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The effect of anhydrous composition on water solubility in granitic melts
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ABSTRACT

The effect of anhydrous composition on the solubility of water in granitic melts was investigated
experimentally at 800 °C and pressures from 50 to 500 MPa. Starting materials were ten natural
obsidians from various localities worldwide and one re-melted leucogranite from the Himalayas.

Most of the experiments were performed in externally heated pressure vessels using Ni-NiO to
buffer fo,. All samples were quenched isobarically after reaction for 120-336 h. Water contents of
the resulting glasses were determined by Karl-Fischer titration.

The solubility data indicate that Na/K ratio and normative Qz content have only a minor effect on
water solubility, whereas the (MCLNK-A)/O parameter, defined as 100-(2Mg + 2Ca + Li + Na + K—
Al)/total oxygen, has a major effect. A parabolic law expressed as the mole fraction of H,O in the
melt on a one-oxygen mole basis is proposed to describe the compositional dependence of water
solubility in the range 50-200 MPa:

X0 = Xu,8 - (1 +0.05 -{[(MCLNK-A)/O] - 0.5}%)

Minimum mole fractions of water in the melt (XH28) are 0.0521 at 50 MPa, 0.0757 at 100 MPa, and
0.1069 at 200 MPa. The equation fits water solubility data for granitic and phonolitic melts at 100

MPa and 200 MPa to within 4% relative. The effects of anhydrous composition on water solubility
are much more pronounced at 500 MPa than at lower pressures. Thus, the following expression was

derived to represent the effects of anhydrous melt composition on water solubility at 500 MPa:
Xu,0=0.1681-(1 + 0.13-{[(MCLNK-A)/O] - 0.5}?).

INTRODUCTION

Dissolved water has a profound influence on the chemical
and physical properties of granitic melts. The addition of a small
amount of water to a dry granitic melt decreases the solidus
and liquidus temperatures by several hundred degrees (e.g.,
Tuttle and Bowen 1958), decreases the viscosity of the melt by
several orders of magnitude (e.g., Shaw 1972; Dingwell et al.
1996; Schulze et al. 1996), and accelerates not only the
diffusivity of melt components, but also the kinetics of crystal
dissolution and growth in the melt (Chekmir and Epel’baum
1991; Watson 1994). Therefore, reliable water solubility data
are required to model accurately the kinetic and thermodynamic
properties of hydrous melts and to predict correctly the behav-
ior of natural magmas. Over the past 25 years, numerous quan-
titative models have been developed for natural magmas in
general, and/or for granitic magmas in particular (Burnham
1979; Nicholls 1980; Silver and Stolper 1985; Papale 1997,
Moore et al. 1998; Yamashita 1999; Zhang 1999). All of these
formulations predict the pressure and temperature dependence
of water solubility. However, they often do not account for the
effect of anhydrous melt composition, and all of them are ad-
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versely affected by an insufficient quantity of data, and by er-
rors in the experimental determinations of water solubility.
Published H,O solubility data for melts of granitic composi-
tion are widely scattered, and systematic discrepancies are ob-
served between results obtained in different laboratories (Kadik
et al. 1972; Khitarov and Kadik 1973; Shaw 1974; Silver et al.
1990; Blank et al. 1993; Moore et al. 1998; Yamashita 1999).
As discussed by Holtz et al. (1992, 1995) and Zhang (1999),
imprecision in the data is mainly due to difficulties in the ex-
perimental and analytical techniques used to measure water
solubility.

