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An in situ experimental study of Zr4+

transport capacity of water-rich fluids in
the temperature and pressure range of the
deep crust and upper mantle
Bjorn Mysen

Abstract

Throughout the Earth’s history, mass transport involved fluids. In order to address the circumstances under which
Zr4+ may have been transported in this manner, its solubility behavior in aqueous fluid with and without NaOH and
SiO2 in equilibrium with crystalline ZrO2 was determined from 550 to 950 °C and 60 to 1200 MPa. The measurements
were carried out in situ while the samples were at the temperatures and pressures of interest. In ZrO2-H2O
and ZrO2-SiO2-H2O fluids, the Zr4+ concentration ranges from ≤10 to ~70 ppm with increasing temperature
and pressure. Addition of SiO2 to the ZrO2-H2O system does not affect these values appreciably. In these two
environments, Zr4+ forms simple oxide complexes in the H2O fluid with ΔH ~ 40 kJ/mol for the solution
equilibrium, ZrO2(solid) = ZrO2(fluid). The Zr4+ concentration in aqueous fluid increases about an order of
magnitude upon addition of 1 M NaOH, which reflects the formation of zirconate complexes. The principal
solution mechanism is ZrO2 + 4NaOH = Na4ZrO4 + 2H2O with ΔH ~ 200 kJ/mol. Addition of both SiO2 and NaOH to
ZrO2-H2O enhances the Zr4+ by an additional factor of about 5 with the formation of partially protonated alkali zircon
silicate complexes in the fluid. The principal solution mechanism is 2ZrO2 + 2NaOH + 2SiO2 = Na2Zr2Si2O9 + H2O with
ΔH ~ 40 kJ/mol. These results, in combination with other published experimental data, imply that fluid released during
high-temperature/high-pressure dehydration of hydrous mineral assemblages in the Earth’s interior under some
circumstances may carry significant concentrations of Zr and probably other high field strength elements (HFSEs). This
suggestion is consistent with the occurrence of Zr-rich veins in high-grade metamorphic eclogite and granulite
terranes. Moreover, aqueous fluids transported from dehydrating oceanic crust into overlying mantle source rocks of
partial melting also may carry high-abundance HFSE of fluids released from dehydrating slabs and transported to the
source rock of partial melting in the overlying mantle wedge. These processes may have been operational in the
Earth’s history within which subduction resembling that observed today was operational.
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Background
Mass transfer in the deep crustal and upper mantle in-
volves fluids, supercritical fluids, and melts. In the young
Earth’s mantle and crust, stable isotope evidence is con-
sistent with liquid water interacting with zircon-bearing
rocks (e.g., Compston and Pidgeon 1986, Mojzsis et al.
2001, Valley et al. 2005). Early mass transfer processes

were not, however, necessarily similar to more recent
activities (Kröner and Layer 1992, Hamilton 2007). For
example, subduction zone processes, an area of major
mass transfer in more recent terrestrial environments,
may not have begun until some 1–2 billion years later
(Hamilton, 2007). From this time in the Earth’s history
until the present day, fluid was transferred from dehy-
drating hydrous minerals in subduction zone materials
to the overlying mantle wedge where partial melting
may occur (e.g., Bebout 2007). These magmatic liquids
would carry element signatures of the source of those
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fluids (Gill 1981, Wyllie and Sekine 1982, Tatsumi and
Eggins 1995, Hermann et al. 2006).
It is often found, however, that the solubility of high

field strength elements (HFSEs) such as Ti, Hf, Zr, Nb,
and Ta in pure H2O fluids is in the ppm range (Brenan
et al. 1994, Audetat and Keppler 2005, Antignano and
Manning 2008, Newton et al. 2010, Bernini et al. 2013),
which would suggest that H2O alone is not an efficient
HFSE transport medium at least in the temperature/
pressure range of the crust and upper mantle. There is,
however, evidence from veins in high-grade meta-
morphic terranes that Zr and other HFSEs can be sig-
nificantly mobile (Giere 1986, Philippot and Selverstone
1991, Möller et al. 2002). The latter observations have
led to suggestions that complexing of HFSEs with
major-element solutes in aqueous fluids would greatly
enhance the HFSE solubility. Scattered solubility data of
some HFSEs in water-rich multi-component fluids at
high temperature and pressure are consistent with such
ideas (Ayers and Watson 1993, Antignano and Manning
2008, Mysen 2012, Ayers et al. 2012, Louvel et al. 2013).
Effects of major element composition on HFSE solubility
in silicate melts have also been reported (Watson 1976,
1979, Ellison and Hess 1986, Linnen and Keppler 2002).
The majority of experimental studies have focused on

