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Abstract

Aluminum is a major rock-forming element, but its low solubility in H,O at upper crustal conditions has led to the assumption
that it is effectively immobile during fluid—rock interaction in the deep crust and upper mantle. However, new experimental results
on Al solubility in H,O-SiO,—NaCl fluids at high pressure and temperature challenge this view. The combined effects of
temperature, pressure, dissolved SiO, and NaCl yield increases in corundum (Al,Os) solubility at 800°C, 1GPa of >10° or 10*
relative to that at <0.3 GPa in pure H,O. Enhancement of Al solubility is best explained by formation of polynuclear Na—Al-Si—O
clusters and/or polymers. Aluminum should not be assumed to be immobile during fluid—rock interaction in deep environments.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Aluminum has long been regarded as one of the least
soluble major elements in fluids associated with meta-
morphic and metasomatic processes. This is based
largely on experiments carried out at relatively low
pressures (<0.3GPa), where corundum solubility in
H,0 is <0.001 mol/kg H,O to at least 700°C (Ragnars-
doéttir and Walther, 1985; Walther, 1997).

However, there is abundant geological evidence for
significant Al solubility in fluids in medium- to high-
pressure geologic environments, chiefly in the form of
aluminosilicate vein minerals that formed from aqueous
solutions during metamorphism (e.g., Kerrick, 1988;
Ague, 1997; Widmer and Thompson, 2001). In the
absence of unusually high fluid fluxes, such observa-
tions imply high Al concentrations in the fluids.
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To address this apparent contradiction, experiments
have been conducted on the solubility of corundum
(Al,O3) and kyanite (Al,SiOs) in H;O+NaCl+SiO,
solutions from 700—1100°C and 0.5-2.0 GPa.

2. Methods

All experiments were conducted in a piston-cylinder
apparatus using NaCl-graphite furnace assemblies and
rapid-quench methods. At high solubility, we employed
a double capsule technique, in which starting crystals
are placed in a crimped inner Pt capsule, and then added
with solvent to a larger outer Pt capsule. This approach
largely isolates the crystals of interest from quench
solutes, permitting quantitative determination of solu-
bility from the crystal’s weight change. All experiments
employed ultrapure H,O, reagent-grade NaCl, synthetic
corundum powder or spheres, and natural, high-purity
quartz and kyanite.
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3. Results
3.1. Corundum in H,O

The solubility of corundum in H,O has been mea-
sured at 0.5-2.0GPa and 700-1100°C (Becker et al.,
1983; Tropper and Manning, 2005a). At 1.0GPa,
corundum solubility increases from 1 millimolal at
700°C to 20 millimolal at 1100°C. At all 7, Al solubility
in H,O in equilibrium with corundum at 1.0GPa is
at least ten times that at 0.1 GPa. This demonstrates
that increasing P enhances the stability of aqueous
aluminum.

3.2. Corundum in H,O-NaCl fluids

The solubility of corundum was also measured at
800°C, 1.0GPa, in H,O—NaCl fluids to Xyac1=0.5
(Newton and Manning, 2004, 2005). The dissolved Al
content increases with NaCl concentration, rising
rapidly from 0.00262(4) molal in pure H,O to a ~0.02
molal at Xyac1 = 0.1, and then increasing more gently to
~0.03 molal near halite saturation (Xy,c1~0.6). The
large dependence of Al solubility on Xyac) in the dilute
range suggests formation of Na—Al complexes.

3.3. Corundum and/or kyanite in H,O-SiO, fluids

Studies in the system Al,0;—H,O+NaCl fail to
account for the fact that crustal and mantle fluids will
contain significant concentrations of other components
with which Al may form complexes, chiefly SiO,. Two
groups of experiments were undertaken to examine the
possible role of complexing between Al and Si (Newton
and Manning, 2004; Tropper and Manning, 2005b).
First, we determined the solubility of the assemblage
corundum +kyanite (Al,SiOs) in H,O-SiO, fluids at
700°C and 1.0GPa by using natural kyanite crystals
with pure H,O. The higher solubility of Si relative to Al
caused growth of a sheath of hexagonal corundum
crystals on kyanite surfaces, fixing equilibrium aqueous
Al and Si concentrations at corundum+kyanite satura-
tion. The equilibrium Al concentration was 0.0062(6)
molal, significantly higher than in pure H,O and
suggesting strong Al-Si interaction in the fluid.

