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Laboratory studies of thermally annealed smokes will advance the understanding of silicate dust 
evolution i n  0-rich protostellar environments. Previous condensation experiments on (Mg,Fe)-SiO vapors 
yieldcd amorphous solids of approximately olivine and pyroxene compositions [1,2]. Condensation in 
rcfractory Al-SiO, Fe-Al-SiO, and Fe-SiO vapors similarily produced amorphous solids but with cation 
proportions fixed at discrete values of existing Al, Fe-silicates [3]. Thermal annealing of an MgSiO 
smoke at 1000 OK for up to 30 hours showed increased crystallinity and coarsening of forsterite and 
tridymite grains prior to the formation of thermodynamically stable enstatite [4]. In a related isothermal 
annealing study of an Fe-bearing MgSiO smoke, fayalite and ferrosilite formed at 1000 OK from their Mg- 
counterparts [5]. After 167 hrs., this study documented partial evaporation of the smoke and 
recondensation of a metallic-Mg vapor [5]. These studies showed that thermal metamorphism of smokes 
produced metastable high-temperature end members of the appropriate solid solution. 

This study represents the first data from a thermally annealed FeSiO condensate at 1000 OK for 4 
hrs, first studied in 1991[6]. Ultramicrotomed thin sections (80-100 nm thick) of the annealed sample 
were prepared for analytical electron microscopy (AEM) for quantitative thin film analyses using a JOEL 
2000 FX analytical microscope (AEM) equipped with a TN 5500 energy dispersive spectrometer for 
analysis of elements with Z > 11. The crystallographic nature (amorphous or crystalline) of smoke 
particles was determined by High Resolution imaging and Selected Area Electron Diffraction (SAED). 
Grain sizes were measured on TEM negatives with a relative error of -7% (-80% have circular cross- 
seclions: the remainder have an aspect ratio of -0.75). Iron was calculated as FeO but it is more likely 
that i t  occurs as fenic iron [6]. 
RESULTS. The annealed sample has a typical texture of small (< 70nm) isolated grains, and contained 
in chains and clusters, as well as (rare) larger grains up to 285 nm. The grains are mostly amorphous, but 
some ordering is present. The compositions for individual grains (N= 272) show normal distributions 
wilh means at 0, 9, and 28 wt.% FeO at a 90% confidence limit. The sample is described by four distinct 
mineralogical, chemical, and morphological groups: 
I. (Rare) Pure (100 wt.%) SiOz droplet shaped grains (13 1 nm to 285 nm in diameter) typically have a 
very smooth surface texture. 
11. 97-99 wt.% SiOz nonspherical grains (18- 90 nm in longest dimension, with aspect ratios -0.75) 
have irregular outlines resulting from coagulation of individual grains. Their electron diffraction data are 
consistent with tridymite. Small (-6 nm) opaque domains are dispersed within these grains. These 
domains are assumed to be "Fe" grains as they might account for 1-3 wt.% FeO in these silica grains. 
Thc nature of the "Fe" phase remains undetermined. 
111. 4-14 \lrt.% FeO silica grains are circular to subcircular in shape, have a smooth texture, and arc 
contained in clusters or chains of several grains. Individual grains are 5 nm to 17 nm in diameter. The 
SAED patterns show strong maxima consistent with tridymite. 
JV. 15-43 wt.% FeO silica grains are subcircular to elongate in shape (aspect ratio - 0.7) and range in 
size from 4 nm to 27 nm.  These grains are found to be isolated or in small chains, as well as in dense 
cluslcrs whercin individual grains are fused together. Their SAED patterns show strong diffraction 
maxima consistcnt with tridymite. 
Grain size distributions. 222 individual grains with a 5-43 wt.% FeO show a log-normal size 
distribution (R= 0.99) for grains ranging from 4 nm to 27 nm. The mean size of these grains is 13 nm. 
Similarly 45 nonsplicrical silica grains from 18 - 90 nm show a log-normal distribution (R= 0.98). These 
grains have an average size of 35 nm. 
DISCUSSION. The condensed material had a fluffy morphology with the grains <I00 nm in size. 
Locally the sample contained pure silica clusters and globules up to 450 nm in diameter. The annealed 
sample is similar to the original smoke in overall morphology, and the presence of clusters and globules. 
The annealcd sample uniquely contains pure silica droplet shaped grains. Both the original smoke and 
annealed samples showed trimodal distributions for the compositions of individual grains (Table 1). 
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Table 1. Comparison of original and annealed FeSiO smokes. 