zircon (ZrSiO4) solubility in fluids and typically on its
solubility in pure H2O or in aqueous solution as a function
of additional solutes (SiO2, NaOH, Na-silicates, etc.). That
approach limits the interpretation of the solution mechan-
ism of Zr4+ in fluids because the presence of SiO2 in those
experiments restricts identification of effects of individual
components on Zr4+ solution mechanisms. Moreover,
most, although not all, characterizations of experimental
charges were carried out on fluids after returning the sam-
ple to ambient temperature and pressure. This process
often leads to compositional and structural changes of
the fluid because solubility in aqueous fluid typically
is temperature- and pressure-dependent (Pascal and
Anderson 1989, Manning 1994) and, thus, changes along
the pressure-temperature path of the quenching path.
In the present study, experiments were carried out in

order to address some of the unanswered questions regard-
ing the solubility and solution mechanism(s) of Zr4+ in
aqueous solutions. Experimental complexities resulting from
compositional and structural changes during quenching of
the aqueous fluid to ambient conditions after an experiment
were avoided by examination of the Zr-saturated fluids in
situ while these were at the temperatures and pressures of
interest. The effects of specific solutes on Zr4+ solubility and
solution mechanisms in aqueous solution were addressed.

Methods
Aqueous fluids (double-distilled, deionized H2O and
1 M NaOH aqueous solutions) together with crystalline

spectroscopically pure ZrO2 (Alfa Aesar™) and SiO2 (Alfa
Aesar™) were used as starting materials. The grain size of
the oxides was less than 5 μm. Crystalline Na2ZrO3 was
synthesized from spectroscopically pure Na2CO3 + SiO2

mixtures at ambient pressure by using the method of
multiple heat cycles (to ~1000 °C at ambient pressure)
described by Ampian (1968). Results from X-ray diffrac-
tometry indicated the complete reaction of Na2CO3 + SiO2

to crystalline Na2ZrO3.
In situ, high-temperature/high-pressure experiments

were carried out in externally heated, hydrothermal dia-
mond anvil cells (HDAC) (Bassett et al. 1996). Iridium
was used as gasket material in order to avoid chemical
reaction between the gasket and aqueous solutions dur-
ing the experiments. Gasket thickness was 125 μm with
a 500 μm diameter sample hole. Temperatures were
measured with two K-type thermocouples touching the
upper and lower diamonds at a distance of about 1 mm
from the sample. The temperature variations within the
cell, as indicated by NaCl melting at ambient pressure,
are 2–3 °C.
In the hydrothermal diamond cell experiments, pressure

was generated by increasing the temperature of the aque-
ous solution + solid sample contained in the sample hole
of the Ir gasket. Pressure is, therefore, a temperature-
dependent variable. This temperature-dependent pressure
is governed by the PVT properties of the fluid (e.g.,
Bassett et al. 1996). The hydrothermal diamond cell
experimental protocol does not, therefore, allow for
independent control of pressure. Pressure was determined
with the one-phonon shift in the Raman spectra by using
a 10–20 μm chip of synthetic carbon-13 diamond located
within the sample region itself (Schiferl et al. 1997, Mysen
and Yamashita 2010). Synthetic carbon-13 diamond was
used for this purpose to avoid interference of the Raman
signal from the natural diamond anvils in the diamond
anvil cell. The frequency difference between the one-
phonon Raman shifts from carbon-12 and carbon-13 is
about 80 cm−1 (Hanfland et al. 1985).
A confocal JASCO™ Model NRS-3100 microRaman

spectrometer with the 490 nm line of a Coherent MX-
Series solid-state laser operating at ~40 mW at the sam-
ple for Raman excitation was used for all measurements.
The Raman spectrometer is equipped with a single
monochromator, holographic notch filter, and holo-
graphic gratings. For pressure calibration with a 13C
diamond, gratings with 2400 grooves/mm density were
used in order to optimize frequency accuracy of the
spectrometer. Because of the relatively small pressure-
induced shift of the Raman signal from diamond
(~1.8 cm−1/GPa at ambient temperature; Hanfland et al.
1985), additional improvement in spectrometer accuracy
was accomplished by using Ne emission lines as an in-
ternal standard. A ±0.1 cm−1 uncertainty thus attained
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translates to a ±40 MPa precision of pressure measure-
ments. The overall pressure uncertainty, which also in-
cludes the uncertainty in the calibration of the one-phonon
Raman shift of the carbon-13 diamond from Mysen and
Yamashita (2010), is ±110 MPa. This uncertainty (and
precision) was the same in all experiments.
Raman spectra of the samples (fluids and crystalline

