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Solubility of corundum + kyanite in H,O at 700°C and
10 kbar: evidence for Al-Si complexing at high pressure and

temperature

C. E. MANNING

Department of Earth and Space Sciences, University of Californin, Los Angeles, CA, USA

ABSTRACT

The solubility of the assemblage corundum + kyanite in H,O was determined at 700°C and 10 kbar, using a pis-
ton-cylinder apparatus and rapid-quench/fluid-extraction techniques. Weighted mean concentrations of total Al
and Si were 5.80 + 0.03 mmol kg™" H,O and 0.308 + 0.003 mol kg™" H,O, respectively (1o errors). The Al con-
centration is nearly five times higher than that of corundum solubility in pure H,O. This difference is interpreted
to arise from complexing between Si and Al to form HAISIO, .4 species. Charged or more polymerized species
are also possible, but their abundance cannot be constrained based on these experiments. Assumption of a single
aqueous aluminosilicate complex permits calculation of the thermodynamic consequences of Al-Si interaction in
high-pressure fluids, as well as phase diagrams for the system Al-Si-O-H. Formation of Al-Si complexes leads to a
large increase in dissolved Al with increasing Si in solution, such that Al concentration in equilibrium with kya-
nite + quartz is predicted to be 7.1 mmolal, higher than with kyanite + corundum. The elevated concentration of
Si in deep-crustal and mantle aqueous fluids suggests that Al must readily be dissolved and transported by Al-Si
complexing in high-pressure metamorphic and metasomatic environments. The results provide a simple explan-
ation for the common observation of kyanite + quartz segregations in eclogites and Barrovian metamorphic

rocks.
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INTRODUCTION

Studies of compositional change during metamorphism
require an appropriate geochemical reference frame, in
which an extensive parameter such as volume, mass, or ele-
ment concentration is conserved (e.g., Irving 1911; Lind-
gren 1912, 1918; Ridge 1949; Poldervaart 1953; Gresens
1967; Grant 1986). In a classic study, Carmichael (1969)
concluded that a constant-Al reference frame was suppor-
ted by the small scale and magnitude of Al mobility during
amphibolite-grade metamorphism of pelites in several
localities. The inference was based on metamorphic reac-
tion textures, and supported by low inferred solubility and
diffusivity of Al in metamorphic fluids. Carmichael (1969)
used these observations to explain textures of prograde
mineral growth. Although he noted that a constant-Al ref-
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erence frame was unlikely to pertain to all cases, Carmi-
chael’s approach has been applied in many subsequent
studies, leading to widespread assumption that, to first
order, Al is
metasomatism.

immobile in  metamorphism and

In contrast, some studies of metamorphic textures have
suggested that Al may be mobile in geologic fluids (e.g.,
Yardley 1977; Vernon 1979). Significant Al mobility during
metamorphism is supported by occurrences of Al-rich min-
erals such as aluminosilicates (Al,SiOs5) in veins and
segregations, which imply at least local metasomatic transfer of
Al (Kerrick 1988, 1990; Cesare 1994; Ague 1995; Nabelek
1997; Whitney & Dilek 2000; Widmer & Thompson 2001;
McLelland ez al. 2002; Sepahi ez al. 2004 ). In the absence
of evidence for unusually high fluid fluxes, such observations
require high Al solubility and/or mobility in metamorphic



fluids. Thus, Al may be locally conserved during some meta-
morphic and metasomatic processes, but there are many
other cases in which it appears to be quite mobile.

Element mobility requires elevated diffusivity and/or
solubility. If the diffusion coefficient for Al is low com-
pared to other species, it will be less readily transported in
a given chemical potential gradient. Aqueous diffusion
coefficients at fixed pressure (P) and temperature (7)
decrease with increasing charge, though the effect is mod-
est at high P and T (Oeclkers & Helgeson 1988). Thus,
Al*? diffusivity is expected to be lower than monovalent or
divalent cations, as inferred by Carmichael (1969). How-
ever, Al*? will only be present at extremely low pH at most
metamorphic P and 7. Instead, the predominant Al
hydroxide species over a wide range of pH are Al(OH);
and Al(OH); (Pokrovskii & Helgeson 1995), for which
diffusion coefficients should be similar to other neutral and
monovalent species. Significantly lower diffusivity of Al
than for other elements in metamorphic fluids is therefore
unlikely, as has been shown experimentally by Vidal &
Durin (1999) and Verlaguet ez al. (2000).

