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ABSTRACT

Vapors of Al-Fe-SiO-0,-H, having two different compositions produced ferroaluminosilica grains
as a function of agglomeration and fusion along mixing lines in the Al,O;-FeO-SiO, system that are
defined 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 first magnetic measurements showing a high Fe** 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 fly 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.
Keywords: Vapor phase condensation, ferroaluminosilica vapor, non-equilibrium condensation,
deep metastable eutectics, magnetic measurements, Fe-cordierite

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 define 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 sulfides; Bradley 1994; Bradley et al.
1999), and Fe,Ni-sulfides in chondritic aggregate, interplanetary
dust particles (IDPs) collected in the Earth’s lower stratosphere
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(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 outflows (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 Mg,SiO,, 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-SiO,, Fe-SiO,,
and Al-SiO, (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-
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sipative structures. De (1979) introduced this concept to vapor
condensation in astronomical environments when a cooling
vapor experiences excursions in condensation and evaporation
rates prior to reaching the equilibrium state when the grain
and gas temperatures are equal (Fig. 1). When pre-equilibrium
condensates are preserved, they will be dissipative structures
with extreme disorder, that is, these solids are more disordered
than quenched glass of identical composition. Highmore and
Greer (1989) and Aasland and McMillan (1994) postulated that
a dissipative structure arising from an entropy catastrophe could
explain the DME phase relationships observed in some metal-
oxides and amorphous alloys.

In vapor-condensation experiments, a “hot” vapor is quenched
to a “low” temperature, whereby “hot” and “low” are relative
designations. In our experiments, pre-mixed Al-SiO-H,-O, (Riet-
meijer and Karner 1999), Fe-SiO-H,-O, (Rietmeijer et al. 1999b),
Mg-SiO-H,-0, (Rietmeijer et al. 2002a), and Mg-Fe-SiO-H,-O,
(Rietmeijer et al. 1999a) vapors were quenched to a temperature
well below the solidus and glass transition temperatures. The
invariably amorphous condensed dust has distinct compositions
that do not match stoichiometric silicate minerals. Some of the
condensed, mixed, aluminosilica, magnesiosilica, and ferrosilica
grains have: (1) a serpentine dehydroxylate composition (e.g.,
Mg;Si,0;) (MacKenzie and Meinhold 1994); and following the
same terminology, (2) a talc dehydroxylate composition' (e.g.,
MgeSisO,,); or (3) a low-silica (~5 wt% SiO,) ferro- or magne-

'The common layer silicate found in the matrix of undifferenti-
ated meteorites, except the CI carbonaceous chondrites, and in
chondritic aggregate IDPs, occurs as tiny purely Mg,Si [O] pro-
tocrystallites of no district morphology characterized by smectitic
lattice fringes (see Papike 1998). Identical protophyllosilicates
were produced in a hydrated condensed magnesiosilica smoke in
amorphous material of MgSi;O,, composition, which prompted
a smectite dehydroxylate designation (Rietmeijer et al. 2004).
Strictly speaking this amorphous material is talc dehydroxylate,
which will be used in this paper.
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FIGURE 1. Condensation or evaporation rates as a function of grain
temperature (Tg), in a non-equilibrium state prior to thermal equilibrium.
The schematic diagram shows the conditions to develop a dissipative
structure as defined by Prigogine (1978, 1979) (see text). Reprinted
from De (1979) with kind permission of Springer Science and Business
Media and the author.
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sio-silica composition (Fig. 2). Predictable DME compositions
co-occur, but with relative abundances that are sensitive to the
bulk metal-oxide/silica ratio of the condensing vapor, and they
are a result of rapid vapor quenching (Rietmeijer et al. 2004).
These results show that non-equilibrium vapor phase con-
densation yields highly disordered, amorphous condensates
with a predictable composition in binary systems that have at
least two eutectic points. Condensation in an Mg-Fe-SiO-H,-O,
vapor mimics DME dust formation in the binary MgO-SiO-H,-
0O, and FeO/Fe,0;-Si0-H,-O, vapors and the resultant smoke is
a random mixture of amorphous ferrosilica and magnesiosilica
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FIGURE 2. The MgO-SiO, phase diagram (see Ehlers 1972) modified
to accommodate three DME compositions observed in condensed
magnesiosilica smokes (Rietmeijer et al. 2002a). The modification
involves a eutectic in the silica-poor portion of the diagram. NOTE:
the positions of the metastable eutectics are only based on measured
condensate compositions and the nominal quench temperature (500
°C) in the experiment. There is no implication that DMEs have a fixed
temperature in a phase diagram. This figure is reprinted from Rietmeijer
and Nuth (2005), Copyright 2005, with permission from Elsevier.
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domains (Rietmeijer et al. 1999a). There are no ferromagne-
siosilica condensates because complete solid solution in the
FeO-MgO and Fe,Si0,-Mg,Si0, systems prevents DME dust
formation. We have postulated that ternary ferromagnesiosilica
dust can only be formed via agglomeration and fusion along
mixing lines defined by DME magnesiosilica and ferrosilica
condensate compositions during condensation and auto-anneal-
ing (see below). Consequently, the distribution of ferrosilica and
magnesiosilica DME condensate compositions predicts unique
Mg-rich ferromagnesiosilica compositions as a result of grain
fusion along the mixing lines. That such agglomeration and fu-
sion of DME magnesiosilica and ferrosilica dust has occurred
in extraterrestrial environments is supported by the Si-rich talc
dehydroxylate compositions of sub-micrometer Mg-rich fer-
romagnesiosilica spherical units in chondritic aggregate IDPs
(Rietmeijer 1998, 2002). This observation is not proof for a
stellar kinetic (condensation) model (Nuth et al. 2000) but we
submit that non-equilibrium vapor condensation can yield test-
able predictions about the compositions of dust during solar
nebula condensation.

