Experimental determination of argon solubility in silicate melts: An assessment of the effects of liquid composition and temperature
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Abstract
The argon solubility of 38 liquids in the system Na2O-CaO-MgO-Al2O3-SiO2 (NCMAS) has been determined at 1873 K and 1 bar, the argon concentration of presaturated glasses being measured using a static mass spectrometer. For compositions in the subsystem diopside (CaMgSi2O6), nepheline (NaAlSiO4), albite (NaAlSi3O8), anorthite (CaAl2Si2O8), argon solubility is generally a linear function of the relative proportion of each end member, solubility being lowest in diopside melt (1.53 10−5 cm3 STP · g−1 · bar−1) and highest in albite melt (2.88 10−4 cm3 STP · g−1 · bar−1). For the tectosilicate joins studied (SiO2-Na2Al2O4, SiO2-CaAl2O4, SiO2-MgAl2O4) solubility decreases with decreasing silica content in all cases, being highest for Na-bearing liquids and lowest for Mg-bearing liquids at constant molar silica content. Where comparison is possible our results are in good agreement with data from the literature. When our data are considered in isolation we find that argon solubility shows an excellent correlation with calculated ionic porosity. The covariation of argon solubility and liquid density is also reasonable, that with molar volume less convincing and that with polymerization state (as defined by the ratio of the number of nonbridging oxygens and tetrahedral network forming cations; NBO/T) nonexistent. However, when our data are combined with those from the literature no well constrained correlation between argon solubility and ionic porosity is apparent. Based upon this observation and consideration of the temperature dependence of noble gas solubility it is concluded that ionic porosity is not a universally applicable parameter which may be used to predict noble gas solubility as a function of composition, temperature and pressure. Two new models for calculating argon solubility are proposed, both employing the notion of partial molar argon solubilities. The first uses oxide components, for which partial molar argon solubility is directly proportional to partial molar ionic porosity calculated at 1873 K, irrespective of the temperature of experimental equilibration. The second model, which offers the best fit to the available data, employs tetrahedral units rather than oxides as the proposed melt components. This latter model successfully accounts for reported argon solubilities in simple Al-free systems, in simple Al-bearing systems and in natural liquids. This is interpreted to infer that argon is incorporated in large sites in the liquid structure (such as the space within rings of n-tetrahedra) although further work is required to understand the quantitative links between melt structure and noble gas solubility.
Introduction
Noble gases are present in low but measurable abundance in many geological systems and are considered powerful tracers of a wide range of geological processes (e.g., Marty and Ozima 1986, Javoy and Pineau 1991). However, in magmatic rocks interpretation of noble gas abundances and ratios requires knowledge of the solubility and partitioning behavior of these elements between gas, silicate liquid and crystals as a function of pressure, temperature and composition. This has led to a large number of studies of the solubility of noble gases in silicate melts (e.g., Doremus 1966, Doremus 1973, Kirsten 1968, Studt et al 1970, Perkins and Begeal 1971, Shackelford et al 1972, Shelby 1972a, Shelby 1972b, Shelby and Eagan 1976, Hayatsu and Waboso 1985, Jambon et al 1986, Jambon 1987, Lux 1987, White et al 1989, Chennaoui-Aoudjehane and Jambon 1990, Broadhurst et al 1990, Broadhurst et al 1992, Carroll and Stolper 1991, Carroll and Stolper 1993, Roselieb et al 1992, Shibata et al 1996, Shibata et al 1998, Nuccio and Paonita 2000, Miyazaki et al 2004). The results of these studies show that noble gas solubility obeys Henry’s law for pressures less than 103 bars and is only weakly dependent on temperature. On the other hand, solubility is a sensitive function of liquid composition and the atomic radius of the noble gas (e.g., Carroll and Stolper, 1993). The ability to predict how solubility varies as a function of liquid composition for different gases therefore requires some understanding of how the noble gases are incorporated in the melt structure, information which may in turn lead to a better understanding of the dissolution mechanism of other neutral species such as H2O, CO2 and N2 (Blank et al 