A second control on mobility is the capability of meta-
morphic fluids to dissolve Al. Experiments on corundum
solubility in H,O at low pressure (<3 kbar) and a wide
range of metamorphic temperatures indicate low Al con-
centrations (e.g., Morey 1957; Anderson & Burnham
1967; Burnham et al. 1973; Becker et al. 1983; Rag-
narsdéttir & Walther 1985; Walther 1997). Corundum
solubility in pure H,O increases with pressure (Becker
et al. 1983; Tropper & Manning 2007), but the effect is
small: for example, at 700°C, Al concentration in H,O in
equilibrium with corundum rises from 0.04 mmolal at
2 kbar to 1.2 mmolal at 10 kbar (Tropper & Manning
2007), indicating that although there is a large relative
increase, the total corundum solubility in H,O at high Pis
still quite low. However, crustal and mantle fluids contain
other dissolved constituents with which Al might interact.
Mechanisms proposed for increasing Al solubility include
H" metasomatism by acidic solutions (Gresens 1971; Ver-
non 1979; Ague 1994; Zaraisky 1994; Nabelek 1997,
McLelland ez al. 2002) and complexing with alkalis and/
or halides (Anderson & Burnham 1967, 1983; Korzhinskiy
1987; Sanjuan & Michard 1987; Pascal & Anderson 1989;
Pokrovskii & Helgeson 1995, 1997; Azaroual et al. 1996,
Diakonov e al. 1996; Tagirov & Schott 2001; Walther
2001; Newton & Manning 2006). A potential complexing
agent that has received only minor attention is Si. Al-Si
complexing has been inferred at low P and T in acidic and
basic solutions (Pokrovski et al. 1996; Salvi et al. 1998).
Given that Si is quite concentrated in high-P fluids, it is
possible that Al solubility could be strongly influenced by
Al-Si interaction in the aqueous phase. However, no
experimental studies have addressed this problem at deep-
crustal and upper-mantle conditions.
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This article presents new data on Al in metamorphic flu-
ids based on experiments that constrain equilibrium solubil-
ity of the assemblage corundum + kyanite in Si-bearing
H,0 at 10 kbar and 700°C. The results demonstrate that
Al is substantially more soluble in Si-rich solutions than in
pure H,O at the same conditions. The data permit deriva-
tion of thermodynamic properties of a hypothetical Al-Si
species, and show that aqueous Al will predominantly occur
as Al-Si complexes over a wide range of silica activities.

METHODS

For each experiment, several 4-5 mm cleavage flakes were
taken from gem-quality kyanite crystals from Bahia, Brazil
(0.20 wt.% Fe,O3; Bohlen e al. 1991) and loaded into Pt
capsules (5 mm O.D.) with 50-75 pl of nanopure H,O.
In several cases, finely ground Brazilian quartz (Manning
1994), reagent grade y-Al,Ogz, and/or a corundum chip
from a pure, flux-grown single crystal (Newton & Man-
ning 2006) were also added. The quartz and y-Al,O3 were
ground for approximately 30 min in a mortar and pestle
prior to loading. Kyanite grains were contained within
crimped inner Au capsules (2 mm O.D.). This arrange-
ment helped prevent crystal breakage while allowing the
solution to react with the kyanite. Outer Pt capsules were
sealed by arc welding. Reported H,O mass reflects the
weight prior to welding. Weight is lost on capsule sealing
owing to minor vaporization of Pt and H,O, but weight
losses during welding were usually small (typically 0.1 mg).

Experiments were conducted in an end-loaded piston-
cylinder apparatus with 2.54 cm diameter NaCl-graphite-
BN furnace assemblies (Manning & Boettcher 1994).
Temperature was controlled using Pt-PtooRh;¢ thermocouples,
with no correction for the effect of pressure on emf. The
combined accuracy and precision in reported temperature is
estimated to be + 5°C. Pressure was maintained to within
200 bar gauge pressure. Rapid quenching was achieved
by cutting power to the apparatus, which cooled the experi-
ments to approximately 50°C in approximately 1 min
(Manning & Boettcher 1994; Manning 1994).

After each experiment, capsules were cleaned and then
punctured to extract the quenched fluid. This was initially
done directly by a micropipette, with subsequent dilution
in nanopure H,Oj; however, some solution occasionally
sprayed from the puncture in some experiments. In such
cases it could not be demonstrated that the extracted fluids
were faithful samples of the quench fluid, and these runs
were discarded. To avoid this problem, a Teflon extraction
vessel was used (Manning & Boettcher 1994 ), which facili-
tated consistently accurate fluid sampling. Capsules were
punctured in 15 ml of 5% HNOj; and decanted after allow-
ing >3 h for mixing of quench solute and diluent. Blank
tests on kyanite crystals yielded no detectable Al or Si.
Diluted experimental solutions were analyzed for Al and Si
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concentrations by inductively coupled plasma (ICP) emis-
sion spectroscopy using carefully prepared Si and Al stand-
ard solutions. Six to nine counting periods were used
during analysis. Unless otherwise noted, reported uncer-
tainties are propagated 1o analytical errors. Solid products
were mounted on aluminum stubs for optical and scanning
electron microscope (SEM) study of textures and phases.

RESULTS

Results are presented in Table 1. Reported concentrations
are weighted means of multiple ICP analysis cycles; differ-
ences in concentration uncertainties reflect varying instru-
ment conditions and standardization characteristics. Other
potential sources of error include diluent volumes and mass
of H,O in experiments. Estimated errors in diluent vol-
umes were <1%, which leads to errors smaller than analyti-
cal errors; they are therefore ignored. Errors in H,O in the
experimental charge arise from water loss during welding.
If the typical 0.1 mg welding-related weight loss was H,O,
solubilities in Table 1 would require upward adjustment of
Al and Si molality (m,; and msg;) of less than approximately
107° and approximately 1073, respectively. Because these
errors are small compared to analytical uncertainty, they
were ignored with one exception. A large, non-negligible
welding weight loss of 5.56 mg occurred during prepar-
ation of Experiment 402 (Table 1), and concentrations are
reported as the midpoint between the maximum and mini-
mum values that result from incorporating this uncertainty.