For the present study, we applied experimental and analyti-
cal procedures that were successfully tested in previous inves-
tigations of H,O solubility in feldspathic and quartzofeldspathic
melts (Behrens 1995; Holtz el al. 1992, 1995). Solid starting
materials for the experiments were ten natural obsidians and
one re-melted leucogranite, which cover a wide range of anhy-
drous composition. The Fe contents of these materials were
low (<5 wt% Fe,05) and they contained only minor amounts of
microlites (<2 vol%). The aim of the present work was to de-
termine the chemical parameters that control H,O solubility in
natural granitic melts. Studies on simple synthetic granitic ana-
logs, such as albitic or haplogranitic melts, have shown sys-
tematic dependencies of H,O solubility on melt composition.
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For the haplogranite (Qz-Ab-Or) system, it was found that water
solubility increases with the Na/K ratio of the melt but decreases
with the normative Qz component (Holtz et al. 1992,
1995,1999). In both Na aluminosilicate and haplogranite melts,
a minimum in H,O solubility as a function of alkali/Al ratio
was observed for nearly subaluminous compositions (Na + K
= Al) (Behrens 1995; Dingwell et al. 1997). Moreover, it has
been demonstrated that F, B, and/or P increase water solubility
in haplogranitic melts (Holtz et al. 1993). Natural granitic melts
have more complex compositions, and variations in water solu-
bility observed for simple synthetic analogs may be obscured
by intricate interactions among the numerous components in
these liquids. Thus, a comparison of results from natural and
simple synthetic compositions may elucidate the mechanisms
of water dissolution in silicate melts.

STARTING MATERIALS

Compositions and sources of the starting materials are sum-
marized in Table 1. Detailed descriptions of the microtextures
and origins of some of the obsidians are given elsewhere (Al:
Harris 1983; MAC: Pichavant et al. 1987; EDF, LGB, BL:
Stevenson et al. 1995). In addition to natural obsidians, a
leucogranitic glass was produced by heating a rock powder for
8 h in a platinum crucible at 1600 °C. After three cycles of
grinding and re-melting, a crystal-free and chemically homo-
geneous glass containing some air bubbles was obtained.

All of the natural obsidians contain minor amounts
(<2 vol%) of microlites. Fine-grained magnetite was observed
in each of the Fe-rich glasses, and might also be present as
submicroscopic particles in the Fe-poor glasses, because Fe
oxides readily crystallize from silicate melts during cooling.

TaBLE 1. Compositions and sources of starting materials
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Other minerals were identified during electron probe mi-
croanalysis of some of the samples (e.g., amphibole in BL, bi-
otite in OT, alkali feldspars in NSL), but they were not
characterized in detail. The homogeneity and composition of
the glasses was determined by electron probe microanalysis
using a CAMECA CAMEBAX instrument operated at an ac-
celerating voltage of 15 kV and a beam current of 18 nA, with
a beam diameter of 25 um. The detected Fe,O; corresponds to
the bulk content of the obsidian because it was impossible to
avoid magnetite completely in the measurement spot. Our mi-
croprobe analyses are in good agreement with published analy-
ses of obsidians and leucogranite from the same locality (Al:
Harris 1983; EDF, LBG, BL: Stevenson et al. 1995, MAC:
Pichavant et al. 1987, Stevenson et al. 1995, GB: Scaillet et al.
1995). In general, the TiO,, MnO, and MgO contents of the
starting materials are low. The obsidian from Iceland (IL) has
a relatively high CaO content of 1.68 wt%. The CIPW norma-
tive Qz contents vary between 24 wt% (Al) and 38 wt% (BL).
The peralkaline obsidian NSL from New Zealand has the low-
est ALO; content (10.05 wt%), but the highest Fe,O; content
(4.77 wt%) of the selected obsidians. The peraluminous
Macusani glass differs from the other glasses in that it has very
high F, Li, B, and P contents. Pichavant et al. (1987) reported F
(1.3-1.4 wt%), Li,0 (0.74-0.80 wt%), B,O; (0.4-0.6 wt%), and
P,05 (0.40-0.55 wt%) contents for Macusani glasses appearing as
pebbles in a tuff matrix, and suggested they formed from residual
liquids produced during fractional crystallization of the tuffs.

