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Abstract

The complex nature of trace element mobility in subduction zone environments is thought to be primarily controlled by
fluid-rock interactions, episodic behavior of fluids released, mineral assemblages, and element partitioning during phase
transformations and mineral breakdown throughout the transition from hydrated basalt to blueschist to eclogite. Quantitative
data that constrain the partitioning of trace elements between fluid(s) and mineral(s) are required in order to model trace ele-
ment mobility during prograde and retrograde metamorphic fluid evolution in subduction environments. The stability of
rutile has been proposed to control the mobility of HFSE during subduction, accounting for the observed depletion of Nb
and Ta in arc magmas. Recent experimental studies demonstrate that the solubility of rutile in aqueous fluids at temperatures
>700 °C and pressures <2 GPa increases by several orders of magnitude relative to pure H,O as the concentrations of ligands
(e.g., F and Cl) in the fluid increase. Considering that prograde devolatilization in arcs begins at ~300 °C, there is a need for
quantitative constraints on rutile solubility and the partitioning of HFSE between rutile and aqueous fluid over a wider range
of temperature and pressure than is currently available. In this study, new experimental data are presented that quantify the
solubility of rutile in aqueous fluids from 0.5 to 2.79 GPa and 250 to 650 °C. Rutile solubility was determined by using syn-
chrotron X-ray fluorescence to measure the concentration of Zr in an aqueous fluid saturated with a Zr-bearing rutile crystal
within a hydrothermal diamond anvil cell. At the PT conditions of the experiments, published diffusion data indicate that Zr is
effectively immobile (log Dz, ~1072°> m?%/s at 650 °C and ~107%° m?/s at 250 °C) with diffusion length-scales of <0.2 pm in
rutile for our run durations (<10 h). Hence, the Zr/Ti ratio of the starting rutile, which was quantified, does not change during
the experiment, and the measured concentration of Zr in the fluid was used to calculate the concentration of Ti (i.e., the sol-
ubility of rutile) in the fluid. The salts NaF, NaCl, and KCI were systematically added to the aqueous fluid, and the relative
effects of fluid composition, pressure, and temperature on rutile solubility were quantified. The results indicate that fluid com-
position exerts the greatest control on rutile solubility in aqueous fluid, consistent with previous studies, and that increasing
temperature has a positive, albeit less pronounced, effect. The solubility of Zr-rutile in aqueous fluid increases with the addi-
tion of halides in the following order: 2 wt% NaF < 30 wt% KCI <30 wt% NaCl < 3 wt% NaF < (10 wt% NaCl + 2 wt%
NaF) <4 wt% NaF. The solubility of rutile in the fluid increases with the 2nd to 3rd power of the ClI~ concentration, and
the 3rd to 4th power of the F~ concentration. These new data are consistent with observations from field studies of exhumed
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terranes that indicate that rutile is soluble in complex aqueous fluids, and that fluid composition is the primary control on

rutile solubility and HFSE mobility.
© 2016 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Rutile is a ubiquitous accessory phase in amphibolites
and eclogites where it can be the major repository of
high-field-strength elements (HFSE) (Zack et al., 2002a;
Meinhold, 2010), and is generally accepted as playing a role
in the HFSE-depletion that is characteristic of arc magmas
(Saunders et al., 1980; Green, 1981; Brophy and Marsh,
1986; Ryerson and Watson, 1987). The formula of rutile
is TiO,, with possible substitutions for Ti** by Nb’*,
Ta’", ze*, °Hf*', Cr’F and Fe’™. Experimental data for
the partitioning of HFSE between rutile and silicate melts
indicate that rutile favors incorporation of HFSE in the
order Ta>Nb>Hf>Zr (Foley et al, 2000, 2002;
Klemme et al., 2005). Rutile is generally thought to be
chemically inert with respect to aqueous fluids evolved dur-
ing prograde metamorphism, evinced by experimental data
that demonstrate that the solubility of rutile in pure water is
very low (Audétat and Keppler, 2005; Tropper and
Manning, 2005). However, there is a growing body of evi-
dence from natural systems (Zack et al., 2002a,b;
Manning, 2004; Gao et al., 2007, 2010; Chen and Li,
2008; Luvizotto and Zack, 2009; John et al., 2011;
Spandler et al, 2011) and experimental studies
(Antignano and Manning, 2008; Manning et al., 2008;
Rapp et al., 2010; Hayden and Manning, 2011; Tanis
et al., 2015) that rutile is increasingly more soluble in
halogen-bearing (e.g., F, Cl) aqueous fluids evolved during
prograde metamorphism in subduction zone environments.
Slab-derived fluids are not pure H,O, but rather contain
significant amounts of dissolved alkalis (Na, K), halogens
and aluminosilicate components (Si, Al) (Manning, 2004).
For example, Fu et al. (2001) investigated the compositions
of fluid inclusions in exhumed rocks from Shuanghe, Dabie
Shan, China, and reported that the salinity of the fluid
inclusions, which were trapped during prograde metamor-
phic devolatilization, ranges from almost pure water to bri-
nes that contain up to 30 wt% NaCl equivalent. In light of
the observations that halogens increase rutile solubility in
aqueous fluids, and that fluids in subduction zone environ-
ments vary from dilute to highly saline, there is a critical
need to constrain the partitioning of HFSE between rutile
and aqueous fluid(s), as well as the solubility of rutile, as
a function of fluid composition at pressure-temperature
conditions appropriate for subduction zone environments.
In this study, new experimental data are presented that
quantify the solubility of Zr-bearing rutile based on the
concentration of Zr in NaF-, NaCl-, and KCl-bearing
aqueous fluids at pressures of 0.5-2.79 GPa and tempera-
tures of 250-650 °C. The effect of fluid composition, pres-
sure, and temperature on rutile solubility is studied. The
data constrain rutile solubility and provide a limit on Zr
mobility.

