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Abstract

Droplets of an iron-bearing calcia magnesia aluminosilicate (Fe-CMAS) melt were reacted under 
distinctly reducing conditions (fO2 = 2.4 × 10–13 and 6.4 × 10–15 atm) at high temperature (~1400 °C) 
and ambient pressure. The low fO2 environment was maintained by a flowing gas mixture of CO and 
CO2, with a high content of CO. Molten metallic iron alloyed with silicon and carbon formed on the 
surface of the melt; no metal was observed in sample interiors. A color change from brown to pale blue 
confined to the outer layer of the melt indicated that essentially complete reduction of Fe3+ to Fe2+ had 
occurred in this region. Analysis of the reaction kinetics, particularly in comparison to melts of similar 
polymerization but free of CaO, reveals that the concentration of electron holes has decreased to such 
an extent that ionic transport in the melt is significantly slowed and the diffusion of CO as a neutral 
species becomes dominant and rate-limiting: molecular CO, initially incorporated into the melt as a 
physically dissolved species, subsequently reacts to form chemically dissolved (bonded into the melt 
structure) CO3

2– anions, consuming electron holes in the process. The chemical diffusion coefficient for 
CO in the reduced melt at 1400 °C is estimated as DCO ≈ 4 × 10–4 cm2/s, consistent with that of other, 
similarly sized molecular species (e.g., H2 and H2O) for similarly polymerized melts, as reported by 
other investigators. Upon quenching, the droplet acts as a closed system. Internal redox couples see 
the reduction of the carbonate so as to form bubbles of CO, the composition of which are confirmed 
with Raman spectroscopy. The open-system reduction and closed-system quenching dynamics are 
analyzed following an Ellingham-diagram approach.
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Introduction

Reduction-to-metal of the more-noble components of a mul-
ticomponent silicate melt, e.g., the NiO and FeO components 
to a (Ni,Fe) alloy, is an important part of the evolution of some 
chondrules and, too, of the differentiation of the terrestrial plan-
ets (e.g., King 1983; Wasson 1985; Lee et al. 1992; Kong and 
Palme 1999; Libourel et al. 2006). We have studied the kinetics 
of such reactions and their effects on the texture of a reacted-
and-quenched melt. In this reaction, which we describe as “hard” 
reduction [because, thermodynamically, the chemical-potential 
difference should change the phase equilibrium from one of 
a homogeneous melt (hyperliquidus) to one where either the 
liquid is evolved to sub-liquidus conditions (i.e., precipitation 
of crystalline metal) or to the formation of a metallic–ionic/co-
valent liquid emulsion] the kinetic path is one that diminishes the 
chemical potential differences between the melt and its environ-
ment most rapidly. Various textures are possible in such redox 
reactions, and the one displayed by the system is a function not 
of thermodynamics, but of the kinetic path in that the texture is 
a “dissipative structure” in the sense articulated in non-equilib-
rium thermodynamics (e.g., Kondepudi and Prigogine 1998). 

One texture that becomes feasible in a multicomponent system 
is an “internal” redox reaction, which incorporates two “half 
reactions” at a minimum [there can be more depending on the 
system and the difference in oxygen chemical potential involved 
(e.g., Cooper et al. 1996)] with one occurring at an internal in-
terface that migrates into the material and one occurring at the 
free surface. Between the two reaction interfaces lies a region of 
chemical diffusion. There is often chemical diffusion at greater 
depth than the internal interface, associated with this reaction, 
as well. This type of internal redox reaction was detailed for 
crystalline oxide solid solutions by Schmalzried (1983, 1984), 
an analysis founded on the seminal work of Wagner (1959) on 
the oxidation of multicomponent metal solutions (alloys).

We have demonstrated that a cation-diffusion-dominated (and 
rate-limited) internal reaction occurs for the hard reduction of a 
FeO-bearing magnesium aluminosilicate (Fe-MAS) melt reacted 
under conditions allowing no convective mixing (Everman and 
Cooper 2003). The melt, which had a nominal MgO-Al2O3-SiO2 
content along the enstatite-cordierite-liquid cotectic with ~20% 
of the Mg2+ replaced with Fe2+,3+ and which was reacted at tem-
peratures in the range 1300 ≤ T (°C) ≤ 1400 and in a controlled 
oxygen fugacity ( fO2) environment (mixed/reacted CO+CO2; fO2 
approximately three orders of magnitude below the iron-wüstite 
buffer, i.e., “IW–3”), developed a reaction texture that included * E-mail: Reid_Cooper@brown.edu