We also measured the solubility of corundum or
kyanite in H,O-SiO, fluids at initial SiO, ,4 concentra-
tions ranging up to quartz saturation by adding small
quartz crystals, which dissolve rapidly relative to
corundum to produce the desired initial SiO,/H,O
ratio. Experiments were conducted at 800°C and
1.0GPa. Although kyanite and sillimanite are slightly

more stable than corundum+quartz at these P-T
conditions, aluminum silicates did not appear in any of
the corundum experiments. At quartz saturation, Al
concentration in equilibrium with corundum was
0.013(3) molal, a factor of five increase relative to that
in pure H,O. The solubility of kyanite at the same
conditions and at initial SiO, ,q concentrations between
corundum and quartz saturation yielded Al solubility
enhancements that were identical to the runs on
corundum.

3.4. Corundum in H>O-SiO,—NaCl fluids

A final set of experiments was carried out at 800°C
and 1.0GPa, in H,0-SiO,-NaCl fluids at Xgio, to
quartz saturation over the range Xynac1=0-0.5. Addition
of SiO, to NaCl-H,O fluids yields a significant increase
in corundum solubility. The greatest enhancement
occurs at quartz saturation, where Al molality increases
rapidly with NaCl concentration to 0.076 molal at
Xnac1=0.1 and then rises more slowly to 0.104 molal at
halite saturation.

4. Discussion and conclusions

The results show that Al concentration in H,O in
equilibrium with corundum increases strongly with P,
such that along any given isotherm from 700 to 1100°C,
raising P from 0.1 to 2.0GPa yields an increase in Al
solubility of >100 times. Addition of NaCl or SiO, at
any given P and T further increases Al solubility at
corundum saturation by roughly a factor of ten relative
to pure H,O. Even greater enhancements were observed
in H,0-Si0,—NaCl brines at quartz and halite satura-
tion, where solubility of corundum at 800°C, 1.0GPa,
and SiO, concentrations near quartz and halite satura-
tion yield Al concentrations ~100 times greater than in
pure H,O at the same P and T.

The mechanisms for enhancement in Al solubility
with P, SiO,, and NaCl likely involve polymeric
complexes not anticipated from low-P studies of aqueous
Al. For example, the strong increase in corundum
solubility in H,O with P could be a consequence of
increasing stability of multimeric Al clusters. Al clusters
have been observed in concentrated solutions at low P
and T (e.g., Ohman and Sjoberg, 1981; Bottero et al.,
1987; Furrer et al., 1992; Boudot et al., 1996; Gérard et
al., 2001). Though no direct observation has yet been
made at elevated P and 7, it is possible that, as with silica
(e.g., Zotov and Keppler, 2002; Newton and Manning,
2003), the enhanced solubility of Al arises in part from
increased stability of multinuclear Al clusters. Similarly,
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Al-Si complexes involving a bridging O may form in a
wide variety of stoichiometries (e.g., Mueller et al.,
1981). Pokrovski et al. (1996) and Salvi et al. (1998)
showed that AIOSi(OH)3 " and other Al-Si complexes
become progressively more stable with increasing 7'
along the vapor—saturation curve, and may predominate
in high-7 environments such as hydrothermal systems.
Combination of these observations with the new results
on corundum and/or kyanite solubility suggests that
enhanced stability of Al-Si complexes persists to the
highest Pand T yet studied, which represent deep crustal
and mantle metasomatic environments. The results in
H,0-Si0,—NaCl fluids point to the formation of Na-
aluminosilicate complexes with albite-like stoichiometry
(Na:Al:Si=1:1:3; Newton and Manning, 2004).

The results of this work show that Al is readily
dissolved in the SiO,-bearing H,O—NaCl fluids that can
be expected to accompany fluid—rock interaction in
metamorphic and magmatic environments of the crust
and mantle. The elevation of Al solubility is likely a
consequence of the greater stability of multimeric
complexes at high P. Calculations based on these results
and extrapolated thermodynamic data for other aqueous
species suggest that Al may be more soluble than Mg
and Fe in low-salinity fluids equilibrated with mafic and
felsic bulk compositions along typical metamorphic
geothermal gradients. There can be little doubt that it
would be inadvisable to assume Al immobility in fluids
associated with metasomatism in the mid- to lower crust
and upper mantle.
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