EXPERIMENTAL PROCEDURES

Tabular pieces of glass (2 X 2 X 5 mm) were sealed with
doubly distilled water in gold tubes. The amount of water added

EDF LGB BL Al GB NSL LP IL oT Qv MAC

Armenia, USA, New Ascension Himalaya, New Italy, Iceland, Turkey, Argentina, Peru,

Erivan Dry Little Zealand, Islands Gangotri  Zealand, Lipari Robben-  Trabazon Quironcolo Macusani

Fountain Glass Ben * Islands ricken

Butte Lommond
wt% of oxide components
Sio, 77.04 77.22 77.76 72.79 74.7 75.45 75.07 75.89 76.01 75.97 72.26
TiO, 0.11 0.09 0.16 0.20 0.09 0.19 0.06 0.24 0.12 0.10 0.04
Al,O, 12.76 1295 12.30 12.49 15.2 10.05 12.77 12.09 13.42 14.12 15.83
Fe,Ost 0.76 0.97 1.38 3.76 0.82 4.77 1.68 3.78 0.83 0.71 0.68
MnO 0.07 0.04 0.04 0.17 0.05 0.12 0.07 0.13 0.05 0.09 0.06
MgO 0.08 0.10 0.16 0.02 0.11 0.00 0.04 0.08 0.09 0.09 0.02
CaO 0.58 0.88 1.15 0.41 0.56 0.17 0.72 1.68 0.87 0.40 0.22
Na,O 4.07 3.91 3.83 5.58 4.50 5.27 4.02 4.26 4.02 3.87 4.14
KO 4.79 4.44 3.63 4.65 4.28 4.56 5.34 2.78 5.04 4.60 3.66
F <0.03 <0.03 <0.08 0.14 0.11 <0.03 <0.03 0.06 <0.03 0.29 1.33
-0t - - - -0.06 —-0.05 - - - -0.12 —-0.56
Total 100.26 100.60 100.41 100.15 100.38 100.58 99.77 100.96 100.45 100.12 97.68 §
M(g/mol)  32.48 3244 32.33 33.37 32.68 33.09 32.77 32.73 32.61 32.81 34.16
(MCLNK-A)/00.52 0.63 0.92 1.09 -0.19 1.36 0.79 1.42 0.72 -0.28 —-0.55
CIPW normative concentrations

Qz 33.4 34.7 38.0 24.4 30.2 34.1 28.9 34.5 30.9 34.3 33.1
Or 28.4 26.2 21.4 27.5 25.3 26.9 31.6 16.4 29.8 27.2 21.6
Ab 34.6 33.1 32.4 38.4 38.1 26.3 34.0 36.1 34.0 32.7 35.0

Notes: Molar mass M of the anhydrous glass is calculated on one-oxygen mole basis. Calculation of the compositional parameter (MCLNK-A)/O is
described in the text. (MCLNK-A)/O values >0 and <0 indicate peralkaline and peraluminous melt compositions, respectively.

* Details of the source locality are unknown.
1 Alliron is given as Fe,0s.
1 Equivalent wt% of oxygen, for which fluorine is incorporated in the me

It(2F < 0%).

§ Value << 100.0 in the case of the MAC composition is due to components of the glass (H.O, Li,O, B,Os, P,Os) which are not measured by

microprobe (see Pichavant et al. 1987).
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was slightly higher than the expected solubility value. A large
excess of water was avoided to minimize dissolution of melt
components in the fluid and precipitation of hydrous quench
phases. The sealed capsules were tested for possible leakage
by checking for weight loss after drying in an oven at 110 °C
for at least 1 h.

Experiments were carried out in Tuttle-type externally
heated pressure vessels (EHPV) at 800 °C and pressures from
50 to 500 MPa. Typically, four samples were reacted in each
experiment. Water was used as the pressure medium. During
the experiment, temperature was recorded continuously using
a K-type thermocouple located in a bore hole of the autoclave
close to the sample. The temperature at sample positions was
determined in a separate run using three thermocouples. Tem-
perature gradients were always less than 3 °C/cm, and there-
fore the measured values during the experiments are believed
to be accurate to =10 °C.

The run procedure was as follows. The EHPV was open to
the pressure line during heating. The final pressure was ad-
justed after reaching experimental temperature, and the auto-
clave was then isolated from the pressure line during the
experiment. Strain-gauge manometers were used to measure
pressure several times during each experiment. The accuracy
of each pressure determination is believed to be 2 MPa. Oxy-
gen fugacity was controlled in most of the experiments using a
powdered mixture of Ni and NiO placed in the autoclave next
to the sample capsules. At the end of the experiment, the auto-
clave was reconnected to the pressure line and then quenched
isobarically to room temperature in a stream of compressed
air. Measured initial cooling rates were ~3 °C/s.

