt bl izt
= 0.05 | - = 0.05 = 0.05 -
0.00 0.00 0.00

3 3 3
period of period of period of
s 27 e 21 s 2] 3
g \Qgrowth 5 \Qgrowth H ~ gtz growth
a ] a ] o
0 0 0

rutile

Qe
e

0.03 N 0.03 N

(Ti/Si)uig
W
AR
\
\
|
|
|
|
|
|
|
. . I
(Ti/Si),
\
(Ti/Si)quig
\
|
)
/
/
/
)
)
|
|
|

0.01
T T T T T 0.00

— 400 — 400 — 1000
g £ g
& 300 b & 300 I & 8007 r
e N — === N 600{ —— — L
5200 = —=— - gzoo—%”-—' I 5 T~
> St =1 &% S 400 . e~ —
=) < =) o o ]
Z 100 P 1001 S L
= oo — F oo —— oo —

00 0.1 02 03 04 05 06 07 08 09 1.0 00 0.1 02 03 04 05 06 07 08 09 1.0 00 0.1 02 03 04 05 06 07 08 09 1.0

Normalized time Normalized time Normalized time

Fig. 10. Model results showing the evolution of SiO, and TiO, components for different k;m /k; ., values. Because the absolute values of kit
and k;‘qw are not known, the simulated time is arbitrary and we therefore normalize the time by the time at the end of the run. In all cases, the
fluid is supersaturated with respect to quartz. In Case 1-1, the fluid is initially rutile-undersaturated, the TiO,/SiO; ratio of the fluid is low but
increases monotonically as quartz precipitates and rutile dissolves. In Case 1-2, the fluid is less supersaturated in rutile than in quartz, and
consequently, the initial TiO,/SiO; is below the equilibrium value. When rutile precipitation kinetics are slow (k}_’ml =02 k/f7qlz), the Ti in
quartz slightly overshoots the equilibrium value before rutile precipitation brings it back down. In Case 1-3, the fluid is more supersaturated in
rutile than in quartz, and consequently, the initial TiO,/SiO, is above the equilibrium value. The TiO,/SiO, either increases or decreases
before adjusting to the equilibrium value depending on which phase is precipitating faster.

crystals can form. The outputs from Cases 2-2 and 2-3 show whether rutile or anatase is used as starting material,
that the full range of Ti concentrations in quartz can be experiments with slow quartz growth rates are needed to
produced within the range of parameters we defined at retrieve both the equilibrium values and the values exhib-
the outset, provided that k;,, < klf‘qtz; i.e., that rutile is ited by quartz grown at low degrees of supersaturation in

not serving as an effective buffer due to slow exchange with nature.

the fluid and/or low total reactive surface area. . .
5.1. Interpretation of our experimental results
5. DISCUSSION ) . .

Our experiments and modeling show that a wide range
of Ti concentrations in quartz can be produced under iso-
baric and isothermal conditions. Although the model
doesn’t account for the complex dissolution and crystalliza-
tion pathways we observe and for the non-constant total

Complete mineral-fluid or mineral-mineral equilibrium
is difficult to establish in experiments where high supersat-
urations are necessary to grow crystals within hours to
days, as is well known from lower temperature crystal

growth experiments involving almost any mineral includ- reactive surface areas (folded into the k; terms), it is useful
ing quartz. In the following subsections, we discuss the for evaluating which experiments may have been closer to
ways that high temperature quartz growth experiments quartz-rutile equilibrium and interpreting the sign and mag-

are affected by kinetics and ultimately conclude that, nitude of departures from equilibrium.
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5.1.1. The low solubility of rutile is advantageous for bringing
the liquid up to rutile saturation

The low solubility of rutile implies that only a small frac-
tion of the starting material needs to dissolve to establish
saturation initially or re-establish saturation after a pertur-
bation. The post-run rounded TiO, particles in outer cap-
sules are interpreted to be incompletely dissolved and
partially recrystallized rutile powder because the particle
size is smaller than or roughly equal to that of the starting
material. In the outer capsules where rutile powder was
well-mixed with SiO,, it is probable that quartz grew in
an environment where Q. ~1 because the spacing
between rutile particles is small and they are in close prox-
imity to quartz.

