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Introduction: We developed a model to calculate
the cooling rate of olivine by analyzing chemical
zoning on the basis of Fe-Mg interdiffusion during
olivine crystal growth [e.g., 1]. Miyamoto et al. [2]
have verified this model by using Fe-Mg zoning in
olivine produced by dynamic crystallization
experiments of Jones and Lofgren [3] and reported
that cooling rates calculated by this model for the
experimentally produced zoning profiles are in good
agreement with cooling rates of the experiments. In
this abstract, we further verify this model by using
zoning profiles experimentally produced by dynamic
crystallization for Martian and lunar meteorite
compositions.

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 CL/C0= F KD-1, where C0

and CL are the initial concentration in the bulk liquid
and the concentration in the observed liquid,
respectively. KD 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. Namely, we compute
diffusional modification for Fe-Mg zoning produced
by fractional crystallization in the growing olivine
crystal.

Crystallization of olivine starts at temperature TS

and olivine grows until temperature TE as
temperature decreases (Fig. 1). Diffusional
modification of Fe-Mg zoning formed by fractional
crystallization takes place during crystal growth and
continues until closure temperature (TF) of Fe-Mg
interdiffusion, which is usually lower than the
temperature TE at which olivine crystal growth stops.

We assume that crystal growth of olivine is
parabolic [e.g., 4], 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.

We compute diffusional modification of the Fe-
Mg zoning by numerically solving the diffusion
equation by using the Fe-Mg diffusion coefficient in
olivine reported by Misener [5] with oxygen-fugacity
dependence [6].

We determined three unknown parameters, the
cooling rate, initial concentration for fractional
crystallization (C0), and fraction of liquid remaining
(F) by employing the non-linear least squares method
(Simplex method) to fit the computed zoning profile
to the experimentally produced zoning profile. We
compared the calculated cooling rate with the cooling
rate of the dynamic crystallization experiment that
produced the observed zoning profile.

Experiments: Koizumi et al. [7,8] performed
dynamic crystallization experiments of the Y980459
Martian meteorite and the LAP02205 lunar meteorite
to better understand their cooling histories and
conditions. Synthetic glass having a similar
composition to the bulk composition of Y980459 was
cooled from 1460 oC to 1000 oC at the rate of 2.5
oC/h (Fig. 2a). Synthetic glass similar to LAP02205
was cooled from 1160 oC to 1000 oC at the rate of 2.5
oC/h (Fig. 2b) or 20 oC/h (Fig. 2c). We used these
experimentally produced profiles for verification of
our model, that is, we calculated the cooling rate by
our model to obtain the best-fit profile to the
experimentally produced zoning profile.

We estimated the temperature (TS) at which
olivine crystallization starts and the temperature (TE)
at which olivine crystallization terminates by using
the MELTS program [9] for each bulk chemical
composition. The results are: TS of 1450 oC and TE of
1190 oC for Y980459, and TS of 1140 oC and TE of
1050 oC for LAP02205. We employed closure
temperature (TF) of 1000 oC that is the same as that of
dynamic crystallization. The experiments were
carried out at log fO2 = IW+1.0 for Y980459 and at
log fO2 = IW-1.0 for LAP02205: these are the oxygen
fugacities we assumed in the model calculation.

Results and Discussion: Fig. 2 shows the results.
Open circles show zoning profiles produced by
dynamic crystallization experiments by Koizumi et al.
[7,8] and solid curves show the calculated profiles.
The best-fit cooling rate calculated by our model is
4.7 oC/h for the 2.5 oC/h cooling experiment of
Y980459 (Fig. 2a). The best-fit cooling rates for
LAP0205 are 3.9 oC/h for the 2.5 oC/h experiment
(Fig. 2b) and 22 oC/h for the 20 oC/h experiment (Fig.
2c). These calculated cooling rates are in good
agreement with those of experiments. Table 1 shows
the results of the calculated cooling rates for different
TS and TE for comparison.
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The initial Fa (=Fe/(Mg+Fe), mol%)
concentration (C0) in the bulk liquid calculated by our
model is 22 mol% for Y980459.  The calculated core
composition of the final zoning profile shown in Fig.
2a is 27 mol%. This difference in composition is
caused by Fe-Mg diffusion mainly during crystal
growth. The initial Fa concentration calculated for
LAP02205 are 47 and 50 mol% for 2.5 oC/hr and 20
oC/hr of cooling experiments, respectively.

The fractions of liquid remaining calculated by
our model are 10% for Y980459, 3%, and 13% for
2.5 oC/h and 20 oC/h experiments of LAP02205,
respectively.  These values are broadly consistent
with those of experimental results.

Conclusions: The results of this study and
Miyamoto et al. [2] mean that (1) our model to
estimate the cooling rate on the basis of Fe-Mg
zoning considering olivine crystal growth is valid for
different bulk chemical compositions and for the
wide range of the Fa component and (2) the Fe-Mg
interdiffusion coefficient reported by Misener [5]
with oxygen-fugacity dependence [6] is relatively
accurate.
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Fig. 2. Comparison of calculated zoning profiles
(solid curves) with observed zoning profiles (open
circles) (a) 2.5 oC/h of Y980459, (b) 2.5 oC/h and (c)
20 oC/h of LAP02205 cooling experiments.
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Fig.1. Schematic diagram of cooling history

Table 1 TS TE TF Coolig rate

Y98  2.5 oC/hr 1450 oC 1190 1000 4.7 oC/hr
1450 1150 1000 2.7
1400 1190 1000 4.8

1400 1150 1000 2.8

LAP  2.5 oC/hr 1140 1050 1000 3.9

1140 1000 1000 0.7

LAP  20 oC/hr 1140 1050 1000 22.5

1140 1000 1000 22.2

Lunar and Planetary Science XXXVII (2006) 1538.pdf


