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INTRODUCTION

Characterization of the solubility and solubility behavior of
H2O in magmatic liquids is central to our understanding of ig-
neous and hydrothermal processes, because dissolved H2O gov-
erns most physicochemical properties of silicate melts. For
example, the compositional trends of magmatic liquids during
melting and crystallization are affected by water (e.g., Kushiro
1972, 1990; Mysen and Boettcher 1975; Gaetani et al. 1993),
owing largely to reduction of silica activity in the magma. In
addition, the viscosities of hydrous magmas are significantly
lower than anhydrous magmas (Kushiro 1978; Schulze et al.
1996; Dingwell et al. 1998), and the densities of hydrous mag-
mas deviate from their anhydrous equivalents (e.g., Kushiro
1978; see also Lange 1994, for a recent review). Therefore, the
dynamics of magma aggregation, ascent, emplacement, and
eruption depend on the water content of the magmatic liquid.

There is a substantial amount of data on water solubility
and solubility behavior in magmatic liquids in the pressure re-
gime of the Earth’s crust (less than 1 GPa). Many igneous pro-
cesses do, however, occur at higher pressure corresponding to
those of the upper mantle. Water solubility data for magmatic
systems at the pressure and temperature conditions in the up-

per mantle are much more scarce. These systems include those
with melt compositions relevant to magmatic processes near
convergent plate boundaries where magma-H2O interactions
are probably more important than in any other tectonic setting.

In this paper, we address some of these issues by providing
H2O solubility data for melts along the join Na2Si4O9-
Na2(NaAl)4O9 as a function of temperature, pressure, and Al/
(Al + Si). This join was chosen because the degree of melt
polymerization (NBO/T = 0.5) is typical for that of andesitic
magmatic liquids, and because alkalis are dominant network
modifiers in such magmas (Mysen 1990). The data comple-
ment those of Mysen and Acton (1999), who examined the solu-
bility behavior of H2O in corresponding melt compositions in
the system K2O-Al2O3-SiO2.

EXPERIMENTAL METHODS

Sample compositions were along the join Na2Si4O9-
Na2(NaAl)4O9 with 0, 3, and 6 mol% Al2O3 added as
Na2(NaAl)4O9 (denoted NS4A3 and NS4A6). The Al-free com-
position is denoted NS4. Under the assumption that the Na-
charge-balanced Al3+ is tetrahedrally coordinated in these melts,
anhydrous melts retain their NBO/T-value of 0.5 as Al/(Al+Si)
is increased. All compositions have Na/Al>1 and are, there-
fore, peralkaline.

Anhydrous starting glasses were made from mixtures of
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melt

2
, was derived from solubility isotherms (1000,

1100, 1200, and 1300 °C) at 0.8, 1.05, 1.3, 1.65, and 2.0 GPa pressure. Values range between 7.8 and
12.8 cm3/mol, and decrease with increasing Al2O3 content. In the pressure-temperature range stud-
ied, (∂ VH O

melt

2
/∂T)P ranges from –7.1 ± 0.810–3 to –5.6 ± 1.3·10–3 cm3/mol °C, becoming slightly less

negative as the melts become more aluminous.
The VH O

melt

2
 values were combined with published partial molar volume information for anhydrous

oxides in silicate melts to estimate densities of water-rich dacitic magmas in shallow magma cham-
bers associated with explosive volcanism. For a chamber of constant bulk composition during a
comparatively short explosive event, such as that of Mount Pinatubo in June 1991 or Mount St.
Helens in May 1980, the average density of the magma after eruption is ~3% higher than before the
eruption occurred. Furthermore, because of removal of overburden during an eruption, the H2O
saturation value of remaining magma is less than that prior to eruption. From density calculations of
the residual hydrous magma after eruption, its density decreases from top to bottom in the magma
chamber. Consequently, this magma is gravitationally unstable.
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spectroscopically pure Na2CO3, Al2O3, and SiO2 ground under
alcohol for about 1 h, decarbonated during slow heating (~1.5
°C/min), melted at 1250 °C at 0.1 MPa for 60 min, and then
quenched to glass. Because of their hygroscopic nature, these
glasses were stored at 400 °C when not in use. The analyzed
compositions of the starting materials are given in Table 1.

High-pressure and high-temperature experiments were con-
ducted in solid-media, high-pressure apparatus (Boyd and En-
gland 1960). The samples were contained in sealed Pt containers
and subjected to experimental pressure and temperature condi-
tions in 0.75"-diameter furnace assemblies based on the de-
sign of Kushiro (1976). Temperatures were measured with
Pt-Pt90Rh10 thermocouples with no correction for pressure on
their emf. Pressure was calibrated against the melting point of
NaCl and the calcite-aragonite transformation. Estimated un-
certainties are ± 10 °C and ± 0.1 GPa, respectively.

The starting glasses (10–15 mg of glass crushed to ~20 µm
or less before use) were loaded together with double-distilled,
deionized H2O (1.0–2.5 µL depending on desired H2O content)
into 3 mm OD by 10 mm long Pt containers, and welded shut.
The weighing accuracy is ± 0.02 mg. Water was injected using
a microsyringe with 0.1 µL divisions. The exact amount of H2O
added was, however, determined by weighing. Reported H2O
contents of the experimental charges are accurate to ± 2% or
better [2% for the lowest H2O contents used (~5 wt% of the
total sample)].