AUTO-ANNEALING

Refractory molecules agglomerate and at some point they
form the smallest recognizable grains observed by transmission
electron microscope (TEM) analyses of condensed smokes. We
have no information on condensate compositions at the molecular
level. Thus, DME condensation will be defined by the crystal-
lographic and chemical properties of the smallest individual
condensate grains that we can observe in our samples, typically
2 to 10 nm in diameter. Grains in a highly porous smoke of
interconnected necklaces may typically reach up to ~100 nm
in size. There is a marked discontinuity in the size distribution
at about 20-30 nm due to condensed grain growth by fusion
(Rietmeijer and Nuth 1991; Rietmeijer and Karner 1999; Riet-
meijer et al. 1999b).

Condensation takes place inside the closed experimental con-
tainer wherein smokes are collected on substrates placed inside
the apparatus. The samples are mixtures of porous smoke and
dense smoke clusters that could be either a condensation feature
or one superimposed on condensates when “cold” condensates
already deposited on the collectors are hit by “hot” settling
condensates. Crystallization of condensed stoichiometric oxides
to tridymite, periclase, and Fe-oxides provides latent heat to the
condensing system. Condensate heat dissipation is an inherent
part of the experiment that will affect the condensates. Auto-an-
nealing is the process that refers to all chemical, textural, and
crystallographic modification that occurs as part of the condensa-
tion experiment itself (Rietmeijer and Nuth 1991; Rietmeijer et
al. 2002b). Auto-annealing can lead to larger grains, often with
an irregular surface of either (partially) fused smaller grains or
smooth grains with compositions that can be intermediate be-
tween the DME compositions. The latter did not happen in the
condensing Mg-Fe-SiO-H,-O, vapor (Rietmeijer et al. 1999a),
but was observed in two smokes condensed in Al-Fe-SiO-0O,-H,
vapors; the latter will be the topic of this paper. For Fe-containing
condensates, there is another variable affecting grain composi-
tion because oxygen fugacity during vapor condensation and
auto-annealing cannot be buffered due to the dynamic nature
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of the reactions. Lack of buffering results in variable Fe**/Fe**
ratios of condensed grains. In fact, in the FeO-Fe,0;-SiO,
system, the ferrosilica talc dehydroxylate condensates had two
different DME compositions linked to variable Fe**/Fe’* ratios
(Rietmeijer et al. 1999b).

We predict extensive ternary chemical mixing in the Al,O;-
FeO-SiO, system because the topology of all three constituent
binary phase diagrams allows for condensates with a DME com-
position to form. Based on previous observations of ferrosilica
condensates (Rietmeijer et al. 1999b), a variable Fe**/Fe** ratio
will affect Fe-containing grain compositions. The experiments
were selected because, in another case of serendipity in sci-
ence, the post-condensation thermal dampening of the system
was discontinuous over a period of several minutes. Fusion
and homogenization along predictable mixing lines that are
defined by the smallest DME condensate grains has produced
larger grains with uniform chemical compositions independent
of the bulk gas phase composition. In this paper, we report the
first magnetic measurements on a ferrosilica smoke and on the
sizes and compositions of grains that condensed in two differ-
ent Al-Fe-SiO-H,-O, vapors wherein they could evolve during
auto-annealing as part of the experiment.

EXPERIMENTAL PROCEDURES

Condensation experiments

Vapors of variable SiO,, AlO,, and FeO, mixtures were condensed at differ-
ent temperatures between 25 to 775 °C and total pressures of ~100 torr, to study
the infrared (IR) properties as a function of bulk composition, post-condensation
thermal annealing, and hydration (Nuth et al. 1988, 2000, 2002). For this study,
we selected two smokes with very different bulk compositions, S525 and S25,
which were produced in the experimental apparatus as described in Nelson et al.
(1989). In the case of S525, tri-methyl aluminum, pentacarbonyl iron, and silane,
all significantly diluted in hydrogen gas, passed through a resistively heated alumina
furnace at 525 °C together with a separate stream of oxygen gas. The reaction
product, a fine-grained smoke, was collected downstream from the furnace on
a copper surface at room temperature for later analyses. The general apparatus
can be thought of as simply a slightly modified Bunsen burner operating within
a vacuum system that allows us to control the total pressure of the system. In the
case of S25, the furnace heater broke just before we had established a steady flow
of reactive gases. Because the system appeared to continue to make “smoke” even
as it cooled rapidly toward room temperature, we allowed the failed experiment to
continue, curious as to what might form under such low-temperature conditions.
Although the gas did cool to just above room temperature and oscillated between
~30 to ~55 °C in a series of periodic explosions for about an hour, a steady state
was never really established. Sample S25 represents a mixture of the smokes made
throughout the experiment, from the first few minutes at temperatures above 500
°C through the cooling period (~10 min), and through the steady oscillations in
temperature and periodic explosions (about every 3 to 5 min at the high-tempera-
ture limit) that we allowed to continue for about an hour. To say that sample S25
represents an extremely unequilibrated composition is definitely understating the
range in formation conditions represented in this smoke.