materials) were recorded with 1200 grooves/mm grating
density, which in the frequency range of interest in the
present study yields a spectral range of ~1900 cm−1 per
CCD window (decreasing slightly with distance from the
excitation line) and a frequency uncertainty of ~±3 cm−1.
This uncertainty is not an issue given the large width of
the Raman bands of fluids and crystals at the high temper-
atures of the experiments (full width at half height
(FWHH) ≥ 30 cm−1).
Experiments were conducted in several temperature/

pressure series. The proportion of fluid and solid phases
in the various experimental series differs. The pressure-
temperature trajectories, therefore, also differ between
individual experimental series.
In each experimental series, the sample was initially

brought to the highest planned temperature and pres-
sure, left there for about an hour followed by recording
the spectra of fluid and coexisting solid materials. The
spectra of carbon-13 diamond for pressure determin-
ation also were recorded at each temperature to deter-
mine the pressure. The temperature was then lowered at
1 °C/s to the next temperature/pressure condition where
the same spectroscopic acquisition protocol was used. A
60-minute dwell time at each temperature and pressure
prior to analysis is considered sufficient to reach equilib-
rium given that similar experimental duration has been
shown sufficient to establish isotopic equilibrium be-
tween fluid and condensed phases at similar tempera-
tures (Horita 1988, Mysen 2015). Moreover, Wilke et al.
(2012), using a similar experimental protocol, found a
constant Zr concentration in fluid coexisting with crystal-
line ZrO2 after a 15–30-minute experimental duration.

Results
In the HDAC experiments, there is a general increase in
pressure with increasing temperature (Table 1; see also
Fig. 1). The “average pressure” shown in the subsequent
figures is that corresponding to the intersection of the
temperature with a single straight line fitted to all the
data points (Fig. 1; see Tables 2 and 3 for regression pa-
rameters). The exact pressure for each data point can be
extracted from the data in Table 1.

Raman spectroscopy
Raman spectra were collected in the ~300–2000 cm−1

and ~3000–4100 cm−1 frequency ranges. The higher fre-
quency range comprises signals from fundamental OH

vibrations. In the low-frequency range, Raman signals
from vibrations in Zr-O and Si-O bonding environments
can be detected.

Table 1 Experimental conditions

Temperature Pressure Comment

°C MPa

ZrO2-H2O

25a 0.1b ZrO2 + fluid

550 299 ZrO2 + fluid

625 431 ZrO2 + fluid

700 637 ZrO2 + fluid

775 842 ZrO2 + fluid

850 1195 ZrO2 + fluid

900 1187 ZrO2 + fluid

925 697 ZrO2 + fluid

ZrO2-SiO2-H2O

25 0.1 ZeO2 + quartz + fluid

575 544 ZrO2 + quartz + fluid

650 701 ZrO2 + quartz + fluid

725 783 ZrO2 + quartz + fluid

800 1013 ZrO2 + quartz + fluid

ZrO2-1 M NaOH-H2O

25 0.1 ZrO2 + fluid

600 59 ZrO2 + fluid

650 183 ZrO2 + fluid

700 304 ZrO2 + fluid

750 457 ZrO2 + fluid

800 680 ZrO2 + fluid

850 419 ZrO2 + fluid

900 559 ZrO2 + fluid

950 622 ZrO2 + fluid

ZrO2-SiO2-1 M NaOH-H2O

25 0.1 ZrO2 + quartz + fluid

575 138 ZrO2 + quartz + fluid

650 183 ZrO2 + quartz + fluid

725 266 ZrO2 + quartz + fluid

775 435 ZrO2 + quartz + fluid

850 677 ZrO2 + quartz + fluid

SiO2-H2O

25 0.1 Quartz + fluid

575 211 Quartz + fluid

650 257 Quartz + fluid

725 487 Quartz + fluid

800 1087 Quartz + fluid
aTemperature uncertainty: 2–3 °C (see text)
bPressure uncertainty: ±110 MPa and precision ±40 MPa (see text) in
all experiments
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The spectra in the high-frequency range characteristic-
ally show a sharp maximum near 3600 cm−1 with an
asymmetry toward lower frequency, in particular at
the lower temperatures (Fig. 2). For all compositions,
the FWHH of this peak decreases with increasing
temperature and pressure (Fig. 3). These features are
qualitatively similar to the changes in the same fre-
quency region of the Raman spectra of other aque-
ous fluids systems (Walrafen et al. 1986, 1999,
Frantz et al. 1993).

The FWHH vs. temperature relations in the spec-
tra of fluids in the ZrO2-H2O and ZrO2-SiO2-H2O
systems are identical within the error of the mea-
surements (Fig. 3). The FWHH is more sensitive to
temperature with NaOH added to the H2O fluid (Tables 2
and 3). Addition of SiO2 (ZrO2-SiO2-NaOH-H2O) re-
sults in FWHH that may be slightly narrower than
without SiO2 and up to >40 cm−1 narrower than in
fluid spectra from the SiO2-free ZrO2-NaOH-H2O
system (Fig. 3).