ANALYTICAL PROCEDURES

No attempt was made to measure the mass of free water in
the reacted samples by weight loss after piercing and heating the
capsule, due to the anticipated loss of water from the hydrated
glasses as they were dried. In most cases, a free fluid phase was
observed after opening the capsule, or its presence was indicated
by dimples on the surface of the quenched glasses (Burnham
and Jahns 1962). In the other experiments, the presence of ex-
cess water was deduced from mass-balance calculations.

Water contents of the quenched glasses were measured by
Karl-Fischer titration (KFT). A detailed description of this tech-
nique is given elsewhere (Behrens 1995; Holtz et al. 1995;
Behrens et al. 1996). Briefly, the glasses were thermally dehy-
drated and the released water was measured by coulometric
titration. The glasses were analyzed as single pieces or coarsely
crushed powder. Typically ~0.10 wt% water remained in the
glasses after titration (Behrens 1995). The measured water con-
tents were corrected for this residual water.

The homogeneity of water distribution in the run products
was determined by near-infrared spectroscopy using the H,O
combination mode at 5200 cm™ and the OH combination mode
at 4500 cm™'. Measurements were performed on doubly pol-
ished glass plates ~0.5 mm thick using an IR microscope (type
A590) attached to a FTIR spectrometer (Bruker IFS88). No
attempt was made to use IR spectroscopy for quantitative wa-
ter determinations because the molar absorption coefficients
of the combination bands can vary significantly with anhydrous

composition (Silver et al. 1990; Behrens et al. 1996), and they
are not known with sufficient accuracy for the anhydrous com-
positions and ranges of water contents of our run products.

RESULTS AND DISCUSSIONS
Description of run products

Experimental data acquired in this study are summarized in
Table 2. All run products were bubble-free. Microprobe analy-
sis indicated the presence of feldspar in several of the low-
pressure run products. Iron-oxide phases were found in all IL
and LP samples, and also might be present in other Fe-rich
glasses as submicroscopic particles. Relatively large amounts
of crystals (>2 vol%) were present only in two samples (BL
and IL) reacted at 50 MPa. The IL samples contain both feld-
spar and titano-magnetite, and the total amount of crystals is
estimated to be about 2 vol% from analysis of backscattered
electron images. The 50 MPa BL sample contains ~10 vol%
pyroxene, feldspar, and amphibole. As reported by Stevenson
et al. (1995), the unreacted glass contains clinopyroxene,
orthopyroxene, and plagioclase.

IR spectroscopy indicates a homogeneous distribution of
water within the run products. The total water content of each
sample was determined by bulk analysis and, therefore, the
solubility of water in the melts is underestimated when one or
more crystalline phases are present. In general, crystalline
phases were distributed non-uniformly in the run products,
being preferentially located close to the capsule walls. Estima-
tion of volume fractions of crystalline phases (Table 2) using
an optical microscope or backscattered electron images was
difficult, and we believe errors may be as large as £50%. For
samples containing only minor crystals (all run products ex-
cept the two 50 MPa IL and BL samples), no correction to the
measured solubility was applied. The resulting error in water
solubility is believed to be <1% relative, much smaller than the
estimated error for KFT (Table 2). Water solubility for the highly
crystallized BL and IL samples was corrected by subtracting a
roughly estimated fraction of crystals (2 wt% for IL and 10
wt% for BL) from the sample weight used for KFT, assuming
that H,O is present exclusively in the glass.

