
CONDENSATION EXPERIMENTS OF MAGNESIUM-SILICATES UNDER PROTOSOLAR DISK 
CONDITIONS: GROWTH KINETICS.  S. Tachibana1, K. Kataoka1, A. Takigawa1, H. Nagahara1, and K. 
Ozawa1, 1Department of Earth & Planetary Science, University of Tokyo, 7-3-1 Hongo, Tokyo 113-0033, Japan. 
tachi@eps.s.u-tokyo.ac.jp, 

 
Introduction:  Magnesium silicates are one of the 

most abundant materials condensing in the system of 
solar abundance.  They are major constituents of solar 
system materials, and their presence in various proto-
planetary disks have also been confirmed by infrared 
observations.  Hence it is important to understand for-
mation of Mg-silicates for understanding of dust evolu-
tion in protoplanetary disks. 

Condensation from vapor is the fundamental proc-
ess for formation of Mg-silicates, and there have been 
many experimental studies to simulate Mg-silicate 
formation.  Experiments using smokes of different 
compositions have shown that a variety of condensates 
can be formed by homogeneous nucleation of nm-sized 
particles and their coalescence, some of which have 
been observed in space and/or in solar-system materi-
als.  However, nucleation occurs under higher gas 
pressure conditions (several hundreds to thousands Pa) 
than in protoplanetary disks.  Condensation experi-
ments of silicates at low pressures, close to protoplane-
tary disk conditions, have been carried out to clarify 
heterogeneous nucleation on a substrate put in a cooler 
region of a vacuum furnace, and further growth on 
nucleated seeds [1-3].  However, it has not been easy 
to make quantitative discussion on kinetic processes, 
such as dependences on partial pressures of condensing 
gas species and supersaturation ratio, due to experi-
mental difficulties.   

In this study, we report our improvement of ex-
perimental techniques for condensation experiments 
under protoplanetary disk conditions and discuss con-
densation kinetics of Mg-silicates in the presence of 
H2-H2O mixed vapor semi-quantitatively.  Details of 
condensates are discussed in the companion abstract 
[4]. 

Experiments:  An infrared vacuum furnace, which 
consist of a silica glass tube (~300 mm in length and 
38 mm in outer diameter) connecting to a turbo 
molecular pumping system, two infrared heating sys-
tems [5], was used for condensation experiments of 
Mg-silicates with some improvements.  We added a 
gas line for hydrogen and water vapor into the vacuum 
chamber.   The water vapor was supplied by flowing 
hydrogen gas through a water vapor saturator, in which 
distilled water was put at constant temperature.  The 
water vapor pressure during experiments was moni-
tored by introducing the furnace gas into a high-
vacuum chamber attached with a quadrupole mass 
spectrometer.  The water vapor pressure was controlled 

by temperature of the water vapor saturator and the 
flow rate of hydrogen gas. 

Condensation experiments were carried out at a to-
tal pressure of 10-5 bar with the H2O/H2 mixing ratios 
of ~0.07 and ~0.017, which are ~70 and ~17 times 
larger than the solar H2O/H2 ratio.  Synthetic powder 
of forsterite, put in an iridium crucible heated, was 
used as a gas source for condensation experiments.  
The forsterite powder was heated by keeping halogen-
lamp currents constant, and the heating temperature 
was estimated to be 1620 K from the vacuum evapora-
tion rate of forsterite powder at the same heating con-
dition with an assumption of evaporation coefficient of 
0.05 [e.g., 6].  The evaporated gas was condensed for 
21-131 hours on substrates of molybdenum foil and a 
polished chip of single crystal of forsterite, of which 
surface was close to (010) surface.  The substrate tem-
perature was controlled by changing the distance from 
the gas source (highest temperature region in the fur-
nace), and it was set at ~1340 K, which was calibrated 
by a melting point of gold.  In order to estimate the 
flux on the substrate coming from the gas source, we 
carried out condensation experiments of metallic iron 
on an Al2O3 substrate under the same pressure and 
heating conditions. 

 The condensates were examined with FE-SEM-
EDS and electron backscatter diffraction (EBSD).  A 
part of the condensates were sliced with a focused ion 
beam (FIB) method and observed with TEM [4]. 

Results: Evaporation rates of forsterite in vacuum 
and in H2-H2O mixed gas, obtained at the same heating 
conditions, are shown in Fig. 1.  The evaporation rates 
in H2-H2O mixed gas were enhanced compared to that 
in vacuum, but the rate at the higher H2O/H2 ratio (~70 
x solar) seems to be slower than that at the lower ratio 
(~17 x solar). 