The quenched glasses (quenching rate >100 °C/s) in many
of these samples contained clouds of finely distributed bubbles
(typically <1 µm across) exsolved during quenching (Fig. 1).
Similar bubbles were observed in the K2Si4O9-K2(KAl)4O9

glasses prepared by Mysen and Acton (1999). Therefore, analy-
sis of the H2O contents of the glasses by instrumental tech-
niques was unreliable because it is not possible to account for
H2O lost by exsolution of H2O from the melt during tempera-
ture-quenching to a hydrous glass.

To circumvent this problem, H2O solubility in the melts was
determined by locating the univariant phase boundary melt ↔
melt + vapor by examining the run products with a petrographic
microscope (Burnham and Jahns 1962). The use of this method
requires that bubbles in the glass formed by excess H2O over
that needed to saturate the melt at high pressure and tempera-
ture can be distinguished from those formed by H2O exsolution
from the melt during quenching. For the melt compositions
examined here this distinction is quite straightforward as quench
bubbles, when present, form clouds of small, often sub-mi-
crometer bubbles. In contrast, bubbles formed by excess H2O
are typically ≥5 µm in diameter, and are distributed randomly
in the quenched, hydrous glasses (Fig. 1). The uncertainty in
H2O solubility thus determined is taken as 1/2 that of each of
the melt vs. melt+vapor brackets, and is less than 1 wt%. The
reliability of this method was tested by using it to measure the
H2O solubility in NaAlSi3O8 melt at 1 GPa and 750 °C. The
observed solubility at these conditions, 17.5 ± 0.5 wt% H2O,
compares well with the values of 17.2 wt% H2O reported for 1
GPa and 690 °C by Burnham and Jahns (1962).

Run durations ranged from 300 min at the highest tempera-
ture (1300 °C) to 1440 min at the lowest temperature (1000
°C). Whether these run durations were sufficient to attain equi-
librium can be evaluated by considering the diffusivity of H2O
in the melts. The diffusion constant, D, for H2O in silicate melts
such as those examined here (haploandesitic in composition)
is likely to be somewhere between those of basaltic and rhy-
olitic melts at the same temperature and with the same H2O
contents. For those melts, the D-values range between ~10–8

and ~10–6 cm2/s at temperatures near 1000 °C (e.g., Zhang and
Stolper 1991; Nowak and Behrens 1997). From the simple re-
lationship x = 4 Dt (x = diffusion distance, D = diffusion
constant, and t = time) even a value for D as low as 10–8 cm2/s
would yield a transport distance for H2O of ~ 270 µm after 300
min. With the ≤20 µm grain size of the starting material, the
300–1440 min run durations were, therefore, more than ad-

TABLE 1. Composition of glass starting material

NS4 NS4A3 NS4A6
Na2O 19.58 16.14 13.67
Al2O3 0.23 4.83 9.56
SiO2 79.02 77.82 76.06
    Total 98.83 98.80 99.30
Note: Analysis with JEOL 8900 superprobe using 15 kV accelerating volt-
age and 10 nA beam current, with the beam rastered over a 10 mm × 10
mm area. Because these high-alkali glasses are significantly volatile under
the electron beam, the glasses were diluted with about 80 wt% LiBO2,
remelted, and vitrified prior to analysis.

A B
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vapor
bubble
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quench bubbles
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NS4, 2.0 GPa/1000˚CNS4A6, 0.8 GPa/1200˚C

 

FIGURE 1. Photomicrographs of
experimental charges illustrating the
difference between vapor bubbles
present stably during an experiment
(A), and clouds of micrometer to
submicrometer bubbles formed by
exsolution of H2O from cooling melt
during quenching (B).
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equate to ensure equilibrium during the experiments, provided
that melt and aqueous fluid remained well mixed during ex-
perimentation. This was probably accomplished by convection
within the 10 mm long by 3 mm diameter sample containers
owing to the 10 °C vertical temperature gradient in the fur-
naces used (Kushiro 1976).

EXPERIMENTAL RESULTS

The experimental data are shown in Figures 2–4. The solid
lines represent a third-order polynomial fit of the brackets to
temperature at each pressure for each composition. The H2O
solubilities extracted from those fits are summarized in Table 2.

The solubility of H2O in the Na2Si4-O9-Na2(NaAl)4O9 melts
is a positive and linear (or near-linear) function of pressure
(Fig. 5), a behavior similar to that of H2O in haplogranitic melts
(Holtz et al. 1995). For NS4 (Na2Si4O9) and NS4A3 [Na2Si4O9

+ 3 mol% Al2O3 as Na2(NaAl)4O9] composition melts, a straight
line provides the best fit to the isothermal pressure-dependence
of the solubility data (Table 3). For NS4A6 melt [Na2Si4O9 + 6
mol% Al2O3 as Na2(NaAl)4O9], the isothermal H2O solubility
is not quite a linear function of pressure. Instead, the pressure
dependence, (∂VH O

melt

2
/∂P)T, increases with increasing pressure

(Fig. 5; Table 3). For NS4, the pressure dependence may in-
crease slightly with increasing temperature (from 17.8 ± 0.3
mol% H2O/GPa at 1000 °C to 18.4 ± 0.7 mol% H2O/GPa at
1300 °C), with an average value of 18.3 ± 0.5 mol%/GPa. The
average pressure dependence for NS4A3 melt is 16.2 ± 0.2
mol% H2O/GPa. These values compare well with the pressure
dependence of H2O solubility in corresponding K2O-Al2O3-SiO2

melts (16.8 ± 1.5 and 18.7 ± 0.5 mol% H2O/GPa for composi-
tions KS4 and KS4A3, respectively; Mysen and Acton 1999).