Kyanite + H,O starting materials

Initial experiments were designed to determine fluid com-
positions in equilibrium with kyanite + corundum by dis-
solving kyanite in pure H,O. The greater solubility of Si

Table 1 Experimental results at 700°C, 10 kbar.

relative to Al caused nucleation and growth of hexagonal
corundum platelets on kyanite surfaces (Fig. 1). Nine repli-
cate experiments at 700°C and 10 kbar yielded substantial
growth of corundum on kyanite surfaces (Fig. 1). How-
ever, as shown in Table 1 and Fig. 2, Al and Si concentra-
tions showed erratic variations independent of run
duration (mys = 0.002-0.023 and mg = 0.076-0.425).
Only pure HO was used, so equilibrium pH differences
erratic Al
concentrations show no correlation with experiment duration,

between experiments are implausible. The
mass of kyanite, or fluid volume (Table 1). Moreover,
there was no textural evidence for significant quench solids
(Fig. 1).

Scanning electron microscope petrography revealed that
kyanite surfaces were entirely coated by corundum in four
of these experiments (Fig. 1A), but that the corundum
sheath was incomplete in the other five (Fig. 1C). Fluid
compositions correlate with these textural differences. Fig-
ure 2 shows that experiments producing partly coated kya-
nite gave inconsistent Al solubility. By contrast, when
kyanite was completely covered by corundum, a narrow
range of Al solubility was observed. Moreover, the Al solu-
bility recorded when kyanite was partly coated was either
higher or lower than, but not the same as, that in solutions
coexisting with fully coated kyanite (Fig. 2).

These observations imply that partial coating records
incomplete equilibration, such that resulting fluids were
either supersaturated or undersaturated metastably with
respect to corundum + kyanite, whereas full development
of a corundum sheath reflects equilibrium conditions. Pre-
sumably, the initially strong undersaturation of the pure
H,O starting fluid led to an erratic approach to equilibrium.
In some instances, persistent metastable fluid compositions
and textures were produced, while in others, equilibrium
was approached closely. Although it is commonly assumed

Duration Starting Start Start Start Extraction Final Si Final Al

Expt. No. (h) materials H,O (ml) SiO, (mg) AlL,O3 (mg) method (molal) (mmolal) Result

364 48 Kw 63.26 - - MP 0.425 (09) 23.39 (09) Partial co coat on ky
369 24 KW 55.24 - - MP 0.422 (04) 9.95 (06) Partial co coat on ky
372 69 Kw 59.04 - - EV 0.076 (01) 1.75 (01) Partial co coat on ky
376 95 KW 55.08 - - EV 0.305 (02) 11.99 (01) Partial co coat on ky
377 24 Kw 71.46 - - EV 0.206 (01) 2.70 (26) Partial co coat on ky
363 24 Kw 72.02 - - MP 0.333 (01) 6.30 (33) Complete co coat on ky
365 73 Kw 54.89 - - MP 0.377 (04) 5.87 (06) Complete co coat on ky
366 75 Kw 67.48 - - MP 0.286 (02) 6.27 (40) Complete co coat on ky
370 48 KwW 60.37 - - MP 0.336 (02) 5.53 (10) Complete co coat on ky
398 24 KCwW 69.06 - 1.41 EV 0.147 (01) 2.01 (02) Partial co coat on ky
400 47 KQw 60.30 0.89 - EV 0.293 (01) 2.99 (01) Partial co coat on ky
409 67 KQw 76.45 0.50 - EV 0.281 (01) 5.73 (04) Partial co coat on ky
402 89 KQAW 72.36 0.96 0.20 EV 0.292 (12) 6.64 (27) Partial co coat on ky

Parenthetical numbers are weighted 1o analytical uncertainties, except 402, for which errors indicate range between minimum and maximum due to welding
weight loss of 5.56 mg. K, kyanite; W, H,O; C, corundum chip (single crystal); Q, quartz powder; A, y-Al,O3 powder; MP, micropipette; EV, extraction

vessel (see text); co, corundum; ky, kyanite.
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Fig. 1. Secondary electron photomicrographs of
experimental run products. (A) Full corundum
coating on kyanite crystal; crystal is approxi-
mately 2 mm across. (B) Interlocking, hexagonal
corundum crystals; Run 369; scale bar is 15 pm.
(C) Partial corundum coating with etched kyanite
surface beneath; Run 366; scale bar is 100 um.
(D) Corundum crystals and etched kyanite
surface in Run 400, with kyanite + quartz
powder starting materials; scale bar is 15 pm.

that mineral layers prevent attainment of equilibrium, the
corundum coatings were easily disaggregated or cut off,
and examination in cross section revealed them to be loose,
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Fig. 2. Variation in Si (A) and Al (B) concentration (log molality) with duration
in kyanite + H>O experiments, 700°C, 10 kbar. Error bars show 2c analytical
uncertainty where larger than the symbol size. Experimentsin which a full corun-
dum (co) coat developed (open circles) on kyanite (ky) show more consistent
final concentrations than those in which only a partial coat grew (filled circles).

