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Abstract—The solubility behavior of KO, Na,O, Al,O5, and SiQ in silicate-saturated aqueous fluid and
coexisting HO-saturated silicate melts in the systemg®KAI,O,-SiO,-H,0 and NgO-Al,05-SiO,-H,0 has

been examined in the 1- to 2-GPa pressure range at 1100°C. Glasses of Na- and K-tetrasilicate compositions
with 0, 3, and 6 mol% AlO; were used as starting materials. In both systems, the oxides dissolve
incongruently in aqueous fluid and silicate melt. When recalculated to an anhydrous basis, the aqueous fluids
are enriched in alkalis and depleted in silica and alumina relative to their proportions in the starting materials.
The extent of incongruency is more pronounced in theNAl,O5-SiO,-H,O system than in the JO-
Al,0,-SiO,-H,0 system.

The partition coefficients of the oxides'fi/met are linear and positive functions of the oxide concen-
tration in the fluid for each composition. There is a slight dependence of the partition coefficients on bulk
composition. No effect of pressure could be discerned. For alkali metals, the fluid/melt partition coefficients
range from 0.06 to 0.8. For AD, this range is 0.01 to 0.2, and for SjOit is 0.01 to 0.32. For all
compositions, (g™~ Diagret>pliimet> pidmet for the same oxide concentration in the fluidiigs™",

Dijadimelt andD&2d™! correlate negatively with the AD, content of the systems. This correlation is consistent
with a solubility model of alkalis that involve associated KOH°, NaOH°, silicate, and aluminate
complexes. Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION silicate in agueous fluids might depend on pressure (Fuijii et al.,
1996; Stalder et al., 2001). At pressure8 GPa, the fluids

contains only silica (Fujii et al., 1996; Zhang and Frantz, 2000),
whereas at high pressure, MgO may become significantly sol-

Evidence for interaction between rocks and aqueous fluids in
the crust and the upper mantle of the Earth is extensive. This
evidence includes high-grade metamorphism in deep continen-
tal crust where dehydration of hydrous minerals has been uble (FU]II etal.,'1996; Stglder etal.,2901).Pressur§-dependent
associated with alteration of major and trace element contents SO!ubility behavior of major elements in aqueous fluid has also
(e.g., Rollinson and Windley, 1980; Fowler, 1984: Whitehouse, P€€n reported in the NaAlgdg-H,O system (Stalder et al.,
1989). In metamorphic rocks near convergent plate boundaries,zooo)'
there is evidence for transport of major, minor, and trace Temperature also affects the solubility behavior of major
elements from the subducting slab to the overlying mantle elements in aqueous fluids. The silicate solubility in agqueous
wedge (e.g., Brenan et al., 1995; Mcinnes, 1996; Riter and fluids increases and the,B solubility in coexisting silicate
Smith, 1996). Contamination of source regions of magmatic Melts sometimes increases with increasing temperature result-
liquids in island arcs by slab-derived fluids is also frequently ing in shrinkage of the silicate® solvus (Kennedy et al.,
suggested (e.g., Morris et al., 1990; Bebout et al., 1993; Plank 1962; Paillat et al., 1992; Manning, 1994). There may be
and Langmuir, 1993). complete miscibility between aqueous fluids and at least some

To describe fluid—rock interaction processes in the upper alkali aluminosilicate melts in the pressure—temperature regime
mantle, experimental data on the solubility behavior of silicate of the upper mantle (Shen and Keppler, 1997; Bureau and
components in aqueous fluids as a function of pressure, tem-Keppler, 1999).
perature, and bulk chemical composition is necessary. Some The solubility of H,O of individual oxide components such
data exist. For example, the silicate solubility in aqueous fluids as SiQ and ALO, can be quite different (e.g., Anderson and
in the SiO-H,O system is positively correlated with fluid  Burnham, 1967; Pascal and Anderson, 1989). In multicompo-
density (Manning, 1994). Because fluid density is a positive nent silicate systems, one might, therefore, expect that the
function of pressure (e.g., Haar et al., 1984), silica solubility in - solution behavior in agueous fluids is incongruent. Such be-
aqueous fluid in the SiEH,0O system increases with increasing  npavior has been observed for NaAlSj-H,0, for example
pressure. In chemically more complex systems such as MgO- (anderson and Burnham, 1967; Stalder et al., 2000).
SiO-H.0, it has been suggested that the solution behavior of  partition coefficients of alkalis, alumina, and silica between

