Multi-spectroscopic study of Fe(II) in silicate glasses: Implications for the coordination environment of Fe(II) in silicate melts
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Abstract
The coordination environment of Fe(II) has been examined in seven anhydrous ferrosilicate glasses at 298 K and 1 bar using 57Fe Mössbauer, Fe K-edge X-ray near edge structure (XANES), and extended X-ray absorption fine structure (EXAFS), UV-Vis-NIR, and magnetic circular dichroism (MCD) spectroscopies. Glasses of the following compositions were synthesized from oxide melts (abbreviation and nonbridging oxygen:tetrahedral cation ratio (NBO/T) in parentheses): Li2FeSi3O8 (LI2: 1.33), Rb2FeSi3O8 (RB2: 1.33), Nal.08Fel.l7Si3.l3O8 (NAl: 1.09), Nal.46Ca0.24Fel.08Si2.97O8 (NC6: 1.38), Nal.09Ca0.51Fe0.72Si3.10O8 (NC2: 1.15), Na0.99Ca0.92Fe0.24 Si3.17O8 (NCl: 1.04), and Na0.29Mg0.53Ca0.52Fe0.56Al0.91Si2.44O8 (BAS: 1.05). Mössbauer, XANES, and EXAFS information suggests that iron is dominantly ferrous in all glasses (<10 atom% Fe(III)) with an average first-neighbor Fe(II) coordination varying from ∼ 4 to 5.2 (±0.2) oxygens. The UV-Vis-NIR spectrum of each sample exhibits intense absorption centered near 8100–9200 cm−1 and weak absorption near 5000 cm−l, which cannot be assigned unambiguously. The MCD spectrum of NC6 glass, which is the first such measurement on a silicate glass, shows three transitions at ∼8500 cm−1, ∼6700 cm−1, and ∼4500 cm−1. The behavior of these MCD bands as a function of temperature (1.6 K to 300 K) and magnetic field strength (1 T to 7 T) indicates that they most likely arise from three distinct Fe(II) sites with different ground states, two of which are 5-coordinated and one of which is 4-coordinated by oxygens.
The combined results suggest that Fe(II) predominantly occupies 5- and 4-coordinated sites in each glass, with the ratios differing for the different compositions. Small amounts of 6-coordinated Fe(II) are possible as well, but primarily in the more basic glass compositions such as BAS. The substitution of Li(I) for Rb(I) in the M2FeSi3O8 base glass composition causes a weakening of the average Fe(II)-O bond, as indicated by the longer Fe(II)-O distance in the latter. The basalt composition glass was found to have the largest Fe(II) sites relative to those in the other glasses in this study. A bond valence model that helps predict the coordination number of Fe(II) in silicate glasses is proposed. The structural information extrapolated to Fe(II)-bearing melts is parameterized using bond valence theory, which helps to rationalize the melt-crystal partitioning behavior of ferrous iron in natural and synthetic melt-crystal systems.
Introduction
The local coordination environments of first-row transition metals in silicate glasses and melts are poorly constrained and difficult to predict due to the possibility of a range of coordination geometries, including some not commonly found in crystalline silicates, such as trigonal bipyramids (e.g., Fe(II): Jackson et al 1991, Jackson et al 1993; Ni(II): Galoisy and Calas 1993, Farges et al 1994; and Ti(IV): Bugaev et al., 2004) or square pyramids (e.g., Ti(IV): Farges et al 1996, Farges and Brown 1997, Romano et al 2000). Knowledge of the local coordination environments of cations in silicate glasses and melts is necessary for a fundamental understanding of their physical and thermodynamic properties (Burns, 1993). For example, the ratio of cations in tetrahedral vs. octahedral sites influences the polymerization, viscosity, density, and heat capacity of silicate melts (Mysen 1988, Mysen 1991).