© 2007 The Author

Al-Si complexing at high P and T 261

porous layers of randomly oriented corundum flakes

(Fig. 1). Such loose layers are not likely to have impeded
fluid access to the kyanite surfaces.

Kyanite + H,O + corundum chip starting materials

In an attempt to drive solutions to equilibrium more
effectively, a single ultrapure synthetic corundum chip was
included with kyanite and H,O and held at 700°C,
10 kbar for 24 h (Run 398, Table 1). Irregular dissolution
pits developed on the corundum crystal and an incomplete
corundum layer grew on the kyanite. Measured aqueous Al
and Si contents were 0.201 = 0.003 mmol kg™ and
0.146 + 0.002 mol kg™*, respectively. These concentra-
tions are lower than all but one of the experiments in
which only kyanite was placed in the charge. This result
suggests that equilibration was also a problem in this
experiment. If single crystals can be used to circumvent the
inferred erratic approach to equilibrium, then run dura-
tions significantly longer than 24 h are likely required.

Kyanite + quartz-Al,O3; powders + H,O starting materials

As an alternative test of the hypothesis that strong initial
undersaturation led to erratic results, starting solutions clo-
ser to the predicted final composition were generated
within the charge. The high solubilities at the experimental
conditions prevented simple preparation of such fluids at
1 atm and 25°C. Instead, powdered natural quartz + syn-
thetic anhydrous y-AlL,O; were added with the kyanite
crystals. Because of the high surface area of the powders,
their dissolution rate was likely much greater than that of

Journal compilation © 2007 Blackwell Publishing Ltd, Geofluids, 7, 258-269
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the larger kyanite crystals, which would have caused fluid
composition to evolve rapidly to slightly supersaturated or
undersaturated compositions prior to significant kyanite
dissolution. Powder weights corresponded to a desired
starting fluid composition near the predicted phase bound-
ary, assuming complete dissolution. In addition to testing
the idea that the extent of corundum coating is a guide to
equilibration, these experiments also provide compositional
reversals because the final composition could be
approached from different directions.

Multiple experiments were conducted using varying
amounts of powders (Table 1). Partial corundum coatings
grew on kyanite surfaces in all these runs (Fig. 1D), as
anticipated from the different quantities of SiO, and Al,Oj3;
added. Note that the partial coating in this set of experi-
ments is expected due to the smaller mass of kyanite that
must be dissolved to attain equilibrium, rather than dis-
equilibrium. As illustrated in Fig. 3, the Si and Al concen-
trations in the two longer runs of this type (>60 h) agree

well with the concentrations in the kyanite + H,O experi-
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Fig. 3. Variation in Si (A) and Al (B) concentration (log molality) with dur-
ation for experiments with different starting materials, 700°C, 10 kbar:
open circles, kyanite (ky) only runs in which full corundum coat grew; filled
squares, kyanite + quartz (qz) and/or y-AlL,O5 (y) powders; open square,
kyanite and corundum (co) single crystal. Bold horizontal lines show
inferred equilibrium Si and Al concentrations, as determined by weighted
mean of experiments interpreted to reflect equilibrium (values given in log
molality; see text). Queried dashed lines show postulated approach to equi-
librium.

ments in which a complete corundum coat was produced.
Run 402 contained y-Al,O3; powder in excess of predicted
total dissolved Al; if all powder initially dissolved, this
experiment would have approached equilibrium from
supersaturation. Run 400 was shorter in duration (47 h)
and contained no Al,Oz powder. This experiment yielded
Si concentration similar to the other two, but lower Al
(Fig. 3, Table 1).

DISCUSSION

Equilibrium fluid compositions

Two sets of experiments are interpreted to constrain equi-
librium Al and Si contents at 700°C, 10 kbar: kyanite-only
experiments in which a complete corundum coating devel-
oped (runs 363, 365, 366, and 370), and kyanite-powder
runs >60 h in duration in which corundum was saturated
(runs 402 and 409). These six experiments yield weigh-
ted mean ma = 5.80 + 0.03 x 107% and mg = 0.308 =
0.003 mol kg™' H,O (Fig. 3). As noted above, runs 398
and 400 were omitted because run times were evidently
too short, and the kyanite-only experiments with incom-
plete coats were rejected because they display textural evi-
dence for partial equilibration which correlates with erratic
final compositions. The more rapid, erratic approach to
equilibrium in kyanite-only experiments is plausible
because of greater initial disequilibrium between H,O and
kyanite relative to Si-Al-bearing H,O and kyanite in the
other configurations.

It is possible that the interpretation of disequilibrium in
some experiments is incorrect. If all results are averaged,
mean Al and Si molalities would be 7 + 6 x 107 and
0.3 £ 0.1 molal. These values differ from the preferred

results chiefly in their larger uncertainties.

