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Introduction: We developed a model to calculate
the cooling rate of olivine by analyzing chemical zon-
ing on the basis of Fe-Mg interdiffusion during olivine
crystal growth [e.g., 1]. Miyamoto et al. [2, 3] have
verified this model by using Fe-Mg zoning in olivine
produced by dynamic crystallization experiments of
Jones and Lofgren [4] and Koizumi et al. [5] and re-
ported that the cooling rates calculated by this model
give a good agreement with those of the experiments.
In this abstract, we applied the model to calculating the
cooling rate of olivines in several different type II por-
phyritic olivine chondrules in Semarkona (LL3.0). We
found that porphyritic olivine chondrules in Semarko-
na show a wide range of the cooling rate.

Model: We consider that Fe-Mg chemical zoning
in olivine forms basically on the basis of the closed-
system fractional crystallization as olivine crystal
grows in the high temperature range. We calculated an
Fe-Mg zoning profile by using the Rayleigh equation.
The equation is C/Co= F KD'I, where Cj and C;, are the
initial concentration in the bulk liquid and the concen-
tration in the observed liquid, respectively. Kp is the
distribution coefficient (0.30), and F is the fraction of
liquid remaining. The primary zoning profile that
formed by fractional crystallization is modified by Fe-
Mg interdiffusion during crystal growth in the high
temperature range. Namely, we compute diffusional
modification for Fe-Mg zoning produced by fractional
crystallization in the growing olivine crystal by nu-
merically solving the diffusion equation. We used the
Fe-Mg diffusion coefficient in olivine reported by Mi-
sener [6] with oxygen-fugacity dependence [7]. The
oxygen fugacity used in the model calculation is log
SO, =1W-0.5.

Olivine crystal growth: We assume that crystal
growth of olivine is parabolic [e.g., 8], that is, dR/dt is
proportional to 1/R, where R is the radius of crystal
and t is time. As the crystal grows, Fe-Mg zoning
forms in accordance with the Rayleigh equation.

Estimation of Ts and Tg: Crystallization of oli-
vine starts at temperature Tg and olivine grows until
temperature T as temperature decreases (Fig. 1). Dif-
fusional modification of Fe-Mg zoning formed by frac-
tional crystallization takes place during crystal growth
and continues until closure temperature (Tr) of Fe-Mg
interdiffusion at which Fe-Mg interdiffusion essential-
ly ceases. Tr is usually lower than the temperature Tg
at which olivine crystal growth stops. We estimated Ts
and Tg by using MELTS [9] for the bulk chemical

composition of Semarkona chondrule [10] under the
conditions that equilibrium or fractionate solids option
of MELTS. The difference in Ts does not significantly
affect the calculated cooling rate, whereas Tg affects
the result: 100 °C of difference in Tg gives 3-4 times
difference in the cooling rate. We employed closure
temperature (Tg) of 900 °C.

Procedures: We determined three unknown pa-
rameters, the cooling rate, initial concentration for
fractional crystallization (Cy), and fraction of liquid
remaining (F) by employing the non-linear least
squares method (Simplex method) to fit the computed
zoning profile to the observed zoning.

Results and discussion: Fig. 2 shows the results
for olivines in different porphyritic olivine chondrules.
Open circles show zoning profiles measured by elec-
tron microprobe and solid curves show the calculated
profiles. The best-fit cooling rates calculated by our
model are 4.5, 5.3, 11, 120, and 1100 °C/h for olivines
in several porphyritic olivine chondrules. The calculat-
ed values of the fraction of liquid remaining are 15, 46,
10, 16, and 13%, respectively. The observed values of
the fraction of liquid remaining reported by Jones [10]
for Semarkona chondrules range from 15 to 37%. Our
calculated results are broadly consistent with the ob-
served values. Ts and Tg estimated by MELTS are
shown in Fig. 2 for each olivine.

According to the summary by Hewins [11] for the
relation between the cooling rate and texture of ex-
perimentally reproduced chondrules, porphyritic oli-
vine chondrules can be experimentally reproduced at
the cooling rate of 10-2000 °C/h. Our calculation re-
sults (4.5-1100 °C/h) are broadly consistent with the
experimental results. Our results suggest that porphy-
ritic olivine chondrules actually formed at a wide vari-
ety of the cooling rate, although experimental results
only show the possibility of the cooling rate at which
porphyritic olivine chondrule forms.

We thank Dr. G. MacPherson for the Semarkona
thin section.
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