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Quartz solubility in SiO,-H,O0 fluid was measured at 10 kbar and 750-1130 °C in a piston-cylinder apparatus.
At £1035 °C, solubility was determined by weight loss of single crystals equilibrated with H,O-rich fluid; at
higher temperature (T), the fluid phase coexisting with quartz quenched to a glass, and solubility was
determined by phase-assemblage bracketing (quartz present or absent with glass in quenched charges). At
700 to 1000 °C, quartz solubility increases at an accelerating rate from 1.2 mol% to 8.9 mol% SiO,. Above
1000 °C, there is a sharp increase to nearly equimolar fluids in equilibrium with quartz at 1080 °C. At
T>1080 °C, SiO, concentration increases less strongly. The data confirm the existence of a critical end point
on the hydrous melting curve of quartz, and imply it lies at 1080 °C and 9.5-10 kbar. Two independent
approaches to calculating SiO- activity at 1080 °C — from a mixing model for aqueous SiO, extrapolated from
lower temperatures, and from depression of the melting temperature of quartz by H,O — indicate nearly
constant values over the wide compositional range of 20-60 mol% SiO,. The activity of H,O (aj) at the same
conditions, calculated by integration of the Gibbs-Duhem relation, shows a plateau of very high a;, (~0.93) in
the same broad composition range. At 260 mol%, there is an abrupt change in H,0 dissolution mechanism, as
SiO, activity becomes proportional to its mole fraction at high silica concentration. The activity-
concentration relations at 1080 °C and 10 kbar were fitted to a subregular solution model, giving interchange
energies for SiO, and H,O of respectively 25.3 and 14.3 kJ/mol. Roughly constant SiO, activity of the near-
critical fluid despite a factor of 3 increase in Xyo0 can be explained by progressively greater amounts of
hydrogen bonding of H,0 molecules to polymerized silica units, so that the effective concentration of these
units remains nearly constant as H,0 increases. The sudden onset of critical phenomena in the system SiO,—
H,0 as temperature and pressure increase over narrow intervals approaching 1080 °C and 10 kbar is thus
explained as mainly a convergent or cooperative compositional effect, in which polymerization and hydrogen
bonding both play important roles.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

pressures in excess of the upper critical end points of such systems,
supercritical multicomponent fluids are extremely mobile (Audétat

The tendency of hydrous silicate magmas to become fully miscible
with an H,O-rich vapor phase at high pressure (P) and temperature (T)
has fundamental implications for fluid-rock interaction in the lower
crust and upper mantle (Manning, 2004; Hack et al., 2007a,b). Because
silicates have low volatility and are sparingly soluble in H,0, rock-H,0
systems may exhibit critical end points on their hydrous melting
curves (e.g., Hack et al, 2007a). The critical behavior of several
geologically relevant model compositions have now been investigated
(e.g., Kennedy et al., 1962; Shen and Keppler, 1997; Bureau and
Keppler, 1999; Stalder et al., 2000; Sowerby and Keppler, 2002; Kessel
et al., 2005a,b; Mibe et al., 2007; Hermann and Spandler, 2008). At
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and Keppler, 2004), and may be important metasomatic agents in
subduction zones and other high-pressure environments.

Although there has been significant effort devoted to establishing
the locations of critical end points in model systems, the thermo-
dynamic properties of the supercritical silicate-H,O mixtures remain
poorly known (e.g., Hack et al., 2007b). Because SiO, is the most
abundant rock-forming oxide, the key binary system for which to
determine thermodynamic properties of the supercritical mixture is
Si0,-H,0. To constrain the mixing properties of supercritical SiO,-
H,0, we conducted experiments on quartz solubility in H,O from 750-
1130 °C at 10 kbar. The results confirm the existence of a high-T critical
end point in the system, provide data that constrain activity-
composition relations of supercritical quartz-saturated SiO,-H,O
fluids, and yield insights into speciation of SiO, near the critical end
point.
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2. Background to the system SiO,-H,0
2.1. Phase equilibria

Quartz has low solubility at low T and P near the critical point of
H,0, as shown by many early experimental studies (Kennedy, 1950;
Morey and Hesselgesser, 1951; Wyart and Sabatier, 1955). The modest
SiO, content of aqueous fluid at these conditions is not sufficient to
produce a large shift of the critical point of H,0; accordingly, a quartz-
saturated critical end point exists in the system SiO,-H,O which is
only slightly removed from the critical T and P of pure H,0. However,
at higher P and T, quartz becomes much more soluble. For example, at
2 kbar H,O pressure and 800 °C, quartz is nearly 100 times more
soluble than at the critical point of HO (Anderson and Burnham,
1965). Raising pressure at high T further increases quartz solubility
(Anderson and Burnham, 1965; Manning, 1994). Because of the
marked depression of the melting point of quartz with increasing
Py,0, the constitution of a SiO,-rich aqueous fluid and of a hydrous
silica melt in equilibrium with quartz may become coincident and
indistinguishable at an upper critical end point (UCEP), with
consequent termination of the three-phase equilibrium quartz-
aqueous fluid-melt (Fig. 1). A discrete vapor-saturated melting point
of quartz does not exist at pressures above the UCEP, but rather a
continuum of solutions progressively richer in SiO, in equilibrium
with quartz as temperature increases.