2. EXPERIMENTAL METHODS
2.1. Rutile synthesis and characterization

Synthetic Zr-doped rutile (Zr-TiO,) crystals were pre-
pared following the method described in Hanchar et al.
(2001). High-purity TiO, and ZrO, were mixed to achieve
5 wt% ZrO, in the rutile crystals in an HNOj3-cleaned agate
mortar and pestle under absolute ethanol and allowed to
dry. Once dried, the powders were mixed under absolute
ethanol with the fluxing agents Li;MoO4 and MoO; in
the following proportions: 83.7 mol% MoOs, 10 mol%
Li>MoOy, 6 mol% TiO,, and 0.28 mol% ZrO,, then allowed
to dry. The mixture was then transferred to a clean Pt
crucible with a tightly fitted Pt lid. The crucible was lowered
into the “hot spot” of a preheated (1200 °C) Deltech MoSi,
vertical tube furnace and held at constant temperature for
seven days, permitting the flux to evaporate in air. Using
a type S control thermocouple, the temperature in the hot
spot was measured to be stable within 4+5 °C. When rutile
saturation was reached, the rutile crystals began to grow
in the residual flux. Upon completion of the synthesis, no
residual flux remained in the crucible. The crystals were
removed from the Pt crucible with tweezers and cleaned
in concentrated HNOj;. Powder X-ray diffraction was per-
formed to ensure that the rutile structure was obtained
and not the TiO, polymorphs brookite or anatase.

Each starting crystal was imaged by using back-
scattered electrons (BSE), and most of the starting crystals
displayed slight zoning (Fig. 1). The concentrations of Zr,
Ti, and Mo were quantified in the starting crystals by using
a Cameca SX100 electron probe microanalyzer (EPMA). A
beam current of 50 nA (calibration and analysis) and an
accelerating voltage of 15 kV were used. The analyzed crys-
tals that were used are: LIF for Ti and LPET for Zr and
Mo. Counting times (30 s at the peak) yielded detection
limits for Zr, Ti, and Mo of approximately 580, 290 and
465 ppm, respectively. Standard ZAF techniques were used
for the matrix corrections. The standards used included
pure natural rutile (TiO,), zircon (ZrSiO,4) and pure Mo
metal. An EMPA line traverse, using a 5 um focused beam
with analyses spaced every 25 pm, was performed across the
length of each crystal to evaluate chemical homogeneity.
All totals summed to 100 + 1%. The concentrations of
TiO;, and ZrO, in the rutile crystal chosen for the experi-
ments were 95.74 £ 0.35 and 4.49 + 0.08 wt%, respectively,
and the concentration of Mo, sourced from the flux, was
<0.36 wt%. No other elements were detected. The concen-
tration of ZrO; in the starting rutile is elevated relative to
natural rutile, for which the highest reported ZrO, concen-
tration is 2.98 wt% (Kalfoun et al., 2002). Our experimental
technique, described below, requires high enough Zr con-
centrations in the starting rutile in order to have sufficient
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Fig. 1. (Top) Back-scattered electron (BSE) image of a rutile
crystal with less then 15% variation in Zr concentration. (Bottom)
BSE image of non-homogeneous rutile crystal that contained large
variations in Zr concentrations as an example of crystals that were
not considered for experiments.

Zr contents in the aqueous fluid to be measured at experi-
mental conditions. All starting crystals used in experiments
contained less than 15% variability in the measured Zr
concentration.

2.2. Experiments

A hydrothermal diamond anvil cell (HDAC, Bassett
et al., 1993) was used in this study and was equipped with
two opposing 800 um culet diamonds. Molybdenum wires,
coiled around a tungsten carbide seat that supported each
diamond anvil, provided resistive heating. Two K-type
(NiCr-NiAl) thermocouples, one on each diamond, were
used to measure temperature. The HDAC was heated resis-
tively by using variable transformers that facilitated flexible
heating rates and allowed temperature to be maintained
within +5 °C. The melting point or phase transition of
NaNO;, CsCl, and NaCl were used to calibrate the temper-
ature of the HDAC up to 800 °C. The measured tempera-
tures were ~0.85% lower then the reported melting point
or phase transition of NaNOjz;, CsCl, and NaCl
(Kerrigan, 2011). A 1% H,-Ar gas mixture flowed con-
stantly through the HDAC during the measurements to
prevent corrosion of the diamonds and the heaters.

A rhenium gasket was pre-indented to a thickness of
~120 pm and then a hole of 600 pm diameter was drilled.
The hole was filled with Au powder, compressed until
the Au turned into a metallic solid and then a second

200-400 pm diameter hole was drilled. A single irregularly
shaped Zr-rutile crystal measuring approximately
40 x 40 x 20 um, as determined by using an optical micro-
scope, was loaded into the sample chamber for each exper-
imental run. Deionized H,O containing either 2, 3, 4 wt%
NaF, or 30 wt% NaCl, or 30 wt% KCI, or mixed 10 wt%
NaCl + 2 wt% NaF, was then added by using a micro syr-
inge. The HDAC was immediately sealed and pressurized
to ~0.5 GPa.

The synchrotron X-ray fluorescence (SXRF) experi-
ments were executed at undulator beamline 16-IDD
(HPCAT) at the Advanced Photon Source (APS) syn-
chrotron facility at Argonne National Laboratory. The
incident beam energy was 27 keV. The beam was focused
to a spot size of 25 x 50 um full-width at half maximum
(FWHM) by using a pair of Kirkpatrick—-Baez mirrors. A
100 um round pinhole was used before the HDAC to
reduce the tails of the incident beam, which contained a flux
of 1.14 x 10'? photons/s. The incident beam was directed
into the sample chamber through the diamonds of the
HDAC. The fluorescence from the sample was collected
in a 170° backscattering geometry by using a Vortex-EX sil-
icon drift detector that was positioned 0.8 m from the sam-
ple. To reduce the background, a pair of large collimating
slits were placed before the detector. The energy channels
of the multi-channel analyzer were calibrated with >Fe,
57Co, and '%Cd radioactive sources. The position and aper-
ture of the detector was optimized by using the SXRF peak
of pure Zr metal.