1993, Miyazaki et al 1995, Miyazaki et al 2004, Humbert et al 1999). Although some models of noble gas solubility are empiric (e.g., Jambon 1987, Chennaoui-Aoudjehane and Jambon 1990), others have tried to relate solubility to some physical characteristic of the melt. For example, Lux (1987) reported that noble gas solubility is well correlated with melt density, denser melts having lower solubilities. Similarly, good correlations have been found between molar volume and solubility (Broadhurst et al 1990, Broadhurst et al 1992). More recently, Carroll and Stolper (1993) showed that noble gas solubility is better correlated with ionic porosity (a measure of the “free space” in a material defined as the difference between the total molar volume and the volume occupied by the constituent atoms; Dowty 1980, Fortier and Giletti 1989) than either liquid density or molar volume. However, although the correlations between gas solubility and ionic porosity are excellent for natural liquids, for simplified synthetic systems such as CaO-MgO-Al2O3-SiO2, solubility and ionic porosity do not follow the same correlation as natural liquids (Carroll and Stolper, 1993). Furthermore, new data in Al-free systems also imply that ionic porosity may not be the factor controlling noble gas solubility in silicate melts (Shibata et al 1996, Shibata et al 1998). These latter authors proposed that it is the 3D structure of silicate melts which controls noble gas solubility, polymerized units in the melt being associated with higher gas solubility than depolymerized units. However, application of these ideas to the case of Al-bearing liquids is not straightforward (Shibata et al., 1998) and at the present time it remains unclear exactly how melt structure and noble gas solubility are related.
This state of affairs has led us to reassess the factors affecting noble gas solubility in silicate melts. In particular we have studied the role played by aluminium, extending the work of Shibata et al 1996, Shibata et al 1998) in Al-free systems. The 38 liquids in the system CaO-MgO-Na2O-Al2O3-SiO2 have been equilibrated with pure argon at 1873 K, providing a database which may be used to constrain to what extent ionic porosity and/or polymerization state control gas solubility. These data are then combined with data from the literature to propose a simple predictive model for argon solubility in silicate melts which is valid for both natural and synthetic compositions.
Section snippets
Choice of Compositions
A five component system (CaO-MgO-Na2O-Al2O3-SiO2) was chosen for this study, with the aim of understanding why data from simplified systems (e.g., White et al 1989, Broadhurst et al 1992, Shibata et al 1996, Shibata et al 1998) do not show the same correlation between noble gas solubility and ionic solubility as data from natural melt compositions (e.g., Hayatsu and Waboso 1985, Jambon 1987, Lux 1987, White et al 1989, Carroll and Stolper 1993). The compositions (summarized in Table 1) were
Generalities
Measured solubilities and associated uncertainties are provided in Table 2 and illustrated in Fig. 1, Fig. 2, Fig. 3. Solubilities are measured in cm3 STP per gram of glass. Alternatively, solubilities may be expressed in terms of relative mole fraction (moles of Ar per gram formula weight of silicate melt). These values may be compared with those of other studies, notably at higher pressure, through definition of Henry’s law constant, HAr, defined as: 
where XAr is the argon
Data from this study
The fact that argon solubility is a sensitive function of melt composition is confirmed by our data (Fig. 1, Fig. 2, Fig. 3). As stated above, various models have been proposed in the literature which relate noble gas solubility to some physical characteristic of the melt, in particular, liquid density (Lux 1987, White et al 1989), molar volume (Broadhurst et al 1990, Broadhurst et al 1992), ionic porosity (Carroll and Stolper, 1993) and polymerization state (Shibata et al 1996, Shibata et al
Concluding remarks
The results of this study confirm the important role of melt composition on argon solubility in silicate liquids (Lux 1987, Carroll and Stolper 1993, Shibata et al 1996, Shibata et al 1998). However, the quantitative link between the physical characteristics of the melt and argon solubility is still not clear although it is concluded that ionic porosity is not a universally applicable parameter which may be used to predict noble gas solubility as a function of composition, temperature and
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