Kennedy et al. (1962) measured the aqueous solubility of quartz
and the depression of the melting point by H,O at pressures to
9.5 kbar. They found a convergence of the compositions of co-
existing aqueous and siliceous fluids with increasing pressure along
the hydrous melting curve, and proposed a UCEP at 9.7 kbar and
1080 °C (Fig. 2). Kennedy et al. (1962) found that the composition of
the critical fluid in equilibrium with quartz is close to equimolar
Si0, and H,0. The existence of a UCEP was challenged by Stewart
(1967) and Mysen (1998), but several synthesis brackets of quartz
saturation by Nakamura (1974) imply that the system is super-
critical at 15 kbar, and therefore that the UCEP exists at lower P.
Thus, the location, and perhaps even the existence, of a UCEP in the
system SiO,-H,0 remains uncertain.
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Fig. 1. Schematic isobaric T-X sections of fluid compositions in the system SiO,-H,0. P.
denotes the pressure of a critical end point on the vapor-saturated melting curve of
quartz. Vapor and liquid refer, respectively, to coexisting H,O-rich and SiO,-rich
compositions.
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Fig. 2. Vapor-saturated melting curve of quartz in the system SiO,-H,0 according to
Kennedy et al. (1962). They show a high-pressure critical end point on the melting curve
near 10 kbar and 1080 °C.

2.2. Speciation in SiO,-H>0 fluids

Thermodynamic analysis of quartz solubility data suggests that the
major species of solute silica at elevated T and pressures of several
kilobars is the monomer Si(OH)s*(n-2)H,0, where n is the total
hydration number, and n-2 is the number of hydrogen-bonded H,0
molecules per Si (Wasserburg, 1957; Weill and Fyfe, 1964; Sommer-
feld, 1967). Analysis of quartz solubility in CO,-H,O and Ar-H,O
solutions at elevated T and P led Walther and Orville (1983) to
conclude that n is 3 to 5; that is, Si(OH), units are hydrogen-bonded
with one to three additional H;O molecules. Newton and Manning
(2000), by a similar analysis of quartz solubility in CO,-H,0 at higher
Tand P (800 °C, 10 kbar), found that n could be as high as five and may
decrease with decreasing H,0 activity.

Existence of the monomeric silica species was confirmed by
Raman spectroscopy at high P and T by Zotov and Keppler (2000),
who also found evidence for an abundant additional species, the
dimer Si,O(OH)g:(2k—3)H,0, where the total hydration number k per
SiO, unit need not be the same as n for the monomer. The relative
concentration of the dimer increases with both T and P (Zotov and
Keppler, 2000, 2002). Because increases in T and P also yield greater
quartz solubility, it can further be concluded that the proportion of
dimers increases with total silica concentration.

Independent evidence for the existence of the dimer at high SiO,
concentration comes from the phase-equilibrium investigation of
Zhang and Frantz (2000) in the system MgO-SiO,-H,0 at 10-20 kbar
and 900-1200 °C. They determined the SiO, concentration of aqueous
fluid in equilibrium with enstatite and forsterite by a phase boundary
projection method. The measured silica concentrations were lower
than expected on the basis of ideal-solution models of silica
monomers and H,0. Zhang and Frantz (2000) therefore suggested
that substantial amounts of a dimeric species might be present at their
experimental P-T conditions, resulting in negative deviations from
ideal solution. Newton and Manning (2002) confirmed the relatively
low activity of solute SiO, by direct measurement of enstatite+
forsterite solubility at high T and P using a weight-loss method.

Newton and Manning (2002) and Zotov and Keppler (2002)
independently proposed and calibrated a simple model for SiO,
speciation based on concentrations measured by weight-loss experi-
ments and by Raman spectroscopy, respectively. Following Newton
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and Manning (2002), homogeneous equilibrium between monomers
and dimers can be written, neglecting H,O solvation, as

2Si(OH), = Si;0(0OH), +H,0 1)

monomer dimer
for which the equilibrium constant (K;) at constant T and P is

Aq0p
Ky =—~
am

2)
where a is activity and the subscripts m, d and h indicate respectively
monomer, dimer, and H,0. By choosing a standard state for total
dissolved SiO, (SiO,.q) of unit activity of the hypothetical solution
with unit mole fraction of monomers (X,), referred to infinite dilution,
and assuming ideal mixing of solute species, Newton and Manning
(2002) showed that Eq. (2) can be written in terms of the mole fraction
of total dissolved silica (X;) as

]_75,5
Kl B 27?,5)(5 (3)

where 7 is the activity coefficient of SiO, ,q on this “solute” standard
state and SiO, concentration is <2 molal, so that a; can be assumed to
be unity. Newton and Manning (2002, 2003) showed that y; s may be
retrieved from measurements of quartz solubility, according to the
dissolution reaction:

Si0, = Si0;.4 ()

quartz

coupled with measurements of SiO, solubility of another silica-
buffering assemblage such as enstatite-forsterite:

2MgSi0; = Mg,Si0y +5i0; 4 (5)

enstatite forsterite

Their calibration of K; based on enstatite-forsterite solubility
measurements in the range 600-900 °C and 4-14 kbar, is in very
good agreement with the spectroscopic calibration of Zotov and
Keppler (2002) in the same P-T range.

