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Abstract

The solubility of the high grade pelite assemblage albite +K-feldspar + andalusite + quartz at 650 jC and 2 kbar was

determined in aqueous solutions over a total chloride range of 0.01–3 mCl
tot using rapid-quench hydrothermal technique. The

concentration of Na, K, Si, and Al was determined in the fluid phase after quench. The K/Na ratio was determined by

approaching the equilibrium from below and above. It is 0.34 at low chloride concentrations and decreases slightly to 0.31

with increasing total chloride. Silica and aluminum concentrations were determined only from undersaturation. The silica

solubility is found to be independent of chloride concentration and is f 0.13 molal. Aluminum is nearly independent of

chloride concentration decreasing only slightly from f 0.0015 to f 0.0007 molal. Comparison of the experimental data with

thermodynamic model calculations demonstrates that the silica concentrations are well predicted, while significant differences

exist between individual databases for Al speciation and its total concentration. Al concentrations are underestimated by up to

10 to 15 orders of magnitude using the SUPCRT92 database. Predicted K/Na ratios are underestimated by up to 30%. The

best predictions achieved for this simplified high-grade pelite assemblage are those using the SUPCRT92 database with

revised thermodynamic data for feldspars and K- and Na-species (J. Phys. Chem. Ref. Data 24 (1995) 1401) and additional

Al-species (Am. J. Sci. 295 (1995) 1255; Geochim. Cosmochim. Acta 61 (1997) 2175). The use of ideal mixing for neutral

complexes in combination with the extended Debye–Hückel activity model for the charged species yields the most

compatible speciation model.
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Fluid infiltration during metamorphism has been

recognized as an important driving force in contact

and regional metamorphism during the last two

decades (e.g. Ferry, 1988; Dipple et al., 1990; Ague,

1991, 1994a,b; Manning, 1997; Lasaga et al., 2001).

Ague (1991, 1994a,b, 1997a,b) argued in a series of

papers that extensive mass transfer occurs during

regional metamorphism in pelites. Alkali chlorides
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are the principal solutes found in metamorphic rocks

(e.g. Roedder, 1984; Banks et al., 1991; Ridley and

Diamond, 2000). Hence, understanding the solubility

of alkali-bearing silicates is a key to understanding

alkali metal transport during metamorphism. Feld-

spars are major rock-forming minerals in the crust,

and, together with micas, are the dominant alkali-

metal-bearing silicates. We present experimental solu-

bility data on the assemblage andalusite (And) +K-

feldspar (Kfs) + albite (Ab) + quartz (Qtz) at 650 jC
and 2 kbar and compare them with available ther-

modynamic data for solutes and minerals (Helgeson

et al., 1978, 1981; Sverjensky et al., 1991, 1997;

Johnson et al., 1992; Shock and Helgeson, 1988;

Shock et al., 1989, 1992, 1997; Oelkers et al., 1995;

Pokrovskii and Helgeson, 1995, 1997). Hauzen-

berger et al. (2001) presented solubility data using

the similar mineral assemblage And +Kfs +Ab +Qtz.

These experiments were done at a lower temperature

of 600 jC and 2 kbar. He demonstrated that only

experiments with a fully buffered mineral assem-

blage (e.g., And +Kfs +Ab +Qtz) give meaningful

results.

The used mineral assemblage, And +Kfs +Ab +

Qtz, is a typical assemblage for high-grade meta-

pelites in contact aureoles. The results of this study

are directly applicable to high-grade metamorphism of

shallow crustal rocks.
2. Previous work

Many workers have studied the solubility of micas

and feldspars in aqueous solutions (e.g. Hemley,

1959, 1967; Orville, 1963; Anderson and Burnham,

1963; Burnham, 1967; Beswick, 1973; Shade, 1974;

Montoya and Hemley, 1975; Lagache and Weisbrod,

1977; Popp and Frantz, 1980; Gunter and Eugster,

1980; Wintsch et al., 1980; Vidale, 1983; Anderson

and Burnham, 1983; Anderson et al., 1987; Woodland

and Walther, 1987; Sverjensky et al., 1991; Baum-

gartner, 1992; Walther and Woodland, 1993; Shino-

hara and Fujimoto, 1994; Roux and Hovis, 1996;

Hauzenberger et al., 2001). Of these studies, only a

few include both Na- and K-silicates (Orville, 1963;

Hemley, 1967; Burnham, 1967; Lagache and Weis-

brod, 1977; Vidale, 1983; Anderson et al., 1987,

Hauzenberger et al., 2001).
The pH of supercritical solutions have a profound

influence on speciation and total metal concentration

(Barnes, 1981; Anderson et al., 1987; Eugster and

Baumgartner, 1987; Oelkers and Helgeson, 1991;

Roselle and Baumgartner, 1995; Walther, 1997). In

principal, the pH can be calculated by solving the

charge balance equation for H+, if all the solute

concentrations have been measured (Roselle and

Baumgartner, 1995). This follows from the fact, that

the degree of freedom for a closed system with known

composition at fixed pressure and temperature is equal

to zero (e.g. Spear, 1993). A practical problem arises,

because the concentration of H+ is typically several

orders of magnitude smaller than the individual solute

concentrations. Hence, calculation of pH through

charge balance from total solute concentrations

requires extremely precise measurements for all the

solute concentrations. In practice, this is not achiev-

able. Hence, the pH of a solution has to be buffered by

the mineral assemblage (Barnes, 1981; Eugster et al.,

1987; Hauzenberger et al., 2001). This in turn requires

a careful design of the solubility experiment so as to

satisfy the requirement of thermodynamic buffering of

the solution with respect to all components (Barnes,

1981; Eugster et al., 1987; Hauzenberger et al., 2001).

The phase assemblage has to be chosen to constrain

the chemical potential of each component. Alterna-

tively, the chemical potential of a component has to be

measured if not imposed by the assemblage.

The experiments reported by Vidale (1983),

Anderson et al. (1987), and Hauzenberger et al.

(2001) are the only completely buffered experiments.