The relationship between temperature and H2O solubility is
shown in Figure 5. The data for corresponding melt composi-

tions in the system K2O-Al2O3-SiO2 (Mysen and Acton 1999)
are shown for comparison. For both systems, the water solu-
bility decreases linearly with increasing temperature at con-
stant pressure at a rate of 1–2 mol% H2O/100 °C (Table 4).
There is no evidence for a transition from retrograde to pro-
grade solubility in the 0.8–2.0 GPa pressure range. This result
contrasts with water solubility data for albitic and haplogranitic
melts obtained at pressures near 0.5 GPa (Paillat et al. 1992;
Holtz et al. 1995). For those melt compositions below that pres-
sure, water solubility decreases with increasing temperature
(retrograde solubility). At higher pressure, water solubility in-
creases with increasing temperature (prograde solubility). The
latter melt compositions are both more aluminous and consid-
erably more polymerized than those under consideration here,
which may account for the difference in temperature-depen-
dent solubility behavior.

Shen and Keppler (1997), using a hydrothermal diamond-
anvil cell for in-situ examination of melt behavior, observed
complete miscibility between NaAlSi3O8 melt and H2O at P ≥
10 GPa and T ≥ 1000 °C. Bureau and Keppler (1999) per-
formed similar experiments with NaAlSi2O6, NaAlSiO4, and
haplogranitic melts. These three compositions exhibited

TABLE 2. Solubility of  H2O in melts (mol%, based on O = 1)

T, °C NS4 NS4A3 NS4A6
0.8 GPa

1000 17.8 ± 2.3 12.2 ± 0.3 10.5 ± 1.2
1100 16.4 ± 3.0 11.7 ± 0.4 9.4 ± 0.7
1200 14.6 ± 0.8 11.2 ± 0.7 8.7 ± 0.3
1300 12.3 ± 0.9 9.0 ± 0.4 7.8 ± 0.4

1.05 GPa
1000 21.3 ± 0.8 17.3 ± 0.9 14.5 ± 0.7
1100 20.1 ± 0.4 15.7 ± 0.4 13.2 ± 0.4
1200 18.7 ± 0.5 14.1 ± 0.9 11.8 ± 1.7
1300 17.5 ± 0.4 12.2 ± 0.9 10.5 ± 0.9

1.3 GPa
1000 26.2 ± 0.3 21.1 ± 0.6 17.8 ± 0.4
1100 24.8 ± 0.7 18.5 ± 0.6 17.0 ± 0.4
1200 23.3 ± 2.2 17.3 ± 0.3 15.7 ± 0.4
1300 20.7 ± 1.6 15.4 ± 0.3 13.8 ± 0.7

1.65 GPa
1000 32.7 ± 1.9 26.1 ± 1.4 25.1 ± 0.8
1100 32.5 ± 0.2 25.3 ± 0.8 23.9 ± 0.3
1200 30.6 ± 0.4 24.5 ± 0.7 21.7 ± 1.2
1300 28.5 ± 0.8 23.1 ± 1.6 19.8 ± 1.0

2.0 GPa
1000 38.6 ± 1.5 32.2 ± 1.4 32.2 ± 0.5
1100 37.1 ± 0.8 31.1 ± 0.7 31.3 ± 0.8
1200 36.8 ± 1.1 29.8 ± 0.4 29.3 ± 0.6
1300 34.5 ± 1.3 28.0 ± 0.4 26.7 ± 0.5

TABLE 3. Pressure dependence of  H2O solubility (mol H2O = a +
bP + cP 2)

T, °C a b c R2

0% Al2O3 (NS4)
1000 3.0 ± 0.3 17.9 ± 0.3 – 0.999
1100 1.8 ± 1.2 17.9 ± 0.8 – 0.996
1200 –0.7 ± 0.6 18.8 ± 0.4 – 0.999
1300 –2.4 ± 0.9 18.5 ± 0.7 – 0.998

3% Al2O3 (NS4A3)
1000 –0.3 ± 0.8 16.2 ± 0.5 – 0.998
1100 –1.6 ± 0.9 16.2 ± 0.7 – 0.998
1200 –2.3 ± 1.4 16.0 ± 0.9 – 0.996
1300 –4.7 ± 1.3 16.4 ± 0.9 – 0.995

6% Al2O3 (NS4A6)
1000 2.4 ± 2.6 7.1 ± 3.0 3.9 ± 1.4 0.999
1100 1.0 ± 1.1 7.4 ± 1.7 3.9 ± 0.6 1.000
1200 2.6 ± 0.8 3.8 ± 1.1 4.8 ± 0.4 1.000
1300 3.4 ± 0.5 1.4 ± 0.8 5.1 ± 0.3 1.000

TABLE 4. Temperature dependence of H2O solubility (mol% H2O =
a + bT)

P, GPa a b R2

0% Al2O3 (NS4)
0.8 36.3 ± 1.6 –0.018 ± 0.001 0.988
1.05 34.3 ± 0.3 –0.0130 ± 0.0002 0.999
1.3 44.4 ± 2.2 –0.018 ± 0.002 0.978
1.65 48.0 ± 3.5 –0.015 ± 0.003 0.920
2.0 51.2 ± 3.1 –0.013 ± 0.003 0.916