Fig. 1 Summary of temperature/pressure conditions of all experiments. The dashed line represents a simple linear fit to all the data points
(see Tables 2 and 3 for regression coefficients). See also text for additional discussion of this fit

Table 2 Regression coefficients for figures, y = a + bx

Comment a b r2

Figure 1: pressure (MPa) = a + b • temperature (°C) −677 ± 308 1.7 ± 0.4 0.42

Figure 3: FWHH(cm−1) = a + b • temperature (°C)

ZrO2-H2O 175 ± 4 0.116 ± 0.006 0.995

ZrO2-NaOH-H2O 255 ± 14 −0.19 ± 0.02 0.95

ZrO2-SiO2-H2O 176 ± 6 −0.120 ± 0.008 0.993

ZrO2-SiO2-NaOH-H2O 170 ± 15 −0.12 ± 0.02 0.96

Note that data from the system ZrO2-SiO2-H2O are not shown because only two compositions at nearby temperatures were determined, and for those, there was
no discernible temperature effect (see also Fig. 3)
See also text for detailed description and discussion of these equilibria
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The vibrations in this high-frequency range (Fig. 2) are
assigned to fundamental O-H stretching possibly in sev-
eral locally different environments (Scholze 1960, Mysen
and Virgo 1986, Walrafen et al. 1986, Le Losq et al.
2011). Their frequencies reflect which cation or cations
form bonds with OH groups. Here, these cations could
be H+, Na+, Si4+, and Zr4+. In addition, hydrogen

bonding may play a role, in particular at temperatures
below about 600 °C (Walrafen et al. 1999, Foustoukos
and Mysen 2012). Linkage of OH groups to Na+ lowers
the OH fundamental frequency compared with the
spectrum of pure H2O (Mysen and Virgo 1986). This
could appear as an asymmetry toward lower frequency
as observed in the spectra of the ZrO2-NaOH-H2O and

Table 3 Regression coefficients for figures, y = a + bx

Comment a b r2 ΔH (kJ/mol)

Figure 6: ln K = a + b/T(K−1)

ZrO2-H2O (ZH) −2.4 ± 1.9 −5121 ± 1940 0.78 43 ± 16

ZrO2-NaOH-H2O (low-dens) (ZHN-lo) 32 ± 3 −23,436 ± 2910 0.98 195 ± 24

ZrO2-NaOH-H2O (high-dens) (ZHN-hi) 39 ± 4 −27,866 ± 3540 0.95 232 ± 29

ZrO2-NaOH-H2O (ZHNS) 19 ± 1 −11,467 ± 1350 0.98 94 ± 11

ZrO2-NaOH-H2O (ZHN-Wilke et al. 2012) 44 ± 1 −33,845 ± 175 0.999 282 ± 15

ZrO2-SiO2-NaOH-H2O (ZHNS) 5.7 ± 0.5 −3655 ± 473 0.95 30 ± 4

Abbreviations: ZH: ZrO2-H2O; ZHN (-lo, -hi, -Wilke et al. 2012, and ZHNS): ZrO2-NaOH-H2O with low- and high-density (pressure) trajectories, interpolation from
Wilke et al. (2012), and the ZHN equilibrium in the more complete system ZrO2SiO2-NaOH-H2O; ZHNS: ZrO2SiO2-NaOH-H2O
Note that data from the system ZrO2-SiO2-H2O are not shown because only two compositions at nearby temperatures were determined, and for those, there was
no discernible temperature effect (see also Fig. 3)
See also text for detailed description and discussion of these equilibria

Fig. 2 Examples of Raman spectra of high-frequency intensity envelope. a Spectra at approximately the same temperature conditions for each of the
compositions studied. b Temperature/pressure evolution example from the ZrO2-H2O system. All spectra were normalized to the total
integrated area of the 3600 cm−1 envelope. Note that individual spectra are offset for clarity
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ZrO2-SiO2-NaOH-H2O fluid (Fig. 2a). The difference in
FWHH in the spectra of NaOH+ SiO2-bearing and
SiO2-absent but NaOH-bearing compositions likely re-
flects the formation of Si-OH linkages in systems with
SiO2. This is because Si-OH linkage tends to shift the
Raman bands assigned to the fundamental OH vibra-
tions to a higher frequency than that of OH in pure
H2O.
The Raman spectra of fluids and crystals in the low-

frequency regime characteristically comprise one or
more intensity envelopes between 300 and 800 cm−1