No data is available at 650 jC which corresponds to

the upper stability limit of this mineral assemblage

without melting. Anderson et al. (1987) worked

mostly on either a pure Na or K system. Their lone

results at 600 jC and 2 kbar for two feldspars

unfortunately did not contain sanidine after the ex-

periment and, as a consequence, buffering is ques-

tionable. Hauzenberger et al. (2001) investigated the

solubility of the same mineral assemblage at 600 jC
and 2 kbar with varying total chloride concentration.

The K/Na ratio for low chloride concentration

(Cltot = 0.05–1 molal) is 0.33. It decreases to 0.28 at

3 molal total chloride concentration.

In the last three decades, much progress has been

achieved in understanding the thermodynamics of

inorganic aqueous species (Helgeson et al., 1981;
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Tanger and Helgeson, 1988; Shock et al., 1989, 1992,

1997; Oelkers and Helgeson, 1990, 1991, 1993;

Sverjensky et al., 1991; Johnson et al., 1992; Pokrov-

skii and Helgeson, 1995, 1997; Oelkers et al., 1995;

Holland and Powell, 1998). The solubility of alkali

feldspars in chloride solution constitutes an excellent

test of thermodynamic databases, since the entropy

and volume change of the principle reaction

Albite ðAbÞ þ KClZK�feldspar ðKfsÞ þ NaCl ð1Þ
are very small (Dipple and Ferry, 1992). This makes

the prediction of the pressure and temperature depen-

dence for the equilibrium constant highly sensitive to

small errors in the thermodynamic databases for

minerals and solutes.
Table 1

Microprobe analyses of starting material

Low albite Microcline Andalusite

# Analyses 11 9 5

SiO2 69.50F 0.2 64.86F 0.2 36.68

Al2O3 19.48F 0.1 18.30F 0.1 62.1

FeO n.d. n.d. 0.23

CaO 0.20F 0.1 n.d. n.d.

Na2O 11.18F 0.3 n.d. n.d.

K2O 0.16F 0.1 16.92F 0.1 n.d.

Total 100.52 100.09 99.01

Si 3.012 3.002 1.000

Al 0.995 0.998 1.995

Fe 0.000 0.000 0.005

Ca 0.009 0.000 0.000

Na 0.939 0.000 0.000

K 0.009 0.999 0.000

n.d. = not detected.
3. Experimental method

Experiments were performed using the cold-seal

rapid quench hydrothermal technique (Tuttle, 1949;

Wellman, 1970). This technique allowed runs to be

quenched to room temperature in a few seconds, while

pressure is released within approximately 30 seconds.

A total solid charge of 20–40 mg of solids was loaded

together with f 100 Al of fluid into a 3-cm-long gold

tube with 4 mm diameter. The gold tube was welded

shut with a carbon arc welder and the capsule was

checked for leakage by heating it to 110 jC for

approximately 2 hr. Capsules with a weight loss of

more than 0.1 mg were discarded.

Argon was used as the pressure medium and the

whole assembly (furnace and vessel) was tilted at

approximately 5j to minimize temperature gradients

(Rudert et al., 1976). Temperature was controlled by

Eurotherm 815 PID controllers using Nicrosil–Nisil

thermocouples inserted in the external thermocouple

well at the back end of the pressure vessel. The

temperature for each experiment was monitored by

computer on average every 30 min. Pressure was

measured with a factory calibrated Precise Sensor

strain gauge, and checked against a Heise-Bourdon

pressure gauge. The accuracy of the temperatures is

estimated to be F 5 jC. Pressure was maintained

within F 20 bars for individual runs and is estimated

to be accurate to within F 50 bars.

Natural low albite from Amelia, Virginia, and

natural microcline from a pegmatite, Black Hills, S.
Dakota, were exchanged with NaCl and KCl, respec-

tively, at 900 jC for 48 h following Orville’s (1963)

procedure. Exchanged feldspars were examined by X-

ray diffraction to verify the low ordering state

(Orville, 1967) and analyzed with a Cameca SX-50

microprobe (Table 1). Natural andalusite from Anda-

lusia, Spain (Table 1) and natural quartz (University of

Wisconsin-Madison Museum collection) were cleaned

in a boiling 5% HCl solution and then carefully rinsed

in ultrapure water (Barnstead nanopure ultrapure wa-

ter system, #D4741). Based on initial trials, a molar

ratio for Ab/Kfs/Qtz/And of approximately 6:2:8:1

was selected. The starting mix was ground in alcohol

until a homogeneous, fine-grained powder was

obtained (average grain size f 20–50 Am). Solid

products were examined by microscope, X-ray pow-

der diffraction and electron microprobe (Cameca SX-

50). No minerals other than the starting mineral

phases were found. All runs listed in Table 2 contain

the four mineral phase assemblage.

Starting solutions were prepared using de-ionized

ultrapure water and variable amounts of NaCl

(lot#914194), KCl (lot#960801A), and HCl. The

range in the Cl-content used (0.01 to f 3 m) reflects

the typical salinity of metamorphic fluid inclusions.

The upper chlorinity was limited by the one phase

field for H2O–NaCl–KCl solutions (Sterner et al.,

1988, 1992). Starting solution compositions were

prepared to achieve reversals in the K/Na ratio and

the starting pH was chosen to bracket quench pH. No



Table 2

Experimental data for the assemblage albite +K-feldspar + andalusite + quartz at 650 jC and 2 kbar

Duration Starting solutions Quench solutions Charge balance

n Run

Nr.

