
Fig. 1.  DSC spectrum of Mg-silicate smoke particles 
(4.1 mg) heated at 5 K/min up to 1200 K in air.  The 
numbers above the features indicate the peak tem-
peratures.  This spectrum has been corrected by sub-
tracting the spectrum using blank Pt pans.  The tem-
perature of the feature at 1073 K corresponds to the 
crystallization temperature of forsterite. 

Fig. 2.  DSC spectrum of Mg-silicate smoke particles 
(6.6 mg)  heated at 1 K/min up to 1200 K in air.  The 
numbers above the features indicate the peak tem-
peratures.  This spectrum has been corrected by sub-
tracting the spectrum using blank Pt pans.  The tem-
perature of the feature at 1047 K corresponds to the 
crystallization temperature of forsterite. 
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Introduction: Several comets show 10 μm emis-

sion features characteristic of a mixture of crystalline 
and amorphous Mg-rich olivine grains [1].  Since in-
terstellar silicates are in an amorphous state, it has 
been considered simply that the amorphous silicates 
gradually crystallized via thermal annealing in the hot 
inner solar nebula over time and then were transported 
outward and incorporated in comets [e.g. 2,3].  Using 
this thermal annealing model, the chronology and for-
mation age of comets in the early Solar System has 
been discussed based on laboratory experiments [4].  
In this study, we will try to determine the crystalliza-
tion temperature and the reaction energy of the silicate 
during thermal annealing using differential scanning 
calorimetry (DSC).   

Experiment: Refractory silicate grains were pro-
duced in the laboratory by vapor phase condensation 
using the Condensation Flow Apparatus at NASA’s 
GSFC [5].  The system produces well mixed amor-
phous grains that are several tens of nanometers in 
diameter.  2-7 mg of the analog grains are placed into a 
Pt pan, and then heated in vacuum or in air up to 1200 
K at 1 or 5 K/min simultaneously with another Pt pan 
filled with the same mass of alumina powder using a 
commercial DSC system (DSC 8270; Rigaku Corp.).  
The alumina serves as a reference material and is inert.  
Since the temperature of the Pt pan with silicate varies 
depending on the reaction energy of the metamorphic  

processes caused by heating such as oxidation, crystal-
lization or evaporation, we can measure the reaction 
energy by measuring the input thermal energy to keep 
the sample pan at equilibrium temperature, which is 
measured by thermocouple, with the reference pan.  
When it is an exothermic reaction, the spectrum goes 
to positive, i.e., in the case of an endothermic reaction, 
the slope declines.  The reaction energy corresponds to 
the enthalpy of the reaction.  The base line of the spec-
trum corresponds to the difference of the heat capaci-
ties between aluminum and Mg-silicate.  In the case of 
the vacuum run, the sample chamber was continuously 
evacuated using a combination of mechanical and 
sorption pumps down to 0.1 Torr.  At such pressures 
the thermal conductivity from the pans to the thermo-
couples is extremely poor.  Therefore, we intend to 
build a new system using He flow.  The DSC spectra 
in a He gas atmosphere will be presented on the poster. 

Initial Results: We have performed annealing ex-
periments on synthesized Mg silicate, Fe silicate and 
silica grains in the DSC at temperatures up to 1200 K.  
In the case of Mg silicate grains, several characteristic 
exothermic peaks were observed in both spectra of 
annealing in vacuum and air.  Typical DSC spectra, 
which were measured in air for 5 and 1 K/min, are 
shown in Figs. 1 and 2.  Five characteristic features 
were observed at about 590, 680, 740, 860 and 1060 K.  
When the scanning rate of annealing temperature is 
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Fig. 3.  Mid-infrared spectra of Mg-silicate smoke particles before and after 
DSC runs at 1 K/min up to 1200 K in air.  Each spectrum corresponds to the 
points indicated in Fig. 2.  (a) as-prepared. (b) 630 K. (c) 750 K. (d) 900 K. (e) 
1000 K. (f) 1050 K. (g) 1200 K.  Each spectrum has been shifted for clarity. 