(Fig. 4). From the similar Raman spectra of fluid in the
ZrO2-H2O and ZrO2-SiO2-H2O systems with two bands
between 550 and 650 cm−1, it appears that the structure
of dissolved Zr-containing complexes in those fluids re-
sembles one another. These two bands also are at nearly
the same frequency as the dominant bands of crystalline
ZrO2 at the same temperature and pressure. These latter
spectral features resemble those of tetragonal ZrO2 in
which the oxygen coordination number is 7 (Keramidas
and White 1974, Smith and Newkirk 1965). However,
Wilke et al. (2012) interpreted their Zr X-ray near-edge
spectra (XANES) to be consistent with eightfold

coordinated Zr4+ in ZrO2-H2O solutions. The present
Raman spectra of ZrO2-H2O and ZrO2-SiO2-H2O fluids
cannot be used to distinguish between Zr4+ in seven- or
eightfold coordination with oxygen with more precision
than to state that the short-range structure of Zr4+ dis-
solved in H2O resembles that of coexisting crystalline
ZrO2. Fluids in the ZrO2-SiO2-H2O system also contain
dissolved silicate. This is in the form of Qo, as evidenced
by the strong band near 770 cm−1 (Fig. 4; see also Zotov
and Keppler 2002, Mibe et al. 2008).
The spectra of NaOH-bearing fluids characteristically

have an additional strong band centered near 350 cm−1

and one or two bands near 500 cm−1. These were not
observed in the spectra of fluids without NaOH. It is
also noted that the spectra of ZrO2-SiO2-NaOH-H2O
fluids differ from those of ZrO2-NaOH-H2O in that the
bands in the 400–600 cm−1 region of the ZrO2-SiO2-
NaOH-H2O spectra are narrower and better defined
than those of the ZrO2-NaOH-H2O fluid and that the
650 cm−1 band in the ZrO2-NaOH-H2O fluid spectra is
absent in the spectra of ZrO2-SiO2-NaOH-H2O (Fig. 4).
The Raman spectra of ZrO2-SiO2-NaOH-H2O fluids are
notable in their absence of Raman signals that could be

Fig. 3 Temperature/pressure evolution of full width at half height (FWHH) of the high-frequency envelope of the spectra of fluids from the experiments.
Average pressure is that calculated from the regression line in Fig. 2. For actual pressure, see Table 1
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assigned to vibrations in silicate tetrahedra in the struc-
ture (e.g., the absence of the Qo species with its diagnos-
tic 770 cm−1 band seen in the spectra of SiO2-H2O and
ZrO2-SiO2-H2O fluids; see Fig. 4). In comparison with
the Raman spectra of crystalline Zr-compounds, the
spectrum of Na-zirconate Na2ZrO3 characteristically has
two strong bands near 500 cm−1 and a single strong

band near 350 cm−1. The spectrum resembles that of
BaZrO3 with a sixfold coordinated Zr4+ (Dixit et al.
2004). Data, mostly X-ray-based, from Zr-bearing silicate
glasses have been interpreted to indicate that Zr4+ is in
sixfold coordination with oxygen (Farges et al. 1991,
Galoisy et al. 1999; Farges and Rossano 2000). From this
limited information, we conclude that Zr4+ in ZrO2-

Fig. 4 Examples of the Raman spectra of fluids and crystals at conditions as indicated on the individual spectra. Panels a-d) show spectra of fluids
from systems and under conditions indicated on the individual spectra. Panels (e) and (f) show examples of crystalline, Zfr-bearing materials, and
panel (g) shows an example of the spectrum of fluid from the SiO2-H2O system at temperature and pressure indcated. Note the insert in (d),
which shows an expanded version of the 500–700 cm−1 frequency range so as to better show the similarity between this region and the same
region in the spectra of ZrO2-H2O fluids in (a)
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NaOH-H2O fluids coexisting with crystalline ZrO2 likely
forms zirconate complexes possibly with local structural
similarity to crystalline zirconate. This structural inter-
pretation also is consistent with published XANES and
EXAFS (Extended X-ray Absorption Fine Structure)
spectra of Zr-bearing Na-silicate aqueous fluids, where
structures resembling zirconosilicates were proposed
(Wilke et al. 2012, Louvel et al. 2013). Alkali zirconosilicate
complexing also has been suggested for hydrous, peralka-
line aluminosilicate melts (Watson 1979).
The composition control of how Zr4+ can form com-

plexes with other solutes in an aqueous solution in aque-
ous fluids shows some similarities with the behavior of
Ti4+ in aqueous fluids at similar temperatures and pres-
sures. In the TiO2-H2O system, for example, the solubil-
ity is in the ppm range under similar temperature and
pressure conditions (e.g., Audetat and Keppler 2005), and
the local structural environment resembles that of TiO2

with Ti4+ in sixfold coordination with oxygen (Mysen
2012). In Na-silicate-bearing solutions, on the other hand,
the Ti4+ solubility is several orders of magnitude greater
(Antignano and Manning 2008), and Ti4+ is dissolved in
aqueous fluid as TiO4- or TiO3-type complexes with Ti4+

attaining a coordination number near 4 (Mysen 2012).