Water solubility

The pressure dependence of water solubility in three gra-
nitic melts is illustrated in Figure 1. As observed for other sili-
cate melts (see McMillan and Holloway 1987; McMillan 1994,
Holtz et al. 1995), water solubility varies with the square root
of pressure at low pressure, and converts to a quasilinear de-
pendence on P at intermediate pressures. At higher pressure
(>500 MPa), H,O solubility is expected to increase sharply as
critical conditions are approached (Paillat et al. 1992). Pro-
jected onto a Qz-Or-Ab diagram, our solubility data do not show
a systematic trend (Fig. 2). Water solubility data for
haplogranitic compositions AOQ and HPG 8 obtained by (Holtz
etal. 1992, 1995) are close to the values for the granitic melts.
However, a systematic correlation with the Qz content or the
Ab/Or ratio, which has been established for the haplogranite
system, is not evident for the granitic melts. This implies that
other chemical parameters have a more pronounced effect on
H,O solubility in granitic melts.
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TABLE 2. Experimental data for granitic melts formed at 800 °C

Sample H,O added Pressure Time Density Chyo KFT X0 Crystalline phases
(Wt%) (MPa) (h) (g/L) (Wt%) t
EDF 21.3 500 144 2219 9.94(15) 0.1661(26)
10.1 200 192 2263 6.26(17) 0.1075(31)
8.0 100 264 2273 4.27(17) 0.0745(33)
6.5 50 336 2323 2.83(10) 0.0499(27) fsp (<1 vol%)
LGB 20.9 500 144 2216 10.11(12) 0.1686(21)
10.1 200 192 2259 6.21(12) 0.1066(23)
8.0 100 264 2282 4.26(17) 0.0742(33)
6.1 50 336 2291 2.72(10) 0.0480(26) fsp (<1vol%)
BL 21.3 500 144 2198 10.28(17) 0.1708(29)
9.8 200 192 2255 6.21(17) 0.1063(31)
8.6 100 264 2278 4.35(11) 0.0756(24)
6.3 50 336 2297 2.75(12) 0.0484(29) fsp, py, amph (total ca. 10 vol%)
Al 20.4 500 144 2235 10.69(11) 0.1821(20)
9.7 200 192 2306 6.41(17) 0.1130(32)
8.2 100 264 2328 4.51(13) 0.0808(28)
6.0 50 336 2372 2.83(13) 0.0514(31)
GB 20.5 500 144 2218 10.86(16) 0.1811(28)
10.0 200 192 2246 6.26(11) 0.1081(22)
8.4 100 264 2284 4.31(14) 0.0756(29) fsp (<1 vol%)
6.4 50 336 2309 3.22(11) 0.0570(30) fsp (<1 vol%)
NSL 21.3 500 144 2226 10.93(10) 0.1847(18)
9.7 200 192 2295 6.55(09) 0.1146(19)
11.0 200 192 2309 6.43(13) 0.1126(25)
10.3 200* 120 - 6.31(12) 0.1106(24)
8.4 100 264 2320 4.51(15) 0.0802(21)
6.3 50 336 2322 3.22(14) 0.0579(34)
LP 10.2 200 192 2251 6.15(10) 0.1067(20)
IL 21.2 500 144 2197 10.75(10) 0.1801(18) Ti-mgt (<1vol%)
10.1 200 192 2312 6.07(14) 0.1054(27) Ti-mgt (<1vol%)
8.0 100 264 2317 4.34(12) 0.0764(26) Ti-mgt, fsp (total < 1 vol%)
6.4 50 336 2314 2.76(11) 0.0492(28) Ti-mgt, fsp (total ca. 2 vol%)
oT 10.0 200 192 2250 6.14(16) 0.1060(30)
Qv 214 500 144 2202 10.54(13) 0.1769(23)
10.3 200 192 2247 6.22(16) 0.1080(30)
8.6 100 264 2263 4.43(13) 0.0780(28)
6.5 50 336 2292 3.27(10)/3.18(16)  0.0574(29)
MAC 10.0 200 192 2235 7.23(11) 0.1289(23)

Notes: Estimated uncertainties for pressure, temperature and density are, respectively, £2 MPa, £10 °C and +1% relative.

* Oxygen fugacity buffered by Cu + Cu,O. The oxygen fugacities of all other samples were buffered by Ni + NiO.

T Water content of glasses were determined by bulk measurements using Karl-Fischer titration. Numbers in parentheses are estimated errors for
KFT determinations of water contents (wt%), and refer to the last decimal places of the listed values.