Comparison to previous results

Corundum solubility in H,O was measured at 700°C,
10 kbar by Becker et al. (1983) and Tropper & Manning
(2007). Results of these two studies show that Al concen-
700°C,
10 kbar, the two studies are in good agreement, giving

trations increase strongly with pressure. At
measured total Al concentration of 1.85 = 0.13 mmolal
(Becker et al. 1983) and 1.2 + 0.2 mmolal (Tropper &
Manning 2007). These Al concentrations are significantly
lower than the value of 5.80 + 0.03 mmolal measured in
the present study. The greater Al concentration in Si-bear-
ing solutions is a strong indication of Si-Al complexing.
Silicon concentrations in equilibrium with kyanite and
corundum have not previously been measured at 700°C,
10 kbar; however, Newton & Manning (2003) found that,
at 800°C and 12 kbar, Si molalities in equilibrium
with quartz and kyanite + corundum were 1.413 and
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0.984, respectively, giving a difference
0.429 molal. At 700°C, 10 kbar, quartz solubility is
0.757 molal (Manning 1994), which, when combined with
the Si content in equilibrium with kyanite + corundum
determined in the present study (0.308 molal), gives a very
similar Amg; of 0.449 molal. Because the small change in
chemical potential difference over this P-T range should
result in comparatively minor shifts Amsg;, the similarity in
lends confidence that

these values equilibrium  was

approached in the present study.

Thermodynamic analysis

The larger solubility of corundum in Si-bearing fluids than
in pure H,O could be due ecither to pH effects or com-
plexing with Si. However, enhancement of Al solubility by
shifting pH to stabilize charged Al-hydroxide species [e.g.,
Al(OH);, Al(OH);, etc.] is unlikely because the only
additional component in the solutions is Si. Rather, the
increase in Al solubility more probably indicates the forma-
tion of Al-Si complexes in solution. As shown below, the
thermodynamic properties of Al-Si complex(es) can be
evaluated in light of data on aqueous Al hydroxides and Si
species and the results of the present study.

Al hydroxide species in the system Al-O-H

Pokrovskii & Helgeson (1995) derived thermodynamic
properties of aqueous Al hydroxide species based in part
on the high P and T corundum solubility data of Becker
et al. (1983). They found that at 700°C, 5 kbar, the only
relevant species were Al(OH)3 and Al(OH); over a wide
range of pH of approximately 1 to >8. Following Pokrovskii
& Helgeson, these species are referred to below as
HAIO,,q and AlO; for simplicity; by convention, the
changes in standard molal Gibbs energy of reaction (AG))
for the equilibria HAIO,,, + H,O = AI(OH); and
AlO; + 2H,0 = Al(OH); are zero.

Pokrovskii & Helgeson (1995) used the Helgeson—Kirk-
ham-Flowers equation of state (Helgeson et al. 1981,
Tanger & Helgeson 1988), which is considered accurate
to a maximum pressure of 5 kbar. However, their data can
be extrapolated to 10 kbar using the approach of Manning
(1998). Equilibrium constants (K) for the equilibria

Al,O3 + H,O = ZHAIOZ;Jq

corundum ( 1 )
and
HAIO, ,q = H" + AlO; (2)

were calculated using data for aqueous Al species from
Pokrovskii & Helgeson (1995) and for minerals from
SUPCRT92 (Johnson et al. 1992). Properties of H,O are
from Haar et al. (1984), as calculated by SUPCRT92. In
all calculations, standard states for minerals and H,O were

© 2007 The Author
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unit activity of the pure phase, and for aqueous species,
unit activity of the hypothetical 1 molal solution referenced
to infinite dilution. Activity coefficients of neutral com-
plexes were assumed to be unity; concentrations of charged
species were low (<1072 molal), and activity coefficients
were therefore also assumed to be unity.

Values of log K; and log K, vary linearly with the
logarithm of H,O density at P > 3 kbar (Fig. 4). This
linearity arises from the fact that (0lnK/Opy,0)r =
—AV?/Bu,oRT (where f is the coefficient of isothermal
compressibility), and AV}/fy,o approaches a constant
value at high P. Because the product RT is also constant
along isotherms, the dependence of log K on logpy,o,
depicted in Fig. 4, is expected to be linear at high H,O
density. Linear fits at 700°C and >3 kbar give

log Ky = 6.177 log py,0 — 5.745 (3)
and
log K3 = 6.633log py,0 — 4.730 (4)

The uncertainty in the thermodynamic data is poorly
known, but is estimated to be + 500 cal mol™! (e.g., Shock
& Helgeson 1988). Figure 4 shows that linear extrapola-
tions to high P using Eqns 3 and 4 are reasonable in light
of these uncertainties. Calculated values of log K; and
log K, at the experimental conditions are given in Table 2.