3% Al2O3 (NS4A3)
0.8 22.5 ± 3.4 –0.010 ± 0.003 0.854
1.05 34.3 ± 0.7 –0.0170 ± 0.0006 0.998
1.3 39.2 ± 2.1 –0.018 ± 0.002 0.982
1.65 36.1 ± 1.3 –0.010 ± 0.001 0.974
2.0 46.5 ± 1.3 –0.014 ± 0.001 0.986

6% Al2O3 (NS4A5)
0.8 21.9 ± 0.2 –0.0114 ± 0.0001 1.000
1.05 22.3 ± 0.7 –0.0092 ± 0.0006 0.992
1.3 31.9 ± 1.9 –0.014 ± 0.002 0.972
1.65 43.6 ± 1.8 –0.018 ± 0.002 0.986
2.9 44.9 ± 0.9 –0.0126 ± 0.0008 0.992
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FIGURE 2. Experimental results for composition NS4 (Na2Si4O9) at the pressures indicated. Symbols are defined within the individual
panels. Filled squares denote cases where identification of “large” vapor bubbles that indicate the presence of excess H2O during an experiment
could not be established with certainty. The solid lines represent a third-order polynomial fit of the brackets to temperature at each pressure for
each composition.
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FIGURE 3. Same as Figure 2, but for composition NS4A3 [Na2Si4O9 + 3 mol% Al2O3 added as Na2(NaAl)4O9 component].
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FIGURE 4. Same as Figure 2, but for composition NS4A6 [Na2Si4O9 + 6 mol% Al2O3 added as Na2(NaAl)4O9 component].
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FIGURE 5. Solubility of H2O in the indicated melt compositions as a function of temperature and pressure. The solubility was calculated on
the basis of O 1. Filled symbols = melts on the join Na2Si4-O9-Na2(NaAl)4O9; open symbols = melts on the join K2Si4-O9-K2(KAl)4O9 (data from
Mysen and Acton 1999). When not shown, error bars are smaller than the symbol size.
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supercritical behavior at P ≥ 1 GPa and T ≥ 1000 °C. These
observations contrast with the behavior of H2O dissolved in
NS4, NS4A3, and NS4A6 melts, where there is no evidence
that the systems approach supercriticality because the tempera-
ture dependence of the solubility of H2O in the melts, (∂ VH O

melt

2
/

∂T)P, is negative at all pressures.
There are two possible reasons for this difference. First, the

melts studied by Shen and Keppler (1997) and Bureau and
Keppler (1999) are considerably more aluminous and more
polymerized than those examined in the present study. Second,
pressure estimates in the hydrothermal diamond-anvil cell are
obtained by using the P-V-T properties of pure H2O (tempera-
ture is measured by a thermocouple and the sample volume in
the cell is essentially constant). An aqueous solution in equi-
librium with alkali aluminosilicate melts at P ≥ 1 GPa and high
temperature is not pure H2O, but rather is quite rich in silicate
materials (perhaps exceeding 10–20 wt%, Mysen and Acton
1999; Stalder et al. 2000). The solubility varies with both tem-
perature and pressure. The P-V-T properties of such silicate-
saturated aqueous fluids, required for precise pressure
calculations, are not known, but are probably significantly dif-
ferent from those of pure H2O. Thus, the pressure in the hydro-
thermal diamond anvil cell in the pressure and temperature
range under consideration is not well known. It is suggested,
therefore, that the different water solubility behavior reported
in this paper compared with those of Shen and Keppler (1997)
and Bureau and Keppler (1999) could be due to a combination
of the different bulk chemical compositions of the melts, and
to an inability to measure pressure precisely in the diamond-
anvil studies.

Increasing Al2O3 also results in lower H2O solubility (Fig.
6), similar to other aluminosilicate melts (Dingwell et al. 1997).
The effect of Al2O3 appears to be more pronounced for melts
along the join Na2Si4O9-Na2(NaAl)4O9 than for those along the
K2Si4O9-K2(KAl)4O9 join (Mysen and Acton 1999). The rela-
tionship between H2O solubility and Al2O3 becomes distinctly
more non-linear with increasing pressure.

DISCUSSION

Partial molar volume of H2O in melts

The H2O solubility data presented in Tables 2–4 can be used
to calculate partial molar volumes of H2O in the melts. For
H2O-saturated silicate melt in equilibrium with free H2O, the
Gibbs free energy of solution of H2O is (in J/mol):

∆ ∆G P G T
a

f
V PT T

P

( ) ( ) ln= = + + ∫0 1
1

bar R dH O
melt

H O
o H O

melt2

2

2
     (1)

where R is the universal gas constant (82.157 cm3·bar/mol K),
T is temperature (Kelvin) aH O

melt

2
 is the activity of H2O in the

melt, fH O
o

2
 is the fugacity of pure H2O in bars, and VH O

melt

2
 (cm3/

mol) is the partial molar volume of H2O in the melt (e.g., Hodges
1974). The activity of H2O, aH O

melt

2
, is not known. We assume,

therefore, that the mol fraction, XH O
melt

2
, may be substituted for

aH O
melt

2
. Calorimetric data for NaAlSi3O8-H2O glasses indicate

only a small negative heat of mixing (0–49 kJ/mol) (Clemens
and Navrotsky 1987). The assumption aH O

melt

2
= XH O

melt

2
 would not,

therefore, introduce a large error in these calculations.
The slope of the (P–1)/RT vs. ln( fH O

0

2
/ XH O

melt

2
) equals VH O

melt

2
 at

given temperature, T (e.g., Lange 1994). In the 0.8–2.0 GPa
pressure range examined here, these lines are straight (Fig. 7),
a result that is consistent with the assumption that the mol frac-
tion of H2O in the melt, XH O

melt

2
, can be replaced with its activity,

aH O
melt

2
, in Equation 1.