Condensates obtained in experiments using for-
sterite as gas source were ~10-nm sized crystalline 
forsterite, details of which are described in [4], on the 
substrate of forsterite.  On the other hand, no conden-
sates were obtained on molybdenum substrates. 

Weight gains per unit area of Al2O3 substrates due 
to condensation of metallic iron were ~0.8 % of weight 
losses of gas sources, while weight gains of forsterite 
substrate were below detection limit of an electric mi-
crobalance (±1 µg) except for two cases, where weight 
gains of 0.15 and 0.03 % of evaporated forsterite were 
detected for unit areas of substrates (Fig.2).   
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Discussion: Evaporation rates obtained in vacuum 
and in H2-H2O mixed gas are compared with calculated 
evaporation flux, based on the kinetic theory of gases, 
with different kinetic hindrance in Fig.1.  The calculat-
ed evaporation flux decreases with the increase of 
H2O/H2 because the rate is determined by an evapora-
tion reaction being buffered by H2O/H2 (the H2O-
buffer dominated (HBD) evaporation regime predicted 
by [7]).  The effects of kinetic hindrance of surface 
atomistic processes are included in the parameter 
called evaporation coefficient (αe) ranging from 0 to 1, 
and the obtained evaporation rates are explained by 
αe=0.05-0.1.  These results suggest that gas source 
forsterite evaporated in the HBD regime, and α in that 
regime agrees well with those in vacuum and in the 
hydrogen reaction dominated regime [e.g., 6]. 

Assuming that condensation of metallic iron took 
place with the condensation coefficient (αc) of unity 
[8] in the present experiments, the fraction of gas spe-
cies that evaporate from the source and collide with the 
substrate can be estimated to be ~0.8 %.  The actual 
condensed flux in the case of forsterite condensation 
cannot be estimated precisely at present, but they are 
surely smaller than the colliding flux.  The maximum 
condensed fraction was ~0.2 (Fig. 2), which can be 
regarded as the upper limit of αc of forsterite and is 
broadly consistent with the evaporation coefficient 
(0.1-0.05).  We note however that the results showing 
weight gains below detection limit suggest αc of <0.01.  
The condensation coefficient is a crucial parameter that 
determined timescales of dust formation, so that αc of 
forsterite should be tightly constrained in further ex-
periments. 

The conditions of gas chemistry during condensa-
tion can also be estimated.  The Si/H ratios are ~0.03 x 
and ~0.14 x (Si/H)solar for H2O/H2 of ~70 and ~17, 
respectively, which are evaluated from the colliding 
flux of Si-bearing gas species with the forsterite 
substrate.  The supersaturation ratios are also estimated 
to be ~1.7 for both cases. 
Summary: We developed an experimental tech-

nique to simulate growth of Mg-silicates under semi-
controlled protoplanetary disk conditions.  We carried 
out condensation experiments of Mg-silicates under 
controlled conditions (1340 K; total pressure of 10-5 
atm; Si/H2O/H ratios of ~0.03/~70/1 and ~0.17/~17/1 
relative to the solar ratios; supersaturation ratio of 
~1.7), which are much more similar to protoplanetary 
disk conditions and better controlled than those in pre-
vious studies.  We succeeded to obtain crystalline for-
sterite was obtained as condensates on the forsterite 
substrate.  The condensation coefficient of forsterite 
was estimated to be <0.2 (or possibly <0.01).   
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LPS XXXIX, #. [6] Takigawa A. et al. (2009) ApJL, 
707, L97. [7] Tsuchiyama A. et al. (1999) GCA, 63, 
2451. [8] Tachibana S. et al. (2011) ApJL, submitted.  
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Fig.1.  Evaporation flux from gas source forsterite at ~1620 
K.  Crosses and pink triangles show individual fluxes and 
their averages.  Ideal evaporation flux and those with kinetic 
hindrance for evaporation (evaporation coefficients (α) < 1) 
at 10-5 atm total pressure are shown as a function of H2O/H2.  
Data obtained in vacuum is also shown for comparison. 
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Fig.2.  Comparison between evaporation (crosses) and con-
densed fluxes (Black squares) obtained for experiments for 
Mg silicates and metallic iron.  Condensation fluxes shown 
for Mg-silicates are those for forsterite substrate. 

2682.pdf42nd Lunar and Planetary Science Conference (2011)