The extrapolation scheme outlined above can be tested
by comparing corundum solubility in H,O calculated from

the derived equilibrium constants with experimental
-4 ]
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-45 [ s ]
C _ ]
i HAIO, = AlO,” + H* - ]
F 2aq bt N, S E
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C ~ ]
L e 7]
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Fig. 4. Log py,o versus log K at 700°C for reactions (1) and (2) (text). Cir-
cles show calculated values from 2 to 5 kbar at 0.5 kbar increments (SUP-
CRT92) with 500 cal mol™" estimated uncertainty (Shock & Helgeson
1988). Dashed lines are extrapolations to 25 kbar based on linear fits to
3-5 kbar values (equations 3 and 4, text).
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Table 2 Summary of thermodynamic data at 700°C, 10 kbar.

System Phase, species, or equilibrium Equation p(g cm3) log K AG® (k) mol™"y* Source
O-H H,O 0.944 -295.6 1
H,O = H" + OH™ 5 -7.580 2
Al-O-H Corundum + H,O = 2HAIO; 4 1 -5.900 4
HAIO, .q = H* + AlO; 2 -4.896 4
Corundum -1625.3 1
HAIO, . -905.5 4
AlO; -814.3 4
Si-O-H Quartz -887.8 1
Quartz = SiO5 4q 10 -0.543 3
25i05,0q = S12040q 8 0.452 3
SO0 -877.7 4
$1,04,4q -1763.7 4
Al-Si-O-H Kyanite -2517.9 1
Kyanite = corundum + SiO3 .q 14 -0.800 4
Kyanite + H,O = 2HAIO; 5 + SiO3 5q 16 -6.700 4
HAIO, aq + SI05,4q = HAISIO, 4 12 1.414 4
HAISIO4,aq -1809.5 4

Data sources: 1, SUPCRT92 (Johnson et al. 1992); 2, Marshall & Franck (1981); 3, Manning (1994) and Newton & Manning (2002) (converted from mole

fraction to molality scale); 4, This study.

*AG® indicates conventional apparent standard molal Gibbs energy (Benson-Helgeson) at 700°C, 10 kbar.

measurements. Corundum  solubility was computed by
combination of mass-action equations for equilibria 1, 2
and H,O dissociation:

H,0 =H' +OH" (5)
(Table 2), along with the charge-balance constraint
M+ = Mal0; + MOH" (6)

which leads to
mye = (K Ky + Ks)'2 (7)

Solution of Eqn 7 using data from Table 2 gives msy+
and allows concentrations of remaining species to be calcula-
ted by back substitution. This gives mai0, = 1.12 mmo-
lal and ma0; = 0.07 mmolal, or total Al concentration in
H,O in equilibrium with corundum of 1.19 mmolal, in
excellent agreement with the 1.2 £ 0.2 mmolal value of
Tropper & Manning (2007), but slightly lower than the
result of Becker et al. (1983).

The results show that independently calculated solubility
agrees well with experiments in H,O at 10 kbar and
700°C. This supports the conclusion based on the present
experimental results that the higher corundum solubility in
Si-bearing fluids results from Al-Si interaction in the aque-
ous phase. However, evaluation of the thermodynamic
properties of Al-Si species first requires determination of
the properties of Si species in the Al-free Si-O-H system.

Silica species in the system Si-O-H

In SiO,-H,O fluids at high P and T, silica occurs primarily
as monomers (SiO3 44, equivalent to HSiO4) and dimers
(8130444, equivalent to HeSi;O7) (Zhang & Frantz 2000;

Zotov & Keppler 2000, 2002; Newton & Manning 2002,
2003). Newton & Manning (2002, 2003) showed that
monomers and dimers mix ideally, which allows the equili-
brium constant for the reaction

28i03,q = SizO44q (8)
to be written

MSi; Oy ,
I(g = —5220 ha (9)

ST
At 700°C and 10 kbar, Newton & Manning (2002) give
Kg = 2.83 (converted from mole fraction concentration
scale). Using their equations for calculating species concen-
trations at quartz saturation yields msio, o= 0.286 and
Msi,0,,, = 0.232. Equilibrium between qﬁartz and silica
monomers is described by

Si0; = Si02,4

quartz

(10)

which allows derivation of the standard molal Gibbs energy
of monomeric SiO; ,q at 700°C, 10 kbar, from

AG(SjiOZ_N = AG:Z — RTIn I(l() =AG®

o — RT In msio,,,

(11)

Using AGg, from Table 2 gives AGg, K] mol™'. A sim-

ilar approach was used to derive AG;ZO“q (Table 2).

Al-Si species in the system Al-Si-O-H

Combination of the data for Al hydroxide and silica species
(Table 2) with experimental results of the present study
permits derivation of the thermodynamic properties of Al-
Si complexes. At low P and T, charged Al-Si species are
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evidently more stable than neutral complexes and are
abundant primarily in acidic or basic solutions (Pokrovski
et al. 1996; Salvi et al. 1998); however, at high P and T, it
is likely that, as with Al-hydroxide species, neutral species
predominate over a wide range of pH. Because the present
experiments did not control pH, or examine corun-
dum + kyanite solubility as a function of pH, it is not poss-
ible to determine the charge or stoichiometry of the Al-Si
solutes. Accordingly, it is assumed here that any Al-Si com-
plexing occurs by formation of the neutral complex
HAISiOy 4q. Although it is likely that the neutral species
predominates, the thermodynamic properties derived for
this species necessarily reflect only the sum of all Al-Si
complexes present in the experimental solutions.
Thermodynamic properties of HAISiOy4 ,q can be derived
from the present experiments by writing the homogeneous

equilibrium
HAIO; 4q + Si03,q = HAISIOy og (12)
for which
AHAIS
Ky = —— 80 (13)