Among the first-row transition metals, iron is the most abundant in Earth materials and, consequently, the most often studied in silicate glasses and melts. Ferrous and ferric iron can coexist in silicate glasses and melts, their ratio being a function of oxygen fugacity, temperature, and melt composition (Fudali 1965, Sack et al 1980, Kilinc et al 1983, Mysen et al 1985a, Borisov and Shapkin 1990, Kress and Carmichael 1991, Moore et al 1995, Baker and Rutherford 1996, Wilke et al 1999, Wilke et al 2001, Wilke et al 2002). Ferric iron is generally thought to populate tetrahedral sites in Na-bearing silica-rich melts and perhaps a combination of tetrahedral and octahedral sites in Ca-bearing silica-rich melts (Levy et al 1976, Brown et al 1978, Mysen et al 1984, Mysen et al 1985a, Mysen et al 1985b, Mysen and Virgo 1989, Mysen 1991, Wang et al 1995). However, in situ heat capacity measurements have been interpreted to suggest that Fe(III) may also occupy more highly coordinated sites (Lange and Navrotsky 1993, Tangeman and Lange 1998, Tangeman et al 2001). Similarly, the coordination environment of Fe(II) is still debated. It has been proposed from Mössbauer (Virgo and Mysen, 1985), vibrational (Mysen et al., 1982), and optical absorption studies (Boon and Fyfe 1972, Bell et al 1976, Goldman and Berg 1980, Nolet 1980, Fox et al 1982, Lefrère 2002) that Fe(II) is dominantly (i.e., >95%) octahedrally coordinated in silica-rich glasses. However, more recent Mössbauer studies suggest the presence of less highly coordinated Fe(II) species in silicate glasses (Alberto et al 1996, Dunlap 1997, Dunlap et al 1998, Rossano et al 1999). In addition, Fe K-edge extended x-ray absorption fine structure (EXAFS), Fe K-edge X-ray absorption near edge structure (XANES), and 57Fe Mössbauer spectroscopic studies of Na2Fe(II)Si3O8 and K2Fe(II)Si3O8 glasses (Waychunas et al 1988, Waychunas et al 1989), Fe K-edge EXAFS and XANES studies of MFe(II)0.5Si2.5O6 glasses (M = K, Na, Cs: Henderson et al 1991, Henderson et al 1995; see also Iwamoto et al 1987, Bonnin-Mosbah et al 2001), and vibrational and Fe K-edge EXAFS studies of M2SiO4 glasses and melts (M = Fe(II), Mn(II), Mg, Ca: Cooney and Sharma 1990, Jackson 1991, Jackson et al 1993) all suggest that Fe(II) is dominantly tetrahedrally or pentahedrally coordinated by oxygens in these glass compositions. Recent molecular dynamics calculations on Fe(II)-bearing anhydrous silicate melts suggest the presence of a continuum of Fe(II) sites, with first-neighbor coordination ranging from 4 to 6 oxygens, but dominantly 4 and 5 oxygens (Rossano et al 2000, Rossano et al 2002). When dissolved water is present in such glasses, however, Fe(II) is thought to be dominantly 6-coordinated by oxygens, as shown in a recent study that used Mössbauer spectroscopy and high-resolution Fe K-edge XANES spectroscopy (Wilke et al., 1999).
To provide a more definitive description of the average coordination environment of Fe(II) in silica-rich glasses, we have examined seven anhydrous ferrosilicate glasses using Fe K-edge EXAFS, Fe K-edge XANES, Mössbauer, and optical spectroscopies, including magnetic circular dichroism (MCD) methods. The compositions of these glasses are given below in the sample preparation section. Because EXAFS analysis is sensitive to nongaussian distributions of interatomic distances around an absorber as a result of dynamical or static positional disorder effects, we have fit the EXAFS data using the cumulant expansion method (Crozier et al., 1988) which accounts for such anharmonic effects. We have also carried out a shape-independent fitting (Rossano et al., 1999) of the Mössbauer data collected in this study to obtain improved estimates of the range of sites occupied by iron in these glasses. The MCD measurements, which are the first on Fe(II) in a silicate glass, were carried out to help constrain interpretations of UV-vis-NIR spectra of ferrosilicate glasses. The implications of our findings for the coordination environments of Fe(II) and Ni(II) in silicate glasses and melts of geochemical interest and for melt-crystal partitioning of Fe(II) and NI(II) are discussed.
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Sample Preparation
The glasses were synthesized from reagent grade oxides and iron metal. Iron was added in the form of equimolar proportions of powdered Fe metal and Fe2O3—a procedure that provided confirmation that iron redox equilibrium was attained in the melt. The mixtures were then ground under ethanol, placed in iron crucibles, and heated for several hours in a vertical, controlled-atmosphere (Ar or N2) Deltech furnace to ∼700 K above the estimated glass transition temperatures of these glasses (500–1100
Mössbauer Spectroscopy
Figure 1 shows the experimental 57Fe Mössbauer spectra and the best fits for six of the glasses studied: NC6, LI2, NC2, BAS, RB2, and NA1 (the Mössbauer spectrum and model obtained for glass NC1 are very similar to that for NA1). The results of least-squares fitting of the Mössbauer spectra (apparent isomer shift, IS, and apparent quadrupole splitting, QS) are given in Table 1. Except for RB2 glass, which contains ∼20% of the total iron as Fe(III) (Table 1), each glass was found to be low in
Average Coordination Environment of Fe(II) in Ferrosilicate Glasses
The Fe K-edge XANES spectra for the ferrosilicate glasses studied suggest that Fe(II) occupies an average site that deviates markedly from centrosymmetry. The EXAFS-derived Fe(II)-O distances for each glass are consistent with an average Fe(II) site that has a coordination number smaller than 6, and the anharmonic fit to the EXAFS spectra of these glasses confirms this, while indicating a slightly longer average d(Fe(II)-O) than is obtained with harmonic fits (Table 3). The Mössbauer isomer
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