Before the experimental run started, the Zr-rutile crystal
position was determined visually by using an online optical
microscope. The pressure was increased to the starting pres-
sure and then the temperature was increases at a steady rate
of 5°C/min, until the desired temperature was reached.
Fluorescence spectra (Fig. 2a) were collected until the Zr
peak area, at a given pressure and temperature condition
became time-invariant (Fig. 2b), which was interpreted to
reflect the attainment of steady-state conditions. This took
approximately 40-60 min at each given pressure—tempera-
ture point. The time to reach steady state is consistent with
observations at similar temperatures reported in other stud-
ies. The time to reach steady state is consistent with obser-
vations at similar temperatures reported in other studies
(Sanchez-Valle et al., 2003; Schmidt et al., 2007; Manning
et al., 2008; Tanis et al., 2012; Wilke et al., 2012; Bernini
et al., 2013; Tanis et al., 2015). For example, Wilke et al.
(2012) measured the solubilities of rutile and baddeleyite
in aqueous fluid in a HDAC and reported attainment of
steady-state conditions in 15-30 min.

Once steady-state conditions were achieved, SXRF data
were collected by using a 2D mapping technique at each
unique PT point (Fig. 2c). The HDAC was positioned in
direct line of the SXRF detector to maximize the Zr count
rate. Then the HDAC was moved in steps of 25 um in the
horizontal (x) and vertical (y) directions and XRF spectra,
and the incoming and outgoing beam intensities were col-
lected and recorded in 30 s intervals at each x—y position
(Louvel et al., 2014; Tanis et al., 2015). A SXRF map of
the empty HDAC (0 ppm Zr) and the same HDAC con-
taining standard solutions of 600, and 1000 ppm Zr were
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Fig. 2. (a) A raw synchrotron X-ray fluorescence (SXRF) spectrum
of the 1000 ppm Zr standard solution. The Zr peak was sufficiently
distinct from the Compton scattering signal (~20-27 keV) arising
from diamond, which justified a local linear background fit. All
peaks other than Zr are generated by excitation by scattered
radiation of other parts of the HDAC. (b) The integrated peak area
from the sum of each 3-D scan (~70 min intervals) for 30 wt%
NaCl at 300 °C plotted as a function of time. Once the Zr peak
area, at a unique pressure and temperature condition, became time-
invariant it was interpreted to reflect the attainment of steady-state
conditions and proximity to chemical equilibrium. (¢) The 2D
SXRF map of the sample chamber containing the Zr-rutile and
fluid.
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Fig. 3. The normalized integrated peak area of the Zr standard
solutions demonstrate a linear relationship (line) between concen-
tration and peak area.

also collected before each experimental run and used to
build a calibration curve to determine the Zr concentration
of experimental fluids, similar to the process described in
Tanis et al. (2012) and shown in Fig. 3. After collecting
SXRF data are a unique PT point, the temperature was
then increased to the next temperature point, and the pres-
sure and SXRF data collection procedure was repeated.

During heating and cooling, there is some relaxation of
the HDAC. This causes deformation of the Re-Au gasket
sample chamber and results in a slight change in pressure.
This change was observed and therefore pressure was mea-
sured before and after each sequence of fluorescence data
were collected and the average pressure is reported. Pres-
sure was monitored throughout the run by collecting
XRD patterns of the Au gasket liner by a MAR 165
CCD detector placed in the forward scattering direction.
The XRD patterns were integrated and corrected for geo-
metric distortions by using Fit2D (Hammersley, 1997). A
NIST standard CeO, pattern was collected and used for
the XRD calibration. Gold pressure was determined by
using the method of Dorogokupets and Dewaele (2007).
The experimental run conditions and results are reported
in Table 1.

The concentration of Zr in the fluid was determined by
integrating and then averaging the normalized Zr peak area
from each (x, y) step significantly (50-75 um) away from
the Zr-rutile crystal. The fluorescence spectra from the stan-
dard solutions and high P-T experiments were corrected for
absorption in the fluid using the fluid composition and den-
sity, then normalized to transmitted beam flux and time fol-
lowing the methods described in described in Sanchez-Valle
et al. (2003), Schmidt et al. (2007), Manning et al. (2008),
and Louvel et al. (2014). The density of the aqueous fluid
was calculated after the experiment based on the experi-
mental pressure and temperature of the run conditions by
using the EOS of NaCl-H,O fluids from Mantegazzi
et al. (2013). There are no published high temperature-
high pressure EOS for NaF- or KCl-bearing aqueous fluids;
therefore, the EOS of NaCl-H,O fluids were used as a
proxy for the NaF- and KCI bearing fluids. A density of



Table 1

HDAC-SXRF experimental conditions and results.