Although the above formulation gives a good account of silica
activity and speciation in the relatively dilute concentration range
below about 2 molal, it is clearly not applicable to the higher
concentrations encountered as T and P increase toward the proposed
critical end point. At near-critical compositions the silica likely forms
additional species, such as and chain oligomers, or more polymerized
sheets and three-dimensional clusters. Moreover, the H,O activity
cannot be assumed to be unity in such concentrated solutions. Finally,
the polymer hydration states, which include both hydroxyl and
hydrogen-bonded H,O according to some partitioning law, are
completely unknown for complexly polymerized silica.

2.3. Equations of state

Manning (1994) extended the data set of quartz solubility in H,O to
900 °C and 20 kbar. He found that these new data and all of the
existing data at lower T and P could be systematized by a correlation
of log SiO, molality with log H,O density to produce a comprehensive
formula for quartz solubility over a great range of T and P. He
restricted his expression to <900 °C because of the rapid increase of
solubility at higher T approaching the upper critical end point.
Manning's (1994) formula does not account for SiO, activity or
speciation.

Gerya et al. (2005) took polymerization into account in deriving a
quartz solubility formula similar to that of Manning (1994). They
utilized a dimer formation constant analogous to K; and envisioned
subsequent attachments of SiO4~ groups to form longer chains, with

successive attachment reactions governed by the same equilibrium
constant. Their formula is quite successful in describing the solubility
data over the same P-T range as treated by Manning (1994), but does
not consider polymers other than long chains, takes no account of
hydrogen-bonded H,0, and does not provide for a critical end point.

2.4. Outstanding problems and scope of the present work

Fundamental problems remain concerning the melting and
solubility of quartz in the region of the presumed UCEP. The UCEP
was only approximately located by Kennedy et al. (1962), at conditions
beyond the range of their experiments. Although Nakamura's (1974)
data nominally provide an upper pressure limit of 15 kbar on a critical
end point in the system, experiments on more complex compositional
systems have been interpreted to preclude a UCEP in SiO,-H,O
(Stewart, 1967; Mysen, 1998). In addition, the UCEP position and
hydrous melting curve proposed by Kennedy et al. (1962) is
problematic. They noted that, according to their measurements, the
H,O content of the melt increases greatly in the range 4-10 kbar,
approaching the UCEP pressure, yet the melting temperature
decreases only slightly over this pressure interval, from 1095 to
1080 °C. This is quite unlike the hydrous melting behavior of silicate
minerals such as albite in the same pressure range (Burnham and
Davis, 1974). An approximate “lattice gas” analysis of H,0-SiO, fluid
mixtures by Kennedy et al. (1962) suggested that, at pressures
approaching the proposed UCEP, where the melt becomes very
hydrous, depression of the melting point should be much more
pronounced. Kennedy et al. (1962) noted that the critical composition
near X;=0.5 could correspond to a regular solution (Guggenheim,
1952), yet the sudden onset of critical mixing over only a few tens of
degrees and one kbar could not be modeled by any such simple
solution model, nor would such a model be adequate for a system
having the extensive polymerization expected of SiO,-rich fluids.

These uncertainties motivated a reinvestigation of the system
Si0,-H,0 in the P-T-X range near the proposed UCEP. The experi-
ments address the outstanding problems identified above, as well as
experimental issues that may have led to problems in the Kennedy et
al. (1962) study. For example, the Kennedy et al. (1962) melting
experiments were only a few minutes in duration, so it is possible that
they metastably overstepped the true equilibrium melting points in
the high pressure region. In addition, there could have been difficulty
in recognizing the start of melting near the critical point because
aqueous fluid quenched from this region yields a glassy siliceous gel
which may be hard to distinguish from a quenched melt phase. The
most straightforward way to circumvent these potential problems is
to measure, to high accuracy and precision, the isobaric variation in
the solubility of quartz over a large range near the proposed critical
pressure. This approach is advantageous because the shapes of
isobaric solubility curves provide definitive evidence for the presence
or absence of a critical end point, and, if of sufficient accuracy, can be
modeled to obtain activity-composition relations, which, in turn,
could give some insight into solute speciation and polymerization
behavior in concentrated SiO, solutions.

3. Experimental methods

The wide solubility range of this study necessitated two types of
experiments: single-crystal solubility runs at low SiO, concentration
(Qq experiments, Table 1), and phase-assemblage bracketing runs at
high SiO, concentration (Q, experiments, Table 1). In Q; experiments,
starting materials were ultrapure H,O and a large natural quartz
crystal from Brazil (Manning, 1994). Fragments broken from the
crystal were shaped into ellipsoids with a diamond file, smoothed
with 600-mesh Al,05 paper, and polished with 15-pm diamond paper.
A crystal and 10-37 mg of H,0 were sealed by arc-welding in a 1 cm-
long length of Pt tubing of 3.5 mm O.D. and 0.15 mm wall thickness,
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Table 1
Experimental results at 10 kbar
Run  Type T(°C) Time(h) H,Oin Quartzin Quartz out X