Analytical and transmission electron microscope analyses

Serial ultrathin (~90 nm) sections were prepared from a small portion of each
sample. Sections were placed on a holey carbon thin-film supported by a stan-
dard 200 mesh Cu grid for study in a JEOL 2000FX analytical and transmission
electron microscope (ATEM, at UNM) operated at an accelerating voltage of 200
keV. The TEM was equipped with a Tracor-Northern TN-5500 energy-dispersive
spectrometer (EDS) for in situ quantitative chemical analysis with a relative error
<10% using a probe size of ~10 nm in diameter that in most cases is similar to
the grain size or smaller. Artifacts in grain composition could arise from overlap-
ping grains smaller than the section thickness. Prior to analysis, each grain was
viewed using a “through-focus” technique to check for additional grains along
the electron beam path; the location of each EDS analysis was also recorded on
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TEM photomicrographs to allow a check of the original images for any spurious
artifacts. We report only high-fidelity analyses. Imaging in the TEM viewing mode
is ata 0.2 nm spatial resolution. Grain sizes were measured directly from calibrated
TEM images with a 10% relative error. TEM imaging and selected area electron
diffraction (SAED) confirmed the amorphous nature of the condensed grains. The
statistical analyses include a normalcy test for the distributions using the ratio of the
data range and standard deviation (10) as a function of population size at a chosen
95% level of confidence. A two-tailed t-test, at the 10% significance level for the
equality of population means, was used to reject (or accept) the null-hypothesis
that two population means cannot be from identical populations.

Magnetic characterization of iron oxidation states in a
FeSiO smoke

For magnetic measurements, a 1.41 mg sample was pressed
in a Perspex container and its magnetization vs. magnetic field
was measured using a Micromag vibrating sample magnetometer
(CEREGE, CNRS). For details on this technique, we refer the
reader to Dunlop and Ozdemir (1997). The very low observed
signal necessitated careful averaging and holder subtraction.
Variable temperature measurements were inconclusive due to
higher noise levels compared to room-temperature measure-
ments. Mass was measured using a [lg-precision balance.
Mass-normalized parameters were computed per kilogram of
Fe,0; based on a bulk composition of 32.5% FeO reported by
Rietmeijer et al. (1999b), or 36.1% as Fe,O;.

In addition, we used a Bruker EMX 10/12 Electron Spin
Resonance (ESR) spectrometer (CEREGE, CNRS) operating at
Vi =9.396 GHz (y=2 corresponds to 335 mT) at room tempera-
ture. This non-destructive technique is widely used for powders
containing paramagnetic ions, even in low concentration. The
ESR signal detects the interaction between the electronic spins
submitted to the influence of both local and external magnetic
fields. The associated parameters of the signal, mainly the Landé
factor (g) or position and width of the resonance lines, are indica-
tive of the ion type and its oxidation state.

Observations

The bulk compositions of the smokes selected for ATEM
analyses, viz. S25 (condensed at 25 °C) and S525 (condensed
at 525 °C), are a proxy of the vapor phase compositions (Table
1). Smoke S25 shows necklaces of condensed grains with the
variable degrees of neck formation and fusion typical for fluffy
vapor-condensed smokes (Fig. 3). Condensation favored forma-
tion of domains of pure silica and mixed aluminosilica and fer-
rosilica grains that are randomly mixed in the deposited smoke
(Nuth et al. 2000). The pure silica smoke is coarser-grained than
the mixed smokes whereas grain sizes in the ferroaluminosilica

TaBLE 1. Bulk compositions of experimentally condensed fer-
roaluminosilica smokes obtained by electron microprobe
analyses (EMPA; Nuth et al. 1988) and analytical transmis-
sion electron microscope analyses ATEM (this work; mean
= +10 standard deviation)

Sample Bulk Composition

EMPA ATEM
Sio, AlL,O, FeO Sio, AlLO; FeO
S525 69.8 226 7.6 63.9+122 29.1+90 7.0%52
S25 85.5 11.5 3.0 79.7 +£21.7 164+224 39%36

Notes: The lower silica content obtained by ATEM, albeit within the standard
deviation, is an analytical bias due to avoidance of pure silica domains in the
smokes. For comparison, the chondritic (Cl) composition based on the Orgeuil
meteorite is SiO, = 54, Al,O; = 3, and FeO = 43 wt%.
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domains (Fig. 3) are larger than in the binary smoke domains.
Smoke S525 shows a similar gross domain texture, but the pro-
portion of fluffy smoke to coarse-grained domains is significantly
lower than in S25; also, the necklaces in S525 are much shorter
(Fig. 4). Smoke S525 shows ample evidence for extreme grain
growth during dust condensation, expressed by the high number
density of large spheres (Fig. 4) in many parts of this sample.
Large spheres occur isolated and arranged in short necklaces,
often with considerably advanced neck formation (Fig. 5). There

FIGURE 3. A TEM composite image of an ultrathin section of
ferroaluminosilica smoke S25 consisting of pure silica, binary ferrosilica,
and aluminosilica, and ternary ferroaluminosilica domains delineated by
dotted lines (modified after Nuth et al. 2000). The light-gray background
in this and other images in this paper is caused by the embedding epoxy.
The scale bar is 0.2 pum.

FIGURE 4. TEM image of an ultrathin section of smoke S525 showing
its typical fine-grained necklaces and abundant smooth spheres after
complete fusion and homogenization of agglomerated grains an small
spheres zed condensate grains. The textured background in this and other
TEM images is the holey-carbon thin film that supports an ultrathin slice
of epoxy-embedded sample. The scale bar is 200 nm.
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is no evidence that any of the condensed grains in either sample
has an ordered, crystalline structure.