Days Natot Ktot K/Na Cltot pH Cltot pH Natot Ktot Al

(� 10� 4)

Sitot K/Na %

1 29 7 0.0074 0.0015 0.197 0.010 3.52 0.010 4.03 0.0207 0.0072 3.4 0.108 0.349 49 x

2 69 12 0.0024 0.0008 0.320 0.003 3.87 0.014 4.90 0.0084 0.0027 11.5 0.122 0.321 2

3 70 12 0.0049 0.0018 0.376 0.010 3.54 0.017 4.90 0.0112 0.0037 7.4 0.0810 0.336 0

4 30 7 0.0218 0.0048 0.218 0.022 3.26 0.022 4.05 0.0264 0.0092 4.5 0.162 0.349 25 x

5 80 25 0.0084 0.0018 0.213 0.012 3.21 0.023 3.90 0.0136 0.0050 15.6 0.152 0.364 1

6 59 18 0.0042 0.0017 0.406 0.026 7.81 0.027 4.62 0.0164 0.0055 8.8 0.129 0.335 � 5

7 31 7 0.0215 0.0041 0.190 0.028 3.56 0.028 3.97 0.0288 0.0100 2.5 0.0845 0.348 17

8 53 14 0.0098 0.0023 0.231 0.018 3.63 0.035 5.70 0.0234 0.0083 4.9 0.0915 0.354 � 3

9 71 12 0.0167 0.0063 0.379 0.028 3.57 0.044 4.10 0.0234 0.0078 5.3 0.166 0.334 � 14

10 60 18 0.0178 0.0066 0.367 0.022 3.67 0.048 3.98 0.0302 0.0101 5.9 0.133 0.335 � 6

11 33 7 0.0207 0.0041 0.197 0.073 3.39 0.073 3.79 0.0620 0.0210 2.7 0.0466 0.339 7

12 81 25 0.0750 0.0288 0.383 0.107 2.63 0.121 3.00 0.0784 0.0301 14.6 0.148 0.383 � 3

13 34 7 0.164 0.0250 0.152 0.196 2.48 0.196 2.52 0.137 0.0476 2.6 0.0988 0.348 � 2

14 61 18 0.0978 0.0447 0.457 0.159 3.32 0.197 2.73 0.117 0.0419 6.1 0.178 0.359 � 10

15 55 14 0.168 0.0399 0.238 0.258 3.64 0.247 3.20 0.165 0.0533 5.1 0.118 0.323 � 6

16 75 15 0.0886 0.0352 0.397 0.153 3.28 0.278 2.50 0.0483 0.0171 7.6 0.168 0.353 � 59 x

17 62 18 0.179 0.0710 0.395 0.286 2.27 0.322 2.54 0.198 0.0640 6.8 0.154 0.323 � 9

18 56 14 0.327 0.0797 0.243 0.533 3.33 0.471 2.20 0.306 0.0974 7.1 0.185 0.318 � 7

19 35 7 0.535 0.0492 0.092 0.526 3.26 0.526 1.97 0.406 0.128 2.0 0.109 0.316 2

20 36 7 0.453 0.0822 0.182 0.610 2.26 0.610 1.98 0.408 0.132 2.6 0.0975 0.324 � 5

21 76 15 0.346 0.142 0.411 0.541 2.21 0.889 2.00 0.192 0.0659 8.7 0.117 0.343 � 53 x

22 72 12 0.606 0.239 0.395 1.11 1.18 1.05 1.90 0.655 0.194 1.6 0.116 0.296 � 10

23 63 18 0.554 0.216 0.390 0.792 1.57 1.20 1.84 0.634 0.209 6.9 0.154 0.330 � 16

24 58 14 1.692 0.243 0.144 1.54 1.14 1.46 1.50 0.988 0.317 5.5 0.117 0.321 � 4

25 57 14 1.662 0.235 0.142 2.33 1.04 2.37 1.30 1.626 0.427 0.4 0.0616 0.263 � 6

26 77 15 1.703 0.736 0.432 2.75 1.27 2.66 1.50 0.996 0.355 12.3 0.0621 0.356 � 32 x

27 82 25 2.051 0.402 0.196 2.75 1.26 2.85 1.60 1.928 0.601 5.6 0.124 0.312 � 5

Run Nr. = run number. Dur. = run duration in days. All values are given in molal.

Charge balance, %=[Cl� (Na +K+Al� 3 + 10� pH)/(Cl +Na +K+Al� 3 + 10� pH)� 100; x indicates runs with large charge in balance.
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attempt was made to reverse the total concentration of

Al and Si.

After quench, each capsule was punctured with a

stainless steel needle in a glove box. The box was

purged with water saturated Ar or N2 to avoid evap-

oration of the fluid and dissolution of CO2 in the fluid

droplet. Solutions were extracted, centrifuged and

diluted by mass for elemental analysis. The run sol-

utions were analyzed for K and Na by flame atomic

absorption spectroscopy. A Zeeman graphite furnace

atomic absorption spectroscopy was used for Al and Si

analysis (Perkin-Elmer model: 5100ZL). Total chlo-

ride concentration for each run was measured by silver

titration using a Buchler Chloridometer. Estimated

total relative uncertainties in Na and K, Al and Si,

and total Cl are 5%, 15%, and 5%, respectively. These

estimates include dilution, calibration and instrumental
uncertainties. Quench pH was obtained using a micro-

electrode (model #: MI-410). Values reported are not

corrected for the effect of solutes. The reported values

are believed to be accurate within f 0.15 log units

(Roselle and Baumgartner, 1995).
4. Experimental results

Experimental results for 650 jC and 2 kbar are

reported in Table 2. The runs are arranged according

to increasing total chloride concentrations. No system-

atic differences were observed for run times between 7

and 25 days. This suggests that equilibrium was closely

approached already after 7 days at these P–T condi-

tions. The run conditions of 650 jC and 2 kbar are just

within the sillimanite stability field (Holdaway, 1971).



Fig. 1. Measured concentration of Si, Al, K and Na in chloride-rich

solutions plotted as a function of the total chloride content for the

assemblage albite (Ab) + K-feldspar (Kfs) + andalusite (And) +

quartz (Qtz) at 650 jC and 2 kbar. The concentrations of Na and

K were experimentally reversed, while Si and Al concentrations

were approached from under saturation only.
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Since andalusite was used for the experiments, all runs

were carefully checked for the presence of sillimanite

by optical and/or X-ray investigations. No sillimanite

was detected in any of the runs.

The charge balance was calculated assuming that

Na, K, and Al-complexes completely dissociate upon

quench to single ions, while Si was assumed to remain

as the neutral H4SiO4 complex. Charge balance errors

in excess of 15% to 20% indicate a faulty analysis or

precipitation of ions from the fluid in the gold capsule

during quench. Especially Al and Si can easily pre-

cipitate if the quench process will last longer than a

few seconds. This happened, when the gold capsule

could not slide freely from the hot to the cold part of

the cold seal vessel. Analysis for five experiments

(Table 2; runs # 29, 30, 75, 76, 77) resulted in large

charge balance errors. These were excluded from the

data set in the subsequent discussion.