(mg) (mg) (mg)
14 QLR 750 90 35.656 7.599 5.641 0.0162
1 Q2R 950 1.5 26.456 8.807 q <0.0908
2 QLR 950 25 24.616 5.887 0.876 0.0575
5 Qy, BN 950 3.5 30.438 8.444 2.602 0.0544
3 Q;, BN 1000 1.7 24816  11.857 3.822 0.0885
4 Q, BN 1035 1 29.786  23.98 8.087 0.1379
6A Q,, BN 1050 1.7 2.426 2375 q <0.2269
6B Q,, BN 1050 17 3.147 2.144 - >0.1696
13 Qz, BN 1050 3 23.508  20.091 0.151 0.2028
15 Q;, BN 1060 3.5 11.861 19.921 q <0.3349
16 Q,, BN 1060 4 18.085  19.919 - >0.2483
7A Q;, BN 1080 1.8 0.872 1.856 - >0.3896
7B Q,, BN 1080 1.8 1.143 3.503 - >0.4789
8A Q,, BN 1080 1.5 0.619 2.358 q <0.5332
8B Q,, BN 1080 1.5 0.574 3.505 q <0.6467
10 Q2, BN 1100 2 4868  19.236 - >0.5423
11 Q;, BN 1100 15 4.000 20.204 - >0.6023
12 Q,, BN 1100 2.8 2983 20145 q <0.6694
17 Q;, BN 1130 2.5 2,502 20156 q <0.7072
18 Q>, BN 1130 2 3.691 19.962 trace q 0.6186

Run-type abbreviations: Q;, single quartz crystal; Q,, fine-grained quartz; R, NaCl-only
furnace; BN, BN+NaCl furnace (see text). Under quartz out, numerical entries give the
weight of a single weighable quartz crystal, q indicates presence of fine-grained
unweighable quartz, and a dash indicates quartz absent in run products. Uncertainty in
reported SiO, mole fraction (X;) is 0.042% relative (10), based on propagation of
weighing errors.

with no loss of H,0, as shown by repeated determinations of post-
experiment H,O mass balance in this laboratory (e.g., Newton and
Manning, 2006, 2007; Tropper and Manning, 2007a,b).

Where SiO, mole fractions were greater than ~0.2, phase-
assemblage bracketing (Q») experiments were conducted. This was
because the Pt capsules could accommodate single quartz crystals of
no more than ~20 mg, which required that H,O mass be reduced if an
experiment were to remain quartz saturated. However, at low H,0
contents the quartz crystals broke during experiments, yielding run
products of recrystallized quartz aggregates that could not be
collected and weighed with confidence. In addition, the run-product
quartz crystals from high-solubility experiments were coated with a
hard glassy matrix from which they could not be cleanly removed.
These problems were circumvented using a bracketing method, in
which the presence or absence of quartz in multiple isothermal,
isobaric runs at different SiO, contents constrained the quartz
saturation composition. Powdered quartz and H,O from the same
sources as in Q; runs were used in Q, experiments. The materials were
loaded into capsules in the order H,O then quartz powder, and sealed
by arc welding as above.

All experiments were carried out in a piston-cylinder apparatus
using 1.91 cm-diameter furnaces with graphite heater sleeves and
NaCl pressure medium. The experiments spanned the temperature
range 700-1130 °C (3 °C). Temperature was measured and controlled
automatically by calibrated, matched pairs of type C thermocouples.
At the termination of a run, an experiment was quenched to <200 °C
in <12 s by turning off the heating power.

Pressure in all experiments was 10+0.3 kbar. At temperatures less
than 1000 °C, the NaCl pressure medium is solid and the pressure
assemblies remained stable for indefinite periods. Above 1000 °C, NaCl
melts in the immediate vicinity of the capsule and the assembly
begins to deform. Eventually the graphite heater sleeve is breached by
molten salt, leading to inhomogeneous temperature distributions and
heater failure. For experiments above 1000 °C, discs of hot-pressed BN
0.4 cm in height were positioned above and below the sample capsule
and the capsule was tightly packed in BN powder. The thermocouple
tip remained in contact with the sample capsule. Because the BN was
anticipated to be slightly less plastic than NaCl, we conducted a quartz

solubility run at 950 °C with the BN-bearing assembly (Run 5, Table 1)
to duplicate a run with only NaCl around the sample (Run 2, Table 1).
The measured solubility of quartz in Run 5 was 5% lower than in Run 2,
a difference that is larger than the precision observed in duplicate runs
at similar conditions by Manning (1994). Using the pressure
dependence of quartz solubility predicted by Manning (1994), the
observed solubility difference translates to a pressure correction of
-0.5 kbar for the BN-bearing furnace type. This correction was applied
to all runs conducted at 21000 °C.

Crystals and H,0 were weighed before and after experiments on a
Mettler M3 microbalance with a reproducibility of +2 pg (10), as
determined by repeated weighings of a standard. Propagation of
weighing errors yields uncertainties in mole fractions of SiO, and H,0
(Xs and Xj, respectively) of 0.042% (10).

4. Results

Experimental results are given in Table 1. Results of weight-loss
(Qq) and bracketing (Q,) experiments are consistent. In the bracketing
runs, residual quartz was identified by optical and scanning-electron
microscopy and occurred as rounded crystals of 50-100 pm diameter
embedded in a chalky to glassy matrix in the quenched charges.

As illustrated in Fig. 3, the new determination of quartz solubility
at 10 kbar, 750 °C, is consistent with previous work (Manning, 1994;
Newton and Manning, 2000). In addition, data from this study extend
the measurements along this isobar to 1130 °C. The results indicate
that there is a large solubility increase at temperatures in the range
1000 to 1130 °C (Fig. 3).