coexisting aluminosilicate melts and aqueous fluids most likely

. depend, therefore, on pressure and temperature as well as bulk
gﬁcl:\t\rllgrdl};) whom correspondence should be addressed (Mysen@ ¢ amical composition. However, experimental data relevant to

TB.O.M. is a member of the NSF-sponsored Center for High-Pressure SUch relationships remain relatively uncommon, in particular in
Research. multicomponent systems relevant to rock-forming processes in
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Table 1. Composition of starting materials (wt%).*

Element Ks4 KS4A3 KS4A6

S0, 72.27 (1.20) 71.22 (0.84) 72.73 (0.64)
AlLO, 0.11 (0.06) 4.87 (0.15) 8.63(0.12)
K,0 27.47 (0.27) 23.84(0.21) 18.93 (0.25)

2 Average of 10 individual analyses.

the Earth's lower crust and upper mantle. An experimental
study was carried out in the system K,0O-Na,O-Al,05-SiO,-
H,0 in the 1.0- to 2.0-GPa pressure range at 1100°C to provide
such data.

2. EXPERIMENTAL METHODS

Starting compositions were in the systems K,0-Al,05-SiO,-H,0
and Na,0O-Al,05-SiO,-H,0. In both systems, the Al-free end members
were K- and Na-tetrasilicate (denoted KS4 and NS4, respectively). The
degree of polymerization (NBO/Si) of molten KS4 and NS4 corre-
sponds to that typically observed for andesite melt (e.g., Mysen, 1987).
Three and 6 mol% Al,O; were added in charged-balanced form
(Na" = AI®* and K* = AI®", respectively) to these compositions
(denoted KS4A3, KS4A6, NSAA3, and NS4A6 for K- and Na-alumi-
nosilicate compositions, respectively). Under the assumption that this
AI®" is tetrahedrally coordinated in the melts of these compositions,
their NBO/T (T = Al + Si) decreases as the alumina content is
increased (to 0.32 with 3 mol% Al,O5; and 0.17 with 6 mol% Al,Os).
This range in NBO/T corresponds to that typicaly found in molten
dacite and rhyolite (Mysen, 1987). The solubility data may therefore be
employed to characterize the distribution of alkalis, alumina, and silica
between magmatic liquids and agqueous fluid.

The anhydrous silicate starting materials were glasses formed by
mixing K,CO; + Al,O; + SO, and Na,CO; + Al,O; + SO,
respectively, under acohol for ~1 h, decarbonated by slow hesating
(~1°C/m), and finally melted at temperatures ~100°C above the
individual liquidii (liquidus phase relations from compilations by Os-
born and Muan, 1960a,b) in MoSi,-heated 1-atm furnaces. The glasses
formed upon quenching (Table 1) were crushed to ~20-um grain size
and stored at 110°C when not used.

High-pressure experiments were conducted in the solid-media, high-
pressure apparatus (Boyd and England, 1960) with 3/4-inch-diameter
tapered furnace assemblies (Kushiro, 1976). Pressure was calibrated
with the calcite-aragonite and quartz—coesite transitions and the melt-
ing point of NaCl. Precision is <0.05 GPa and accuracy <0.1 GPa.
Temperature was measured with Pt-Pty,Rh,, thermocouples with no
pressure correction on the electromotonic force (emf) of the thermo-
couples. Temperature precision is =1°C. Temperature accuracy is
=10°C.