Total concentrations of components are plotted

against the total chloride concentration in Fig. 1. At

low chloride concentrations, Si is the dominant

solute. Na and Cl are the most abundant solutes,

above a total chloride concentration of about 0.1 m.

Na and K solubility increase linearly with a slope

close to one. The sum of the alkali metal concen-

trations is within analytical error equal to the total

chloride concentration.

Si and Al equilibrium concentrations were only

approached from under saturation. Hence, the values

reported here most likely represent minimum values.

The solubility of Si was found to be independent of the

total chloride concentration and is f 0.13 molal. The

aluminum solubility seems to decrease slightly from

f 0.0015 to f 0.0007 molal with increasing chloride

concentration. However, the large scatter and uncer-

tainty in aluminum concentration should be noted.

The K/Na ratio is 0.34F 0.02 for total chloride

concentrations up to 0.4 m, after which it starts to

decrease slightly to 0.31F 0.02 (Fig. 2).

Quench pH decreases from above 6 to about 1.3

with increasing total chloride content (Table 2).

Quench pH is a sensitive measure of the difference

between cations and anions. It reflects the charge

balance between the total anion concentration and

the total cation concentration upon quench. Fig. 3

shows a plot of the ratio of total Na over quench H+ as

a function of the total chloride concentrations. Such

plots have been used in the past to gain information on
the speciation in systems where one chloride complex

dominates (e.g. Hemley, 1959; Wilson and Eugster,

1990; Roselle and Baumgartner, 1995). If sodium

speciation changes with increasing chloride concen-

tration, the Natot/Hq
+ ratio should change. The observed

Natot/Hq
+ ratio is slightly decreasing with increasing

Cltot. Therefore, some change in sodium speciation can

be assumed (Fig. 3). For a detailed discussion of this

type of graph, see Roselle and Baumgartner (1995).



Fig. 3. Plot of the total Na concentration (molal) over quench H+ as

a function of the total chloride concentration in the fluid. Here, the

y-axes value approximately equals the equilibrium constant of

reaction (2a), assuming that the only chloride species are NaCl,

KCl, and HCl. In this case, a horizontal line is predicted. The

decrease in Na+/H+ from 0.01 to 0.1 Cltot indicates a change in
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To illustrate the meaning of quench pH, we assume

that K and Na are completely associated as single

chloride complexes (NaCl, KCl) at P, T, and that HCl

is the only other chloride species present in solution.

The equilibrium constant for the reactions

Abþ HCl0ZNaCl0 þ 0:5 Andþ 2:5 Qtzþ 0:5 H2O

ð2aÞ

Kfsþ HCl0ZKCl0 þ 0:5 Andþ 2:5 Qtzþ 0:5 H2O

ð2bÞ
can be written as

K2a ¼
aNaCl0

aHCl0
i

mNaCl0

mHCl0
i

mtot
Na

mHþ
q

ð3aÞ

K2b ¼
aKCl0

aHCl0
i

mKCl0

mHCl0
i

mtot
K

mHþ
q

ð3bÞ

where mi is the molality, ai is the activity of species i.

The subscript q designates the concentrations mea-

sured after quench. An activity coefficient of one was

assumed for uncharged aqueous complexes. Eqs. (3a)
Fig. 2. The equilibrium K/Na ratio (both alkalis measured in molal

units) in chloride solution for the assemblage Ab+Kfs +And +Qtz

is plotted as a function of the total chloride content. The K/Na ratio

is independent of the total chloride concentration. The slight

apparent decrease at high chloride concentration is within

experimental error. This suggests that the same Na- and K-species

dominate over the entire range in chloride concentrations.

speciation. At total chloride concentrations between 0.1 and 3, a

near horizontal line in the Na+/H+ ratio shows that no dramatic

change in Na speciation occurs at higher Cltot concentrations.
and (3b) assume that the complexes of aluminum and

silica do not contribute significantly to the room

temperature charge balance equation. Then, mH+ is

equal to the H+ concentration. As a consequence, the

ratio of Naq
tot to Hq

+ on quench is constant, and one

predicts a horizontal line in Fig. 3. Comparison with

Fig. 3 reveals that the experimentally determined

values decrease slightly with increasing total chloride

concentration. This indicates that other alkali metal

chloride species at very low and higher total chloride

concentrations are present in the solution at run

conditions.
5. Modeling of the solubility experiments

5.1. Thermodynamic models

We modeled our experimental data set with thermo-

dynamic data on aqueous species and minerals that are

available in the literature. The thermodynamic data-
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bases used in our calculations are summarized (in

chronological order) in Table 3. The selection criteria

for a database included: (a) the pressure and tempera-

ture of 2 kbar and 650 jC of the experiments is within

the valid P–T range quoted for the database; (b) the

database is well documented and within the public

domain; and (c) the database includes thermodynamic

data for at least one complex for each major cation

found in the solution. All of the data sets listed in Table

3 are based on a modified Born (1920) equation and the

HKF-equation (Helgeson et al., 1981). The software

package SUPCRT92 (Johnson et al., 1992) implements

the HFK-equation and the subsequent improvements

by Tanger and Helgeson (1988) and Shock et al. (1989,

1992). Its 1992 release includes a database (Johnson et

al., 1992), which is referred to here as the SUPCRT92

database. It includes the Helgeson et al. (1978) mineral

data set and the aqueous species database of Tanger and

Helgeson (1988), Shock and Helgeson (1988), Shock

et al. (1989), with further updates and corrections

(Table 3). This database does not include thermody-

namic data on the associated hydrogen chloride com-

plex. There is a large discrepancy between dissociation

constants derived from the conductivity experiments of

Frantz and Marshall (1984) and that derived by Sver-

jensky et al. (1991) from solubility measurements.

Nevertheless, data for HCl is crucial for any reasonable

speciation models for supercritical solutions. We adop-

ted the data of Sverjensky et al. (1991) in all our

calculations, since these values were included in the

subsequent releases of the same database.

The other databases are all based on SUPCRT92.