The new data suggest a continuous rise in quartz solubility with
increasing T, and point to a near-vertical tangent near 1080 °C (Fig. 3).
As illustrated by Fig. 3, subcritical conditions would be indicated by a
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Fig. 3. Variation in quartz solubility in H,O as a function of temperature. Bold loop is the
liquid-vapor miscibility gap (Kennedy et al.,, 1962). Curves show solubility isobars: the
10 kbar isobar (solid) is based on data from this study, as well as from Kennedy et al. (1962,
9.5 kbar), Manning (1994) and Newton and Manning (2000). The 10 errors and bracket
widths in the data from the present study are smaller than the symbol size, except at
1050 °C, where solubility is given as the midpoint between bracketing experiments (shown
by error bar). Light curves are approximate locations of other isobars, solid where based on
well-constrained experimental determinations by Anderson and Burnham (1965),
Manning (1994), Newton and Manning (2000) and Nakamura (1974), and dashed where
less certain. The dash-dot curve is the a—3 quartz inversion (Cohen and Klement, 1967).
The near-vertical tangent of the 10-kbar isobar in the temperature interval 1050-1100 °C
indicates the immediate proximity of critical mixing of fluids in equilibrium with quartz
(i.e. a critical end point) at that pressure.
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large increase in X; over a very small T increase, whereas at P well in
excess of the UCEP, tangents to the solubility curve would be relatively
shallow at all T. Thus, the new data support the existence of a critical
end point at 1080 °C, and at P only slightly lower than 10 kbar, as
proposed originally by Kennedy et al. (1962). Further support for this
conclusion lies in the topology of the solubility curve at >1080 °C. The
polybaric three-phase envelope intersects the ordinate of Fig. 3 at one
bar. Since the dry melting temperature increases with P (Jackson,
1976; Hudon et al., 2002), supercritical isobaric solubility curves must
penetrate the three-phase loop in projection, with progressively
shallower tangents as P rises. This is the topology exhibited by the
new data (Fig. 3).

The bracketing experiments indicate that the composition of the
critical fluid at 10 kbar lies between X; of 0.47 and 0.57, again
consistent with the conclusion of Kennedy et al. (1962) that the fluid
composition at the UCEP is a nearly equimolar mixture. As T increases
above 1000 °C at 10 kbar, and approaches the critical point at 1080 °C,
the quenched and dried former fluid phase changes from a firm chalky
texture to a translucent milky glass. This change takes place over no
more than 30 °C. When the quenched fluid phase is glassy, the
punctured capsules do not ooze excess fluid, which indicates that the
H,0 content of quenched glass approaches 50 mole percent, probably
as both structurally bound H,0 and as microvesicular water.

5. Discussion
5.1. Activity-concentration relations

The present experiments confirm a critical end point on the
hydrous melting curve of quartz near 10 kbar, as proposed by Kennedy
et al. (1962). The inferred critical temperature (T;) is the same, but is
based on experiments up to 50 times longer in the present work. In
addition, the difficulty of recognizing a true melt phase based on the
textures of quenched charges is circumvented by interpretation based
on the shapes of the isobaric solubility curves, giving an unambiguous
criterion of near-critical behavior, as shown in Fig. 3.

Although we present strong evidence for a UCEP at 1080 °C
between 9.5 and 10 kbar, unresolved issues remain. For example, the
nature of the speciation of solute silica near the critical point and how
it may affect the onset of critical mixing is not clear. In addition, at
subcritical conditions, there is no obvious reason for the nearly
constant melting temperature with increasing P (Fig. 2), in spite of the
very large compositional change of the melt approaching the UCEP.
Equally puzzling is the composition of the critical fluid, which we have
confirmed is nearly equimolar, as if there were some structural control
mandating a quasi-regular fluid mixture.

The above questions may be addressed through derivation of
activity-composition relations of SiO,-H,0 mixtures. The present data
on the isobaric compositional variation of a slightly supercritical
quartz-saturated SiO,-H,0 fluid with temperature can be combined
with previous studies to obtain the activity-composition relations
using two alternative approaches: first, by combination with lower-T
experimental data on SiO, solubility in aqueous solutions; and second,
by combination with data on the dry melting of quartz. The two
approaches entail different standard states, and hence different
activities and activity coefficients. Comparison of the results permits
evaluation of the robustness of the conclusions drawn from the
analysis.

5.1.1. Activities constrained by SiO, solubility in H,0

Activities of total dissolved silica, SiO5 a4, and H,0 can be calculated
at 10 kbar at quartz saturation and near-critical conditions by
combining data from the present study with previous work on silica
solubility at the same P, but lower T. Quartz solubility in H,O is
described by Eq. (4). At 10 kbar, SiO; .q concentration in equilibrium
with quartz increases with T to ~2 molal at 900 °C (Manning, 1994).

This concentration is sufficiently dilute that SiO, 54 in quartz-saturated
H,0 - and all undersaturated solutions — exists almost completely as
Si(OH), monomers and Si,O(OH)g dimers (Newton and Manning,
2002, 2003; Zotov and Keppler, 2002). A convenient standard state for
Si0, 44 in the presence of multiple species is the hypothetical solution
with unit mole fraction of monomers (X,), referred to infinite dilution.
Thus, the activity of SiO, ,q on this solute standard state, as, is related
to s, and Xy, as

ass = VS,SXs = Xm (6)

Using a standard state for minerals (and H,0) of unit activity of the
pure phase at any P and T, the standard molal Gibbs energy change of
Eq. (4) (AGy) is thus

-AG,
Inag, = "2 7)

where a¥ refers to SiO, .4 activity at quartz saturation, R is the gas
constant, and T is in Kelvin. Evaluation of SiO,.q and H,0 activity-
concentration relations therefore requires values of AG; at the
conditions of the present study.