Grain compositions and size distributions

The grain compositions and size distributions in Table 2
are arranged in two columns for: (1) smoke grains, meaning
extremely rare isolated grains, grains in necklaces, and in mas-
sive (low-porosity) clusters; and (2) spheres due to fusion and
homogenization of aggregates of DME condensate grains and
the continuing fusion and homogenization of smaller ferroalu-
minosilica spheres. The observation that grains and spheres with
identical composition are common also suggests a genetic rela-
tionship of agglomeration and complete fusion in the necklaces
and grain clusters. The distributions of grain compositions in
S$525 and S25 are broadly similar, but whereas ferroaluminosilica
grains and spheres abound in S525, they are rare in S25 (Fig.
6). S525 (Fig. 6a) contains no high-Al aluminosilica grains, but
S25 does (Fig. 6b).

More than 90% of the grains are spherical; the remainders
are slightly sub-spherical and these grains tend to be limited to
the upper range of the size population. Each size population,
identified by its mean and standard deviation (Table 2), has a
log-normal distribution indicating size sorting controlled by
grain-grain collisions followed by neck formation and fusion
into larger grains. Diagrams of f/f,.« VS. "/Fuean (f = frequency;

FIGURE 5. TEM image of an ultrathin section of smoke S525
showing a high concentration of single spheres and spheres arranged
in short necklaces with variable degrees of fusion. The fine-grained
necklaces (black; on the left) consist of ferroaluminosilica grains. The
scale bar is 200 nm.
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r = grain radius) (Baronnet 1984) of the grain sizes in these
populations shows that this Ostwald ripening process follows
second-order growth kinetics, i.e., it is not primarily defined by
volume diffusion. For the smallest pure silica, ferrosilica [FeO:
12.7 wt% (S525); 14.5 wt% (S25)], and low-FeO ferroalumi-
nosilica grains in both samples, the f/f,. VS. 7/7 e relationship
supports a juvenile distribution with the preservation of the
smallest condensate grains. The same conclusion can be reached
for high-FeO ferroaluminosilica grains in S525. The smallest
aluminosilica grains (Al,O; = 15 and 47.1 wt%) in both smokes
show a similar but evolved distribution wherein the smallest
grains have disappeared completely via ripening.

The grain compositions in Table 2 are arranged, from top
to bottom, from pure silica, ferrosilica, aluminosilica, and
ferroaluminosilica to pure alumina. The size distributions

FIGURE 6. Ternary SiO,-Al,0;-FeO diagrams with the grain
compositions in S525 (a) and S25 (b). The abundant pure silica grains
in each sample are not indicated. The solid lines across the diagrams are
mixing lines between the smallest condensates with deep, metastable
aluminosilica and ferrosilica eutectic compositions. The dashed lines
connect observed DME compositions to a potential DME composition
on the Al,O;-FeO join (see discussion). Iron is presented as Fe?,
but we recognize variable Fe**/Fe* ratios as identified by magnetic
measurements of a ferrosilica smoke.
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TABLE 2.  Grain compositions (wt%) and sizes (nm) of pure silica, ferrosilica, aluminosilica, and aluminoferrosilica in smoke samples S25 and
S525
Composition Smoke grains (nm) Spheres (nm)
Sio, Al,O; FeO Range e 50% Range [EXe) 50% Sample
100 2-39 11.8+7.2 8.9 37-115 75 S525
100 6-29 16.2+6.2 122 21-60 359+8.7 329 S25
100 57-175 91.4+379 77.6 S25
97.7 23 2-15 8.9+38 7.1 S525
96.6 34 12-115 37.8+29.8 226 S525
873142 127 +4.2 2-20 73142 5.4 S525
873+42 12.7+£4.2 35-60 45 S525
85.5+4.1 145+4.1 2-13 42+23 33 5-56 21.2+10.1 17.2 S25
69.0 31.0 5% S525
79.0 21.0 24-90 55 S525
86.0 14.0 12* 37-220 983+413 90.4 S525
85.0 15.0 12* S25
52.9+10.5 47.1+£10.2t 4-10 79+2 3.7 S525
52.9+10.5 47.1£10.2t 10-50 228+8.8 19.8 S525
529+ 14.6 47.1 £ 14.5t 17-53 352+115 30.5 135-200 175 S25
58.2+15.1 41.8+11.1 37-220 98.3+413 90.4 S525
86.6 +4.6 6.3+22 7.1+£38 2-46 11.6+10.2 5.8 S525
90.1+3.3 6.9+3.7 30+1.7 36-210 93.9+39.2 78.8 S525
56.9+15.1 258+ 149 173+6.7 2-17 6.0+ 3.1 3.7 S525
56.9+15.1 258+ 149 173+6.7 15-55 309+11.6 50-73 59.1+8.9 S525
474 +3.1 30.2+3.5 224+3.1 170-340 220.0 £49.6 S525
53.0 25.0 22.0 450* S25
6.1+1.1 93.9+1.3 140-225 180 S25
100 155% S25

Notes: The population mean () + standard deviation (o) is only given when the population size is >10; the populations consist overwhelmingly of >50 measure-
ments with many having >100 measurements. Otherwise only average values are provided. The column “50%" indicates that half of the population of grains or
spheres is smaller than the value listed. The upper limit matches the mullite composition (Al,O; = 72 wt%). Rare condensate grains have a stoichiometric silicate

composition and can be crystalline, e.g., forsterite (Rietmeijer et al. 2002b, 2004).