For a detailed discussion of the individual databases,
Table 3

Thermodynamic databases used in the calculations

Databases References New Species

SUPCRT92

(Sup92)

Johnson et al., 1992;

Helgeson et al., 1978;

Shock and Helgeson, 1988;

Shock et al., 1989, 1992

H+, OH�, Cl�, NaC

H4SIO4
o, NaSi(OH)5

o,

Svj91 Sverjensky et al., 1991 HClo, KClo, KOHo

Po97 Pokrovskii and Helgeson, 1995;

Oelkers et al., 1995;

Pokrovskii and Helgeson, 1997

Al3 +, Al(OH)2 +, Al(

NaAl(OH)4
o, KAl(OH

Slop98 Shock et al., 1997;

Sverjensky et al., 1997

Al3 +, Al(OH)2 +, Al(

NaOHo, KOHo, KCl

H+, OH�, K+, Na+,

Ab: albite; And: andalusite; Kfs: k-feldspar; Mi: microcline; Mu: muscov
the reader is referred to the original publications

(Table 3). Only a short review is given here to

illustrate some of the differences. The Slop98 data-

base includes, among other new data, a revised

thermodynamic data set for Al. In addition, the

thermodynamic data for the major K and Na species

are revised (Table 3). The database is the revised

SUPCRT92 thermodynamic database and is available

over the World Wide Web from Shock.

The Svej91 data set (Sverjensky et al., 1991)

contains modified thermodynamic data for KCl and

KOH. The thermodynamic data for K-feldspar, mi-

crocline, muscovite and sanidine (Table 4) were

adjusted to fit experiments on the solubility of

muscovite and K-feldspar in aqueous solutions. Fi-

nally, the Po97 database (Pokrovskii and Helgeson,

1995, 1997; Oelkers et al., 1995) uses an expanded

species set for aluminum. In addition, revised ther-

modynamic data for KCl, KOH, NaOH, as well as

Na-, K- and Al-hydroxide species are given, along

with revised thermodynamic properties for some

alkali minerals.

Activity coefficients for charged aqueous species

were calculated using the extended Debye–Hückel

equation (Hückel, 1925; Bockris and Reddy, 1970;

Helgeson et al., 1981):

logcj ¼
�ðAcZ

2
j I

1=2Þ
ð1þ åBcI1=2Þ

Cc þ ḃI ð4Þ

where å is the ion size parameter, Zj is the charge of

ion j, Ac and Bc are the temperature- and pressure-

dependent Debye–Hückel coefficients, and Cc is the
Minerals

lo, Na+, KClo, K+,

Al3 +, Al(OH)2 +, H2O

Kfs, Mi, Mu, San

OH)2
+, Al(OH)3

o, Al(OH)4
�,

)4
o, NaOHo, KOHo, KClo

Ab, And, Mu, Mi, Kfs, San

OH)2
+, Al(OH)3, Al(OH)4

�,
o, NaClo, NaSi(OH)5

o , Cl�, HClo,

H3SiO4
�

ite; San: sanidine.



Table 4

Dissolution and dissociation/association reactions and used log K from various datasets for T= 650 jC and P= 0.2 GPa

Reaction # SUP92, log K PO97, log K SLOP98, log K SVJ91, log K

R1 1 Mic + 1 HCl = 1 KCl + 0.5 And + 2.5 Qtz + 0.5 H2O 1.459 1.059a 1.480 1.410

R2b 1 San + 1 HCl = 1 KCl + 0.5 And + 2.5 Qtz + 0.5 H2O 1.347 0.946a 1.368 1.297

R3 1 Kfsp + 1 HCl = 1 KCl + 0.5 And + 2.5 Qtz + 0.5 H2O 1.318 0.918a 1.339 1.269

R4 1 Ab,low+ 1 HCl = 1 NaCl + 0.5 And + 2.5 Qtz + 0.5 H2O 2.391 1.769a 2.393 2.391

R5b 1 Ab,high + 1 HCl = 1 NaCl + 0.5 And + 2.5 Qtz + 0.5 H2O 2.371 1.749a 2.373 2.371

R6 1 Ab + 1 HCl = 1 NaCl + 0.5 And + 2.5 Qtz + 0.5 H2O 2.250 1.629a 2.253 2.250

R7 0.5 And + 3 H+ = 0.5 Qtz + 1 Al+ 3 + 1.5 H2O � 5.675 � 6.514a � 5.873 � 5.675

R8 1 Qtz = 1 SiO2,aq � 0.858 � 0.858a � 0.858 � 0.858

R9 1 H2O=1 H+ +OH� � 11.204 � 11.204a � 11.204 � 11.204

R10 1 HCl = 1 H+ +Cl� � 4.204 � 4.204a � 4.204 � 4.204

R11 1 NaCl = 1 Na+ +Cl� � 2.338 � 2.338a � 2.340 � 2.338

R12 1 KCl = 1 K+ +Cl� � 2.036 � 2.043c � 2.057 � 2.042

R13 1 Al(OH)+ 2 = 1Al+ 3 + 1 OH� � 11.525 � 14.276d � 13.265 � 11.525

R14 1 Al(OH)2
+ = 1Al + 3 + 2 OH� – � 25.634d – –

R15 1 AlO+ + 1 H+ = 1Al+ 3 + 1 OH– – – � 11.226 –

R16 1 HALO2,aq + 1 H2O=1Al+ 3 + 3 OH� – � 36.104d � 31.270 –

R17 1AlO2
� + 2 H2O= 1Al+ 3 + 4 OH� – � 40.989d � 40.322 –

R18 1 KAlO2,aq = 1 K+ + 1AlO2� – � 2.833d – –

R19 1 NaAlO2,aq = 1 Na+ + 1AlO2� – � 3.345d – –

R20 NaHSiO3,aq= 1 Na+ + 1 OH� + 1 SiO2,aq � 1.850 � 1.850a � 1.945 � 1.850

R21 HSiO3
� = 1 SiO2,aq +OH

� – 0.069a � 0.165 –

R22 1 KOH= 1 K+ + 1 OH� – � 2.622a � 1.515 � 2.585

R23 1 NaOH=1 Na+ + 1 OH� – � 3.600a � 1.167 –

The Debye–Hückel equation for charged species was used for speciation calculations for all databases.

SUP92= Johnson et al. (1992).