The high-pressure experiments were conducted with a double-cap-
sule technique slightly modified after Schneider and Eggler (1986). The
anhydrous glass starting material (10- to 40-mg glass sample) was
loaded into 3-mm outer diameter (2.6-mm inner diameter) and 5- to
6-mm-long Pt capsules perforated with 200-um holes (~50 randomly
distributed holes) and sealed on both ends (Schneider and Eggler 1986
used an inner capsule crimped, but not sealed, on both ends). This
capsule was loaded into an outer 5-mm outer diameter Pt capsule
together with the desired amount of H,O and welded shut; 1- to 50-uL
double-distilled and deionized H,O was loaded with a microsyringe.
Weighing errors introduced with this method were =<1%. The holes in
the inner capsule served as pathways for the aqueous fluid initially in
the outer capsule to communicate with the silicate melt in the inner
capsule (experiments at 1100°C were above the temperatures of the
H,O-saturated liquidus for the compositions used). In this design, the
inner capsule collapsed on the sample at high pressure so that the
amount of excess fluid over that dissolved in the melt in the inner
capsule was essentially zero. Therefore, after temperature quenching of
an experiment, H,O-saturated silicate melt in the inner capsule and
quenched fluid (with abundant quench precipitates) in the outer capsule
were physically separated. After an experiment, the inner capsule was

removed and physically cleaned under a 50X magnification binocular
microscope, then cleaned with distilled H,O in an ultrasonic cleaner to
remove al materials from the outer capsule wall. The H,O-saturated
glass in the inner capsule was then removed.

The quenched glass was analyzed with a JEOL 8900 electron mi-
croprobe operating at 15 kV and 10 nAmp current with a 10 X 10um
rastered square and 30-s integration time. Before it was subjected to
analysis, the silicate glass was diluted with LiBO, (LiBO,:silicate =
5:1) and remelted at 950°C for 1 h at ambient pressure. This dilution
with LiBO, was necessary to avoid alkali volatilization under the
electron beam. In undiluted form, the most volétile glasses, NS4 and
K4, exhibited ~20% loss of Na,O and K,O after 30 s under the
electron beam. No loss could be detected in the LiBO,-diluted samples
with the same integration time. Ten or more points were analyzed for
each sample. The quoted errors are the standard error of the average of
the individual data points.

Because of extensive precipitation of silicate from the silicate-
saturated fluid during quenching, fluid extracted from the outer capsule
does not represent the equilibrium composition (see Mysen and
Wheeler, 2000a, for detailed documentation). The fluid composition
was, therefore, calculated by mass-balance by using the analyzed
starting glass composition and the analyzed composition of the
quenched glass. In this caculation, the proportion of coexisting H,O-
saturated silicate melt and silicate-saturated aqueous fluid in an exper-
iment was derived from the measured proportion of glass and H,O in
the starting materials and the H,O and silicate solubilities in melt and
fluid, respectively, at the pressure and temperature of each experiment
(solubility data from Mysen and Acton, 1999, and Mysen and Wheeler,
2000a,b). The actual weight fraction of aqueous fluid in an experiment,
X, is therefore related to the weight fraction of fluid in the starting
composition, X,,,o, as follows:

XHzO 1- szeg
1- XHzO 1- Xgilljiicdate

- , 1
' 1+< Xovo )(kxmfa) @
1= Xo) \1- X,

where X% and X ¢ are the solubilities of H,O in melt and of silicate

in coexisting agueous fluid as weight fractions. The reported uncer-
tainties of oxide concentrations in the agueous fluid incorporate the
errorsintroduced in each of the analytical and computational steps. The
uncertainties in the solubilities, X[ and X§iic,e, used in this calcu-
lation are those reported by Mysen and Acton (1999) and Mysen and
Wheeler (2000a,b).