*Only one grain.
t These grains contain ranges 22 to 71 wt% Al,O;.

for each composition are listed for smoke grains and spheres
(when appropriate) that indicate a genetic relationship between
grains and spheres. Multiple size populations for a given grain
or sphere composition indicate isochemical coarsening due to
grain growth. To explore condensate grain-size differences in
the samples, a double-tailed t-test was applied. The t-test of
the equality of means for pure silica smoke grains in S25 and
S$525 finds that the null-hypothesis cannot be rejected, i.e. there
is no evidence to suggest that the two size groups came from
populations having different means. A similar conclusion was
reached for the smallest ferrosilica grains (FeO = means of 12.7
and 14.5 wt%). Whereas the smallest aluminosilica grains were
preserved in S525, these grains did not survive in S25 wherein
these smoke grains match those of the evolved population in
S$525. This behavior may be explained by local variations in
three-dimensional grain stacking within the smoke. Ferroalumi-
nosilica grains in S525 (SiO, = 56.9; Al,0; = 25.8; FeO = 17.3
wt%; Table 2) show a similar feature. The smallest grains (6
nm) form short, scattered necklaces whereas larger grains (30.9
nm) form ragged, densely packed agglomerates, and the largest
grains (59.1 nm) are massive spheres with a smooth surface
and homogeneous internal texture. Similar, co-occurring ragged
and smooth spheres but of different composition were found in
both smokes, particularly in S525 (see, Table 2). The present
study cannot set sharp boundaries, but it can be generalized that
grains smaller than ~35 nm and grains larger than ~100 nm are
homogeneous spheres. Grains of intermediate size can be either
massive, fuzzy clusters of condensate grains due to variable dust
density inside the condensation chamber, or smooth spheres. This
textural change as an apparent function of size suggests that the
formation of smooth spheres could be related to the surface free

energy. A role for surface free energy in condensed smokes was
previously demonstrated for stability of the forsterite + SiO, as-
semblage during thermal annealing of a magnesiosilica smoke
(Rietmeijer et al. 1986).

Alumina and low-silica aluminosilica grains

Sample S25 contains extremely rare amorphous AlO, grains
that co-occur with amorphous, low-silica aluminosilica grains
(ALO; =93.9 wt%; range = 92-95 wt%) forming partially fused
necklaces. These grains are extremely sensitive to interactions
with the incident electron beam that causes instantaneous vesicle
formation (Fig. 7). Ferroaluminosilica spheres (>30 nm) with
<50 wt% SiO, in S525 are also extremely sensitive to interac-
tions with the incident electron beam. They too rapidly develop
a vesicular texture (Fig. 8). This extreme instability seems to be
related to a high-Al content.

Binary and ternary grain compositions

Condensation of pre-mixed, metal-oxide vapor molecules is a
stochastic process that initially yields pure metal-oxide dust. We
assume that the smallest amorphous grains are compositionally
the closest to the condensed gas molecules and define the alu-
minosilica and ferrosilica DME compositions. The compositions
in S25 and S525 match those observed in previous condensation
studies. The smallest condensate grain compositions in S525
and S25 perfectly match those in the Al,0;-SiO, system and the
FeO/Fe,05-Si0, pseudo-binary system (Table 3). High-silica
(Si0, = 97 wt%, Table 2) ferrosilica smoke grains and spheres
(S525) are excluded from Table 3 as silica condensates typically
contain small amounts of Fe and Al (Rietmeijer and Karner 1999;
Rietmeijer et al. 1999b). In general, condensate grains with the
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DME compositions seen in previous condensation experiments
(Table 3) are scarce in S525 and absent in S25 as a result of
extensive mixing and fusion of these condensate grains. The
DME ferrosilica and aluminosilica grains in S25 and S525 are
shown in Figure 9 along with the ferrosilica and aluminosilica
spheres. The present study is the first report of condensate grains
(246 nm) and large spheres with a high-Si ferroaluminosilica
composition (mostly in S525), and 2—17 nm-sized, high-Al fer-
roaluminosilica smoke grains (SiO, = 56.9; Al,O; = 25.8; FeO
= 17.3 wt%; Table 2; Figs. 6a and 9).

Sphere compositions

Spheres with compositions similar to, or intermediate be-
tween, the smallest grain compositions (Table 2) occur in S525
and S25 due to fusion of agglomerates of these small grains. The

TABLE 3. The smallest condensate compositions in S525 and S25

(Table 2) compared to the DME grains in ferrosilica and
aluminosilica smokes
Ferrosilica smoke

Rietmeijer et al. (1999a, 1999b) 5525/525

Mean (FeO wt%) Range Mean (FeO wt%) Range

13 7-18 12.7/14.5 8-20/8-21

29 15-45 31 (one grain) -

58 Few grains Not present -

87.5 75-90 Not present -
Aluminosilica smoke

Rietmeijer and Karner (1999) S$525/525

Mean (Al,O; wt%) Range Mean (Al,O; wt%) Mean

6.7 1-15 Not present -

11.5 6-16 15 (few grains) -

46.7 22-71 47.1/47.1 25-70/22-71

Not present 93.9 92-95

Not present 100 (one grain) -

Note: Statistical t-tests comparing the population means in S25 and S525
to those in the previous studies show that the means are not from different
populations.

FIGURE 7. TEM image showing smooth, low-silica aluminosilica
spheres (top) in S25. When such spheres interacted with the incident
electron beam during chemical analysis, they rapidly developed a highly
vesicular texture (center). The scale bar is 200 nm.