1 Mole fractions of dissolved water were calculated on a one-oxygen mole basis. Data for BL and IL at 50 MPa were corrected for the estimated
volume fraction of crystals. Estimated uncertainties for ano account for possible errors in the measurements of pressure, temperature, water con-

tent, and volume fraction of crystals.

§ Crystalline phases identified by electron microprobe: alkali feldspar (fsp), pyroxene (py), titano magnetite (Ti-mgt), amphibole (amph).

The ratio of non-bridging O atoms to tetrahedral cations
(NBO/T) has often been used as a chemical parameter to de-
scribe compositional variations in silicate melts. However, NBO/
T is only applicable to depolymerized melts in which the con-
centrations of alkali and alkaline-earth elements exceeds those
required to charge-compensate trivalent, tetrahedrally coordinated
cations such as AI**. If the concentration of alkali and alkaline
earth elements is insufficient to compensate the charge due to
trivalent cations, Al** becomes a network modifier. The propor-
tions of network-forming and network-modifying AI** in sili-
cate melts are not well known, and probably depend on bulk
composition. Therefore, characterization of non-bridging O at-
oms, as well as quantification of tetrahedrally coordinated (net-
work-forming) cations, is ambiguous in Al-rich melts.

Another complication is the oxidation state of Fe in the melts
at the P, 7, and fo, conditions of our experiments. Empirical mod-
els (Sack etal. 1980; Kress and Carmichael 1991) are based mainly
on 1 atm data for dry melts obtained at temperatures >1000 °C

and, therefore, they may not yield reliable Fe**/Fe’* ratios for
hydrous melts formed at temperatures below 900 °C. Differ-
ences between calculated and measured redox states of Fe as
large as one order of magnitude were observed for iron parti-
tioning between plagioclase and hydrous tonalitic melts at tem-
peratures 750-850 °C (Wilke and Behrens 1999).

To avoid uncertainties in quantifying the oxidation state of
Fe in granitic melts, we developed the following anhydrous-
melt parameter that does not depend on Fe?*/Fe** ratio:

(MCLNK-A)/O =100-2Mg+2Ca+Li+Na+K-AD/O (1)

(concentrations of atoms in mol/g). For peralkaline compositions,
the value of [(MCLNK-A)/O > 0] corresponds to the mole per-
centage of non-bridging oxygen atoms divided by total oxygen.
For peraluminous melts, the parameter [(MCLNK-A)/O < 0] has
no physical meaning. The compositions of the studied melts
(Table 1) vary from (MCLNK-A)/O = —0.55 (peraluminous
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FIGURE 1. Pressure dependence of water solubility in nearly
subaluminous (EDF), peralkaline (NSL), and peraluminous (QV)
granitic melts at 800 °C. Water solubilities for subaluminous melts are
calculated from the models developed by Burnham (1994), Moore et
al. (1995), Yamashita (1999), and Zhang (1999).
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FIGURE 2. CIPW normative Qz-Or-Ab compositions (in wt%) of
starting glasses, and corresponding measured water solubilities (in wt%)
for 800 °C, 200 MPa. Data for haplogranitic compositions AOQ
(Qz,50r3,Abss) and HPGS (Qz30r,5Abse) from Holtz et al. (1992) are
shown for comparison.

melts) to (MCLNK-A)/O = +1.36 (peralkaline melts).

Water solubility has a minimum close to the subaluminous
composition, and increases as melt composition becomes ei-
ther peralkaline or peraluminous. At 100 MPa, H,O solubili-

ties are 6% higher for the peralkaline NSL melt [(MCLNK-A)/
O = +1.36] and 4% higher for the peraluminous QV melt
[MCLNK-A)/O = -0.28], compared with the slightly
peralkaline EDF composition [(MCLNK-A)/O = 0.52]. The
compositional effect seems to be more pronounced at 500 MPa,
with H,O solubilities being 10% higher for the NSL composi-
tion and 6% higher for the QV melt, compared with the EDF
composition. An outlier in the 500 MPa trend is the solubility
of water in the IL sample, which is relatively high for a nearly
subaluminous composition. This result may indicate additional
compositional effects that are not accounted for by the
(MCLNK-A)/O parameter. However, it is noteworthy that at
lower pressures the measured water solubilities for the IL com-
position lie along the trend of the other data. Finally, consider-
ing the trend defined by the other granitic melts, the MAC melt
has a relatively high water solubility. A possible explanation
for this deviation is that the MAC composition contains abun-
dant F, B, and Li, which are known to increase H,O solubility
(Holtz et al. 1993).