/ Chemical distributions Trimodal with zero wt.%, I Trimodal with peaks at zero wt.%, 
27.5 (range 12-600/0) and 9 (range 4-14%) and 

Unannealed smoke 
[Ref. 61 

General morphology 

I I I 2 8  (range 15-4370) FeO wt.% I 
. - 

Annealed smoke at 1000 OK for 
4 hrs. [this report] 

groupings 
2) High-Fe silica grains (12-60%), include. 
rare dumbbell shaped grains 

Highly porous texture with grains 4 0 0  nm 
but up to 450 nm in clusters and globules 

2) 97-99% non-spherical silica grains 

Porous morphology with grains <I00 nm 
but up to 285 nm in smooth droplet grains 

3) 4-14% Fe silica grains 
4) 15-43% Fe silica grains 

Crystallographic properties Fringes and pattems matching tridymite in I pure silica prains and high Fe silica grains. 

I 1 3) Maghemite grains +/- a mantle of I I 
Diffraction pattems match tridymite for 
pure silica irregular edged grains and 4- 

43% Fe silica grains 

Grain size distributions 1) 4-43% Fe silica grains show a log - 
normal distribution 
2) Nonspherical silica grains show a log 
normal distribution 
3) Pure silica droplet grains range from 131 
nm to 285 nm with mean size of 202 nm 

Fringes and patterns match maghemite in 
Very-high Fe silica grains 

1)Silica grains show log-normal distribution 
2) High-Fe silica grains show poor fit to a 
log-normal distribution 
3) Maghemite grains range from 41 to 65 
nm. Skewed distribution with mean of 38 
nm and mode of 45 nm 

We did not locate grains with highest FeO contents in the annealed sample. The population of grains 
with FcO from 4-43 wt.% in the annealed sample actually included two distinct populations at 9 and 28 
wt.% FcO. Both samples show approximate log-normal size distributions for silica grains (< 3 wt.% FeO) 
atid high-Fc silica grains with similar size ranges for silica grains in both samples. The high-Fe silica 
grains (12-60 wt.% FcO) in the original sample were larger than those in the annealed sample; viz. 
maximum size -120 nm and mean of 47 nm compared to a max of 27 nm and a mean of 13 nm. 

In the original smoke an apparent high abundance of crystalline material was explained as post- 
condc~isation transformations, or autoannealing [6].  We do not find a similar high abundance of 
crystalline material in  the annealed sample. For example, the original smoke contained large (sub) 
spherical grains of chemically pure tridymite that formed by coagulation of smaller droplets and 
vitrification during autoannealing. Tridymite is the stable silica polymorph between 1140-1743 OK. 

Isothermal annealing at 1000 OK raised these grains above the metastable extension of the liquidus and 
i~~duccd fusion (vitrification) of these grains but without melting proper. They transformed into smooth 
droplet shapcd grains (Table 1). The mottled texture of high-Fe silica grains in the original smoke was 
explained as possible spinodal decomposition by autoannealing into a maghemite-like phase and a low-Fe 
silica material [6]. In  the annealed sample the "Fe" grains in nonspherical silica grains may have a 
similar origin. The Fe304 - SiOz phase diagram has a eutectic between the two liquid and cristobalite - 
liquid ficlds at -5 wt.% Fe304, or -4.5 wt.% FeO. According to this equilibrium phase diagram 
isothermal anncaling of this quenched condensate compositions at -9 wt.% FeO (Table 1) might 
decotnposc this material into tridymite and Fe-oxide, hematite or magnetite. 
CONC1,USIONS. First results of this isothermal annealing experiment on an Fe-SiO smoke showed lhat 
(1) thc initial condensates are quenched melts predicted by the equilibrium phase diagram, and (2) 
metnstnble high-tcmpcrature polymorphs with appropriate endmember compositions, e.g. Pure SiOz , may 
undcrgo fusion (vitrification) below the glass transition temperature. This first experimentally obtaincd 
rcsult on thermally anncalcd anhydrous analogs of circumstellar dusts has predictive power to constrain 
the mincralogic,?l conslitucnts of dusts in  astrophysical environments. 
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