Solubility
The zirconium concentration in a fluid in equilibrium
with crystalline ZrO2 may be estimated by comparing
the intensities of Raman bands from the fluid and from
the crystalline ZrO2 recorded at the same temperature
and pressure. In such a calculation, it is assumed that
the integrated Raman intensity of spectra and fluid and
melt are related to one another via the same correction
factor because the local structure of the Zr complexes in
such fluids resembles that of crystalline ZrO2 at the same
temperature and pressure. This approach to solubility de-
termination is similar to that for Ti solubility in aqueous
fluid in equilibrium with crystalline TiO2 (Mysen 2012)
where Ti solubility determined in this manner compared
well with values obtained by other methods (Audetat and
Keppler 2005, Antignano and Manning 2008).
The Zr4+ concentration in ZrO2-H2O fluid ranges

from ~10 ppm at 600 °C/60 MPa to about 40 ppm Zr at
900 °C and 560 MPa (Fig. 5). Two data points from
the ZrO2-SiO2-H2O system at 725 °C/783 MPa and
800 °C/~1050 MPa indicate solubilities near 60 ppm
or about 25 ppm higher than that in the absence of
SiO2. This slightly higher solubility likely is because
of the higher pressures in the experiments in the
ZrO2-SiO2-H2O system because Zr4+ solubility in aqueous
fluids is positively correlated with pressure (Ayers et al.
2012, Wilke et al. 2012).
The Zr4+ concentration in aqueous fluid is sensitive to

alkali and alkali + silica content. For example, addition of

1 M NaOH to H2O raises the Zr4+ content of the aque-
ous fluid by approximately a factor of 10. Addition of
SiO2 to NaOH-bearing systems increases the solubility
by an additional factor of 5 or more (Fig. 5). Addition of
Na-silicate component also results in major zircon
(ZrSiO4) solubility increases (Ayers et al. 2012, Wilke et
al. 2012). This feature may be analogous to the solution
behavior of Zr4+ in hydrous and peralkaline aluminosili-
cate melt where the solubility is a positively correlated
peralkalinity of the melt (Watson 1979). This concept
would also be consistent with the XANES data on sili-
cate glasses by Farges and Rossano (2000). We note,
however, that addition of SiO2 to ZrO2-H2O without
NaOH does not have significant influence on the Zr4+

solubility. The solubility increase with NaOH qualita-
tively is similar to that reported elsewhere for zircon
(ZrSiO4) and for ZrO2 solubility in aqueous fluid (e.g.,
Wilke et al. 2012). However, in order to quantitatively
compare Zr4+ concentration in fluid equilibrated with
ZrO2 from the experiments by Wilke et al. (2012), their
data were extrapolated linearly to the temperature/
pressure conditions of the present experiments. The
resulting solubility compares well with the results re-
ported here (Fig. 5).

Discussion
It has been suggested that pH is an important variable
governing Zr solubility in aqueous fluid based on the
positive correlation of Zr4+ solubility with NaOH con-
centration in the fluid. The formation of hydroxylated
Zr complexes such as Zr(OH)3+, Zr(OH)2

2+, Zr(OH)3
3+,

Zr(OH)4, and Zr(OH)5
− could then be an important

mechanism by which Zr4+ can dissolve in aqueous fluid
(e.g., Ayers et al. 2012). The interpretation of the Raman
signals assigned to fundamental OH vibrations in the
3000–4100 cm−1 frequency range from fluids in the
ZrO2-H2O and ZrO2-SiO2-H2O systems does not re-
quire the existence of Zr-OH complexes in the fluids as
there is no clear evidence for Zr-OH bonding in the
spectra. However, crystalline Zr(OH)4 exists, so one can-
not rule out undetected OH-bearing Zr complexes. That
caveat notwithstanding, for these simple ZrO2-H2O and
ZrO2-SiO2-H2O systems, a simple solution mechanism
is proposed:

ZrO2 xtalð Þ ¼ ZrO2 fluidð Þ; ð1Þ

with the associated equilibrium constant:

K 1ð Þ ¼ mZrO2 fluidð Þ: ð2Þ

Here, mZrO2(fluid) is the ZrO2 molality of the fluid.
The mZrO2(fluid) was calculated from the weight frac-
tion of ZrO2 according to the expression:
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where Msubscript denotes molecular weight of the sub-
scripted entity, and Xwt

subscript is the corresponding
weight fraction (in g ZrO2/kg H2O) that was derived
from the Raman spectra as discussed above.
The temperature-dependent equilibrium constant,

K(1), (Fig. 6), yields ΔH = 43 ± 16 kJ/mol (Tables 2
and 3). In these (and succeeding) calculations, it is
assumed that the pressure change associated with

changing temperature is not a factor. In other words,
the ΔV values of the equilibrium reactions are con-
sidered negligible.
The Zr4+ solubility behavior in the ZrO2-SiO2-H2O

system appears similar to that in the ZrO2-H2O (Fig. 5).
However, only two data points (at 725 and 800 °C) were
obtained for the ZrO2-SiO2-H2O system, and these were
within 75 °C of each other because a Raman signal above
background noise could be detected at lower tempera-
tures. No clear temperature-dependence could be dis-
cerned. Given the data uncertainty, ΔH for reaction (1)
in the ZrO2-SiO2-H2O system could not be obtained,
but with the similar solubility in fluid in the two sys-
tems, the Zr4+ solution mechanism and its energetics
likely also are similar.

Fig. 5 Zr concentration in fluids as a function of temperature and pressure for the systems indicated. Average pressure is that calculated from
the regression line in Fig. 2. For actual pressure, see Table 1. Only two data points (at 725 and 800 °C) are shown for fluids in the ZrO2-SiO2-H2O
system because at a lower temperature (and pressure) Raman signals that could be assigned to vibrations in Zr-bearing complexes in the fluid
were not detected above background noise. Horizontal error bars represent calculated pressure uncertainty (±110 MPa; see text)
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Addition of 1 M NaOH to the aqueous solution results
in a Zr4+ solubility increase of approximately an order of
magnitude compared with the NaOH-free solution
(Fig. 5). This positive correlation between solubility and
NaOH concentration of the fluid was why Ayers et al.
(2012) suggested that Zr4+ dissolved as hydroxylated Zr
complexes. However, enhanced solubility could just as
easily be ascribed to Na-zirconate complexing. Na-
zirconate type of complexing is consistent with the
available XANES data (Louvel et al. 2013). It is also con-
sistent with the Raman spectra of solutions and crystalline
Na-zirconate discussed above (Fig. 4).
Detailed stoichiometry of the zirconate complex(es)

cannot be inferred from existing data. The simplest pos-
sible zirconate group is ZrO4

4− so that a complex resem-
bling Na4ZrO4 could be considered. The solution
mechanism then can be described with the expression:

ZrO2 þ 4NaOH ¼ Na4ZrO4 þ 2H2O; ð4Þ
with the equilibrium constant:

K 4að Þ ¼
mNa4ZrO4• f H2O

� �2
mNaOHð Þ2 : ð5Þ

In equilibrium with pure ZrO2, the ZrO2 activity
equals unity. The molality of NaOH also equals 1 so that
Eq. (5) reduces to:

K 4ð Þ ¼ mNa4ZrO4• f H2O

� �2
: ð6Þ

The mNa4ZrO4 is calculated from the solubility weight
fraction of Na4ZrO4 by substituting MNa4ZrO4 and
Xwt

Na4ZrO4
for MZrO2 and Xwt

ZrO2
in Eq. (3).

The regression of ln K(4) vs. 1/T for the ZrO2-NaOH-
H2O fluids is divided into high density and low density
(Fig. 6) because the three highest temperature data
points for this composition were recorded at a lower
pressure as the result of extensive deformation of the
sample hole of the Ir gasket (see also Table 1 and Fig. 1).
The linear slope of these two curves does agree within
error with the ΔH value derived from this temperature-
dependence between 195 ± 24 kJ/mol and 232 ± 29 kJ/
mol (Fig. 7; Tables 2 and 3). There is, however, an offset
of the solubility axis of that figure, which likely reflects
the positive correlation of solubility with pressure at any
temperature. The K(4) values calculated from the experi-
mental data for ZrO2-NaOH-H2O from Wilke et al.
(2012) in the same temperature and pressure range fall
nearly within the range of the present data (Fig. 7) with
a slightly higher ΔH value (282 kJ/mol; see Tables 2
and 3). It is somewhat difficult to establish the error
for those latter data because of the way they were ex-
tracted from Wilke et al. (2012) by interpolation and

Fig. 7 Temperature-dependence of the equilibrium constant, K(4), for
equilibrium (4) for the compositions indicated. Regression coefficients
are shown in Tables 2 and 3. Average pressure is that calculated from
the regression line in Fig. 2. For actual pressure, see Table 1. Horizontal
error bars represent calculated pressure uncertainty (±110 MPa; see text)