SLOP98= Shock (1998).

SVJ91 = Sverjensky et al., 1991.
a PO97: =Oelkers et al., 1995.
b The activity of disordered feldspars was calculated using the mixing model of Fuhrman and Lindsley (1988).
c PO97: = Pokrovskii and Helgeson, 1997.
d PO97: = Pokrovskii and Helgeson, 1995.
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mole fraction to molality conversion factor. ḃ is the

extended term parameter for the charged species j

and I the ionic strength. The mixing behavior for

neutral species was either assumed to be ideal, or,

alternatively was calculated using the Setchenow

equation (Setchenow, 1892; Oelkers and Helgeson,

1991):

logcj ¼ ḃnI ð5Þ
where ḃn is the Setchenow coefficient for neutral

species.

The choice of the best value for the species

dependent parameters—ion size, Debye–Hückel ex-

tended term and Setchenow coefficients—is difficult

in the case of multi-component solutions (Brimhall

and Crerar, 1987). Here, we made the common

assumption that the dominant solute determines these
interaction parameters (Helgeson et al., 1981; Brim-

hall and Crerar, 1987). Hence, the activity coeffi-

cients for charged and neutral alkali species were

calculated using the parameters for NaClj (å, ḃ, ḃn)

of Helgeson et al. (1981) and Oelkers and Helgeson

(1991, 1993).

Activities of mineral phases were assumed to be

one in most calculations, because the starting mineral

compositions are very close to end member compo-

sitions (Table 1). Low feldspars were used in the

experiments, because experimental studies indicate,

that their ordering state remains unchanged during

these relatively short-term hydrothermal experiments

(e.g. Orville, 1963; Martin, 1969). However, we

observed newly grown rims on feldspars in many,

but not all, experiments as products. Thin rims (up to

10 Am) of either albite on K-feldspar or K-feldspar
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on albite grains were detected. When the K/Na ratio

was approached from high values, i.e. excess of K in

solution, mostly rims of K-feldspar were observed on

albite grains. Alternatively, mostly rims of albite

were detected on K-feldspar, when the K/Na ratio

was approached from below the equilibrium. The

compositions of these rims were difficult to measure

because of their size (>10 mm). Nevertheless, con-

siderable solid solution between K-feldspar and al-

bite was observed in these rims (albite rim: Xab =

0.716; K-feldspar rim: Xab = 0.392). Hence, we per-

formed additional calculations. We assumed that the

rims dominated the solubility of the feldspars. Feld-

spar solid solution activities were calculated using

the Fuhrman and Lindsley (1988) feldspar mixing

model (albite rim: aab = 0.905; K-feldspar rim: aKfs =

0.717). Disordered feldspar thermodynamic data

were used, since precipitates are likely disordered

(Martin, 1969).

5.2. Speciation calculations

The speciation and total ion concentrations of the

supercritical fluid phase in equilibrium with the

experimental mineral assemblage were calculated

by solving the equations describing the equilibrium

between the minerals and aqueous species, the

charge balance equation, and the total chloride con-

centration (Wolery, 1979; Eugster and Baumgartner,

1987). A set of independent reactions for the equi-

librium between the chloride-bearing aqueous solu-

tions and the mineral assemblage Ab +Kfs +And +

Qtz is given in Table 4 using all species present in a

specific database. The reactions were written with the

basis species which are common to all databases.

This way it is easy to compare the thermodynamic

data. The FORTRAN code SOLUBLE (Roselle and

Baumgartner, 1995), based on the Newton–Raphson

iteration (Wolery, 1979; Eugster and Baumgartner,

1987), was used to solve the nonlinear set of

equations. Basis set switching (Wolery, 1979) was

performed manually to ensure convergence of the

solution algorithm.

Nearly 200 combinations are possible for the

options discussed above. These include four databases

(Sup92, Slop98, Sverj91, Po97), three different order-

ing state assumptions for each feldspar (completely

ordered or disordered, stable ordering state), two
different activity–composition relationships for the

feldspars (pure phases, activity model of Fuhrman

and Lindsley, 1988), two activity–composition rela-

tionships for charged solutes (Debye–Hückel, extend-

ed Debye–Hückel), and two activity–composition

relationships for neutral species (ideal mixing, Setch-

enow law). Not all of these combinations are equally

reasonable. We selected combinations that are ther-

modynamically compatible. These included the as-

sumption that (a) newly grown feldspars are

disordered while the ordering state of the starting

feldspar is not changed (Orville, 1963; Martin,

1969); that the (b) thermodynamic data for albite

and K-feldspar are calculated both for the same

ordering state and activity–composition relationship,

and (c) the Setchenow equation for neutral solutes is

best matched with the extended Debye–Hückel equa-

tion. For each database, all the species present were

used. The uncharged solute species are modeled,

unless otherwise stated, as an ideal solution, while

charged complexes were modeled using the Debye–

Hückel equation.

We present a summary of the calculations in the

following sections. No effect on the solubility of Si

and only very small changes on the solubility of Al

are predicted by changing the order parameter and

solid-solution properties of the feldspars. The ordering

state and solid-solution properties, however, do influ-

ence the K/Na ratio, and these effects are discussed in

detail below.
6. Comparison of the experimental data with the

thermodynamic models

6.1. Silica

Si concentrations are well predicted by all data-

bases (Fig. 4a–d). The Si solubility in our experi-

ments was always buffered by the dissolution or

precipitation of quartz. It is generally agreed that Si

solubility is dominated in neutral to acidic solutions

by the uncharged hydroxide species, H4SiO4
0�nH2O,

where n equals 2 to 4, the number of water molecules

in the first hydration shell (Walther and Helgeson,

1977; Walther and Orville, 1983; Walther, 1986;

Eugster and Baumgartner, 1987; Manning, 2001).