The straight lines in Figure 7 also imply that the partial molar
volume of H2O, VH O

melt

2
, does not vary with pressure in this pres-

sure range within the uncertainty of the calculated partial mo-
lar volume values. The uncertainty in VH O

melt

2
 reflects the

progression of the errors in the measured water solubilities for
the melts. VH O

melt

2
 ranges between ~8 and ~12 cm3/mol (Fig. 8)

and decreases with increasing Al2O3 and with increasing tem-
perature. The latter two effects were also noted for H2O dis-
solved in corresponding KS4, KS4A3, and KS4A6 melts in
the same pressure range (Mysen and Acton 1999). The VH O

melt

2

in the potassic melts is, however, consistently lower (by 7–
11%), and (∂ VH O

melt

2
/∂T)P is less negative than for corresponding

melts in the Na2O-Al2O3-SiO2 system (Fig. 8).
The VH O

melt

2
 values in Figure 8 compare reasonably well with

those calculated from water solubility data for haplogranite
(Qz28Ab38Or34), albite and diopside composition melts (Holtz
et al. 1995; Burnham and Davis 1971; Paillat et al. 1992; Hodges
1974), and for andesite glass (Richet and Polian 1998). The
H2O solubility data of Holtz et al. (1995) for Qz28Ab38Or34 melt
between 0.03 and 0.8 GPa at 800 °C, yield values for VH O

melt

2
 that

decrease exponentially from ~32 cm3/mol at 0.03 GPa to about
12.5 cm3/mol at 0.5 GPa. The 1400 °C water solubility iso-
therm for NaAlSi3O8 melt (Paillat et al. 1992) results in VH O

melt

2

decreasing as a non-linear function of pressure from ~ 41 to ~ 12
cm3/mol between 0.2 and 0.4 GPa (average ∂VH O

melt

2
/∂P = –14.5·10–3

cm3/mol·bar). Those results, extrapolated to 1–2 GPa, indicate
that VH O

melt

2
 for NaAlSi3O8 melt is in the 11–14 cm3/mol range,

thus not differing greatly from the VH O
melt

2
 of the present study.1

The VH O
melt

2
 data in Figure 8, as well as those derived from litera-

ture solubility data, are somewhat lower than those deduced
from thermal expansion and compressibility data for
NaAlSi3O8-H2O glass and melt by Ochs and Lange (1997) (17–
20 cm3/mol). This difference may result from their assumption
that (∂ VH O

melt

2
/∂T)P and (∂ VH O

melt

2
/∂P)T are constants. That assump-

tion is not supported by the pressure- and temperature-deriva-
tives of VH O

melt

2
 extracted from water solubility data or by the

direct volume measurements reported by Burnham and Davis
(1971). In the latter cases, the (∂ VH O

melt

2
/∂P)T is distinctly non-

linear, particularly at the lower pressures. This non-linearity
may reflect a significant compressibility of the fraction of wa-
ter dissolved in molecular form in the melt. If so, because the
proportion of water dissolved in molecular form increases with
increasing total water content (e.g., Stolper 1982), it would be
expected that (∂ VH O

melt

2
/∂P)T would decrease with decreasing

water content of silicate melts.
The negative correlation between VH O

melt

2
 and Al2O3 content

may be attributable to the solution mechanism of H2O in alu-

1The (∂ VH O
melt

2
/∂P)T for all these melts diminishes rapidly with

increasing pressure. At 0.5 GPa, for example, the (∂ VH O
melt

2
/∂P)T

is ≤–1·10–3 cm3/mol bar.



MYSEN AND WHEELER: WATER IN HAPLOANDESITE MELT1136

FIGURE 6. Solubility of H2O in the indicated melt compositions as a function of Al2O3 content at the indicated pressures and temperatures.
Solubilities were calculated on the basis of O = 1. Filled symbols = melts on the join Na2Si4-O9-Na2(NaAl)4O9; open symbols = melts on the join
K2Si4-O9-K2(KAl)4O9 (data from Mysen and Acton 1999). Error bars when not shown are smaller than the symbol size.
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molar volume results in Figure 8 is the negative (∂ VH O
melt

2
/∂T)P

(–7.1 ± 0.8·10–3 to –5.2 ± 1.3·10–3 cm3/mol °C depending on
melt composition). The (∂ VH O

melt

2
/∂T)P determined at lower pres-

sure (Burnham and Davis 1971), and (∂VH O
melt

2
/∂T)P derived from

water solubility data for NaAlSi3O8 and Qz28Ab38Or34 melts at
pressures <0.2–0.3 GPa (Holtz et al. 1995; Paillat et al. 1992;
Hamilton and Oxtoby 1986), indicate that (∂ VH O

melt

2
/∂T)P is posi-

tive. However, at pressures above ~0.2 GPa, (∂ VH O
melt

2
/∂T)P de-

rived from water solubility data for the Qz28Ab38Or34 melt
composition (Holtz et al. 1995) changes sign from positive to
negative (Fig. 9). For the NaAlSi3O8 melt composition the cal-
culated (∂ VH O

melt

2
/∂T)P between 900 and 1100 °C decreases with

increasing pressure and is near 0 or slightly negative at P ≥ 0.5
GPa. The negative (∂ VH O

melt

2
/∂T)P values for the melt composi-

tions investigated in the present study (and also those of the
analogous potassium system; see Fig. 8), obtained at P ≥ 0.8
GPa, are consistent with the higher-pressure (∂ VH O

melt

2
/∂T)P trends

exhibited by the Qz28Ab38Or34 and NaAlSi3O8 melts.
The pressure-induced changes in (∂ VH O

melt

2
/∂T)P from posi-

tive to negative may be related to pressure- and temperature-
dependent speciation in the melts (i.e., water in molecular form,
H2O, and as OH groups). For pure H2O, the ∂ VH O

