Evidence from olivine/melt element partitioning that nonbridging oxygen in silicate melts are not equivalent
Author links open overlay panel
, 
[bookmark: _GoBack]https://doi.org/10.1016/j.gca.2004.12.028 
Abstract
Partitioning of Ca, Mn, Mg, and Fe2+ between olivine and melt has been used to examine the influence of energetically nonequivalent nonbridging oxygen in silicate melts. Partitioning experiments were conducted at ambient pressure in air and 1400°C with melts in equilibrium with forsterite-rich olivine (Fo >95 mol%). The main compositional variables of the melts were NBO/T and Na/(Na+Ca). In all melts, the main structural units were of Q4, Q3, and Q2 type with nonbridging oxygen, therefore, in the Q3 and Q2 units.
For melts with high Q3/Q2-abundance ratio (corresponding to NBO/T near 1), increasing Na/(Na+Ca) [and Na/(Na+Ca+Mn+Mg+Fe2+)] results in a systematic decrease of the partition coefficients, KCaol/melt, KMnol/melt, KMgol/melt, and KFe2+ol/melt, because of ordering of the network-modifying Ca, Mn, Mg, and Fe2+ among nonbridging oxygen in Q3 and Q2 structural units. This decrease is more pronounced the smaller the ionic radius of the cation. With decreasing Q3/Q2 abundance ratio (less-polymerized melts) this effect becomes less pronounced.
Activity-composition relations among network-modifying cations in silicate melts are, therefore, governed by availability of energetically nonequivalent nonbridging oxygen in individual Qn-species in the melt. As a result, any composition change that enhances abundance of highly depolymerized Qn-species will cause partition coefficients to decrease.
Introduction
Mass transfer processes in the Earth are governed by partitioning behavior of elements between minerals and magmatic liquids. Experimentally determined major, minor, and trace element partitioning between minerals and melts at high temperature and pressure, therefore, is central to our understanding of the petrogenesis of igneous rocks. Structural characterization of the solution mechanisms of these elements in both minerals and melts is necessary to describe and predict mineral/melt element partitioning for this use.
Evidence from natural rocks and from experimental data points to significant melt composition dependence of major, minor, and trace element partitioning (e.g., Watson 1976, Watson 1977; Irving, 1978; Mysen and Virgo, 1980; Hillgren et al., 1996; Kushiro and Walter, 1998; Libourel, 1999; Jaeger and Drake, 2000; Walter, 2001). In fact, even Fe2+-Mg partitioning between olivine and melts, which for some time was considered nearly independent of composition (Roder and Emslie, 1970), more recently has been found quite composition dependent. The exchange equilibrium coefficient, KDFe2+−Mgolivine/melt, originally considered near constant at 0.3 (Roder and Emslie, 1970), in more current experimental studies ranges between ∼0.15 and near 0.45 (see, for example, Takahashi, 1978; Colson et al., 1988; Shi and Libourel, 1991; Sack et al., 1987; Toplis et al., 1994; Kushiro and Mysen, 2002). These variations, at least in part, reflect melt compositional control on the activity of iron oxides in silicate melts (e.g., Doyle and Naldrett, 1986; Doyle, 1989; Gaillard et al 2001, Gaillard et al 2003).
Activity-composition relations in silicate melts, in turn, are related to the structural roles of the components. Various structure parameters have been employed to account for such effects. For example, the parameter NBO/T† empirically has been related to mineral/melt partitioning behavior at least over limited NBO/T ranges (e.g., Mysen and Virgo, 1980; Kohn and Schofield, 1994; Righter and Drake, 1999; Jaeger and Drake, 2000; Walter, 2001; Toplis and Corgne, 2002). It has been suggested, however, that the use of NBO/T of a melt to calibrate mineral/melt element partitioning is of limited utility (see also O’Neill and Eggins, 2002; Bennett et al., 2004). This is at least partly because NBO/T of a melt does not offer insight into important details of structural positions of the elements in melt.
This conclusion does not, however, imply that melt structure and the role of minor and trace elements in melts structure are not important. However, to characterize the role of melt composition on mineral/melt element partitioning, a deeper structural understanding than that offered by NBO/T is needed.
To this end it is important to note that most geochemically important minor and trace elements are network modifiers (Mysen, 2004) and form bonds, therefore, with nonbridging oxygen (NBO) in silicate melts. The nonbridging oxygens in silicate melts, however, are not energetically equivalent (Jones et al., 2001; Lee and Stebbins, 2003; Allwardt and Stebbins, 2004). This nonequivalence is also evident from the observation that the equilibrium between Qn-species in silicate melts: 
depends on the nature of the network-modifying cation(s) (e.g., Maekawa et al., 1991; Stebbins, 1995; Mysen 1995, Mysen 1999). One might expect, therefore, that minor and trace elements would exhibit preference for specific nonbridging oxygen such as those in the different Qn-species.
To explore these possibilities, element partitioning between olivine and simple silicate melts has been studied under circumstances where the activity-composition relations of the elements of interest in the olivine are reasonably well known. Thus, variations in partitioning behavior and, therefore, structural behavior, in the melts might be understood in terms of activity-composition variations.
Section snippets
Experimental methods
In silicate melts, ionic radius is a critical factor governing the interaction of network-modifying cations with nonbridging oxygen (e.g., Mysen, 1999; Lee and Stebbins, 2003; Mysen and Richet, 2005). The consequences of these interactions for element partitioning between minerals and melts can be examined provided that the composition-activity relations in the minerals are known.
Olivine/melt partitioning of Ca2+ and Mn2+ and Fe2+ and Mg was studied for this purpose in part because the
Redox Ratio of Iron and Degree of Melt Polymerization, NBO/T
Existing structural data for ambient-pressure, iron-free silicate and aluminosilicate glass and melt are sufficient to calculate their NBO/T (degree of polymerization of the silicate network) from their major-element composition (see Mysen 1990, Mysen 2003, for discussion and review of these data and NBO/T calculations). For Fe-bearing glasses and melts, additional information needed to calculate NBO/T is their Fe3+/ΣFe. The structural role or roles of Fe2+ and Fe3+ in the melt must also be
Discussion
The relationships indicated by the open symbols in Figures 4– reflect relative affinities of Na+, Ca2+, Mn2+, Mg2+, and Fe2+ for nonbridging oxygen in the different Qn-species in melts coexisting with olivine. From existing structural data on relations between Qn abundance of metal oxide-silica melts and ionic radius and electrical charge of the metal cations, variations in Na/(Na+Ca) of melts likely affect the Qn abundance in the melts. The Q3/Q2 abundance ratio increases with Na/(Na+Ca) (
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