Experimental run®

Fluid type (wt%)

Temperature (°C)

Pressure (GPa)

Fluid density (g/cm?)

ppm Zr in the fluid

ppm Ti in the fluid

Rutile solubility"

20131003
20131003
20131003
20131003
20131003
20140102
20140102
20140102
20131001
20131001
20131001
20131002
20131002
20131002
20140104
20140104
20140104
20140103
20140103
20140103
20140103

2% NaF

2% NaF

2% NaF

2% NaF

2% NaF

3% NaF

3% NaF

3% NaF

4% NaF

4% NaF

4% NaF

30% NaCl

30% NaCl

30% NaCl

30% KC1

30% KCl

30% KCl

10% NaCl + 2% NaF
10% NaCl + 2% NaF
10% NaCl + 2% NaF
10% NaCl + 2% NaF

250 (5)°
350 (5)
450 (5)
550 (5)
650 (5)
300 (1)
400 (6)
510 (4)
300 (5)
400 (5)
500 (5)
300 (5)
400 (1)
510 (8)
300 (6)
400 (5)
500 (3)
300 (6)
400 (2)
500 (2)
600 (4)

0.50 (0.03)°
1.19 (0.05)
1.60 (0.06)
2.14 (0.11)
2.25(0.22)
2.34 (0.02)
2.36 (0.05)
2.37 (0.01)
1.65 (0.16)
1.80 (0.17)
2.27 (0.03)
1.95 (0.20)
2.23(0.16)
2.79 (0.20)
0.65 (0.06)
0.66 (0.09)
0.89 (0.08)
1.89 (0.05)
2.35(0.10)
2.64 (0.12)
2.69 (0.13)

1.02 (0.06)°
1.12 (0.05)
1.13 (0.05)
1.16 (0.06)
1.14 (0.11)
1.28 (0.01)
1.24 (0.03)
1.02 (0.01)
1.02 (0.12)
1.18 (0.11)
1.02 (0.02)
1.38 (0.14)
1.38 (0.10)
1.40 (0.10)
1.16 (0.09)
1.11 (0.10)
1.13 (0.10)
1.32 (0.04)
1.34 (0.06)
1.35 (0.06)
1.33 (0.06)

25 (15)°F
35(15)
35 (10)
50 (20)
50 (30)
215 (50)
320 (110)
350 (70)
590 (40)
590 (35)
665 (50)
110 (20)
125 (20)
140 (30)
58 (13)
63 (13)
75 (19)
285 (30)
355 (35)
370 (20)
360 (30)

4448
621
621
887
887
3815
5679
6211
10,470
10,470
11,801
1952
2218
2484
1029
1118
1331
5058
6300
6566
6389

740
1036
1036
1480
1480
6364
9473
10,361
17,465
17,465
19,685
3256
3700
4144
1717
1865
2220
8437
10,509
10,953
10,657

% Each experimental SXRF run allows us to measure the concentration of Zr in aqueous fluid at multiple P-T conditions.
® The reported uncertainty for the temperature reflects the 1 sigma standard deviation of recorded temperatures.
¢ The reported uncertainty for the pressure reflects the 1 sigma standard deviation of pressures measured before and after each temperature step.

4 Density calculations are described in the text. The reported uncertainty for the density reflects the propagation of error from the pressure and temperature.

¢ The reported uncertainty for the SXRF data reflects the statistical deviation across the sample chamber and propagation of error from the standard calibration.
f Corrected for absorption and density as described in the text.

¢ The concentration of Ti in the fluid was calculated by using the concentration of Zr in the fluid assuming congruent dissolution of Zr-rutile, as described in the text.

" The solubility of pure rutile (TiO,) was calculated by using the Zr-rutile solubility data assuming Raoult’s law as described in the text.
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2, 3, 4, and 30 wt% NaCl was used for 2, 3, 4 wt% NaF and
30 wt% KCl-bearing fluids, respectively. The density of
12 wt% NaCl was used for the mixed fluid containing
10 wt% NaCl + 2 wt% NaF (Mantegazzi et al., 2013). The
background was determined by using the edges of the (x,
y) scan where the beam hits the Re part of the gasket.
The background values were consistent with the values
from the map of the empty HDAC (i.e., at 0 ppm Zr).
The background was subtracted from the normalized inte-
grated Zr fluorescence peak. Uncertainties for the Zr con-
centration of the fluids measured in the SXRF
experiments were calculated based on the statistical
deviation across the sample chamber (10-15%). Zirconium
concentrations at run conditions also include propagating
the fitting errors from the standard calibration. Due to
the iterative nature of the SXRF experimental technique
and the small size of the crystal, recovering and analyzing
the rutile crystal from each unique pressure-temperature
condition was not possible.

3. RESULTS
3.1. Zr concentrations in aqueous fluid

The experimentally determined Zr concentrations in
aqueous fluids containing 2, 3 and 4 wt% NaF, 30 wt%
NaCl, 30 wt% KCl and the combined 10 wt% NaCl
+ 2 wt% NaF fluid are provided in Table 1. Zirconium con-
centrations in the fluid as a function of (a) temperature, (b)
pressure and (c) density are presented in Fig. 4. Lines in
Fig. 4a are trend lines and are not statistical best fits.

The data indicate a positive, albeit weak, temperature
dependence (Fig. 4a) for the concentration of Zr in each
aqueous fluid. The concentrations of Zr in 2 wt% NaF-
bearing aqueous fluid at 0.5-2.25 GPa increased from
25 ppm at 250 °C to 50 ppm at 650 °C. The concentration
of Zr in a 3 wt% NaF-bearing aqueous fluid increases from
215 ppm at 300 °C to 350 ppm at 500 °C. The Zr concentra-
tion of the 4 wt% NaF-bearing fluid increases from
590 ppm at 300 °C and 1.65 GPa to 665 ppm at 500 °C
and 2.27 GPa. Zirconium concentrations in 30 wt% NaCl-
bearing aqueous fluid at 1.95-2.79 GPa increase from
110 ppm at 300 °C to 140 ppm at 510 °C. Zirconium con-
centrations in 30 wt% KCl-bearing aqueous fluid at 0.65—
0.89 GPa increase from 58 ppm at 300 °C to 75 ppm at
500 °C. Zirconium concentrations in aqueous fluid contain-
ing both 10 wt% NaCl+ 2 wt% NaF at 1.89-2.69 GPa
increase from 285 ppm at 300 °C to 360 ppm at 600 °C.
The increase in Zr concentrations of the fluid observed in
this study is expected and consistent with previous
studies (e.g., Audétat and Keppler, 2005; Antignano and
Manning, 2008).