Attainment of eguilibrium was addressed with time studies. At
1100°C, experimental durations between 800 and 1440 min were
needed to reach fluid/melt partition coefficients that were independent
of experimental duration (Fig. 1). This experimental duration is aso
consistent with H,O diffusion control of equilibration. The maximum
H,0 transport distance in the melt in theinside Pt capsuleis ~1.3 mm.
From the simple relationship, x = (4Dt)Y2 (x = travel distance, D =
diffusion constant, and t = time), this transport distance (1.3 mm) at
1440 min requires a diffusion coefficient for H,O in the melts of ~4 X
108 cm?s. This value is near the upper end of the range of diffusion
coefficients reported for H,O in melts of basaltic to rhyolitic compo-
sition (10~ ® to 108 cm?/s in the same temperature range; see Zhang et
al., 1991; Nowak and Behrens, 1997). All experiments were therefore
conducted with experimental durations =1440 min.

3. RESULTS AND DISCUSSION
3.1. Solubility Behavior

A summary of compositions of coexisting melts and fluids,
recalculated to anhydrous silicate compositions, in the systems
K,0-Al,05;-S0,-H,0 (KAS) and Na,0-Al,0,-SiO,-H,0
(NAS), isshown in Figure 2 (analytical data are available from
the authors on request). The agueous fluid is enriched in alkalis
(K0 and Na,O) relative to the coexisting melts. In the KAS
system (Fig. 2A), agueous fluids also show Al,O5 depletion,
and the melts show Al,O5 enrichment. This latter trend is more
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Fig. 1. Fluid/melt partition coefficients, DUd/met ag g function of
experimental duration (time) for composition NS4A6 at 2 GPa and
fluid fraction X; = 0.47.

subtle in the NAS system (Fig. 2B). It is therefore clear that in
these two alkali aluminosilicate systems, solution in the aque-
ousfluidsisdistinctly incongruent. As aresult, the composition
of coexisting melts is aso nonstoichiometric. This effect is ob-
served in both systems, but the compositional difference between
coexiging fluids and melts is more pronounced in the K-alumi-
nosilicate system than in the Na-duminosilicate system.
Incongruent solubility behavior of alkali aluminosilicate
components in fluids has also been observed in other systems
such as NaAlSi;O4-H,0 in the 0.5- to 1.5-GPa and 630 to
775°C pressure and temperature range (Stalder et al., 2000) and
in agueous fluid coexisting with Spruce Pine pegmatite in the
0.3- to 1.0-GPa and 500 to 650°C pressure and temperature
range (Burnham, 1967). A difference between those latter data
and the results summarized in Figure 2 is that in the latter data
set the agueous fluids were distinctly enriched in SO, compo-
nent compared with the condensed silicate (whether crystalline
or molten), whereas in the present results, the alkali/silicaratio
(whether K or Na) of the agueous fluids is higher than in the
coexisting melt. However, there are several important differ-
ences between the data in Figure 2 and those reported by
Burnham (1967) and Stalder et al. (2000). In the latter two
experimental studies, the alumina contents were considerably
higher, with their akali/alumina ratio near unity (the systems
are nearly meta-aluminous). In contrast, in the present experi-
ments, the systems were perakaline (alkali/alumina > 1) and
the temperature was considerably higher (1100°C compared
with <750°C in the database of Burnham 1967 and Stalder et
al. 2000). Temperature not only affects the bulk solute content
(e.g., Pascal and Anderson, 1989; Manning, 1994; Mysen and
Acton, 1999; Stalder et al., 2000; Zhang and Frantz, 2000), it
also most likely affects the solubility mechanism of silicate in
aqueous fluids (Stalder et al., 2000; Zhang and Frantz, 2000).
For example, in agueous fluid coexisting with NaAISi ;04 (a-
bite) at 1.7 GPa, the SIO, in the fluid is higher than that of
NaAlSi ;04 at 625 to 650°C, whereas at higher temperature and

A sio,
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KS4A3 Dflid

Emelt
Ofluid
KS4A6 ,n:‘e'n

Si0,

Na,O

fluid
NS4 g meit
fluid
NS4A3 e
Ofluid
NS4A6 Jiuid

Fig. 2. Bulk composition of silicate-saturated agueous fluid and
coexisting H,O-saturated silicate melts recalculated on an anhydrous
basis (A) K,0-Al,05-Si0,-H,0 and (B) Na,0O-Al,05-SiO,-H,0. Open
symbols, silicate-saturated aqueous fluid; solid symbols, H,O-saturated
silicate melt.

the same pressure, the SIO,, content of the fluid is less than that
of NaAISi;Og (Stalder et a., 2000).