The single de-protonated silicic acid species (H3SiO4
�)



Fig. 4. (a–d) Comparison between experimental data (symbols) and thermodynamic models (curves). Total Si concentrations are well predicted

by all databases. Only the Po97 data (d) predicts total Al concentrations in agreement with our experiments. The Al concentration for the Sup92

and Sv91 dataset is in the order of 10� 19 to 10� 13 molal increasing with total chloride concentration. Note that K concentrations are

underestimated (except by Po97), while Na is slightly overestimated. Calculations were performed using the thermodynamic data for ordered 30

end member feldspars. The dashed curves use the Setchenow equation with ḃn = 1.4 (NaCl) for neutral species. The predicted drop in Si

concentration is not supported by the experiments.
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and associated alkali-silica-hydroxide species NaSi

(OH)5
0 and KSi(OH)5

0 have been proposed for basic

and alkali-rich solutions (Anderson and Burnham,

1967). The latter species are expected to be unimpor-

tant, since all thermodynamic model calculations

predict a slightly basic to acidic pH (from 7 to 4)

for the experimental solutions. All data sets yield the

same log K for the quartz solubility reaction (Table 4).

This reflects the fact that a large experimental data-

base is available for quartz solubility in pure water

which is largely self consistent and was used for data

retrieval (e.g. Walther and Helgeson, 1977; Manning,

1994).
6.2. Aluminum

Aluminum concentrations are underestimated by

about 10 to 15 orders of magnitude by the Sup92

and Sverj91 databases (Fig. 4a,b). The Slop98 data-

base underestimates Al concentrations by roughly

one order of magnitude (Fig. 4c). It predicts a total

solubility, which decreases slightly with increasing

total chloride. Experimental Al concentrations agree

well with the Po97 database (Fig. 4d). It includes

a large set of Al species, including aluminum hy-

droxide species, and alkali aluminum hydroxides

species.



Fig. 5. A comparison of calculated (curves) and experimentally

determined K/Na. The Po97 data best predicts the K/Na ratio. Note

that if the feldspar is assumed to be disordered, the K/Na ratio

decreases. High Fsp = disordered feldspars, Low Fsp = ordered

feldspars.
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Al is well known for its tendency to complex with

hydroxide (Anderson and Burnham, 1967; Anderson

et al., 1987; Woodland and Walther, 1987; Pascal and

Anderson, 1989; Ragnarsdottir and Walther, 1985;

Walther, 1986; Eugster and Baumgartner, 1987;

Walther, 1997). Experiments on the solubility of

corundum and alkali feldspars in basic alkali-metal

solutions result in an increase in the solubility of

several orders of magnitude (Anderson and Burnham,

1967; Anderson et al., 1987; Woodland and Walther,

1987; Pascal and Anderson, 1989). This has either

been attributed to alkali aluminum complexing (e.g.

Anderson et al., 1987; Woodland and Walther, 1987;

Pascal and Anderson, 1989; Caiani et al., 1989; Chen

et al., 1991; Pokrovskii and Helgeson, 1995) or to the

presence of Al(OH)4
� or similar negatively charged

aluminum hydroxide complexes (e.g. Walther, 1997).

In contrast, aluminum chloride complexes have been

reported in the literature only for conditions which are

associated with extremely high hydrochloric acid

concentrations (e.g. Baumgartner and Eugster,

1988). These interpretations are reflected in the choice

of Al species available in each database (Table 4). The

Po97 database includes the most extensive set of

aluminum hydroxide and alkali-aluminum species.

All calculations performed for the assemblage

albite + K-feldspar + andalusite + quartz at the P–T

conditions of interest predict a slightly basic pH of

7 (neutral pH at 2 kbar and 650 jC= 5.6, see Table 4)

to acidic pH values (pH 4) with increasing chloride

content. The abundance of Al(OH)4
� species, or sim-

ilar charged hydroxides, decreases with decreasing

pH. Thus, a decrease in the Al concentration with

an increasing total chloride concentration would be

predicted, if a charged aluminum hydroxide species

(e.g. Al(OH)4
�) dominate the experimental solutions.

Only a slight decrease is suggested by the experimen-

tal data. Hence, a different complex is likely at high

chloride concentrations. Since Na+ increases signifi-

cantly, an alkali-aluminum complex is likely, as is

predicted by the Po97 database (e.g. NaAl(OH)4j).

6.3. Alkali metals

The solubility of both alkali metals is proportional

to the total chloride concentration (Fig. 4), indicating

that both form associated chloride species. The total

Na concentration is relatively insensitive to small
variations of the albite hydrolysis reaction because

the total Na is very close to the total Cl concentration.

Hence, it is limited to higher concentrations by charge

balance. The total K concentrations are significantly

more sensitive to changes in the albite or the K-

feldspar hydrolysis reaction, since it competes with

Na for chlorine.

Initially, calculations were performed using the

thermodynamic properties of pure ordered feldspars.

In this case, the total Na content is slightly over-

estimated by all databases and the total K content is

significantly underestimated by all databases except

the PO97 dataset (Fig. 4a–d). Plotting the Po97 data

for the K/Na ratio at linear scale, it is seen that the

predicted values for the K/Na ratio are about 0.07–0.1

too low (Fig. 5). The use of disordered pure endmem-

ber feldspar properties further decreases the predicted

K/Na ratio for all databases (Fig. 5). This is shown

exemplary for the Po97 dataset in Fig. 5. Using the

feldspar-mixing model of Fuhrman and Lindsley

(1988), we calculated the activities from feldspar

rim compositions (disordered feldspars). The use of

these activities resulted in a slightly higher K/Na

ratios than that for pure low feldspars (Fig. 6). In

conclusion, none of the databases considered describe



Fig. 6. Plot of K/Na vs. total chloride concentration of the fluid

phase. A small increase in the equilibrium constant value for the K-

feldspar dissolution reaction from 0.946 to a value between 1.13 and

1.20 results in good agreement between the predicted value and the

observed. Accounting for the feldspar solid-solution properties

using the Furman and Lindsley (1988) activity model together with

disordered feldspar properties improves the fit slightly. High

Fsp = disordered feldspars, High Fsp SS = solid solution of dis-

ordered feldspars, and Low Fsp = ordered feldspars.

Fig. 7. Plot of speciation in the supercritical solution as a function of

total chloride concentration. The speciation of metals dissolved in

the supercritical solution is illustrated in (a). The relative percentage

of each metal species compared to the total metal concentration for

each metal is plotted. (b) shows that the K/Na ratios reflect any

change in speciation.
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the solubility of Na and K accurately. The best fit to

the experimental data is obtained using thermodynam-

ic data for high feldspars from the Po97 database in

conjunction with the activity model of Fuhrman and

Lindsley (1988).