0

2
/∂T ( VH O

0

2
 =

molar volume of pure H2O) is always positive, but decreases
with increasing pressure (e.g., Haar et al. 1984; Brodholt and
Wood 1993; see also Fig. 9). It is unlikely, therefore, that the
temperature-derivative of the partial molar volume of water as
molecular H2O could become negative with increasing pres-
sure. Instead, we suggest that the change in the sign of (∂ VH O

melt

2
/

∂T)P with increasing pressure is related to the partial molar
volume of H2O of the portion of water dissolved as OH.

For the simple speciation reaction for H2O in melts:

H2O + O2– ↔ 2OH–. (2)

∆H is approximately 30 kJ/mol (Nowak and Behrens 1995;
Shen and Keppler 1995; Withers et al. 1999). In other words,
OH/(OH+H2O) increases with increasing temperature. Provided
that VH O

melt

2
 (OH) < VH O

melt

2
 < VH O

melt

2
 (H2O) and [∂ VH O

melt

2
 (H2O)/∂T]P

decreases with increasing pressure, the value for bulk water in
the melt, (∂ VH O

melt

2
/∂T)P, might change sign from positive to nega-

tive with increasing pressure.
Alternatively, the change of (∂VH O

melt

2
/∂T)P from positive at

low pressure to negative at high pressure might be related to
the assumption that aH O

melt

2
= XH O

melt

2
 in Equation 1. If so, the im-

plication is that at low pressure [where (∂ VH O
melt

2
/∂T)P>0], aH O

melt

2

decreases with increasing temperature, whereas at higher pres-
sure [where (∂ VH O

melt

2
/∂T)P<0], aH O

melt

2
 increases with increasing

temperature. To our knowledge, no thermodynamic data exist
that are consistent with such a highly unusual behavior of H2O
in water-saturated aluminosilicate melts. This alternative is,
therefore, considered highly unlikely.

Applications

Density of anhydrous vs. hydrous melts. The density of
anhydrous and water-saturated NS4, NS4A3, and NS4A6 com-
position melts was calculated with the VH O

melt

2
 and H2O solubil-

ity data from the present study coupled with thermal expansion
and compressibility data of anhydrous oxide components
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FIGURE 7. A plot of ln ( fH O
0

2
/ XH O

melt

2
) vs. (P–1)/RT, where fH O

0

2
is

the fugacity of H2O obtained from the model of Haar et al. (1994),
XH O

melt

2
 is the mol fraction of H2O in the melts, P is the pressure (bar),

R is the gas constant, and T is the temperature (K). When error bars
are not shown, the errors are smaller than the size of the symbols.

minosilicate melts, which differs from the mechanism in Al-
free silicate melts (Mysen and Virgo 1986). In Al-free alkali
silicate melts, H2O interacts with the melt components to form
Si…OH and alkali…OH complexes. In alkali aluminosilicate
melts, on the other hand, Al…OH and alkali…OH complexing is
likely. There is no evidence for Si…OH bonding in such melts
(Mysen and Virgo 1986; Kohn et al. 1992).

Perhaps one of the most surprising aspects of the partial
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(Lange and Carmichael 1987; Kress and Carmichael 1991).
The calculations were performed for 1000 °C in the 0.8–2.0
GPa pressure range (Fig. 10). Also shown (open symbols) are
the densities of corresponding K-melts (KS4, KS4A3, and
KS4A6) from Mysen and Acton (1999).

By saturating the melts on the Na2Si4O9-Na2(NaAl)4O9 join
with H2O, the melt density decreases by nearly 23% for the Al-
free Na2Si4O9 (NS4) composition at 2.0 GPa. This density de-
crease diminishes with increasing Al2O3 content so that for
composition NS4A6, the H2O-saturated melt at 2.0 GPa is about
10% less dense than its anhydrous equivalent (Fig. 10). The
dominating influence of H2O on the melt density is the partial
molar volume of H2O, which decreases with increasing Al2O3

(the H2O solubility is not very sensitive to Al2O3 content, see
Fig. 5). As a result, the more aluminous the melt, the less of a
density difference between anhydrous and H2O-saturated melts.

The density difference between hydrous and anhydrous
melts decreases with decreasing pressure for all compositions.
This pressure effect is, of course, because the results in Figure
10 are for water-saturated melts. The H2O solubility of the melts
increases with increasing pressure. At constant total water con-
tent, as illustrated by density difference calculations with 5 wt%
H2O (Fig. 10B), the pressure effect on the density difference is
essentially removed. The remaining slight positive correlation
of the density difference with pressure is the result of the con-
stant partial molar volume of H2O in the range 0.8–2.0 GPa,
whereas the pressure derivatives of the oxide volumes are

FIGURE 8. Partial molar volume of H2O,
VH O

melt

2
, for the indicated melt compositions as a

function of temperature. The numbers on
individual straight line fits are values for ∂ VH O

melt

2
/

∂T (cm3/mol·°C). Filled symbols = melts on the
join Na2Si4-O9-Na2(NaAl)4O9; open symbols =
melts on the join K2Si4-O9-K2(KAl)4O9 (H2O
solubility data from Mysen and Acton 1999).