In a meta-aluminous akali aluminosilicate system such as
NaAlSi;O, akali-charge-balanced aluminate complexes may
be the dominant species in the aqueous fluid. This suggestion is
consistent with a positive correlation between Al,O4 solubility
and KOH content of aqueous fluids (e.g., Pascal and Anderson,
1989). In comparison, in the present experiments the alkali/
alumina > 1 so that excess akali over that required to stabilize
aluminate complexes may dissolve in aqueous fluids, perhaps
as smple hydrolyzed akali complexes and possibly as alkali
silicate complexes (Mysen, 1998). Such solute complexes are
likely to be associated because the dielectric constant of H,O
decreases rapidly with increasing temperature (e.g., Pitzer,
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Fig. 3. Enrichment factors calculated as shown in Eqn. 2 for silicate-saturated aqueous fluid (circles) and coexisting
H,O-saturated silicate melts (squares) as a function of fluid fraction, X;, and pressure in the system K,0-Al,05-SiO,-H,0.
The fields marked “melt,” “ melt + fluid,” and “fluid” are delineated after Mysen and Acton (1999).
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1983). Decreasing dielectric constant promotes association of
the solute. In analogy with other salt solutes in aqueous fluids
(e.g., Quist and Marshall, 1968; Frantz and Popp, 1981), asso-
ciation constants of alkali-OH complexes are likely to increase
with increasing temperature.

For the same reason, associated alkali silicate complexesin
the aqueous fluids likely become increasingly abundant the
higher the temperature. It is suggested that these differences
(temperature and bulk composition) account for the different
solution behavior observed by Burnham (1967) and Stalder et
al. (2000) compared with the data from the present systems.

Details of the compositional evolution of coexisting silicate-
saturated aqueous fluid and H,O-saturated silicate melts as a
function of fluid fraction, X;, and pressure are shown in Figures
3 and 4. The enrichment factor, EF, used in Figures 3 and 4 is
defined as follows:

EF = oxide (m,f)/oxide(starting material).

The values of oxide(m,f) are the oxide concentrations (Wt%)
of melts, oxide(m), and aqueous fluid, oxide(f), recalculated to
an H,O-free basis. The recalculation to anhydrous silicate
compositions of fluids and melts was carried out with the aid of
the solubility data from Mysen and Acton (1999) and Mysen
and Wheeler (2000a,b).

Also shown in Figures 3 and 4 as shaded regions are the
fields where only H,O-bearing melt (“melt”) and silicate-bear-
ing fluid (“fluid”) are stable (Mysen and Acton, 1999; Mysen
and Wheeler, 2000a,b). The boundary between “melt” and
“fluid + melt” represents the H,O solubility in the melt and the
boundary between “fluid + melt” and “fluid” the bulk silicate
solubility on the agueous fluid.

Alkai enrichment factors in agueous fluids above 1 are
evident for all compositionsand at all pressures (Figs. 3 and 4).
As the fraction of fluid, X;, decreases toward the “melt”/
“melt + fluid” boundary, the akali enrichment in the fluid
increases. The alkalis in the coexisting melt show a concomi-
tant decrease. For Al-free Na-tetrasilicate, the enrichment fac-
tor near the “melt”/*melt + fluid” boundary decreases with
increasing pressure (Fig. 4). For the equivalent K-tetrasilicate
composition (Fig. 3), the data near this boundary are less
precise but consistent with a similar trend. In the Al-bearing
systems (NS4A3, NS3A6, KSAA3, KS4A6) no such pressure
effect can be discerned. We suggest, therefore, that the extent
of incongruency (difference between melt and fluid composi-
tion) diminishes with increasing pressure.