As noted above, the K/Na ratio is very sensitive to

the thermodynamic properties of the K-feldspar dis-

solution reaction (Table 4). An adjustment of the

equilibrium constant for the K-feldspar dissolution

reaction (Table 4) calculated for Po97 (log = 1.059)

to a value of 1.13 fits the data reasonably well at low

total chloride concentrations (Ctot < 0.1 m). At higher

chloride concentrations (Cltot = 0.1–3 m), an adjust-

ment of the log K to 1.20 gives a good fit. These

adjustments of the equilibrium constant for the K-

feldspar dissolution reaction are well within the

uncertainties of the K-feldspar hydrolysis reaction.

Nevertheless, the chloride dependence of the ratio is

not reproduced in any case (Fig. 6).

The K/Na ratio dependence on chloride concentra-

tion can be used to investigate the speciation of K and
Na in more detail. The ratio is sensitive to the

speciation of the alkalis and the choice of the activity

coefficient model for each species. To illustrate this,
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consider the species distribution plot for alkalis pre-

dicted by the Po97 database (Fig. 7). The ḃ-term of

the dominant species (NaCl, ḃ =� 0.109 at 650 jC
and 2 kbar; Oelkers and Helgeson, 1991) was used

together with a unit activity coefficient for neutral

species. An initial increase in the K/Na ratio reflects a

decrease in the percentage of the alkali-aluminum-

hydroxide species, while a subsequent decrease in this

ratio is due to increasing association of the alkali

metals with chloride (Fig. 7).

The experimental K/Na line is horizontal at low

chloride concentrations (up to 0.4 m Cltot; Figs. 2

and 5). A slight decrease is indicated towards

higher chloride concentrations. This suggests that a

single set of species dominate over this chloride

range. Comparison with the calculated speciation

(Po97) would suggest that either NaCl and KCl

are less stable than predicted, resulting in the

dominance of K+ and Na+, or alternatively, NaCl

and KCl are more stable, and prevail over Na+ and

K+ towards lower chloride concentrations. Changing

either the dissociation reaction constants for the
Fig. 8. Comparison between the experimentally determined K/Na

ratio from this study and various models’ predictions. The ex-

perimentally determined K/Na ratio decreases slightly with in-

creasing total chloride, while model calculations predict a sig-

nificant increase when the Setchenow coefficient (ḃn = 1.4),

published by Oelkers and Helgeson (1991), for NaCl is used. Cal-

culations have been performed with endmember ordered feldspars

(Low Fsp).
alkali chloride complexes or the activity coefficients

would achieve this. For example, a very large

Setchenow coefficient would suppress the formation

of the neutral complexes, and K+ and Na+ would be

favoured.

To illustrate the influence of the Setchenow coef-

ficient on the K/Na ratio, we recalculated Fig. 5 with

ḃ=� 0.109 for charged species (Oelkers and Helge-

son, 1990) and ḃn = 1.4 for neutral NaCl (Oelkers and

Helgeson, 1991), which is that of the dominant solute

(Fig. 8). At very low chloride concentrations (Cltot <

0.05), the sodium-aluminum-hydroxide species is

dominant, followed by Na+, K+, and finally NaCl,

KCl the dominant species. At higher chloride con-

centration, the associated NaCl and KCl species are

destabilized by the large Setchenow coefficient and

Na+ is the dominant species. This speciation change

is visible in Fig. 8 by the sharp increase of the K/

Na ratio at Cltot of about 1–2 molal. Since our

experimentally determined data show a completely

different trend, we conclude that the Setchenow

coefficient of 1.4 is overestimated and we recom-

mend the use of unit activity coefficient (ḃni0) for

neutral species with the used activity model in this

study.
7. Conclusions

The presented experiments at 650 jC and 2

kbar confirm that Na and K linearly increase with

total chloride concentration as expected (Table 2).

Na solubility increases from f 0.01 molal at 0.01

molal Cltot to f 1.9 molal at 2.9 molal Cltot; K

from f 0.005 to f 0.6 molal. The shape of the K/

Na ratio with increasing Cltot indicate that K and

Na speciations are not changing dramatically

for chloride concentrations between 0.1 and 3

molal. This is in agreement with results reported by

Hauzenberger et al. (2001) for solubility experiments

done at 600 jC and 2 kbar. Small differences between

the predicted and the experimental chloride depen-

dence of the K/Na ratio are apparent. This suggests

that the speciation is not yet adequate for alkali

metals. The effect of the Setchenow ḃn parameter

(ḃn = 1.4 for NaCl) as given by Oelkers and Helgeson

(1991) on the total K and Na concentration is to

increase the K/Na ratios at high Cl concentrations
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(Fig. 8). This is not observed experimentally. This

indicates that the ḃn parameter for neutral alkali

species is overestimated.

The comparison of our experimental results with

various thermodynamic models for aqueous solutions

indicates that the Po97 database (see Tables 3 and 4)

best describes the experimental data at 650 jC and 2

kbar. The best fit is obtained by using disordered

feldspar properties, together with the activity model

for feldspars of Fuhrman and Lindsley (1988). This

would suggest that the precipitation reactions are

faster than the dissolution reactions, once the precip-

itate nucleated. Hence, they determine the solubility in

our experiments.

The experiments support the Al speciation scheme

implemented in the Po97 database. Both aluminum

hydroxide and alkali aluminum hydroxide species

are needed to accurately describe the solubility of

Al in aqueous solutions. The experimentally deter-

mined Al solubility is in the range of f 0.0015 to

f 0.0007 molal. Si concentrations are well predicted

in these complicated experimental fluids and are found

to be f 0.13 molal.

The results from this experimental study and its

comparison with current, relevant thermodynamic

databases are encouraging. The success of predicting

the total metal concentration in the complex chloride

solutions suggests that solubility calculations can be

performed with some confidence for metamorphic

solutions containing abundant alkali chloride and

other cations. Based on the above discussion, we

recommend to use the Po97 database, with the ex-

tended Debye–Hückel equation and unit activity

coefficients for neutral aqueous complexes.
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