Values of AG; were calculated at 700-900 °C using data of Newton
and Manning (2002, their Table 3), and are plotted in Fig. 4. A least-
squares fit to the data gives

AG, = 66.84-1.689 x 10*/T-6.520 x 10°/T? (8)

(R?=0.998), which permits modest extrapolation to the conditions of
the present study.

Combination of Egs. (6)-(8) allows calculation of a% and y% for
our experimental conditions (Supplementary data, Fig. 5). Fig. 5
illustrates that the activity of SiO, ,q is nearly constant over a broad
range of X in the narrow T interval within ~50 °C of the critical
temperature. This is the expected behavior of near-critical solutions.

The activity of H,O in near-critical quartz-saturated H,0-SiO,
solutions can be derived from the experimental data if it is assumed
that as is independent of temperature within 50 °C of the critical
temperature, as suggested by the data in Fig. 5. That is, we assume that
isothermal activity-concentration relations at T=T.,=1080 °C are
approximated by the very slightly polythermal relations at +50 °C

55 1 1 n 1 1 L 1 1 1 1 1 1
10 kbar
J AG® = 66.84 - 1.689x10%/ T - 6.520x105/T?2
= T
N
50 1 ~ -
- ~
E ~
E i
5
=
@
<
45 -
Si0, = Si0s4q
quartz
40 T T ¥ T

v T v T T v T v ¥
0.7 0.75 08 085 0.9 0.95 1 1.05
1000/T (K)

Fig. 4. Standard Gibbs free energy at 10 kbar of the quartz dissolution reaction (Eq. (4),

text). Filled squares calculated using data in Newton and Manning (2002). The line is a
least squares regression to the data (Eq. (8)), dashed where extrapolated.
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Fig. 5. Activity—composition relations of SiO, relative to the “solute” standard state (Eq. (6))
at 10 kbar in the nearly isothermal range 1030-1100 °C. Filled circles show values
calculated from measured compositions at quartz saturation using equations and data of
Newton and Manning (2002). The nearly constant activity of SiO, despite 3-fold increase in
Si0, mole fraction indicates the existence of a critical end point near 10 kbar and in the
range 1030-1100 °C. The curve is a cubic spline to the data of this study and calculated as
values at 1080 °C and X;<0.034 (<2 molal SiO,; see text); the spline is dashed where
interpolated between X of 0.034 and 0.139, which corresponds to the compositional
constraint derived from the 1035 °C experiment. The activity-composition relations
derived from the cubic spline function were used to model mixing relations at the critical
temperature (see text).

quartz saturation. With this assumption, integration of the Gibbs-
Duhem relation at constant P and Tgives y;, as a function of X; and s ;:
Inys

X
iy =] ©)

Data for X2 and y% from 1035-1080 °C (Supplementary data) were
fitted to an exponential function to yield:

Iny, = 0.00266 [exp<1.539lnym)—l} (10)

which leads to aj via
ap = (1-Xs)Yn (11)

The derived H,0 activity—concentration relations are given in the
supplementary data table and shown in Fig. 6. As with a%, the model
predicts nearly constant a, at near-critical conditions over a broad
range of composition. More importantly, values of a; are remarkably
high; the results suggest that a,>0.9 up to silica mole fractions of 0.6.

5.1.2. Activities constrained by dry quartz melting

An alternative, independent approach to the determination of
activity-concentration relations is to utilize the depression of the
melting point of quartz by H,0 (cf., Kennedy et al., 1962). Here, the
standard state for SiO, is taken to be unit activity of pure molten silica
(Si02,1iq), while that for quartz and H,0 remains unit activity of the
pure phase. Jackson (1976) gives an equilibrium temperature of
1840 °C for dry quartz melting,

$i0, = SiOyjiq (12)

quartz

at 10 kbar Hudon et al. (2002) determined a slightly higher temperature
0f 1900420 °C, but this small temperature difference does not materially

affect the calculations. The standard Gibbs free energy of metastable
melting at 10 kbar and any lower temperature is given, to a good
approximation, by:

AG;, = (1840-T)AS;, (13)

with Tin °C, where ASt, is a mean value of the entropy of melting. Richet
et al. (1982) give a calorimetric one-bar value of AS{, of 5.53 J/mol K at
their preferred metastable melting point of quartz of 1427 °C. This value
is used to calculate SiO, activity from:

-AGH,

RT (14)

Inag; =

where as; denotes activity of silica calculated on the "liquid" standard
state. Eq. (14) gives calculated activities at 1035-1100 °C, which are
shown in Fig. 6.

The value of ASy;should be relatively insensitive to P along the
melting curve of quartz up to 10 kbar, so that the one-bar value may be
considered representative. However, if the metastable melting point
of quartz at one bar is actually as low as 1427 °C, as proposed by Richet
et al. (1982), the Clausius-Clapeyron equation mandates that the
volume change of melting would be >100%, which is implausible.
Navrotsky (1994, p. 314) suggests a melting point that is 200 °C higher.
If the Richet et al. (1982) value of 6.2 J/mol K for AS» at 1627 °C is used
instead of 5.53 J/mol K, only slightly lower values of the calculated
SiO, activities result. In view of the uncertainties in the calculation, the
value of 5.53 is retained.