FIGURE 9. Calculated partial molar volume of H2O, VH O
melt

2
, from

H2O solubility data for composition Qz28Ab38Or34 (20 mol% SiO2, 38
mol% NaAlSi3O9, 34 mol% KAlSi3O8) at 800 and 1200 °C as a function
of pressure (solubility data from Holtz et al. 1995). Also shown is the
molar volume of H2O, V0

H2O, at 800 °C as a function of pressure
(calculated from the equation of state developed by Haar et al. 1984).

V
H

2O
, c

m
3 /

m
ol

NS4A3

NS4A6

KS4

KS4A3

KS4A6

NS4

12

11

10

9

8

7

1300120011001000900800

Temperature, ˚C

6

-7.2±2.0•10-3

-7.1±0.9•10-3

-5.2±0.7•10-3

-5.2±1.4•10-3

-5.2±1.0•10-3

-5.6±1.3•10-3

Fig. 8



MYSEN AND WHEELER: WATER IN HAPLOANDESITE MELT 1139

slightly negative (Kress and Carmichael 1991). The inverse
correlation between density difference and Al2O3 content re-
mains, even with fixed H2O content, because of the negative
correlation between VH O

melt

2
 and Al2O3 of the melt.

The partial molar volume of H2O dissolved in silicate melts
most likely is not independent of pressure, in particular at low
pressures (see also Fig. 9). This pressure effect diminishes,
however, with increasing pressure and no effect of pressure on
VH O

melt

2
 can be discerned, within the error of the data, in the

0.8–2.0 GPa range for which volume properties were derived
here (Figs. 7 and 8). For example, an exponential fit to the
VH O

melt

2
 extracted from the 1000 °C water-solubility isotherm

for NaAlSi3O8 melt at P ≤ 0.5 GPa (Hamilton and Oxtoby 1986)
yields the expression:

VH O
melt

2
 (1000 °C) = 10.62 + 38.49 exp[–0.0025·P (MPa)],(3)

which indicates that (∂ VH O
melt

2
/∂P)T decreases exponentially with

increasing pressure in this low-pressure range.
It is evident from Equation 3 that as pressure decreases, the

density difference between hydrous and anhydrous melts may
become quite significant. To evaluate this effect for felsic liq-
uids, we chose composition NS4A6, which has NBO/T = 0.5
(anhydrous). This composition contains nearly 10 wt% Al2O3

(Table 1). In other words, composition NS4A6 may be consid-
ered a model andesite liquid.

To estimate the pressure dependence of VH O
melt

2
 at P < 0.8

GPa, it was assumed that the 1000 °C pressure dependence of
VH O

melt

2
 for NaAlSi3O8 composition melt is the same as that of

NS4A6 composition melt. The density difference between hy-
drous and anhydrous NS4A6 composition melts for 1, 3, and 5
wt% H2O was then calculated at 1000 °C between 0.8 and 0.05
GPa (Fig. 11). The density difference between anhydrous and
hydrous melt increases exponentially with decreasing total pres-
sure so that at 200 MPa, for example, the density difference
between anhydrous and hydrous haploandesitic magmatic liq-
uid increases by 2–2.5% per wt% H2O dissolved in the melt. In
comparison, a 100 °C temperature increase of anhydrous
NS4A6 melt at 200 MPa results in a density decrease of about
0.4–0.5%.

Water and density distribution in shallow magma cham-
bers. Because melt density at upper crustal pressures is so sen-
sitive to H2O content, explosive volcanism associated with
shallow dacite magma chambers may affect significantly the
density distribution within the magma chamber itself.

The conditions surrounding the catastrophic eruption at
Mount Pinatubo in June 1991 have been particularly well ex-
amined, and this system will be used as an example. At Mount
Pinatubo in 1991, the temperature of the magma in the magma
chamber was estimated to be near 800 °C (Rutherford and
Devine 1996). This temperature is typical for other shallow,
dacitic magma chambers (e.g., Foden 1986; Rutherford et al.

FIGURE 10. Density difference between hydrous, ρhyd, and anhydrous, ρanhyd, melts relative to that of anhydrous melt as a function of pressure
at 1000 °C. (A) calculated for water-saturated melts at 0.8–2.0 GPa. (B) Calculated for melts containing 5 wt% H2O. Partial molar volume,
thermal expansion, and compressibility data for anhydrous components, Na2O, Al2O3, and SiO2, were obtained from Lange and Carmichael
(1987) and Kress and Carmichael (1991). Note that the small positive slope in (B) is the result of using values for VH O

melt

2
 that do not vary with

pressure, whereas the finite values of ∂ VH O
melt

2
/∂T and ∂ VH O

melt

2
/∂P result in increasing density of the anhydrous oxide components with increasing

pressure. Filled symbols = melts on the join Na2Si4-O9-Na2(NaAl)4O9; open symbols = melts on the join K2Si4-O9-K2(KAl)4O9 (H2O solubility
data from Mysen and Acton 1999).
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(Gerlach et al. 1996). If we assume 5 wt% H2O in the magma
at the time this material left the magma chamber, the differ-
ence between that water content and the amount of water found
in the matrix glass converts to ~1·1014g for 5 km3 of erupted
magma. Consequently, ≥70% of the total H2O emission must
be water that originated from within the magma chamber it-
self. Thus, after the cataclysmic eruption in June 1991, the H2O
concentration in the remaining magma chamber (averaged over
the entire chamber) was ~3.4 wt% H2O.

