Thermodynamic constraints on the formation conditions of winonaites and silicate-bearing IAB irons
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Abstract
Silicate inclusions in IAB irons and related winonaite meteorites have textures, mineralogies and mineral chemistries that indicate a complex formation history of heating, followed by brecciation and metamorphism. Using olivine-orthopyroxene-chromite assemblages in five IAB iron silicate inclusions (Caddo County, Campo del Cielo, Copiapo, Lueders, and Udei Station) and one winonaite (Winona), we calculated closure temperatures and oxygen fugacities for these meteorites. Calculated olivine-chromite Fe-Mg exchange temperatures are compared to two-pyroxene temperatures. Olivine-chromite closure temperatures range from ∼590°C to ∼700°C, while two-pyroxene temperatures range from ∼900°C to ∼1200°C. Oxygen fugacities of these meteorites, determined for the first time in this study, range from 2.3 to 3.2 log units below the Fe-FeO buffer and define a line between the Fe-FeO and Cr-Cr2O3 buffers. Highly variable temperatures were experienced by these rocks on the hand sample, and sometimes even the thin section, scale consistent with the idea that the winonaite-IAB iron parent body experienced collisional fragmentation and reassembly after peak temperatures were reached. Although modest reduction likely occurred during cooling, the oxygen fugacities and mineral compositions recorded at peak metamorphic temperatures suggest that the chondritic precursor for this parent body was initially more reduced than ordinary chondrites.
Introduction
Most iron meteorite groups exhibit geochemical trends consistent with fractional crystallization of a common metallic magma. It is widely accepted that these trends formed during crystallization of a metallic core after differentiation, with each group forming in a distinct asteroid (Wasson 1972, Buchwald 1975). There are, however, several iron meteorite groups (e.g., IAB, IIE, IIICD) whose geochemical trends are not consistent with this scenario and many members of each of these groups contain silicate inclusions. IAB is the largest of these groups (131 members) and second largest of all iron meteorite groups, following the well-studied IIIAB group.
IAB iron metal is characterized by wide ranges in Ni (5.5 wt% to 60.8 wt%) and siderophile trace element (e.g., Ga, Ge, Ir) concentrations (Choi et al 1995, Wasson and Kallemeyn 2002). The common silicate inclusions are similar in bulk chemical composition to chondritic material (Bunch et al 1970, Wasson 1972, Benedix et al 2000). However, olivine and orthopyroxene are intermediate in FeO concentration between H and E chondrites. The stony winonaites share a common silicate mineralogy, mineral chemistry and oxygen isotopic composition (Benedix et al 1998, Benedix et al 2000 and references therein) with silicate material in IAB irons and are thought to derive from the same parent asteroid (Bild, 1977).
The features of IAB irons indicate formation by one or more mechanisms that may not have operated on the parent bodies of other iron meteorites (Wasson, 1972). Wasson and co-workers (Choi et al 1995, Wasson and Kallemeyn 2002) favor formation of IAB irons by selective impact melting of a chondritic source, suggesting rapid heating and cooling to produce the geochemical trends in the metal. Takeda et al. (2000) studied gabbroic-textured regions in the Caddo County IAB iron and suggested formation by segregation of silicate and metal partial melts at depth on a parent body early in the history of the solar system. Benedix et al. (2000) advocated a hybrid model that explains the apparently contradictory features by invoking incomplete melting and separation of the Fe, Ni-FeS cotectic and basaltic partial melts from the chondritic to ultramafic residues, followed by catastrophic impact mixing to produce the silicate-metal mixtures.
While these models provide a broad framework for interpreting the genesis of IAB irons and winonaites, they cannot elucidate the details of formation, including such intrinsic geochemical parameters as peak temperatures, oxygen fugacity and pressure. Particularly enigmatic is the nature of the precursor chondritic material. Do the mineral and bulk compositions of the IAB silicate inclusions and winonaites reflect those of the precursor chondrite or were they originally more oxidized and became reduced as a result of interaction with the carbon-rich metal in which they are now embedded? In this study, we attempt to determine these parameters in the IAB silicate inclusions and Winona, to better understand the thermal history and starting composition of the parent body.
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Analytical Techniques
We studied the IAB irons Caddo County, Campo del Cielo, Copiapo, Lueders, and Udei Station, as well as the type winonaite, Winona (Table 1). These meteorites span the complete range of textural types found in winonaites and IAB irons, including recrystallized metamorphic unmelted rocks (Winona, Campo del Cielo, Copiapo), partial melts (basaltic-gabbroic silicates in Caddo County), and partial melt residues (Udei Station) (Benedix et al 1998, Benedix et al 2000 and references therein).
Polished
Textures
Silicate inclusions in IAB irons and winonaites generally exhibit equigranular textures with abundant 120° triple junctions and all of the meteorites studied here fit this description (Fig. 1). Benedix et al 1998, Benedix et al 2000) suggested that these textures formed through metamorphic cooling from near or slightly above the silicate peritectic. In addition to metamorphic textures, some inclusions exhibit evidence of partial melting. For example, Caddo County contains gabbroic inclusions
Discussion
Previous studies of silicates in IAB irons and winonaites estimated peak temperatures and calculated closure temperatures from a combination of mineral abundances, textures and compositions (Bunch et al 1970, Takeda et al 2000, Benedix et al 2001, Benedix et al 2002). These temperatures range from slightly above 900°C to over 1450°C. Abundant textural evidence for mobility of Fe,Ni-FeS and basaltic partial melts suggests peak temperatures in excess of both the Fe,Ni-FeS eutectic temperature of
Conclusions
The closure temperatures calculated in this study, along with textural features, indicate that silicate inclusions in IAB irons and winonaites likely experienced temperatures above FeS-FeNi and, possibly, the silicate partial melting temperatures. The degree of heating varied at the local (m to dm) scale and, in some cases, heterogeneous heating is preserved at the cm scale, as evidenced by the lack of correlation between the olivine-chromite geothermometer and the two-pyroxene geothermometers. 
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