There also appears to be a slight increase in the concen-
tration of Zr with pressure in all of the aqueous fluids
(Fig. 4b); however, much of this increase is attributed to
the fact that the pressure in the HDAC increases as temper-
ature increases. This is best illustrated by examining the
results from the 3 wt% NaF-bearing aqueous solution.
The data indicate that the concentration of Zr in the fluid
changes from 215 to 350 ppm as temperature increases from
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Fig. 4. The concentrations of Zr in experimental aqueous fluids
plotted as a function of (a) temperature, (b) pressure, and (c) fluid
density. Uncertainties for Zr (ppm) are discussed in the text.

300 to 510 °C, while pressure remains relatively constant
(e.g., 2.34-2.37 GPa). Similarly, the concentration of Zr in
aqueous fluid appears to be independent of fluid density
(Fig. 4c). The densities for each fluid composition are sim-
ilar for each temperature—pressure step, except in the fluids
containing 3 wt% NaF, where there appears to be a slight
negative density dependence.

Fluid composition is the most significant factor affecting
the concentration of Zr in the fluid at all P-T conditions
(Figs. 5 and 6). The addition of 4 wt% NaF to the fluid
increases the Zr concentration (590-665 ppm) of the fluid
by up to one order of magnitude relative to a 2 wt%
NaF- (25-50 ppm), 30 wt% NaCl- (110-140 ppm) and
30 wt% KCI- (58-75 ppm) bearing fluid, and ca. two times
more than the addition of 3 wt% NaF (215-350 ppm)
and the combined fluid 10 wt% NaCl+2wt% NaF
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Fig. 5. The experimentally determined Zr concentrations in
aqueous fluids plotted as a function of NaF concentration of the
fluid. Each color represents a different temperature, and lines
represent linear fits of the Zr vs. NaF data. The concentrations of
NaF equivalent wt% were calculated for the 30 wt% NaCl aqueous
fluid (triangles) and a 10 wt% NaCl + 2 wt% NaF aqueous fluid
(diamonds) based on the linear fits (Table 2). (For interpretation of
the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 6. The calculated Ti concentrations in the fluid plotted as a
function of temperature. The symbols for the data from the current
study are in color and are identical to those used in Figs. 4 and 5.
Also plotted are the data from Rapp et al. (2010) who investigated
rutile solubility in pure water (circles) and in aqueous fluids
containing 10 wt% NaCl (triangles) or 10 wt% NaF (squares), rutile
solubility data in pure H,O from Tropper and Manning, 2005
(T&M, 2005), Audétat and Keppler, 2005 (A&K, 2005) and
Antignano and Manning, 2008 (A&M, 2008). (For interpretation
of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 2
Linear fits of Zr concentration with NaF concentration in the fluid.

Temperature range Equation R

300-350 °C Zr (ppm) = 273*NaF (wt%) — 532 0.97
400-450 °C Zr (ppm) = 312*NaF (wt%) — 594 0.99
500-550 °C Zr (ppm) = 311*NaF (wt%) — 581  0.99

(285-360 ppm). The abundances of Zr and NaF in the fluid
are positively correlated, as demonstrated by the linear fits
illustrated in Fig. 5 and listed in Table 2. These linear fits
can only be used for interpolation between 2.0 and 4.0 wt
% NaF because they do not satisfy the natural constraint
that the solubility must be >0 when NaF concentration
is >0. For example, if extrapolated to NaF concentration
<2.0 wt%, physically meaningless negative solubility would
be obtained. These fits were used to calculate NaF equiva-
lent concentrations for the 30 wt% NaCl, 30 wt% KCIl and
combined 10 wt% NaCl + 2 wt% NaF aqueous solution.
The addition of 30 wt% NaCl is equivalent to the addition
of ~2.3 wt% NaF (Fig. 5, triangles), which indicates that F
has a much greater effect on Zr concentrations of the fluid
than Cl. The addition of 30 wt% KCl is equivalent to the
addition of ~2.1 wt% NaF (Fig. 5, circles). The combined
effect of 10 wt% NaCl + 2 wt% NaF has the same effect
as adding ~3 wt% NaF (Fig. 5, diamonds).

3.2. Rutile solubility in aqueous fluid

Titanium concentrations in aqueous fluid cannot be
directly measured by our in situ method because the XRF
peak for Ti is at about 5 keV, which is not possible to detect
with the geometry of the experimental HDAC cell and
SXRF detector. The measured Zr concentrations in aque-
ous fluid reported above allow the concentration of Ti in
the experimental aqueous fluids to be calculated by assum-
ing congruent dissolution of the starting Zr-rutile crystal
(Table 1, Fig. 6). The reported diffusion coefficient of Zr
in rutile is of the order 107'*-107*m?s at 800 °C
(Sasaki et al., 1985; Cherniak et al., 2007) and much lower
in our 250-650 °C experiments. Over the timescales of our
experiments (¢ < 10 h) the diffusion distance of Zr in rutile
would be less the 0.2 pm. Therefore, it can be assumed that
the Zr:Ti ratio of the rutile did not change during the exper-
iments. Because the rutile crystal in our experiments con-
tains 97 mol% TiO,, using Raoult’s law, solubility of pure
rutile (TiO,) for comparison with literature data was calcu-
lated by dividing the Zr-rutile solubility values by 0.97
(Table 1).