The solubility behavior of silicais somewhat more complex.
For the Al-free compositions (KS4 and NS4), the enrichment
factor for SIO, in agueous fluid decreases and that of the melt
increases as the fluid fraction, X;, decreases. As for akalis, the
effect of melt/fluid ratio on the silica enrichment factors de-
creases with increasing pressure for the NS4 composition,
whereas the |less detail ed data for KS4 composition can only be
considered consistent with such a trend. With 3 mol% Al,O,,
both systems show the same silica trends (with the exception of
NSAA3 at 1 GPa, where thereisavery small effect of X;). This
feature remains at 6 mol% Al,O3 in the Na,O-Al,O5-SiO,-
H,O system (Fig. 4), whereas in the K,0-Al,05-SiO,-H,0
system, the SIO,, enrichment factor remains above 1 asthe fluid
fraction in the system, X;, is reduced (Fig. 3).

The behavior of Al,O; in these systems is complicated by
the presence of trace amounts of corundum coexisting with
fluids and melts in fluid-rich (X; > 0.6) portions of both the
KS4A6 and NS4A6 systems (Mysen and Acton, 1999; Mysen
and Whesler, 2000a). Although corundum was not reported in
experimental charges from either KS4A3 or NS4A3, trace
amounts could have been overlooked. Although the proportion
of corundum could not be quantified in those studies (but most
likely less than 1% of the mode), mass-balance calculation of
Al,O; in the fluid based on an assumption that all Al,O5in the
system resided in silicate melt and agueous fluid will be inac-
curate. Thus, the enrichment factors in the high-X; portion of
those systems will also be in error athough the magnitude of
this error cannot be estimated. For compositions near the
“melt”/“melt + fluid” boundaries, there was no evidence for
corundum, and the enrichment factors reported for Al,O5 are
more reliable. Interestingly, near this boundary, the enrichment
factors generally do not differ greatly from 1 (Figs. 3 and 4).

3.2. Fluid/Mé€t Partitioning

The partition coefficients, D™ and D;E™"," at the
“melt”/“melt + fluid” boundary are higher than at higher X;
values regardiess of pressure (Figs. 3 to 5). DiS™" and
DRaa™" are negatively correlated with AlLO; of the system
and approach the values for Da"4™" for the most aluminous
compositions. This evolution probably reflects changes in so-
lution mechanism of sodium and potassium in the fluid (and
melt) as Al,O; is added. That suggestion is supported by the
observation of Pascal and Anderson (1989), who found that
Al,O; solubility in agueous solution at several hundred MPa
pressure is linearly and positively correlated with KOH con-
centration in aqueous fluid. These relationships may exist be-
cause akali metals may in part serve to charge-balance AI** in
aluminate complexes in the fluid in analogy with the solution
behavior of AI** in silicate melts (see, e.g., Mysen, 1995, for
review of information) and in part as hydrolyzed alkli-OH
complexes. Such a solubility mechanism may explain why
DRIS™'" and DA &™" decrease with increasing Al,O5 con-
tent.

DLEI™ is also negatively correlated with Al,O; (Fig. 5).
This behavior may be rationalized by considering possible
silicate and aluminate complexes in the aqueous fluids. Zhang
and Frantz (2000) suggested from their solubility experiments
in the system MgO-SiO, that silicate species in agueous fluids
in the pressure/temperature regime under discussion may occur
as various depolymerized silicate species.? This suggestion is
supported by results from recent in situ, high-temperature, and
high-pressure Raman spectroscopy of aqueous fluids in equi-
librium with K,Si ,O4 melt and with crystalline SO, (Mysen,
1998; Zotov and Keppler, 2000). Some of these silicate com-
plexes may be associated with alkali metals in excess of that

The partition coefficient is defined as D"¢met = oxidef“i9/oxide™
(mol%). Note that whereas the enrichment factor, EF, used in Figures
3 and 4 is calculated on an anhydrous basis for both fluids and melts,
the partition coefficient, D"4™et in Figures 5 to 7, is calculated with
the actual oxide concentrations in silicate-saturated aqueous fluid and
H,O-saturated silicate melt.