RIETMEIJER ET AL.: Al-Fe-SiO-H,-O, CONDENSATION

FIGURE 8. TEM image of smooth (bottom) and vesicular (top of the
image) ferroaluminosilica spheres due to electron beam interactions in
S525. The average sphere composition is SiO, = 35.8, Al,O; =50.5, and
FeO = 13.7 wt%. Fine-grained smoke (black/gray) is interspersed among
the spheres. The scale bar is 200 nm.

FIGURE 9. Ternary Al,0;-FeO-SiO, diagram with the compositions
of DME condensates in S525 (small open squares) and S25 (small
open circles) (Tables 2 and 3) on the Al,0;-SiO, and FeO-SiO, sides;
they are connected by solid (mixing) lines. High-Fe ferrosilica DME
compositions (from Rietmeijer et al. 1999b) (solid squares) are connected
by dashed mixing lines to other DME compositions; dotted mixing lines
connect a putative DME Al Fe-oxide composition (see discussion) to the
other DME compositions. Ferroaluminosilica compositions that evolved
along any of these mixing lines will be mostly silica-rich ternary grains.
Sample S525 contains both small (small open squares) and large (large
open squares) spheres with a ferroaluminosilica composition. The latter
include a 340 nm size sphere with an Fe-cordierite composition. The
black dot represents the largest sphere (450 nm) in S25. The most Fe-rich
ferroaluminosilica condensate (star) is defined by two the intersecting
(dashed) mixing lines.
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t-test of the means of these aluminosilica sphere compositions
(AL,O; = means of 47.1 and 41.8 wt%; Table 2) and auto-an-
nealed aluminosilica grains (AL,O; = 41.4 wt%; Rietmeijer and
Karner 1999) shows that there is no evidence to suggest that these
compositions came from populations having different means.
These spheres, and ferrosilica (FeO = 21 wt%) spheres, grew at
the expense of the smallest condensate grains, of which only a
few remain in the smokes. The ferroaluminosilica sphere size in
S$525 shows an overall increase along a trend that is more or less
sub-parallel to the SiO,-Al,05 join, with size increasing toward
the center of the ternary diagram from 44.2 + 8.0 nm (range =
29-59 nm) to 103.1 + 21.1 nm (range = 65-165 nm). Many of
these spheres contain an occasionally high density of tridymite
grains, 6.0 = 2.5 nm (range = 2—13 nm) (Fig. 10). These grains
were identified by the lattice fringe spacings. They probably
formed by solid-state decomposition. The calculated bulk com-
positions of these spheres, SiO, = 55, Al,0; = 31, and FeO = 14
wt%, and those for the ferroaluminosilica smoke grains (Table
2) are not statistically different (t-test), which is an indication
that the spheres evolved via isochemical fusion of condensate
grain agglomerates.

FeO/Fe,0; in FeSiO grains and hematite identification

The measured saturation magnetization (M,) for Fe,Os in the
ferrosilica sample is 0.36 Am?/kg (Fig. 11). This value is some-
what smaller than the reference value for hematite (0.5 Am?/kg)
and different from maghémite (65 Am*kg; see Dunlop and
Ozdemir 1997). The measured high remnant coercivity, 110 mT,
is more in agreement with hematite. Assuming all paramagnetic
iron is Fe**, a high-field paramagnetic slope of 1.25 X 10-° m*/kg
of Fe,O; indicates that about 26% of the Fe,O; in the sample
is present in paramagnetic form in the ferrosilica phases. This
value would be slightly higher for a mixture of Fe?* and Fe**
in these phases. Correcting the M, from this partitioning of Fe

FIGURE 10. TEM image of large ferroaluminosilica spheres in
S25 with tridymite grains (dark spots) identified by TEM lattice-fringe
imaging. The scale bar is 20 nm.
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leads to a value of 0.48 Am?/kg for the Fe-oxide phase, which
is in near perfect agreement with the pure hematite value. As-
suming that the ferromagnetic grains are pure hematite, the bulk
sample should contain 18% hematite. From this assumption, an
amount of paramagnetic Fe,O; can be derived independently,
viz. 36—18 = 18%, that is, 50% of total Fe,Os. This value is
higher than the value derived from the paramagnetic slope,
suggesting a significant amount of Fe?* in the paramagnetic
ferrosilica phase. One could, in principle, compute an Fe**/Fe*
ratio for the silicates from the present data, but we refrain from
doing so, considering the uncertainties in the measurements
and the validity of the assumptions. It is likely that the estimate
from the M, measurement, i.e., 18/(18 + 74) = 20% Fe,0O; in the
silicate phase, is more robust. It is also more in agreement with
the Fe amount measured by TEM (see Fig. 4a of Rietmeijer et
al. 1999b). The hysteresis parameters, M, /M, = 0.18 and H./H,
= 14, clearly indicate a mixture of single domain (SD) and su-
perparamagnetic (SP) grains in the sample. The size threshold
for the hematite SD/SP ratio is estimated at 25 nm (Dunlop and
Ozdemir 1997). The average size of the Fe-oxide grains in the
sample is 50 nm (Rietmeijer et al. 1999b). A fraction could be
polycrystalline grains as the magnetic grain size corresponds to
single-crystal grains. We note that some ferrosilica grains contain
nanometer precipitates due to post-condensation decomposition
(Rietmeijer et al. 1999b).