Fitting the dependence of H,O solubility on (MCLNK-A)/O

At 50-200 MPa, the compositional dependence of water
solubility, expressed as mole fraction of the H,O component
on a one-oxygen mole basis (Xy,0), can be described by a simple
parabolic law. Fitting all data (except those for the MAC com-
position), a minimum of water solubility was calculated for a
slightly peralkaline composition close to (MCLNK-A)/O =0.5.
This contrasts with haplogranitic and albitic compositions for
which minimum solubilities of water occur in stoichiometric
[(MCLNK-A) = 0] or slightly peraluminous compositions
(Dingwell et al. 1997; Behrens 1995). However, in the case of
granitic melts, the exact position of the minimum is not well
constrained by the experimental data, and the quality of the fit
(expressed as r?) decreases only slightly if the minimum is fixed
at (MCLNK-A)/O = 0. Thus, the data for granitic melts are
consistent with a minimum water solubility being close to the
subaluminous composition.

The (unconstrained) form of the equation derived to repre-
sent the data for 50-200 MPa is:

Xi,0 = Xu,&(1 +0.05-{[(MCLNK-A)/0] - 0.5}%)  (2)

Calculated minimum mole fractions of water in the melt (X 200)
are 0.0521 at 50 MPa, 0.0757 at 100 MPa, and 0.1069 at 200
MPa. For 100 and 200 MPa, Equation 2 fits both the data listed
in Table 2 and results for phonolitic melts (Carroll and Blank
1997; Moore et al. 1998) within 4% relative. Experimental tem-
peratures were slightly higher in the studies of Carroll and Blank
(850 °C) and Moore et al. (900 °C) than in the present study
(800 °C), however, as the temperature dependence of H,O solu-
bility typically is small [a decrease of 0.16 wt% per 100 °C
was found by Holtz et al. (1995) for haplogranitic melts at 100
and 200 MPa], it is likely that using the phonolitic data without
corrections does not significantly affect the results. For 50 MPa,
differences between the solubilities listed in Table 2 and those
calculated from Equation 2 are small (<0.25 wt%). However,
values for phonolitic melts (Carroll and Blank 1997) are sig-
nificantly smaller than those indicated by the trend of the re-
sults for granitic compositions. In addition, a relatively small
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variation of H,O solubility with (MCLNK-A)/O is inferred from
the 50 MPa data for haplogranitic melts having an excess of
alkalis (Na, K, Rb, Cs) relative to Al (Dingwell et al. 1997).
Thus, for 50 MPa, extrapolating Equation 2 beyond (MCLNK-
A)/O =2 may produce large errors.

Fitting the 500 MPa data (neglecting the aberrant value
obtained for composition IL) to the parabolic equation yields

Xu,0=0.1681-(1 + 0.13-{[(MCLNK-A)/0] - 0.5}")  (3)

Due to scatter in the data, the fit parameters have large
uncertainies. Therefore, Equation 3 is only semi-quantitative
in representing the compositional dependence of H,O solubil-
ity in granitic melts. Nevertheless, the relatively large varia-
tion of H,O solubility with (MCLNK-A)/O is consistent with
results for haplogranitic melts at the same pressure (Dingwell
et al. 1997).