2A depolymerized silicate complex is one where the silicate tetrahedra
contain nonbridging oxygen.
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simply meant to guide the eye.

required to stabilize tetrahedrally coordinated Al in alumi-
nate complexes. This suggestion stems from the observation
(Mysen, 1998) that at least for agueous fluids in the system
K,Si,O4-H,0 at pressures and temperatures approximately the
same as in the present experiments, isolated SiO}~ complexes

are protonated (i.e., H,SiO,). For the more polymerized silicate
complexesthat also exist in thesefluids, K™, but not H*, serves
to neutralize nonbridging oxygen in the silicate complex.
Mysen (1998), by using in situ, high-temperature, high-pres-
sure Raman spectroscopy in a diamond anvil cell, concluded
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Fig. 6. Fluid/melt partition coefficients, Ditis™", DAST™"

, and DIdmMet i the system K,0-Al,04-SiO,-H,0 as a

function of oxide concentration in aqueous fluid. Regression coefficients for the fits are given in Table 2.

that the principal complexes in the agueous fluids in the
K,Si,05-H,O system resembled H,SIO5 K,SiOS, and
K,Si,02. Association is likely at these high temperatures be-
cause the dielectric constant for H,O is quite low (e.g., Pitzer,
1983). We suggest that excess akalis over that needed for
charge balance of AI** in auminate complexes in the present

systems may be similar to those observed by Mysen (1998)
with both K* and Na* associated with aluminate and depoly-
merized silicate complexes. The larger the concentration of
alumina, the less alkali is available for complexing with
silicate species in the fluid (alkali activity is decreasing). As
aresult, the proportion of silicathat can dissolve in the fluid
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would decrease with increasing Al,O content and so would

erned by thefluid fraction, X;, and pressure. These observations

DLiGY ™. This behavior is exactly what is observed (Fig. 5). are consistent with a conclusion that in the relatively low
For each composition, the partition coefficients Dfi“ig/me!t concentration range of the oxides in the fluids, the solution

DRAG™", Dale™, and DL ™" are linear functions of the
concentrations of individual oxide in the aqueous fluid (Figs. 6
and 7; Table 2). The oxide concentration in the fluid is gov-

behavior is Henrian.
Dig ™" and D4 &™" are nearly identical at given oxide
(K,0 or Na,0) concentration and Al,O5. There is, however, a
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Table 2. Regression coefficients for the expression Dfiudmet — 5 4
b X oxidey iy (Mol%)

Oxideyiq a b R?
K,0- Al,O;- SO, H,0
KS4
K,O —0.03 (0.02) 0.236 (0.012) 0.96
ALO, — — —
S0, —0.011 (0.007) 0.046 (0.001) 0.99
KS4A3
K,O —0.005 (0.011) 0.303 (0.024) 0.93
AlLO, —0.34(0.012) 1.82(0.17) 0.90
S0, —0.018 (0.006) 0.063 (0.004) 0.95
KS4A6
K,O —0.013 (0.010) 0.381 (0.020) 0.96
AlLO, —0.012 (0.005) 0.718 (0.033) 0.97
S0, —0.007 (0.002) 0.054 (0.006) 1.00
Na,0 - AlL,O, - S0, H,0
NS4
Na,0 0.006 (0.005) 0.189 (0.004) 0.99
AlLO, — — —
SO, 0.002 (0.002) 0.0434 (0.003) 1.00
NS4A3
Na,0 0.001 (0.003) 0.251 (0.004) 1.00
AlLO, 0.002 (0.003) 1.083 (0.068) 0.94
SO, 0.0002 (0.0013) 0.0456 (0.0003) 1.00
NS4A6
Na,0 0.003 (0.002) 0.323 (0.008) 0.99
AlLO, —0.001 (0.001) 0.633 (0.016) 0.99
S0, —0.0032 (0.0008) 0.0519 (0.0007) 1.00