5.1.2. Rutile is undersaturated in some parts of some of our
experiments

The use of a single large crystal of rutile (Qz24b) or
anatase (Qz27_ana) creates unfavorable conditions for a
well-buffered liquid because the spacing between the large
seed crystal and sparse, newly formed TiO, particles is
high. Gradients in titania activity ranging from near zero
to steep are likely responsible for producing Ti concentra-
tions in outer capsule quartz that range from 14 ppm to
487 ppm. The exceedingly low Ti concentrations in the
inner capsule (28 to 116 ppm), which overlap the low val-
ues of outer quartz from the same experiments, suggest
quartz growth from a rutile-undersaturated inner capsule
fluid. Rutile needles protruding from the Qz24b over-
growth (Fig. 8c) may have nucleated and grown towards
the end of the period of quartz supersaturation and
growth (Case 2-1 in Fig. 11).

5.1.3. Once the fluid is rutile-saturated, it stays rutile
saturated

The lack of rutile in quartz overgrowths does not neces-
sarily imply quartz growth from a rutile undersaturated lig-
uid; it only implies that the liquid was below the critical
supersaturation required to nucleate rutile. In two of the
experiments (Qz18 and Qz20), which agree with the results
of HA12, we found newly formed rutile as inclusions near
the seed-overgrowth interface. This suggests that a critical
degree of rutile supersaturation was reached early in those
experiments, and the next immediate question is whether
the lack of rutile in later-formed overgrowth implies that
the fluid became undersaturated in rutile, as suggested by
THI15.

To determine whether a rutile-saturated fluid can
become undersaturated, we ran the model with a low
Qe =1.1 and low k;.mt
growth on TiO, component. We find that quartz-driven
rutile undersaturation requires an extremely high Qg ~ 5
and a Ky that is an order of magnitude greater than we
estimate (Fig. 12). Even with these parameters, the degree
of undersaturation is minor (0.95) while the TiO,/SiO,
ratio is so high that it predicts Ti in quartz ~2200 ppm.
The conclusion we draw is that once the fluid is saturated
with respect to rutile, it should remain at or above satura-
tion because neither quartz nor rutile growth is sufficient
to drive the liquid to rutile undersaturation. We thus inter-

to isolate the effects of quartz

pret the lack of rutile in most of the overgrowths as
reflecting a liquid that is near saturation but below the
critical supersaturation required to nucleate new rutile
crystals.

5.1.4. Anatase promotes higher initial Q,,;

When anatase is used as starting material, it should
either dissolve and reprecipitate as rutile or convert directly
to rutile via a solid-solid recrystallization pathway on a
timescale of tens of minutes to tens of hours, depending
on factors such as temperature, pressure, adsorbed impuri-
ties, particle size, the abundance of TiO, particles, and the
amount of dissolved silica (Shannon and Pask, 1965; Zhang
and Banfield, 1999; Okada et al., 2001; Gouma and Mills,
2001; Hanaor and Sorrell, 2011; Sabyrov et al., 2013). Ana-
tase, a more soluble polymorph than rutile, dissolves
quickly and is capable of establishing an initially very high
Q.ut, as evidenced by our 6-h run where anatase precipitated
directly from the liquid. A high initial aqueous TiO, con-
centration is consistent with higher Ti in outer-capsule
quartz, reaching values > 850 ppm, than in experiments
using rutile as starting material (450-650 ppm; n = 4).

5.2. Kinetic effects in HA12 and TH10

The kinetic models show that there are many conditions
that could promote Ti heterogeneity in the quartz crystals,
but also conditions where relatively homogenous crystals
can be grown far from equilibrium. The Ti in quartz varia-
tions among our run products span a broader range than
those of HA12, and while our minimum Ti values in
rutile-bearing overgrowths (Qz18 and Qz20) are compara-
ble to their minimum Ti values (~267 ppm at 800 °C and
1 kbar), our results extend the high end of the range.
HA12 used a single quartz crystal that dissolved at one
end and precipitated at the other, thereby ensuring that
quartz grows at relatively low degrees of supersaturation
from a fluid that is near rutile saturation (Cases 2-1 and
2-2). Our higher values can be attributed to our use of silica
glass, which promotes higher Q,, and the use of both rutile
and anatase, which promotes a range of initial Q,,, (Cases
2-1, 2-2 and 2-3).