In detail, the data indicate: (1) 30 wt% of KCI has a
smaller effect than 30 wt% of NaCl on increasing Ti solubil-
ity. This is understandable assuming the increased solubility
is due to the formation of Ti-Cl complexes because 30 wt%
KCl is equivalent to 4.0 mol/kg of CI~ whereas 30 wt%
NaCl is equivalent to 5.1 mol/kg of CI~; and (2) the effect
of 30 wt% KCl or 30 wt% NaCl is equivalent to the effect
of 2-3 wt% NaF. That is, fluoride is much more effective
in increasing rutile solubility than chloride.

4. DISCUSSION
4.1. A comparison with literature data

Rutile solubilities from this work are generally consis-
tent with and extend the literature data (Audétat and
Keppler, 2005; Tropper and Manning, 2005; Antignano
and Manning, 2008; Rapp et al., 2010) to lower tempera-
tures and a wider range of fluid compositions. The data
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indicate an increase in rutile solubility in the fluid with
increasing NaCl content (from 10 to 30 wt% NaCl, Fig. 5,
triangles). The data do not demonstrate a distinct difference
in Ti concentration between the fluids containing 3 and 4 wt
% NaF (this study) and 10 wt% NaF (Rapp et al., 2010);
however, it must be noted that the 10 wt% NaF data from
Rapp et al. (2010) span almost an order of magnitude.
The data presented in the current study is compared to
the data from previously published studies in Fig. 6. All
data demonstrate that increasing the concentration of halo-
gens in aqueous fluid strongly increases rutile solubility in
the fluid over a wide range of pressure and temperature.
A quantitative comparison is not possible because our
experimental temperatures are lower than data in published
studies. Furthermore, rutile solubility data are highly scat-
tered and hence cannot be modeled or extrapolated reliably.
For example, five studies reported rutile solubility in pure
H,O fluid (Ayers and Watson, 1993; Tropper and
Manning, 2005; Audétat and Keppler, 2005; Antignano
and Manning, 2008; Rapp et al., 2010) that differ by more
than 3 orders of magnitude in concentration, with Audétat
and Keppler (2005) reporting the lowest solubility, and
Ayers and Watson (1993) reporting the highest solubility.
The majority of the published data were produced by using
the mass-loss technique, which, as discussed by Audétat
and Keppler (2005), is notoriously difficult in accurately
determining mineral solubilities. However, Manning et al.
(2008) and Antignano and Manning (2008) reasoned that
the low rutile solubility values reported by Audétat and
Keppler (2005) are likely an artefact of their method of
determination of rutile solubility, which was to visually
determine complete loss of a rutile crystal in aqueous fluid
in a HDAC. The large uncertainty and the large and sys-
tematic inter-laboratory differences preclude the develop-
ment of a solubility model even though a large number of
solubility data are available. Thus, the primary focus of
the discussion is on using the data presented here to develop
relations between rutile solubility and dissolved halogen
concentrations. Our method of using Zr-bearing rutile
and SXRF to measure in situ the Zr concentration at vari-
ous temperatures and pressures to investigate rutile solubil-
ity provides an alternative method to the mass loss method.

4.2. Ti dissolution mechanism

As mentioned previously, published rutile solubility data
in aqueous solutions are highly scattered with a large inter-
laboratory systematic difference. Because of this, it is diffi-
cult to combine our data with literature data to quantify
how rutile solubility depends on various dissolved species
concentrations. In this section, we use our data to deter-
mine the dependence of Ti solubility on the fluid composi-
tion and evaluate the dissolution mechanism.

The solubilities of SiO, and TiO, in aqueous fluid, mea-
sured experimentally at 800-1200 °C and 1.0-2.93 GPa,
were considered by Ayers and Watson (1993) to be domi-
nantly controlled by increasing temperature. However, sev-
eral studies have demonstrated experimentally that the
influence of temperature on mineral solubility is small com-

pared to the effects of fluid composition, especially the
alkali halide concentration (Knauss et al., 2001; Rapp
et al., 2010; Wu and Koga, 2013). For example, Knauss
et al. (2001) demonstrated that over the neutral pH range,
where the species Ti(OH)4(aq) is expected to dominate,
the temperature dependence is very small at 100-300 °C.
Rapp et al. (2010) demonstrated that the influence of F
and Cl on the solubility of TiO, in aqueous fluid at 800
and 1000 °C and 0.5 GPa, is more pronounced than the
influence of temperature variations, and that TiO, is more
soluble in 10 wt% NaF aqueous solution than in 10 wt%
NaCl aqueous solution (Fig. 6). The results of Wu and
Koga (2013) indicate that F (at less than 0.7 wt%) slightly
increases SiO, solubility in aqueous fluid at 1 GPa and
770-947 °C and promotes incongruent dissolution of horn-
blende. Our results are consistent with these studies, and
demonstrate that fluid composition has the strongest effect,
and temperature effects are small in the temperature range
investigated (e.g., 250-650 °C; Figs. 4a and 5).

Ti** and Zr*" have the same charge and similar ionic
radii (e.g., 74.5 pm for Ti** and 86 pm for Zr*" in octahe-
dral sites). Therefore, the speciation between Ti or Zr with
Cl, F, and OH should also be similar. The review of
Pokrovski et al. (2013) showed that the most common
metal-OH speciation for typical hydrothermal fluids at
temperatures <500 °C is the same for Zr and Ti (e.g., Zr
(OH),°, Ti(OH)4°). The Raman data of Griffith and
Wickins (1967) also demonstrated that the dominant spe-
cies present in Cl- and F-bearing acidic solutions is the
same for Ti and Zr (e.g., [(Ti,Zr)F¢~ and [(Ti,Zr)Cle*").
Therefore, the speciation and complexation data for Zr
can be applied to Ti and vice versa.