Fig. 6 Temperature-dependence of the equilibrium constant, K(1), for
equilibrium (1). Regression coefficients are shown in Tables 2 and 3.
Average pressure is that calculated from the regression line in Fig. 2.
For actual pressure, see Table 1. Horizontal error bars represent
calculated pressure uncertainty (±110 MPa; see text)
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extrapolation of data obtained at different pressure
than those of the present experiments.
The differences in the spectral topology of fluids below

800 cm−1 in (Fig. 4) suggest a different structural behav-
ior of Zr4+ in the ZrO2-NaOH-H2O and ZrO2-SiO2-
NaOH-H2O fluids. The 3000–4100 cm−1 intensity enve-
lope also indicates structural differences where at any
temperature the FWHH is considerably smaller in spec-
tra of fluids in the ZrO2-SiO2-NaOH-H2O system com-
pared with those in the ZrO2-NaOH-H2O system
(Fig. 3). Such narrowing of the Raman band would be
consistent with fundamental OH vibrations from OH
groups forming Si-OH bonds perhaps linked to Qo spe-
cies (SiO4 groups). However, the lack of a detectable
770 cm−1 band, which is assignable to protonated ortho-
silicate (SiO4) groups (e.g., Mibe et al., 2008), makes that
possibility less likely. An Si-OH linkage could, neverthe-
less, exist as a part a zirconosilicate complex in the fluid.
This latter suggestion would be consistent with the
EXAFS- and XANES-based structural interpretation of
fluids in alkali silicate zirconate environments (Wilke et
al. 2012, Louvel et al. 2013).
From existing X-ray data and the Raman data reported

here, a number of reactions involving zirconosilicate or
separate silicate and zirconate complexes could be con-
sidered. These possibilities include, but are not unique,
an expression such as:

2ZrO2 þ 2NaOHþ 2SiO2 ¼ Na2Zr2Si2O9 þH2O:

ð7Þ

Given the interpretation of the high-frequency enve-
lope of the fluids in ZrO2-SiO2-NaOH-H2O suggesting
some Si-OH bonding, it is possible that a portion of
Na+- in Na2Zr2Si2O9 might be replaced with H+,
which leads to a possible modification of Eq. (7);

2ZrO2 þNaOHþ 2SiO2 ¼ NaZr2Si2O8 OHð Þ þH2O; ð7bÞ

with the equilibrium constant:

K 7bð Þ ¼
mNaZr2Si2O8 OHð Þ

aZrO2ð Þ2• aSiO2ð Þ2•mNaOH
: ð8Þ

In Eq. (8), the activity of SiO2 and ZrO2 equals 1 as
these are pure crystalline phases. The mNaOH also
equals 1. Therefore, K(7b) can be simplified to:

K 7bð Þ ¼ mNaZr2Si2O8 OHð Þ: ð8bÞ

From the temperature-dependent K(7b), ΔH is 30 ± 4 kJ/
mol (Fig. 8; Tables 2 and 3). In other words, the Zr
solubility is less temperature-dependent than fluids in
SiO2-free environments.

Conclusions
The experimental Zr4+ solubility data for water-rich
fluids as a function of other solutes illustrate how an es-
sentially insoluble high field strength cation such as Zr4+

can be made quite soluble in aqueous fluid under deep
crustal and upper mantle temperature and pressure con-
ditions through the stabilization of zirconate complexes
that incorporate other solutes. This conclusion implies,
for example, that fluid released during high-temperature
dehydration of hydrous mineral assemblages such as
those of oceanic crust descending into the upper mantle
in subduction zones may carry significant (perhaps thou-
sands of ppm) Zr and likely other HFSEs. Such fluids
will alter the environment through which they migrate.
This is consistent with natural evidence for Zr4+ trans-
port such as that observed in veins in high-grade meta-
morphic eclogite and granulite (e.g., Philippot and
Selverstone 1991, Möller et al. 2002). Moreover, aqueous
fluids transported from dehydrating oceanic crust can
also carry this signature to the source rock of partial
melting. These processes may have been operational
through for at least the last 2 billion years of the Earth’s
history where subduction resembling that observed
today was operational. Fluid-mediated HFSE transport
likely also occurred earlier in the Earth’s history, but
those transport mechanisms are less certain.

Fig. 8 Temperature-dependence of the equilibrium constant, K(7b),
for equilibrium (7b). Regression coefficients are shown in Tables 2
and 3. Average pressure is that calculated from the regression line in
Fig. 2. For actual pressure, see Table 1. Horizontal error bars represent
calculated pressure uncertainty (±110 MPa; see text)
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