AHAIO; 4q 7810344

Activities in the right-hand quotient can be determined
from the thermodynamic data in Table 2, results of the
corundum-kyanite experiments, and the assumption that
a; = m; for neutral species. This gives a0, ,, = 1.12 at
corundum saturation. The activity of SiO,,, monomers
can be derived from the equilibrium

Al SiO5 = AlLO3z + SiOZ,aq (14)

kyanite corundum

for which KM:pLSio“q:O.ISS from data in Table 2.
Finally, AxAlsio, ,, can be calculated by mass balance

AHAISIO4 5p = MHAISIO4,q — MAltotal — MHAIO, ., — AIO; (15)

to give MHAISO,,, = 0.00461, K1, = 2591 and AGI?IAlSiO4_M =
-1809.5 kJ mol™" (Table 2).

Speciation of Al-Si-O-H fluids

The thermodynamic data derived above provide a basis for
predicting the influence of silica on aqueous Al concentra-
tions derived by dissolution of corundum and kyanite. For
example, the equilibrium constant for the kyanite dissolu-
tion reaction

ALSiOs +H,0 = 2HAIO, 4y + SiO2.4 (16)
kyanite

is

Kis = Mo, 550;., (17)

at unit activities of kyanite and H,O. The value of log K¢
is —6.700 (Table 2), as derived from A0, and asio,,, at
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kyanite-corundum equilibrium. In the absence of Al-Si
complexing, increasing #s; (o Will lead to increasing activ-
ity of monomeric SiO; .4, which in turn would require that
mualo,,, decrease as its square; that is, if the only signifi-
cant Al species is HAIO; ., then with increasing mg; coral
Maltora Should decline from a maximum at corundum
saturation until quartz saturation is attained (Fig. 5A).
However, interaction of Al and Si to form complexes, here
modeled as HAISiOy ,q, is strongly favored energetically,
by virtue of the relatively large value of Kj, of 2591
derived from the present experiments. Thus, in silica-bear-
ing solutions, Al-Si interaction will remove HAIO; , and
SiO3.q (Eqn 12), driving the kyanite dissolution reaction
(Eqn 16) to the right. The result is that, at equilibrium,
Ml toral 18 higher than predicted assuming simple Si-free Al
hydroxide species and reaches a maximum at quartz satura-
tion.

These observations can be quantified by computing
the changes in species abundances with #g; yora. By speci-
tying the concentration of SiO,,, monomers and using
the thermodynamic data in Table 2, the following equa-
tions constrain the concentrations of the other aqueous
species:

msio,,, = Ks méioz_m

MHAIO,,, = Kl1 2 (corundum stability field)
MHAIO,,, = (Ki6/ m‘giom)l/ 2 (kyanite stability field)
MHAISIO,,, = K14m1A10,,, #1510,

my = (KK + Ks)'/?

mMoH- — I(S/mH+

WLAI(); = 1(2 7/l’lHA102 /WLH+

MSitotal = MSiOs,q T 281,04,y + MHAISIO,

MAltotal = MHAIO,,, T MAIO; T MHAISIO,

Unit activity coefficients were assumed in all calculations.
The results of the speciation calculation in the system
Al-Si-O-H are shown in Fig. 5B. The speciation depends
on the mineral with which the fluid coexists. With increas-
ing g ora in the corundum stability field, MmyAlO, >
mal0; , Mon- and pH are constant, but ma) o increases
due to increasing MHAISIO, - The low but non-negligible
AlO,- molality shifts calculated pH from neutrality
(pH = 3.79) to the slightly acidic value of 3.70. In the
kyanite stability field, the dependence of MHAISIO, and
Maltora ON Si change because of the decrease in MHAIO, ,,
and maj0; ; nevertheless, ma o cOntinues to increase until
it reaches a maximum at quartz saturation. The decrease in
malo; also produces a slight increase in pH to 3.72 at
kyanite-quartz equilibrium. Silica speciation is a strong
function of total dissolved silica; at corundum-kyanite equi-
librium, Si is partitioned subequally between monomers
(53%) and dimers (47%) on a molar basis. Calculated
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Fig. 5. (A) Comparison of variations in activities of Al and Si neutral
monomers (HAIO, oq and SiO, .q; dashed lines) with total Al and Si molalities
(solid lines) at corundum, kyanite and quartz saturation, 700°C, 10 kbar.
The difference between the dashed and solid lines illustrates the conse-
quences of Al-Si interaction and Si polymerization, and shows that the
maximum Al concentrations in the system Al-Si-O-H are predicted to occur
at kyanite + quartz equilibrium. (B) Equilibrium abundances of aqueous spe-
cies coexisting with corundum or kyanite as a function of total Si molality
at 700°C, 10 kbar. Dashed lines, major Si species; solid lines, major Al spe-
cies; dash-dot lines, H* and OH™. (C) Equilibrium abundances of aqueous
species coexisting with quartz as a function of total Al molality at 700°C,
10 kbar. Lines as in (B).