dlight effect of bulk composition on the linear relationships
with oxide concentration in fluid. The fluid/melt partition co-
efficients become more sensitive to oxide concentration in the
fluid as the systems become more aluminous (Figs. 6 and 7,
Table 2). These relationships may be due to the proposed multiple
structura roles of akalis in auminosilicate-saturated agqueous
fluids (alkdi hydrolysis and aluminate complexing; see above). To
explain the composition dependence of D™ via the proposed
solution mechanisms, DAYY™MEt Mgt exhibit different functional
relaionship to alkali content in the aqueous fluid, depending on
whether alkalis are dissolved via simple hydrolysis or akalis are
dissolved in the form of aluminate complexes. Furthermore, if we
assume that the KOH® and NaOH® (hydrolysis) and aluminate
complexes in the fluids are amilar in dl fluid compositions,
Dfldidmet for one of the Al-bearing compositions can be estimated
from Dfudmet yaues from the other Al-bearing and Al-free
compositions. For example, DIdmet for the KS4A3 and NS4A3
compositions, calculated at 0.5 mol% K,0 and Na,O in the fluid,
respectively, yields D™ (KS4A3) = 0.13 and DA™
(NS4A3) = 0.14. The actual values (from regression coefficients
in Table 2) are 0.14 and 0.13, respectively. This correspondence
between calculated and actua values lends further credence to the
proposed solubility behavior of K,O and Na,O in these aqueous
fluids.

For SiO,, a smaller, but also positive, relationship to SiO,
concentration in the fluid is observed (Table 2). Provided that
silica in the agueous fluid is dissolved via formation of depo-
lymerized silicate complexes such as discussed above (e.g.,
Mysen, 1998; Zotov and Keppler, 2000), the behavior of dis-
solved silica may aso be tied to the solution mechanisms of
alkalis. As the systems become increasingly aluminous, an
increasing fraction of the dissolved alkalis become associated

with aluminate complexes. That in turn may reduce the avail-
ability of alkalis that could complex with the depolymerized
silicate speciesin thefluid. Asaresult, the relationship between
D& ™! and SiO, concentration in the fluid will depend on the
Al,O, content of the fluid.

4. CONCLUSIONS

1. Alkdlis, silica, and to a lesser extent alumina dissolve
incongruently in silicate-saturated fluids coexisting with sili-
cate melts for peralkaline compositions in the systems Na,O-
Al,0,-Si0,-H,0 and K,0-Al,05-Si0,-H,0 in the 1- to 2-GPa
pressure range at 1100°C. Alkalis show enrichment in the fluid,
whereas silica is enriched in the coexisting melt. This effect
diminishes with increasing pressure.

2. The fluid/melt partition coefficient for the individual ox-
ides, Dlvidmelt 'ig 3 Jinear and positive function of the oxide
concentration in the fluid. The partition coefficients for both
akalis and silica decreases with increasing alumina content of
the fluid.

3. It is proposed that the alkalis dissolve in the fluid in at
least two, and perhaps three, structurally different forms.
These are alkali-OH complexes, some form of alkali alumi-
nate complexes, and possibly alkali silicate complexes. As
the alumina content increases, the aluminate complexes be-
come more dominant and the values of DYt gpproach
the values of DRd/melt \which is consistent with this solution
model.

4. The solubility behavior of silica in the aqueous fluid is
consistent with the formation of depolymerized silicate species.
These silicate complexes probably are associated with akalis.
The negative correlation of DLIY™Et with alumina probably
reflects the multiple structural roles of alkalis in the fluid. A
portion is associated with aumina to form aluminate com-
plexes. As the alumina content increases, the abundance of
aluminate may also increase thus lowering the concentration of
alkali-associated silicate species in the fluid.
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