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Introduction:  Oxygen isotopic compositions of 

various components in chondrites (e.g. CAIs, AOAs, 
chondrules and fine-grained matrix) show the evidence 
of isotopic mixing/exchange between 16O-rich and 16O-
poor reservoirs in the early Solar System. The Genesis 
mission discovered that the oxygen isotopic composi-
tion of the Sun is similar to 16O-rich CAIs [1], suggest-
ing that primary dust in the Solar System was 16O-rich 
and evolved to 16O-poor compositions through isotopic 
exchange with 16O-poor disk gas [2].  

A large proportion of primitive Solar-System sili-
cates dust would be amorphous [3], and oxygen isotop-
ic exchange with disk gas would take place through 
thermal annealing in the early Solar System. However, 
it has been little known whether or not the oxygen iso-
topic exchange between amorphous silicates and water 
vapor occurred efficiently within the timescale of disk 
evolution. Here we experimentally investigated oxygen 
isotopic exchange between amorphous forsterite and 
water vapor in order to understand the oxygen isotopic 
exchange process in the early Solar System. 

Experiments:  Sub-µm-sized amorphous forsterite 
grains, synthesized by an induced thermal plasma 
method, were used as a starting material (average grain 
diameter ~80 nm; [4]). Oxygen-isotope exchange ex-
periments between amorphous forsterite and H2

18O 
vapor were carried out at 803−1073 K under disk-like 
low water-vapor pressures of 0.01−1 Pa using a gold-
mirror vacuum furnace (Thermo-Riko GFA430VN) 
equipped with a gas flow system. H2

18O vapor was 
provided from H2

18O ice (97% 18O) kept at 243−253 K 
through the gas flow system. The water vapor pressure 
in the vacuum furnace was controlled by the balance 
between the flow rate and a pumping rate. We also 
annealed the starting material with isotopically normal 
water vapor of 1 Pa for comparison.  

The run products were analyzed by a Fourier trans-
form infrared spectrometer (JASCO FT-IR 4200) using 
a KBr pellet method. The existing phases were deter-
mined by an X-ray diffractometer (Rigaku SmartLab). 
Bulk oxygen isotope measurements were conducted 
for pelletized samples by secondary ion mass spec-
trometry (SIMS; Cameca ims-6f at Hokkaido Universi-
ty, Japan). For SIMS analysis, samples were shaped 
into pellets and sintered in a vacuum furnace in order 
to impede oxygen isotopic exchange during sintering.  

Results and discussion:  The Si-O stretching vi-
bration absorption peak of amorphous forsterite at ~10 
µm shifted to a higher wavelength with time for sam-
ples annealed with H2

18O vapor of 1 Pa at 803-883 K 
(Fig. 1), whereas such a shift of peak position was not 
observed in the spectra of samples exposed to isotopi-
cally normal water vapor of 1 Pa at 853 K for 24 and 
48 hr. This peak shift can be attributed to the replace-
ment of oxygen from 16O to 18O, resulted in a lower 
vibration frequency (larger wavelength) of Si-O bonds, 
without crystallization. The isotopic exchange in the 
samples was confirmed by SIMS analysis. The SIMS 
analysis also showed that a relative peak shifts, ex-
pressed as a normalized wavenumber shift (Δκ/κamor. Fo 

ref. (%)), of the 10-µm peak of amorphous forsterite can 
be used as an indicator of oxygen isotopic composi-
tions of amorphous forsterite with 18O/(18O+16O)<0.4.  

At PH2O~0.01 Pa, the reaction rates at 883 and 853 
K inferred from Δ κ/κamor. Fo ref. were quite similar to 
each other. This little temperature dependence of the 
reaction rate implies that the supply of gaseous water is 
a rate-limiting step for isotopic exchange at lower PH2O 
and higher temperatures. On the other hand, the reac-
tion rate at 803 K under PH2O~0.01 Pa was almost iden-
tical to that under PH2O~1 Pa, suggesting that the rate-
limiting step is not the supply of gas, but a different 
process that is not dependent on water vapor pressure.  

At 953 K and PH2O~1 Pa, crystallization of amor-
phous forsterite occurred. All typical peaks of crystal-
line forsterite shifted to higher wavelengths with peak 
broadening as crystallization proceeded. This can be 
interpreted as simultaneous crystallization and oxygen 
isotopic exchange; forsterite crystallized in the early 
stage kept its original normal oxygen isotopic compo-
sitions, while crystallization occurred from isotopically 
substituted amorphous forsterite in the late stage, re-
sulting in the mixed broad infrared features of 18O-
poor and 18O-rich crystalline forsterite. 

At 1073K and PH2O~1 Pa, an infrared spectrum of a 
run product showed several peaks of crystalline for-
sterite with normal oxygen isotopic compositions, sug-
gesting that crystallization occurred prior to isotopic 
exchange with water vapor and the isotopic exchange 
is sluggish for crystalline forsterite. 

Time evolution of oxygen isotopic compositions of 
amorphous forsterite at 803-883 K and PH2O~1 Pa was 
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fitted with various reaction models, and we found that 
it follows the three dimensional diffusion equation in a 
sphere [5] as shown in Fig. 2, yielding the exchange 
rate (D) of Ln (D) =−26.8−164 (kJ mol-1)/RT. This 
supports that there is no PH2O dependence of the reac-
tion rate at 803 K mentioned above.   

Based on the experimental data, we estimated a 
timescale of oxygen isotopic exchange between amor-
phous forsterite (80 nm in diameter) and disk water 
vapor for the rate-limiting step of gas supply or diffu-
sion. The reaction timescales for complete isotopic 
exchange are compared with timescales of crystalliza-
tion of amorphous forsterite [6] and oxygen self-
diffusion in crystalline forsterite [7] (Fig. 3). At PH2O~1 
and 10-4 Pa, oxygen isotopic exchange of amorphous 
forsterite would be controlled by diffusion at <~1200 
and <~780K, respectively. At temperatures above ~920 
K (PH2O~1 Pa) and ~850 K (PH2O~10-4 Pa), amorphous 
forsterite would crystallize rapidly, followed by oxy-
gen isotopic exchange through diffusion into crystal-
line forsterite.  

Because diffusive transport of oxygen (H2O) oc-
curs effectively in an amorphous state, amorphous for-
sterite dust could exchange oxygen isotopes within the 
disk lifetime if it was heated at temperatures higher 
than~500 K. In other words, the original oxygen iso-
topic signature of amorphous forsterite (e.g. presolar 
signature) could be preserved only if the dust was kept 
at temperatures lower than ~500 K.  
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Fig. 2: Time evolution of the degree of oxygen isotopic 
exchange reaction at PH2O~ 1Pa. Best-fitted curves with 
the 3-D spherical diffusion [5] are also shown. 
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Fig. 1: Infrared spectra of samples exposed to H2
18O and 

H2
16O vapor at 853 K with a reference spectrum of the 

amorphous forsterite.  

wavelength (µm)
8 9 10 11 12 13 14

A
bs

or
ba

nc
e

0

0.2

0.4

0.6

0.8

1

1.2

Fig. 3: Timescales of oxygen isotopic exchange of amor-
phous forsterite dust (80 nm in diameter) controlled by diffu-
sion and the supply of gaseous water. Timescales of oxygen 
self-diffusion in crystalline forsterite and crystallization of 
amorphous forsterite are also shown for comparison.  
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