The experiments of TH10 were conducted at higher
pressures and they argued that the results can be safely
extrapolated to low pressure (Thomas et al., 2015). TH10
interpreted their anatase experiments as having reached
quartz-rutile equilibrium even though they grew quartz at
much faster rates (tens to hundreds of microns/day) than
HA12 (ones to tens of microns/day). The extreme growth
rates alone argue against quartz growing from a fluid that
is just above saturation, yet as Thomas et al. (2015) point
out: “it is unlikely that a nonequilibrium process would
have affected [our] results so consistently and systematically
to produce the uniform Ti concentrations in quartz from
individual experiments, and reproducible P-T dependencies
of Ti solubility in quartz.” Case 2-3 provides one way that
relatively homogeneous crystals can form with excess Ti,
but another possibility is that the fast growth rates alone
can give rise to systematic kinetic effects that are not explic-
itly accounted for in the models.
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Case 2-1: initial rutile undersaturation Case 2-2: initial rutile supersaturation Case 2-3: high initial rutile supersaturation
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Fig. 11. Model results that incorporate a solubility-dependence of rutile on the SiO, content of the fluid. In Case 2-1, the fluid is initially
undersaturated in rutile, but Q,,, increases as the SiO, concentration decreases, possibly explaining why the inner capsule overgrowths are
coated in rutile but have few rutile inclusions. Case 2-2 shows that widely varying Ti concentrations in quartz can be produced when the fluid
is initially supersaturated with respect to both quartz and rutile. Case 2-3 shows that when the fluid is highly supersaturated in rutile, the TiO,/
SiO, ratio remains high throughout the period of quartz precipitation for wide range of Qg values.

5.3. Surface reaction-controlled kinetic effects

The outputs presented above assume a constant parti-
tion coefficient such that the crystal has a TiO,/SiO, ratio
that is offset from that of the fluid by a constant amount.
This is a crude approximation because the partition coeffi-
cient itself is known to depend on the growth rate of the
crystal (Watson, 2004; DePaolo, 2011; Watkins et al.,
2017). A general expression for the non-equilibrium parti-
tion coefficient, K, is (DePaolo, 2011):

qz qz
_{ %1i0,/%i0, | __ K¢
P liquid ; _liquid

~1+ o (ﬁ_ ) (11)
Rp+Rp \Keq
where K; is the forward kinetic fractionation factor for
TiO,/Si0; in the precipitation reaction; Keq is the equilib-
rium TiO,/SiO, partition coefficient; R, is the net crystal
growth rate (moles/s or moles/m?/s, which can be converted
to a linear growth rate in m/day using the molar density of
quartz); Ry, is the gross rate of ion detachment (same units

TiO, / 4si0,

as Rp). This expression describes a growth rate dependence
to trace element uptake between an equilibrium limit at
slow growth (R, < Ry) and a kinetic limit at fast growth
(Rp > Ry). Such a kinetic limit has been documented for
Sr/Ca in calcite without necessarily compromising its utility
as a geothermometer (Gabitov and Watson, 2006). The
crossover between the two limits occurs at R, ~ Ry, but it
is important to note that the functional forms of R, and
Ry, can depend on many factors, including the degree of
supersaturation, that are not well-known at this point.
For Ti in quartz, there is an indication in the data of
HA12 that increasing growth rate leads to higher Ti/Si in
quartz; i.e., Ky is expected to be greater than K.

A mechanistic explanation for the kinetic limit has yet to
be developed, but we speculate that it may coincide with the
regime where the step velocity (Vyp) increases linearly with
solution saturation (Rashkovich and Kronsky, 1997). For
laboratory-grown potassium orthophosphate (KDP) crys-
tals, for example, it is observed that at very low oversatura-
tion, crystals are in a “dead zone” where the impurity
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Fig. 12. Model results testing whether TiO, incorporation into quartz can lead to rutile undersaturation. According to Model 1, a large degree
of quartz supersaturation (Qq, = 5) combined with high K4 (10 times the estimated value) can to lead a small degree of rutile undersaturation
from a fluid that is initially slightly above saturation. According to Model 2, once rutile is supersaturated it stays supersaturated.

molecules attached to growth steps inhibit the step
advancement. At slightly higher oversaturation, Ve,
increases gradually with Q, and with further increase in
Q, the Vep(Q) curve increases sharply until reaching a crit-
ical Q=Q*, above which V,(Q) is linear. It has been
found that crystals grown at lower supersaturation have
many defects and fluid inclusions whereas crystals grown
rapidly at high supersaturation are have a homogeneous
distribution of impurities and are defect-free — traits that
could be mistaken for near-equilibrium growth (Zaitseva
et al., 1999). If this behavior also applies to hydrothermal
quartz, crystallization at low to moderate degrees of super-
saturation could explain the abundant cavities and
heterogenous Ti concentrations in our run products as well
as those from HA12 and may indicate that the high super-
saturation linear regime is more accessible at high pressure.