Very few experimental studies have investigated com-
plexation of Cl and F with Zr and Ti. Louvel et al. (2013)
reported that X-ray absorption spectroscopic (XAS) mea-
surements and ab initio X-ray absorption near edge spec-
troscopic (XANES) calculations for dilute (e.g., 2.5 wt%
HCI) Cl-bearing aqueous fluids did not provide evidence
for extensive Zr-Cl complexation up to 420 °C. They
reported that Zr speciation is dominated by 8-fold-
coordinated [Zr(H,0)sT*" hydrated complexes. The results
of Louvel et al. (2013) may explain the low Zr concentra-
tions (e.g., 113-141 ppm) in the 30 wt% NaCl aqueous
fluid. Jahn and Wilke (2014) performed ab initio molecular
dynamics simulations for Zr and Hf speciation in aqueous
fluids at 1 GPa and 727 °C and reported that Zr and Hf
are dissolved in aqueous fluid predominantly in octahedral
coordination. Their results indicate that each Zr is sur-
rounded by six nearest neighbor anions (O or Cl) and that
the coordination number decreases towards a pure water
solvent. These models suggest that complexation between
HFSE could occur at higher concentrations of Cl.

The rapid increase of rutile solubility with NaF concen-
tration in the aqueous fluid suggests complexation of F with
Ti in the aqueous fluid. Assuming that Ti in pure H,O fluid
is dissolved as Ti(OH)4° (fluid), the complex reactions can
be written as follows:

TiO, (rutile) + 2H,O(fluid) — Ti(OH);(fluid), (1)
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Ti(OH); (fluid) + F~ (fluid)

— TiF(OH)3(fluid) + OH ™ (fluid), (2a)
TiF(OH);(fluid) + F~ (fluid)

— TiF,(OH)5 (fluid) + OH "~ (fluid), (2b)
TiF,(OH); (fluid) + F~ (fluid)

— TiF;(OH)’ (fluid) + OH ™ (fluid), (2¢)
TiF3(OH)° (fluid) + F~ (fluid)

— TiF;(fluid) + OH " (fluid). (2d)

Alternatively, Reactions (2a)—(2d) can also be written as:

TiO; (rutile) + 2H,O(fluid) + F~ (fluid)

— TiF(OH);(fluid) + OH™ (fluid), (3a)
TiO,(rutile) + 2H,O(fluid) + 2F (fluid)

— TiF,(OH)5(fluid) + 20H" (fluid), (3b)
TiO,(rutile) + 2H,O(fluid) + 3F (fluid)

— TiF;(OH)(fluid) + 30H™ (fluid), (3¢)
TiO,(rutile) + 2H,O(fluid) + 4F (fluid)

— TiF,(fluid) + 4OH" (fluid). (3d)

As F concentration and F/Ti ratio in the fluid increase,
more Ti would be complexed with F. The above reactions
would strongly increase pH. In addition, other species
and reactions are possible, e.g.,

TiF,(fluid) + OH ™ (fluid) — TiF,OH (fluid), (4a)
TiF,OH" (fluid) + OH ™ (fluid)
— TiF4(OH)3™ (fluid). (4b)

The above reactions would reduce pH. The general spe-
cies and reactions in the aqueous fluid may be written as
follows:

Ti0, (rutile) + 2H,O(fluid) 4+ mF~ (fluid)
— TiF,,(OH), " (fluid) + (4 — n)OH™ (fluid).  (5)

Limiting the coordination number to be no more than 6,
then m may vary from 0 to 6 and » may vary from 0 to
6 — m, where a negative (4 — n) value means that OH™
appears on the left hand side of Reaction (5).

The total dissolved Ti in mol/kg in the NaF-H,O fluid
may be expressed as:

[Ti] = [Ti(OH)S] + [TiF(OH)3] + [TiF,(OH);]
+ [TiF3(OH)°] + [TiF) + ..., (6)

where brackets mean mole concentration (mol/kg). In the
above expression, [TiF(OH);°] is proportional to [F],
[TiF,(OH),°] to [F~F, [TiF3(OH)°] to [F T, and [TiF4°]
to [FT.

To quantify the effect of F on rutile solubility, it is nec-
essary to know rutile solubility in pure H,O fluid. As can be
seen from Fig. 6, the concentration of Ti in a rutile-
saturated pure H,O fluid is scattered and is low. For exam-
ple, if the data from Antignano and Manning (2008) are
used, the Ti concentration in pure H,O would be of the
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Fig. 7. (a) The relation between the solubility of rutile and F
concentration in the fluid. Rutile concentration is in ppm, and NaF
concentration is in wt%. 1wt% NaF is equivalent to a F~
concentration of 0.238 mol/kg. (b) The relationship between rutile
solubility (in ppm) and Cl™ concentration in the fluid for NaCl-
H,O and KCI-H,0 fluids (in mol/kg). The equations shown in
both figures are for the best-fit curves, with y being Ti (ppm) and x
being either NaF wt% in (a) or C1~ mol/kg in (b). (A color figure is
available in web version of this article.)