The ESR response of the sample at room temperature shows
a strong line centered at B, = 325 mT (y=2.06) and a weak line
at B =165 mT (y=4.1) (Fig. 12). Deviation from the Lorentzian
shape of the line at y = 2.06 and its large width (circa 900 mT)
can be related to the crystal-field symmetry of the Fe ion in the
ferrosilica phase. These lines are attributed to Fe** ions dispersed
in a silicate matrix because Fe** ions have no ESR response (e.g.,
Calas 1988). The absorption line near Y= 4.3 is due to isolated
Fe** ions at low-symmetry sites (Balan et al. 1999). The broad
signal at y = 2 is representative of the total ESR absorption.
Similar signals were detected in volcanic glasses (Schlinger et
al. 1988; Ananou et al. 2003, 2005) and could be due to small
Fe clusters, single-domain particles, or both (Griscom 1984).

Magnetic moment (107 Am2)

4 1 1 I I I 1
-0.4 -0.3 -0.2 -Gl il 0.1 0.2 0.3 04
Magnetic [ield {Tesla)

FIGURE 11. Hysteresis loop magnetization as a function of magnetic
field, at room temperature, for the vapor-condensed ferrosilica sample,
using the Micromag vibrating sample magnetometer in CEREGE. The
magnetic field was limited to 0.4 T because of strong increase in the
noise level for higher fields.
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Although more precise identification of the observed signals
would require a temperature-dependent study, the ESR results are
in full agreement with those obtained by conventional magnetic
methods (Ananou et al. 2005).

In summary, the condensed ferrosilica smoke contains
paramagnetic Fe™ ions. These data prove that the two different
DME ferrosilica grain compositions previously reported are due
to variable Fe?/Fe’* ratios and that the condensed Fe-oxide
grains are overwhelmingly hematite, not maghémite as was
originally thought. In considering this result, it is important to
note that the FeSiO smoke sample was stored without precau-
tion to avoid possible oxidation with air. With regard to the
Fe,0; single crystals, irrespective of the alpha (hematite) or
gamma (maghémite) form, originally reported in the smoke,
oxidation is not an issue. The original report found two distinct
clusters of FeSiO condensate composition that were inter-
preted to reflect variable FeO/Fe,O; ratios. This interpretation
is confirmed by the magnetic measurements. We cannot be
absolutely sure that the Fe**/Fe?* ratio in the stored ferrosilica
grains has not increased from their original ratio. Samples
S25 and S525 contain few remaining ferrosilica condensate
grains after grain mixing and fusion. Their Fe**/Fe?* ratios will
be reflected in the spheres, including the largest spheres with
an Fe-cordierite composition.

DiSCUSSION

The results for the smokes S525 and S25 show that: (1) the
bulk gas-phase composition is clearly not a prime controlling
parameter for grain formation and growth; (2) grains include
pure alumina and low-silica aluminosilica compositions not
seen previously in a condensed Al-SiO-O,-H, vapor (Rietmeijer
and Karner 1999); (3) there is a dearth of amorphous, high-Fe
ferrosilica grains, unlike condensation in Fe-SiO-H,-O, vapor
(Rietmeijer and Nuth 1991; Rietmeijer et al. 1999b); (4) grains
are subject to extreme agglomeration and isochemical fusion

0 500 1000 1500 2000 2500
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400 600 800 1000
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FIGURE 12. Electron spin resonance spectroscopy signal of the
condensed ferrosilica smoke at room temperature. The weak resonance
line near By . 165 mT is shown in the insert.
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into large homogeneous ferroaluminosilica spheres; (5) grains
show ternary mixing along lines defined by the compositions of
DME dust condensates; and (6) grains show evidence for the
formation of amorphous spheres with an Fe-cordierite composi-
tion. The only concrete conclusion that can be drawn from the
infrared spectra of the S25 and S525 smokes (Nuth 1996; Nuth
et al. 1988) is that these spectral features are not directly related
to the bulk composition of the smokes and that both Fe (Fe*";
Fe**) and Al probably exist in more than one phase, consistent
with the results from the present study.

The Al-oxide, low-silica aluminosilica, and Al-rich ferroalu-
minosilica condensate smoke grains are extremely unstable. It
is well known that corundum (alumina) is a poor glass-forming
compound, but in our smokes, these grains condensed un-
avoidably during the non-equilibrium condensation process.
When placed under the incident electron beam, they literally
evaporated. To illustrate our point, we show pure alumina
grains that condensed in an AlO-O,-H, vapor in the same ap-
paratus as was used for the ferroaluminosilica smokes. They,
too, instantly developed the same vesicular texture, when
interacting with the incident electron beam (Fig. 13). These
observations confirm that extreme instability is a fundamental
property of non-equilibrium vapor-phase condensation, at
least in materials that are poor glass formers.

An unintended by-product of the vapor-phase condensation
experiments was a need to adjust the FeO- and MgO-rich por-
tion of the FeO/Fe,0;-Si0, and MgO-SiO, phase diagrams to
accommodate the low-silica ferrosilica and magnesiosilica DME
condensates by introducing a new eutectic between a metal-oxide
+ liquid field and a two-liquid field (cf., Fig. 2) (Rietmeijer et
al. 1999b, 2002a). Most silicate phase diagrams are based on
quenched-liquid experiments, which have led to two different
versions for the Al,O;-SiO, phase diagram (Aramaki and Roy
1962; Aksay and Pask 1975; Risbud and Pask 1978), depend-

FIGURE 13. High-resolution TEM micrograph of the vesicular texture
produced in condensed pure alumina grains after interaction with the
incident electron beam. The scale bar is 100 nm.
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ing upon whether mullite melts congruently or not (Klug et al.
1987). The low-silica aluminosilica condensates reported here
would support a two-liquid field between the stability fields of
mullite + liquid and corundum + liquid. This new liquidus topol-
ogy would allow DME behavior in the silica-poor part of the
Al,0;-Si0, phase diagram, lending support for mullite stability
as Aramaki and Roy (1962) had proposed. We show three DME
aluminosilica compositions (Figs. 6 and 9).