decreased to 1 K/min, the peak positions are shifted 
about 10-30 K, which depends on the peaks, toward 
lower temperature.  Namely, better reaction tempera-
tures can be obtained from the spectrum obtained at 1 
K/min.  On the other hand, the peak heights of the 
spectrum become smaller as scanning speed decreases, 
because the reaction occurs slowly for a longer time, 
i.e., total reaction energies do not change.  Please note 
the small value of the vertical axis in Fig. 2.  As a re-
sult of heating at 5 K/min, although two significant 
sharp peaks at 887 and 896 K can be seen with the 860 
K feature, those peaks disappeared in the spectrum 
heated at 1 K/min as shown in Fig. 2.  The total exo-
thermic energies of each peak at 590, 680, 740, 860 
and 1060 K in Fig. 1 were roughly 174, 2118, 36, 104 
and 105 J/g, respectively.  In the case of the spectrum 
heated at 1 K/min in Fig.2, they were 348, 1970, 13, 
30 and 35 J/g, respectively.  These data will be verified 
and refined after further DSC experiments.  Although 
the peak positions have been shown in the figure, start-
ing temperatures are more important in a DSC spec-
trum, because reactions begin at the starting tempera-
ture.   

  Although it is difficult to decide the origin of 
each reaction feature, the energies (enthalpies) of each 
spectral change might be understood by the measure-
ments of the infrared spectra before and after each 
feature.  In order to observe the mid-infrared spectra of 
the samples over the several different temperatures, 
annealing experiments of Mg-silicate grains were per-
formed up to 630, 750, 900, 1000 and 1050 K for 1 
min/K.  In addition to the spectra of as-prepared and 
annealed samples, the five infrared spectra just after 
the characteristic features have been measured as 
shown in Fig. 3.  From these spectra, it is obvious that 

the feature at 1060 K corresponds to the energy of 
crystallization of forsterite.  It was also found that the 
10 μm feature attributed to silicate barely changes up 
to 900 K.  The shape of the spectra after annealing up 
to 1000 K was close to that of the stall state, which is a 
stable intermediate spectral state of Mg-silicate grains 
during annealing [6].  The 10 μm feature of Mg sili-
cate in the stall state corresponds to that of comets.  
Although the 10 μm feature shows less change up to 
900 K, the 10 μm feature is drastically changed to the 
crystalline feature of forsterite as annealing tempera-
tures approach the peak at 1047 K.  Since, in the case 
of these silica experiments, only one broad feature was 
observed at 818 K in 5 K/min runs, those features in 
Figs. 1 and 2 should be attributed to the Mg rich sili-
cate grains. 

After annealing, the mass of the specimens al-
ways increased.  For example, in the case of the ex-
periment in Fig. 1, the initial mass of 4.1 mg increased 
to 4.8 mg.  This result implies that oxidation occurred 
during annealing.  By measurements of the mass of 
each annealed sample used for the infrared measure-
ments, it was found that the exothermic reaction pro-
ducing the feature at 680 K may be simple oxidation.  
As-prepared Mg-silicate smoke particles consist of 
moderate amounts of Mg2Si, MgO, Mg2SiO4, and pos-
sibly amorphous SiO in addition to amorphous Mg 
silicate, which were analyzed using transmission elec-
tron microscope (TEM).  Since the exothermic reac-
tion at 680 K was not observed in the spectrum of sil-
ica smoke particles, the feature at 680 K could be due 
to oxidation of Mg2Si and/or amorphous Mg silicate.  
Since the mass of the samples after annealing up to 
630 K did not change, the peak at 590 K may be due to 

coagulation of the smaller grains, 
thus reducing the surface energy 
of the system.  More detailed 
information will be available after 
TEM analysis. 
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