order <1 ppm at temperature <500 °C. Hence, compared
to >400 ppm Ti in NaF solutions, the concentration of Ti
(OH)4° can be ignored for approximate treatment here.
(In the future when rutile solubility in pure H,O is better
constrained, it can be incorporated in our treatment.)
Fig. 7a plots pure rutile solubility versus NaF concentra-
tion. When the data in Fig. 7a are fitted by a power func-
tion with rutile solubility in pure H,O assumed to be
zero, rutile solubility is found to be roughly proportional
to 3.6th to 3.8th power of NaF concentration at different
temperatures, suggesting that the dominant dissolved Ti
species contain 3-4 F, such as TiF3(OH)°, TiF3(OH),,
TiF5(OH)3 ™, TiF,°, TiF,OH ", and TiF4(OH)3". This treat-
ment is semi-quantitative and the fits are not perfect, either
due to data uncertainty or a need to construct a sophisti-
cated thermodynamic model; however, the limited data
would not be able to constrain such a model.
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The effect of C1™ on the concentration of Ti at rutile sat-
uration can be examined similarly. Assuming Na* and K"
do not play a role in Ti solubility (this needs to be verified
by future experiments), rutile solubility data in both KCl
and NaCl solutions can be combined by using the molar
Cl™ concentration (mol/kg). Using the limited data in this
work, Fig. 7b indicates that rutile solubility increases with
the 2.5th to 2.8th power of Cl™ concentration in the fluid
at 300-500 °C, suggesting that the dominant dissolved Ti
species in the fluid contain 2-3 CI, such as TiCl3(OH)°,
TiCl3(OH);, TiCl3(OH)3™, TiCl,(OH),°, TiCl,(OH); and
TiClL,(OH)3~.

When both NaCl and NaF are present in the fluid, Ti
solubility is greater than the simple addition of the individ-
ual effect by NaCl and NaF. This might be related to the
formation of new species containing both F and Cl, such
as TiF,,CL(OH), """*~% in NaCl-KCI-H,O fluids:

TiO, (rutile) + 2H,O(fluid) + mF~ (fluid) 4 pCl™ (fluid)
— TiF,,CL,(OH), "~ (fluid) 4 (4 —n)OH " (fluid). (7)

Not enough data are available to quantify the effects of
these species.

The new data presented here for the solubility of rutile
based on the concentration of Zr in Zr-rutile-saturated
aqueous fluid demonstrate that the effect of fluid composi-
tion, specifically the halogen ion concentration, is the dom-
inant control on the solubility of rutile in aqueous fluid
(e.g., Figs. 4 and 5). In addition, the new data demonstrate
that halogen-bearing aqueous fluids have the capacity to
hold high Zr and Ti concentration. These results are consis-
tent with published studies of HFSE-mineral solubility in
complex, halogen-bearing aqueous fluids (Rapp et al.,
2010; Louvel et al.,, 2013; Wu and Koga, 2013), and
together evince the important roles for dissolved Cl- and
F-salts to moderate HFSE compatibility in geologic fluids
(Figs. 5 and 6). The stronger ability of F-bearing fluids to
dissolve and transport HFSE (e.g., Ti: Rapp et al., 2010;
Nb: Tanis et al., 2015), relative to Cl-bearing fluids is most
likely related to the local coordination of HFSE in the
presence of each halogen.

Finally, it is important to note that Reactions (1)—(5)
and 7 indicate that solubility of rutile affects and is affected
by the pH of the fluid, similar to the solubility of many
other minerals. Due to the many possible species of
TiF,(OH),*™ " limited data, and the inability to directly
measure the concentrations of the individual species, it is
not possible yet to construct a model to assess the effect
of pH on rutile solubility and vice versa. Fluids evolved
during prograde metamorphism of serpentinite in subduc-
tion zone environments will interact with high-pressure
rocks such as eclogite as the fluid(s) migrates from the slab
through metasedimentary eclogite into the mantle wedge,
and mineral assemblages such as jadeite-paragonite—quartz
in the slab, or talc-olivine in the mantle wedge, buffer pH,
with near-neutral values of pH of, e.g., 4-6 at 500 °C and
1.8 GPa (Manning et al., 2010). Thus, in subduction zone
environments, the ability of F- and Cl-bearing aqueous flu-
ids to dissolve and transport Ti and, by analogy other high
field strength elements, may be limited by the pH buffering

capacity of the stable mineral assemblage. The data in the
current study and those from the literature (Fig. 6) indicate
that a subduction zone halide-rich aqueous fluid is able to
maintain high concentrations of dissolved titanium during
ascent because the temperature of the fluid increases during
ascent through the subducting plate (Kelemen and
Manning, 2015) and the weak permittivity (i.e., low dielec-
tric constant) of water at high temperatures promotes the
stability of associated Ti-F and Ti—Cl complexes (Pan
et al., 2012; Williams-Jones and Migdisov, 2014). If an
ascending Ti-bearing fluid experiences an irreversible pH
decrease during water-silicate rock (i.e., eclogite) interac-
tion (e.g., Sverjensky and Huang, 2015), this may cause
rutile precipitation. Thus, the solubility of rutile in high-
pressure metamorphic environments is likely to be a com-
plex function of the concentration of alkali halides in the
aqueous fluid and the pH buffering capacity of the rock
matrix, and the total amount of rutile dissolution would
depend on the water/rock ratio, and the spatial and tempo-
ral scales for subduction zone fluid flow. The efficiency of
Ti—F and Ti—Cl complex transport is most likely maximized
in channelized fluid-flow events where fluid-rock interac-
tion is minimized relative to porous flow (e.g., John et al.,
2012). A comprehensive model that incorporates all of these
parameters is required to explain the variability of the
HFSE signature among different subduction zone
environments.

5. CONCLUSIONS

The data presented here indicate that fluid composition
exerts the strongest control on rutile solubility in aqueous
fluid at pressure-temperature conditions appropriate for
fluid evolution in subduction zone environments. The data
not only confirm the high solubility of rutile in chloride and
especially fluoride solutions, but also show quantitatively
that the solubility of rutile in aqueous fluid increases with
the 2nd to 3rd power of Cl™ concentration, and 3rd to
4th power of the F~ concentration. The data demonstrate
that halogen-rich aqueous fluids can dissolve, transport,
and precipitate significant quantities of HFSE, as evinced
by the presence of rutile-bearing veins in blueschist and
eclogite in exhumed terranes in subduction zones. However,
the results presented here indicate that the ubiquitous
HFSE depletion in arc magmas likely implies that the fluids
in that environment generally have low F concentrations.
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