A weakness of our approach to modeling the compositional
dependence of water solubility is that the concentration and
oxidation state of Fe are not considered. This may be the rea-
son why some of the solubility data lie off the general trends
shown in Figure 3 (e.g., melt IL at 500 MPa). If Fe** behaves
as an MCLNK-type cation and Fe** has the properties of an A-
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FIGURE 3. Compositional dependence of water solubility in granitic
melts expressed as mole fraction of H,O component on a one-oxygen
mole basis.

type cation, it would be expected that oxidation of the melt
would reduce the (MCLNK-A)/O value. To test this possibil-
ity, we performed one experiment with the Fe-rich NSL com-
position at oxidizing conditions. In this particular run, the
double-capsule technique described by Eugster and Wones
(1962) was applied. The sample was sealed in an inner Ag;sPd,s
capsule and then loaded into an outer Au capsule, along with
the buffer assemblage (Cu, Cu,0 + H,0). Because hydrogen
permeates rapidly through Ag,sPd,s, osmotic equilibrium was
reached at 800 °C within a few minutes (Chou 1986). Although
Au is much less permeable to hydrogen, redox equilibration is
expected to be achieved rapidly (within one day) in our other
solubility experiments because only small masses of
heterovalent cations were present in the samples. A detailed
discussion of the kinetics of redox equilibration at the experi-
mental conditions is given by Wilke and Behrens (1999). The
H,O solubility was slightly lower (6.31 wt%) in the melt equili-
brated with the Cu/Cu,O buffer than in those equilibrated with
the Ni/NiO buffer (two reacted samples containing 6.43 and
6.55 wt% H,0). Although the difference is within experimen-
tal uncertainty, the trend is nevertheless in accordance with the
observed dependence of H,O solubility on (MCLNK-A)/O.
Thus, we infer that a more accurate modeling of water solubil-
ity in magmas is possible only by considering the speciation of
Fe in the melt.

Comparison with computational models

In Figure 1, H,O solubility data for selected granitic melts
are compared with values predicted by four models. The model
of Burnham (1994) systematically underestimates the solubil-
ity of water in the nearly subaluminous EDF melt over the en-
tire range of pressure with deviations being particularly large
at high pressure (10% at 500 MPa). At pressures where they
nominally apply, the models of Moore et al. (1998) and
Yamashita (1999) are in fairly good agreement with our data
for the EDF composition (Moore et al. performed experiments
at pressures up to 300 MPa, Yamashita at pressures up to 100
MPa). However, extrapolating these models to higher pressures
(which is not recommended by the authors) produces large dis-
crepancies. For 500 MPa, the model of Moore et al. (1998)
overestimates H,O solubility by 25% and that of Yamashita
(1999) underestimates H,O solubility by 23%. The best overall
agreement between calculated and experimentally determined
solubilities is obtained using the model of Zhang (1999), which
is based on H,O solubility data for a haplogranitic melt studied
by Holtz et al. (1992, 1995). The maximum deviation of calcu-
lated values from our experimentally determined values, ob-
served for the EDF composition, is —0.31 wt% (4.6% relative)
at 200 MPa.

The models developed by Zhang (1999) and Yamashita
(1999) do not account for the effects of anhydrous composi-
tion. Moore et al. (1998) linked the compositional variation of
H,0 solubility in magmas to the concentrations of Na,O, Al,O;,
and total FeO. Their empirical model provides reliable water
solubilities for subaluminous granitic melts at pressures up to
300 MPa, but fails to predict the experimentally determined
trends of water solubility for peraluminous and peralkaline
compositions. In addition, the calculated water solubility for
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phonolitic melts at 200 MPa is ~1 wt% lower than their own
experimental determination of that solubility, despite the fact
that data for phonolitic melts were used in the calibration of
their model. Further, the coefficient for Al,O; has a negative
value and, consequently, the model predicts that water solubil-
ity decreases as anhydrous composition changes from
subaluminous to peraluminous (increasing Al,O; content for a
constant alkali content). This trend is inconsistent not only with
previous data for haplogranitic melts obtained by Dingwell et
al. (1997) and Linnen et al. (1996), but also with the observa-
tion (this study) that water solubility is higher in QV melt than
in EDF melt. These apparent inaccuracies in the model of Moore
et al. (1998) can be attributed to the use of a relatively small
database to derive the pressure, temperature, and compositional
dependence of H,O solubility for a large range of melts. An
extended data set, and consideration of additional chemical
parameters [e.g., the (MCLNK-A)/O parameter proposed in this
paper], is required to improve the empirical model.
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