Calculated values of a at 10 kbar are very nearly constant over the
roughly isothermal range of 1050-1100 °C (Supplementary data, Fig.
6), as would be expected of a near-critical isobar. By again making the
assumption that isothermal activity—concentration relations at T=T-
=1080 °C are approximated by the polythermal, quartz-saturated
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Fig. 6. Activity-concentration relation of SiO, and H,O at 10 kbar in the nearly
isothermal range 1035-1100 °C. The filled circles were calculated on the “liquid”
standard state from the depression of the melting point of quartz in the presence of H,0.
The solid curves show results of fitting to a subregular solution model with a critical
point of 1080 °C, which gave interchange energies of W;=25.3 and W}, =14.3 k]/mol (see
text). The close adherence of the experimental points to the model critical activity—
concentration curve confirms the existence of a critical end point close to the assumed
P-T conditions. Open squares show H,0 activity calculated from the present data set by
Gibbs-Duhem inversion of as values (Fig. 5); the dashed curve gives H,0 activity
calculated from Eq. (11). The data are in good agreement with the H,O activities
predicted by subregular theory.
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Fig. 7. Excess Gibbs free energy of mixing in SiO>-H0 fluids at 1080 °C and 10 kbar as
modeled by a subregular solution, compared with a regular solution with critical
temperature of 1080 °C.

relations at 1050-1100 °C, the near-critical data of the present study
may be fitted to a subregular solution model, in which

(1-Xs)2 (Ws + 2X5(W),-Ws))
RT,

Indg; = InX; + (15)
where Wy and W, are respectively the interchange energies for SiO.iq
and H,0, and T, is taken to be 1353 K. Least squares fitting, subject to the
assumption that the system is not subcritical (i.e., (ln as/0In X;)pr>0),
yields Ws=25.3 kJ/mol and W),=14.3 kJ/mol (Fig. 6). These parameters
return a critical composition of X;=0.35 at 1080 °C. If 1900 °C were used
for the quartz melting temperature (Hudon et al., 2002), Wh would be
13.0 kJ/mol and Ws would be unchanged.

The interchange energies derived above allow the activity of H,0
to be calculated from

X2(Wy, + 2(1-X) (Ws-W),))
RT,

Ina, = In(1-X;) + (16)

Fig. 6 illustrates that the variation in a, with X yields quite good
agreement with values derived from extension of the solubility model
of Newton and Manning (2002). If a characteristic AS{; of 6.2 ]/mol K is
used in place of 5.53 J/mol K, the agreement would be even better.

Fig. 7 shows that the derived subregular excess Gibbs free energy
of mixing of SiO, and H,0 at 10 kbar and 1080 °C is quite close to that
of a simple, symmetric solution of the same critical temperature. It is
surprising that mixing of SiO, and H,O at P and T near the upper
critical end point nearly corresponds to a regular solution, given the
expected complexities of polymerization and hydration state of solute
complexes which must occur in the concentrated SiO, region. This
observation prompted an analysis of speciation of solute silica at the
critical temperature.

5.2. Speciation of SiO,,4q at the critical temperature

The variation in species abundance with composition at
T.=1080 °C can be derived by combining the monomer-dimer mixing
model of Newton and Manning (2002) with results of the present
study. Newton and Manning (2002) found that at <2 molal, or
X;<0.034, SiO; 44 could be successfully modeled as a mixture solely of
monomers and dimers. Assuming that this compositional limit holds
at 1080 °C, we derived an extrapolated value of K; =390 from the data

of Newton and Manning (2002). This allows calculation of 7y, at
1080 °C at X;<0.034 by rearrangement of Eq. (3). The resulting values
of ass, (Eq. (6)) are shown in Fig. 5. A cubic spline routine was then
used to derive the functional form of the activity—composition curve
relating the data at 1035-1100 °C to the extrapolated as; values at
X;20.034 (Fig. 5), which gives the X, directly (Eq. (6)). This in turn
allows solution of Eq. (2) for dimer mole fraction (Xy). Mass balance
dictates that the fraction of SiO, residing in species other than
monomers and dimers, which must be higher oligomers, is simply the
difference between X and the sum X,/X;+2Xy/Xs.

Fig. 8 shows the variation in the populations of monomers, dimers
and higher oligomers at 1080 °C, 10 kbar. The activity of silica relative
to the monomeric species, which is taken to be the molar concentra-
tion of the latter, decreases dramatically with SiO, concentration, its
place being taken by the dimer. However, as a consequence of Eq. (2),
the dimer concentration passes through a maximum and then begins
to decline, still at low X; (Fig. 8). The balance of the solute silica at high
concentrations must be some unspecified distribution of higher
oligomers. At 1080 °C, quartz saturation is attained at the critical
composition. This is the only fluid composition which can be in
equilibrium with quartz in Fig. 8. Higher oligomers account for nearly
80% of the silica in solution.