5.4. Solubility of Ti in quartz

Based on all of the considerations discussed herein, we
suspect that many of the experimentally grown quartz

crystals are supersaturated with respect to rutile. A certain
degree of supersaturation is always required to nucleate and
grow a new phase, and the kinetic barrier to spontaneous
nucleation of rutile from quartz is likely to be large because
the Ti atoms, if uniformly distributed, are separated from
each other by tens to hundreds of Si atoms. It thus seems
plausible for the quartz lattice to be able to accommodate
Ti significantly in excess of the saturation value. In the ther-
mal annealing experiments of THI1S, for example, the
quartz starting material was supersaturated in TiO, by at
least a factor of 3-4, and yet, the relict quartz cores retained
their high Ti and appear to have not exsolved rutile during
the four days they were held at 925 °C and 20 kbar.

A recent study provides additional evidence that the
highest experimental Ti concentrations in quartz at a given
T and P overestimate the equilibrium solubility value.
Nachlas and Hirth (2015) ran dynamic recrystallization
experiments involving laboratory-synthesized low-Ti silica
gel (110 ppm Ti) and high-Ti silica gel (2280 ppm Ti). The
two aggregates were pressed together and then sheared at
10 kbar and 900 °C. Under these conditions, the gel crystal-
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lized to quartz and the quartz recrystallized continuously
during shear deformation. The equilibrium Ti was expected
to be either 310 ppm (TH10) or 101 ppm (HA12), depend-
ing on which calibration is used. The high-Ti half exsolved
rutile, as expected, and the recrystallized quartz had Ti con-
centrations broadly overlapping results from HA12 and
well below the predictions of TH10. It is difficult to
rationalize why the high-Ti side (2280 ppm) of these defor-
mation couples would overshoot the 310 ppm equilibrium
value of THI10 if that were the true equilibrium
concentration.

5.5. Additional considerations

The TH10 calibration was carried out at high pressures
(5-20 kbar) whereas the pressure range over which TitaniQ
has been applied to well-constrained samples is consider-
ably lower (1-4 kbar; Supp. table). This raises the question
of whether the disagreement between HA12 and TH10
might be caused by an unusual pressure dependence (curved
isopleth). A recent calibration by Zhang et al. (2020) using
silicate melts instead of solutions suggests that this may in
fact be the case and comes close to reconciling the experi-
mental results, though significant discrepancies remain
between this calibration and the experiments of HAI2,
TH10, and Nachlas and Hirth (2015) where they overlap
in pressure at 10 kbar. Once the equilibrium solubility
and its functional form are more firmly established, the
framework we developed herein should prove useful for
explaining residual kinetic effects and why different experi-
mental configurations can yield different results.

6. CONCLUSIONS

Our Ti-in-quartz results at 800 °C and 1 kbar span the
range of previous calibrations. The two endmember inter-
pretations for the wide range are: (1) the wide range reflects
variable degrees of rutile undersaturation (0 < Q. < 1) in
a system where extrapolation of the THI10 calibration
reflects equilibrium or (2) extrapolation of TH10 overesti-
mates the equilibrium value and the wide range reflects
variable degrees of rutile under- and over-saturation
(0 < Q. < ?) as quartz grows from variably supersatu-
rated liquids (1 < Qg < 2).

We developed models to account for the complexities
inherent in the experiments, but the only models that
appear capable of explaining the textures we observe (in-
complete dissolution of rutile starting material, complete
dissolution-recrystallization of anatase starting material,
rutile inclusions in quartz, and rutile coating the surfaces
of quartz) involve slow rutile precipitation rates and a
dependence of TiO, saturation state on SiO, saturation
state. The latter effect has been documented in a recent
rutile solubility study (Mysen, 2019). Our conclusion, which
is based on application of TitaniQ to natural samples along
with our new results and models, is that the HA12 experi-
ments at low pressure are a better analog to natural quartz
than extrapolation of the THI10 results at high pressure,
indicating that a curved isopleth describes Ti-in-quartz sol-
ubility (HA12; Zhang et al., 2020). More work is needed to

reconcile remaining discrepancies among the various exper-
imental studies and to design and interpret experiments
aimed at estimating equilibrium TiO, concentrations in
quartz.
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