Ms;i roral At kyanite-corundum equilibrium is 0.305 molal, in
excellent agreement with the measured Si concentration of
0.308 + 0.003 molal.

A similar approach can be used to predict speciation at
quartz saturation as a function of o (Fig. 5C). At
these conditions, SiO;,q and SirO4,q are constant, but
MALorat  and MHAISO, increase sympathetically. The
increase in MHAISIO, contributes to a slight rise in total
dissolved silica that is not resolvable on the scale of
Fig. 5C. A small pH decrease with 4 (o arises from the
increase in ma).

Implications for Al transport during high-P
metamorphism

The formation of Al-Si complexes leads to a substantial
increase in Al solubility beyond that predicted if only alum-
inum hydroxides are considered (Fig. 5A). Figure 5B,C
illustrates that Al-Si complexes will host most of the Al in
Si-bearing H,O at 700°C, 10 kbar, which results from the
large value of Kj, constrained by the experiments. The
molality of HAISiO, ,q is greater than that of HAIO, 4 for
all g roral 2 0.05. The i 1ora Of the equivalence point is
well below that of a fluid in equilibrium with a model
upper mantle mineral assemblage, including forsterite and
enstatite (#1s; (oral approximately 0.14), suggesting that Al-
Si complexes will be the predominant form of dissolved Al
in all lower crustal, mantle, and subduction environments,
in the absence of other complexing agents.

Although the experiments were conducted at a single P
and T, they nevertheless can give some general insight into
Al mobility in high-P metasomatic environments. For
example, the prediction that Al solubility is greatest at kya-
nite-quartz equilibrium in the system Al-Si-O-H helps
explain the common observation of kyanite + quartz segre-
gations in high-P metamorphic rocks, such as eclogites.
Based on the present findings, these features may result
from the high Al solubility in Si-bearing fluids, which per-
mits growth of kyanite + quartz from lower fluid volumes
than if Si were not present. Extending the results still fur-
ther, the formation of polymeric speices is favored by
increasing pressure in the system Si-O-H (Newton &
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Manning 2002; Zotov & Keppler 2002; Gerya et al.
2005). If this is also true when Al is added, then it is likely
that Al enhancement by Si becomes less pronounced at
lower pressures. This would lead to a larger isothermal
dependence of Al solubility on pressure when Si is present
than in the Al-O-H system. Thus, andalusite-quartz or sil-
limanite-quartz segregations at low to moderate pressure
may owe their origin to the large decreases in solubility
that would attend fluid decompression during exhumation.
More fundamentally, the apparent discrepancies between
those metamorphic environments which display evidence
for Al mobility and those that do not may simply reflect
relatively minor differences in the magnitutde of fluid—rock
interaction.

Al-Si species stoichiometry and future work

As discussed above, the experiments at a single P, T, pH,
and #g; cora cannot constrain the stoichiometry or charge
of the Al-Si complex or complexes. Additional experiments
at a range of buffered pH values are clearly required to
explore the charge of Al-Si complexes. Moreover, the
increase in | roral With #4g rora Will differ with the average
stoichiometric Al/Si ratio of the complexes. The calcula-
tions described above can be repeated by assuming differ-
ent Al:Si ratios. Figure 6 shows that for arbitrary Al:Si
ratios of 1:2, 1:1, and 2:1, the Al content of kya-

0.02 T
| 700°C
| 10 kbar
corundum
0.015 |- i
I Al:Si=1:2
2
T
S
E o001 -
<
s
©
0.005 i
0....I....I.. 1 1 1 PRI RS EN S

02 03 04 05 06 07 038
Total Si molality

0 0.1

Fig. 6. Predicted variation in corundum solubility at 700°C, 10 kbar, as a
function of total Si molality, assuming neutral Al-Si complexes with Si:Al
ratios of 0.5, 1, and 2. The curves are constrained to be equal at corundum
solubility in pure H,O and at corundum-kyanite equilibrium. The contrast-
ing slopes and curvatures indicate that experimental measurement of
corundum solubility at very low Si content, and metastably at high Si con-
tent in the kyanite field (ms; ot > 0.31) will allow robust detection of the
average stoichiometry of Al-Si species in solution.
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nite + quartz-saturated H,O may be significantly greater
or less than predicted for Al/Si = 1. But the figure also
shows that the increase in m4) tora With Si content will have
different slopes and curvatures.

Future experimental study of corundum solubility as a
function of Si content can provide the data to establish the
dependence of corundum solubility on dissolved Si to rig-
orously determine the average stoichiometry of Al-Si com-
plexes. It is important to note, however, that the solution
may contain Al-Si complexes of different stoichiometries,
and the average Al/Si ratio may itself vary with total dis-
solved silica. Nevertheless, the approach developed here
can be used with such measurements to determine the
average ratio as a function aqueous Si content.
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