With the NS4A6 melt composition model, if this volcanic
activity occurred while the magma chamber remained at a con-
stant temperature and pressure of 800 °C and 0.22 GPa, the
average density of the magma remaining after the eruption
would be 5.1% greater than the H2O-saturated magma in the
magma chamber before the eruption. By correcting for crystal-
linity (40%) and assuming no change in crystallinity during
the several-day eruptive event, the magma (crystals+liquid) in
the chamber after the eruption would have been about 3% more
dense than before the eruptive event.

Some aspects of the conditions described above are, how-
ever, probably unrealistic for such magma chambers during and
after explosive events. For example, once the initial explosion
removed the material above the original magma chamber, the
pressure near the top of the chamber probably was in the tens
of MPa range owing to the thickness of the fragmentation front.2

The H2O-solubility in felsic magmatic liquids at 10 MPa, for
example, is <1 wt% (Moore et al. 1998). The magma near the
top of the magma chamber was, therefore, nearly anhydrous,
consistent with H2O analyses of extruded magma at Mount
Pinatubo (Gerlach et al. 1996). The H2O-solubility at 100 MPa
(equivalent to the pressure near the bottom of a 2.7 km diam-
eter spherical chamber) is about 4 wt% H2O (Moore et al. 1998).
If we assume no change in crystallinity (40%) in the magma
chamber during the June 1991 eruptive event that lasted only
for several days, our calculations indicate that the magma (crys-
tals + liquid) at the top of the magma chamber was 0.07 g/cm3,
or about 3% more dense than the magma at the bottom of the
chamber. In fact, by assuming that the residual magma was
saturated with water along the pressure gradient from top to
bottom, the density difference with depth, relative to that at the
top of the chamber, would have been as shown in Figure 12. In
other words, the residual magma in the chamber after an event
such as that at Mount Pinatubo in June 1991 is gravitationally
unstable. This density contrast might be compensated for by a
thermal gradient down into the chamber. However, to neutral-
ize the density difference by temperature alone, a thermal gra-
dient near 250 °C/km is required, which is a wholly unrealistic
value. Thus, in a magma chamber of fixed bulk composition
similar to that modeled by the haploandesite composition

FIGURE 11. Density difference between hydrous, ρhyd, and
anhydrous, ρanhyd, melts relative to that of anhydrous NS4A6
composition melt [Na2Si4O9 + 6 mol% Al2O3 added as Na2(NaAl)4O9

component] at 1000 °C over the range 0.05–0.8 GPa for the indicated
water contents. Derivation of the partial molar volume, VH O

melt

2
, used in

this pressure range is discussed in the text.

1985; Mandeville et al. 1996). Prior to eruption, the pressure
was ~0.22 GPa, the magma contained between 5.5 and 6.4 wt%
water, and the melt was 30–50% crystallized (Rutherford and
Devine 1996). The magma chambers associated with other,
similar volcanic events (e.g., Bishop Tuff, Tambora 1815,
Mount St. Helens) were also located at a depth corresponding
to about 0.2 GPa at the onset of eruption. In those cases, the
initial magmatic liquid also contained about 5–6 wt% H2O (e.g.,
Skirius et al. 1990; Foden 1986; Rutherford et al. 1985). Thus,
the magma chamber at Mount Pinatubo can be considered a
typical example of shallow dacitic magma chambers associ-
ated with explosive volcanism.

The volume of the magma chamber at Mount Pinatubo in
1991 was between 40 and 125 km3 (Wolfe and Hoblitt 1996;
Mori et al. 1996). By using mid-range values for chamber size,
crystallinity, and H2O content (82.5 km3, 40%, and 6 wt%),
and a melt density of 2.3 g/cm3 (Gerlach et al. 1996), the total
H2O content in the melt fraction in the chamber before the erup-
tion is estimated to be 1.09·1015 g. Gerlach et al. (1996) esti-
mated that the total H2O emission during this explosive event
was 4.91·1014 g H2O.

The magma equivalent mass erupted during this event was
5–10 km3. We will use a conservative estimate of 5 km3 (Wolfe
and Hoblit 1996). Some of the water loss can be ascribed to
water exsolved from the extruded magma. Matrix glass from
the 1991 Mount Pinatubo eruption contains ~0.3 wt% H2O

2If we use the relationship between pressure drop in a magma
chamber, ∆P, and volume of extruded magma, ∆V (e.g., Druitt
and Sparks 1984), from the ∆V values given by Daag et al.
(1996), the pressure drop, ∆P, would be 200–300 MPa assum-
ing the bulk modulus of hydrous andesite magma is 20–30 GPa.
In other words, from this estimate, the top of the magma cham-
ber after the eruption would be at nearly ambient pressure con-
ditions.
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NS4A6, convective overturn within the chamber following such
catastrophic eruptive events is possible.

Plinian events such as the eruption of Mount St. Helens in
1980 or Tambora in 1815 were qualitatively similar. It is likely,
therefore, that in any catastrophic eruption associated with a
shallow (~5–10 km deep) dacitic magma chamber, the density
of the magma in the chamber after the eruption would be sig-
nificantly greater than prior to the event. Further, the upper-
most portions of any residual magma in the magma chamber
after an explosive eruption would be more dense than the
magma in the lower part of the chamber.
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