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Introduction: Meteoritic evidence indicates that
dust condensation occurred in the early stage of solar
system evolution. For instance, amoeboid olivine ag-
gregates, fine-grained aggregates of forsteritic olivine,
have been considered to be primary nebular conden-
sates [e.g., 1]. Equilibrium condensation models pre-
dict stable phases at given physical and chemical con-
ditions, but cannot predict neither but neither grain size
and number density of dust nor duration of processes
cannot be predicted, which should be discussed in the
context of dust formation kinetics.

Condensation experiments of dust analogue materi-
als under conditions as close as possible to circumstel-
lar environments are crucial because dust formation
kinetics could be different under different physical and
chemical conditions [e.g., 2, 3].

In this study, we succeeded in performing conden-
sation experiments of forsterite under controlled pro-
toplanetary-disk conditions, which will make signifi-
cant contribution to understanding silicate formation
and chemical fractionation in protoplanetary disks.

Experiments: Condensation experiments were
carried out in the system of Mg,SiO4-H,-H,O. An
infrared vacuum furnace was used in this study, con-
sisting of a silica glass tube (~300 mm in length and 38
mm in diameter) connected to a pumping system and
two infrared heating systems. The furnace was contin-
uously evacuated during experiments. A mixed gas of
H, and H,O was flowed into the system at a controlled
rate to keep a pressure constant. Synthetic forsterite
powder in an It crucible was heated as a gas source. A
part of evaporated gases were condensed on a substrate
of Pt mesh located at a cooler region in the chamber
(15-25 mm from the gas source). The substrate tem-
perature was monitored by a type-R thermocouple.

The pressure and temperature conditions were
close to those of protoplanetary disks. The total pres-
sure of the system was ~5.5 Pa (5.5x107 bar), and the
substrate temperature ranged from 1320 to 1160 K
with £5-10 K fluctuation. The H,O/H, ratio was set at
0.015, which was ~15 times larger than the solar ratio.
The SiO/H, ratio was evaluated to be ~0.7-2 % of the
solar ratio from the weight loss rate of the gas-source
forsterite. Note that the SiO/H, ratio can be smaller
than these estimates because a part of SiO and Mg may
have condensed on the wall of the silica glass tube.
Experimental duration ranged from 6 to 237 hours.

Condensates were observed with a field-emission
scanning electron microscope (SEM) and their chemi-
cal composition and crystallinity were analyzed with
energy dispersive X-ray spectroscopy (EDS), electron
backscattered diffraction (EBSD), and Fourier trans-
form infrared spectroscopy (FTIR). Transmission
electron microscope (TEM) observation was also made
for focused ion beam (FIB) lift-out sections of conden-
sates obtained at 1160 K for 93 h.

Results: Sub-micron to micron-sized condensates
covered with Pt substrates at 1160 and 1275 K (Fig. 1),
but no condensates were found at 1320 K. The typical
size of condensates at 1160 K was less than 1 um irre-
spective of experimental duration and no effective
growth of each condensed grain was observed. Con-
densates at 1275 K for >40 hours partly had several
micron-sized flat regions.

EDS analyses showed that chemical compositions
of condensates were consistent with the stoichiometry
of forsterite, and their EBSD patterns were well fitted
with the patterns from crystalline forsterite (Fig. 2).
Coincident EBSD patterns were obtained from the flat
region of condensates at 1275 K, suggesting that the
area was covered with a single crystal. TEM observa-
tion of condensates at 1160 K also found that the con-
densates were polycrystalline forsterite with a thick-
ness of ~30-150 nm (Fig. 3), and infrared absorption
spectra of condensates show clear 10-um absorption
features resembling those of crystalline forsterite (Fig.
4). These evidence indicates that polycrystalline for-
sterite condensed at 1275 and 1160 K.

Discussion: The mean free path of gas molecules
under the present experimental conditions is less than 1
mm, and the evaporated forsteritic gas and the ambient
H,-H,O gas are expected to be well mixed. Supersatu-
ration ratios (S) for experiments at 1320, 1275, and
1160 K are thus estimated to be <1.2, <10, and <1000-
2000. These supersaturation ratios correspond to the
supercooling of <5, <60 and <170 K, respectively.

No condensates were found at 1320 K because the
degree of supersaturation was too small for nucleation
of forsterite or even the vapor was not saturated with
forsterite (S<1). The condensates at the supercooling
of <170 K (1160 K) imply that heterogeneous nuclea-
tion of new grains occurred successively on preexisting
grains. On the other hand, with the supercooling of
<60 K (1275 K), some grains seem to have grown up
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to several microns, and some seem to have newly nu-
cleated on preexisting grains, suggesting that both nu-
cleation and growth of each condensate occurred.

These differences would result in a structural dif-
ference in forsterite dust condensed in protoplanetary
disks. Fluffy aggregates of sub-micron sized fine par-
ticle would form with a supersaturation of >1000,
while aggregates of micron-sized grains would form
with a supersaturation of ~10 that could be an analogue
of amoeboid olivine aggregates in chondrites.

Although heterogeneous nucleation could reduce
the growth rate of forsterite, the condensate thickness
of ~30-150 nm obtained at 1160 K for 93 hours (Fig.
3) is thinner than the maximum growth thickness pre-
dicted by the Hertz-Knudsen equation (~1.2 wm). This
implies that there is kinetic hindrance for vapor growth
of forsterite as in the case of evaporation (e.g., [3]). A
condensation coefficient, which is a dimensionless
parameter representing kinetic hindrance for condensa-
tion in the Hertz-Knudsen equation [4], is estimated to
be 0.025-0.12 at 1160 K.
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Fig. 2. An example of EBSD pattern obtained from conden-
sates at 1160 K for 93 hours, which can be well reproduced
with that of crystalline forsterite.

Fig. 3. A bright field TEM image of an FIB section of con-
densates obtained at 1160 K for 93 hours. The thickness of
condensates was <150 nm.
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Fig. 4. An infrared absorbance of condensates formed at
1160 K for 93 hours (blue curve) compared with that of crys-
talline forsterite (black curve). The FTIR analysis was made

by pressing the platinum mesh with condensates between
Fig. 1. Condensates formed in the Mg,SiO,4-H,-H,0 system KBr plates.

at 1160 K for 93 h (top) and at 1275 K for 44.5 h (bottom).