6. Interpretations

There are three important features of the slightly supercritical,
isobaric activity-concentration relations shown in Figs. 5 and 6. First,
there is a very broad range of X; where SiO, activity is nearly constant.
In addition, the results point to a sudden upswing of SiO, activity at
X;>0.6. Finally, both approaches to the calculation of activity—
concentration relations yield very high and nearly constant H,O
activity, persisting to surprisingly high X. It is this last feature which
explains the fact that the H,O content of the hydrous melt in
equilibrium with quartz increases dramatically with pressure along
the melting curve as the UCEP is approached, while the melting
temperature remains nearly constant (Fig. 2). When the H,O mole
fraction reaches 0.5, the siliceous fluid seems energetically inert to
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Fig. 8. Distribution of polymeric silica species at the upper critical pressure and
temperature (10 kbar, 1080 °C) in the system SiO,-H-0, determined from Egs. (1)-(7),
text. All polymers higher than dimer are lumped together as “higher oligomers”. Quartz
can be in equilibrium with a critical fluid only at the critical composition. Solid curves
are for compositions undersaturated with respect to quartz. Dashed curves are for
metastable oversaturation in SiO,.
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Fig. 9. Interpretation of the slopes of the SiO, and H,O activity functions at the critical
temperature (~1080 °C) and critical pressure (~10 kbar). In the siliceous melt region
with relative low H,0, the dissolved H,0 is almost entirely hydroxyl. The large energy of
this kind of bonding accounts for the rapid depression of the melting temperatures of
the silica polymorphs at low pressures (see Fig. 1). As H>O concentration approaches a
composition of stoichiometry H,SiO3, the OH™ is saturated. Further hydration is possible
via hydrogen-bonded molecular H,O. It is possible that ring-structure solutes of
composition Si,0,(OH)y,, account for special stability of a critical fluid.

further H,O input, until very high H,O contents are reached in
supercritical fluids.

The activity—-concentration behavior of SiO,-rich fluids may be
interpreted in terms of partitioning of H,O between hydroxyl and
molecular H,0, in the manner envisioned by Burnham and Davis
(1974) for hydrous melting of albite, NaAlSi;Os. In that study, NaAlSizOg
and H,0 activities were derived from measured melt compositions and
partial molal volumes measured over ranges of temperature, pressure,
and composition. Two discrete activity—composition regions were
noted at fixed T and P: one for H,O concentrations up to 50 mol%, in
which the energetic effects of H,O solution are large, with H,O activity
proportional to the square of H,O mole fraction, and a more hydrous
region in which H,O activity rises rapidly with additional H,O input.
The X7 behavior was interpreted by Burnham and Davis (1974) as the
effect of dissociation of H,O to form 2 OH", aided energetically by the
formation of charge-balancing Na* ions. This behavior persists until
the Na becomes exhausted at X, =0.50. Additional H,O may still enter
the melt as molecular H,0, but with diminished energetic effects.

The activity-composition relations in the system SiO,-H,0 in the
near-critical region seem analogous to those in the system NaAlSi3Og—
H,0. In the absence of the exchangeable cation Na®, it is not certain
whether or not the H,O as hydroxyl at low concentration in silica-rich
fluids is fully dissociated. If dissociation is incomplete, the two OH™
created by dissolved H,O may remain locally associated in charge-
balanced units, and the H,0 activity would be expected to be directly
proportional to the concentration, rather than to the square of the
concentration. The present data are not sufficient to decide on this point.

In the present interpretation, the silica-rich fluid near the critical
end point T and P can reasonably be modeled as a “lattice gas”
(Kennedy et al., 1962), with O3 mixing with OH™ in a quasi-ideal
fashion. This effect appears to saturate near 40 mol% H,O, as OH™
substitution terminates in solutes of overall stoichiometry H,SiOs.
Such solutes may be in reality ring structures of composition Si,,0,
(OH)p,. A fluid composed dominantly of such rings may be a very
stable phase with rings hydrogen-bonded to adjacent rings in an
optimal way. Higher H,O concentrations are possible in a ring-
dominated fluid as hydrogen-bonding of H,O molecules to the rings

replaces self-bonding of rings. Hydrogen-bonded H,O would have
high fugacity and activity near unity, approaching the partial molal
free energy of a pure H,O fluid at the same P and T, similar to the
behavior of molecular H,O in structural cavities in zeolites or
cordierite (Newton and Wood, 1980). The hydrogen-bonding effect
saturates below about X;=0.2, as all of the 0>~ and OH™ of the higher
oligomers are saturated with hydrogen bonds. Further increase of H,O
concentration results in dissociation of higher oligomers into dimers
and monomers, which are stabilized by their greater mixing
capability. SiO, activity remains high in near-critical fluids over a
broad range of compositions at X;<0.5 because the mole fraction of
higher oligomers remains nearly constant as incoming H,O molecules
are hydrogen-bonded to them, rather than adding to a diluting
species. Oligomerization, coupled with hydrogen bonding, is thus
envisioned as a convergence or cooperation mechanism by which full
miscibility is achieved. The several characteristic mixing regions in
supercritical SiO,-H;0 fluids are diagrammed in Fig. 9.

The foregoing conjectures may be tested with additional experi-
mental data of various kinds. These include accurate determination of
supercritical isobars of quartz saturation, searching for systematics of
SiO; activity in the manner of Burnham and Davis (1974) in the system
NaAlSi30g-H,0, determination of the solubility of quartz in CO,-H,0
mixtures over ranges of P and T in order to investigate the extent of
hydrogen bonding in the manner of Walther and Orville (1983), and
Raman spectroscopy in the externally heated diamond pressure cell at
the highest possible SiO, concentrations, searching for evidence of the
ring species and higher polymers.
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