S25 and S525 show widespread growth of ferroalumino-
silica grains due to complete fusion of smoke grains along mix-
ing lines defined by DME compositions. The mixing efficiency
was such that almost all DME ferrosilica grains with a high
Fe?* content, including serpentine dehydroxylate grains (solid
squares along the FeO-SiO, join in Fig. 9), were consumed. The
Fe-rich ferroaluminosilica grains (SiO, = 34, Al,0; =28, FeO =
38 wt%; star in Fig. 9) suggest that condensate grains with
these DME compositions were present originally. The phase
relationships in the Fe-oxide—Al,O; system are controlled by
the Fe?*/Fe* ratio (for a summary, see Eitel 1965), and clearly
show that solids with a DME composition cannot be formed in
the Fe,05-Al,0; system. However, they could form in the FeO-
Al O; binary system in the high-FeO region between wiistite
and hercynite (Fischer 1955; Eitel 1965). Quenched-melt
experiments by Fischer (1955) discredited the results from an
earlier quenched-melt study on slag systems (Hay et al. 1937)
that identified a 3FeO-Al,O; compound coexisting with FeO
and hercynite. This, probably metastable, quenched-melt
Fe,Al-oxide compound (ca. 70 wt% FeO) defines a DME eutectic
ferroalumino composition in our condensation experiments
(see Fig. 6). Condensation in an SiO-H, (or Ar) vapor typically
produces a metastable amorphous Si,0; silicate (Nuth and
Donn 1984) that in the condensing Al-Fe-SiO-O,-H, vapors
could have promoted the formation of the metastable Fe,Al-
oxide compound, viz. (1) Si,O; + Al,O; = 2Si0, + 2Al0 and (2)
2A10 + Fe,0; = 2Fe0O-Al,O; (59 wt% FeO). The high-Si, DME
ferrosilica compositions (Fig. 9) suggest that variable Fe**/Fe*
ratios existed during condensation, which is consistent with
the magnetic measurements on the ferrosilica smoke. We have
no such measurements for the S25 and S525 smokes.

Quenched-melt experiments to determine the equilibrium
phase relationships in the system FeO-Al,05-SiO, found that
“iron cordierite crystallizes with some reluctance” in favor of
other metastable phase relationships (Schairer and Yagi 1952).
Yet, Fe-cordierite is found in volcanic rocks, thermally meta-
morphosed iron ore, pyrometamorphic buchite (Schairer and
Yagi 1952; Kitamura and Hiroi 1982), and blast-furnace linings
(Richardson and Rigby 1949). This natural and anthropogenic
Fe-cordierite is metastable (Richardson and Rigby 1949). For a
study that was intended to investigate changes in the magnetic
properties of magnetite due to flash-heating, three disks of this
mineral separated by a layer of aluminosilica glass wool (each
~1 cm thick) were placed inside a cylinder connected by a copper
wire to a rocket fired into an overhead cloud at the Langmuir
Laboratory for Atmospheric Research (New Mexico). A lightning
strike passed through the entire length of the cylinder causing a
1 cm wide hole in the slabs and wool, which showed a brown-
ish discoloration and the presence of micrometer-sized spheres.
The spheres have an Fe-cordierite composition from a reaction
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of aluminosilica glass with magnetite induced by the lightning
strike; the cordierite clearly formed under non-equilibrium condi-
tions (Rietmeijer et al. 1999c).

Many chondritic IDPs contain Mg,Fe-bearing aluminosilica
grains of unknown origin (Thomas et al. 1989; Rietmeijer 1992,
1998). It is possible that these grains are solar nebula conden-
sates, and it is interesting that vapor-condensation experiments
conducted under microgravity conditions could reproduce these
particular aluminosilica compositions (Kobatake et al. 2001).
Cordierite is present in Ca,Al-rich inclusions in the Allende
meteorite (Fuchs 1969) and metastable yagiite, an osumilite-
type (Schreyer and Schairer 1962) silicate, was found in an iron
meteorite (Bunch and Fuchs 1969). These extraterrestrial silicates
are Mg-rich but results from the present study would suggest
that they could be metastable phases from non-equilibrium solar
nebula condensation.

The formation of solids with DME compositions in vapor-
phase condensation experiments might be generalized to include
physical conditions of high heating and cooling rates such as
might be naturally encountered in meteorite impact craters and
their ejecta or during coal combustion of materials meeting the
appropriate chemical boundary conditions. Rietmeijer et al.
(2000) noted that the unique compositions of aluminosilica coal
fly ash spheres indicated a non-equilibrium formation process.
Here we note that the compositions of ferroaluminosilica fly
ash particles PM, 5 and PM,s, from some eastern U.S. coals
(Chen et al. 2004) resemble the distributions reported for sample
S525. Such metastable solids would be highly reactive in their
depositional environments with potentially hazardous health
effects (Chen et al. 2004). Metastable eutectic behavior found
in vapor-phase condensation experiments of the type reported
here might well have much wider implications.
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