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INTRODUCTION

Planetary materials, as described in the Reviews in Mineral-
ogy volume edited by J.J. Papike (1998), are fundamentally the 
result of dust aggregation. An axiom of cosmochemistry holds 
that dust or its precursor was initially condensed from an O-rich, 
Si-bearing vapor. Once formed, the condensed solids could then 
be processed in molecular clouds and circumstellar disks such 
as in the solar nebula 4.56 billion years ago. Understanding the 
condensation process is critical to appreciate the properties of 
the nanometer-sized condensed solids that ultimately deÞ ne the 
chemical compositions and minerals in comets, asteroids, and 
the terrestrial planets. The similarity between the solar photo-
sphere and the chemically primitive CI carbonaceous chondrite 
meteorite compositions is considered as evidence that the solar 
nebula gas had a bulk chondritic (or CI) composition (Anders and 
Grevesse 1989). At one time during its evolution, the solar nebula 
contained condensed solar nebula dust and surviving dust from 
the molecular cloud fragment wherein the nebula had formed. 
The latter, pre-solar, dust included silicates (Messenger 2000; 
Keller et al. 2000) that had formed around other, older stars by 
vapor-phase condensation. It is important that the common sili-
cates [e.g., forsterite, diopside (Rietmeijer 1999)], Mg-rich fer-
romagnesiosilica grains (Rietmeijer et al. 1999a), GEMS (glass 
with embedded metals and sulÞ des; Bradley 1994; Bradley et al. 
1999), and Fe,Ni-sulÞ des in chondritic aggregate, interplanetary 
dust particles (IDPs) collected in the Earth�s lower stratosphere 

(for reviews see, Rietmeijer 1998, 2002), are also present around 
O-rich stars in different stages of stellar evolution (Bouwman 
et al. 2001; Molster and Waters 2003) and �pure� Mg-silicate 
crystals are observed in stellar outß ows (Nuth et al. 2002).

Mostly based on theoretical considerations, condensation of a 
solar nebula gas has been considered to be an equilibrium process 
that would yield an orderly sequence of stoichiometric minerals 
ranging from refractory (Ca,Ti,Al-rich) high-temperature miner-
als to low-temperature silicates (Larimer 1967, 1988; Grossman 
and Larimer 1974, Wood and Hashimoto 1993; Petaev and Wood 
1998, among many others). Kinetic factors almost certainly are 
involved in this process and yet the notion of equilibrium conden-
sation has been remarkably persistent, including variations that 
considered sub-nebular domains with non-chondritic gas com-
positions. It also has been pointed out that a condensing vapor 
would not contain stoichiometric gas molecules (Donn and Nuth 
1985), such as Mg2SiO4, to form equilibrium forsterite (Lord 
1965). Perhaps more devastating to equilibrium condensation 
models is the fact that despite long searches in meteorites (Wark 
1979), there is no evidence for sequential condensation of the 
predicted stoichiometric equilibrium minerals. It is timely then 
to explore a stellar kinetic (condensation) model of simple metal 
oxides and non-stoichiometric solids such as Mg-SiOx, Fe-SiOx, 
and Al-SiOx (Nuth et al. 2000) as an alternative process.

DEEP METASTABLE EUTECTIC (DME) CONDENSATION

Prigogine (1978, 1979) showed that conditions of nonequi-
librium could establish states of organization of matter where 
disequilibrium becomes a source of order referred to as dis-* E-mail: fransjmr@unm.edu
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ABSTRACT

Vapors of Al-Fe-SiO-O2-H2 having two different compositions produced ferroaluminosilica grains 
as a function of agglomeration and fusion along mixing lines in the Al2O3-FeO-SiO2 system that are 
deÞ ned by the predictable, deep metastable eutectic (DME) compositions of the smallest condensate 
grains. Disorder of these amorphous grains is higher than in quenched glass of identical composition, 
which is the very property of dissipative structures (Prigogine 1978, 1979) that are states of organiza-
tion of matter where disequilibrium becomes a source of order. Iron-oxidation states control ferrosilica 
condensate compositions. We present the Þ rst magnetic measurements showing a high Fe3+ content in 
condensed ferrosilica grains. The Fe-cordierite grain composition is primarily the result of predictable 
non-equilibrium condensation, not the bulk gas phase composition. Natural terrestrial and anthropogenic 
(e.g., smelters, coal ß y ash) Fe-cordierite might well be a metastable phase due to kinetically controlled 
processes. Amorphous Mg,Fe-bearing aluminosilica dust in chondritic interplanetary dust aggregates 
and (rare) Mg,Fe-aluminosilicates in meteorites might have condensed via similar processes.
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