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Introduction:  We have developed a model to cal-

culate the cooling rate (or burial depth) by using the 

Fe-Mg chemical zoning profile of olivine, considering 

diffusional modification of zoning profiles as crystals 

grow by fractional crystallization from a melt [e.g., 1]. 

We applied the model to calculating cooling rates of 

olivines in the Semarkona (LL3.00) chondrite [2]. In 

this abstract, we applied the model to calculating the 

cooling rate of martian meteorites. 

     Yamato (Y) 980459 is an olivine-phyric shergottite 

that consists of olivine megacryst with groundmass 

composed of olivine, pyroxene and glassy mesostasis, 

and no plagioclase [e.g., 3]. The core compositions of 

olivine and pyroxene are the most mafic among mar-

tian meteorites found so far. Dar al Gani (DaG) 476 is 

an olivine-phyric shergottite that consists of olivine 

megacrysts with the groundmass composed of pyrox-

ene and maskelynite [e.g., 4]. Koizumi [5] pointed out 

that both shergottites might have been derived from the 

same melt. We assumed that a single and linear cool-

ing for these shergottites and calculated their cooling 

rates by employing Fe-Mg zoning profiles of olivine 

megacrysts. 

Model:  Crystallization of olivine starts at tempera-

ture TS and ends at temperature TE as temperature de-

creases (Fig. 1). We assume that the olivine crystal is a 

sphere, and that olivine crystal growth is parabolic 

[e.g., 6], that is, dR/dt is proportional to 1/R, where R 

is the radius of crystal and t is time. 

     Fe-Mg zoning in olivine basically formed by frac-

tional crystallization. We calculated an Fe-Mg zoning 

profile (primary zoning profile) by using the Rayleigh 

equation for closed-system fractional crystallization. 

The equation is CL/C0= F
KD-1

, where C0 and CL are the 

initial concentration in the bulk liquid and the concen-

tration in the observed liquid, respectively. KD is the 

distribution coefficient, and F is the fraction of liquid 

remaining. We used the distribution coefficient for 

Fe/Mg of 0.30 [e.g., 7]. For the cooling rate calculation, 

we assume that cooling is linear (continuous) from 

starting temperature (TS) to closure temperature (TF) at 

which Fe-Mg interdiffusion essentially ceases consid-

ering the cooling rate. TF is lower than ending tempera-

ture (TE). 

     Diffusional modification also starts at TS, which is 

starting time of crystallization, and ends at closure 

temperature (TF). As the crystal grows, Fe-Mg zoning 

forms in accordance with the Rayleigh equation for 

closed-system fractional crystallization, and diffusional 

modification takes place during ongoing olivine crystal 

growth.  

     During the formation of the Fe-Mg profile during 

olivine crystal growth, we calculate diffusional modifi-

cation by numerically solving the diffusion equation by 

using finite difference approximation in spherical co-

ordinates, assuming spherical geometry for the olivine 

grain. 

Estimation of TS and TE:  We estimated TS and TE 

by using MELTS under the option of “equilibrium” [8] 

for the bulk chemical composition of each shergottite. 

We estimated TS as the temperature at which olivine 

having the core Fa component crystallizes. We also 

estimated TE at which olivine having the rim Fa com-

ponent crystallizes. We employed a closure tempera-

ture (TF) of 800 
o
C at which Fe-Mg interdiffusion es-

sentially ceases. 

     The difference in TS does not significantly affect 

the calculated cooling rate. However, a change of TE 

does affect the result significantly: 100 
o
C of differen-

ce in TE results in a factor of 3-4 times difference in 

the cooling rate [2]. 

Diffusion Coefficient:  Because we assume that 

the compositional gradient of the Fa component (=100 

x Fe/(Mg+Fe), mol%) of olivine is controlled by Fe-

Mg interatomic diffusion, the results are strongly de-

pendent on the value of the Fe-Mg interdiffusion coef-

ficient used in the calculations. Miyamoto et al. [9] 

evaluated the Fe-Mg interdiffusion coefficient by ex-

amining Fe-Mg chemical zoning produced experimen-

tally and concluded that the profile calculated by the 

Fe-Mg diffusion coefficient reported by Misener [10], 

with consideration of the effect of oxygen-fugacity 

included, gives the best fit to the observed zoning pro-

file. We used this expression for the Fe-Mg diffusion 

coefficient in olivine. The oxygen fugacity used in the 

model calculation is log fO2 = IW+1. 

Determination of Unknown Parameters:  There 

are three unknown parameters to be determined: cool-

ing rate, initial concentration for fractional crystalliza-

tion (C0), and fraction of liquid remaining (F). We 

determined these parameters by employing the non-

linear least squares method (Simplex method) to fit the 

computed zoning profile to the observed zoning. 

Verification:  The model was successfully verified 

by reproducing the Fe-Mg zoning profiles obtained in 

dynamic crystallization experiments on analogs for 

martian and lunar meteorite compositions [11] and for 

type II POP chondrules in Semarkona [2] 
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Results and Discussion:  Fig. 2 shows the results 

of cooling rates for olivines in Y980459 and DaG476 

shergottites. Open circles show zoning profiles meas-

ured by electron microprobe and solid curves show the 

calculated profiles. The best-fit cooling rates calculated 

by our model are 0.20 
o
C/h and 0.089 

o
C/h for olivines 

in Y980459 and DaG476, respectively. The calculated 

values of the fraction of liquid remaining are 44% and 

40%, respectively. These results are similar to those in 

Koizumi [5]. The cooling rate for Y980459 is larger 

than that of DaG476. This result is also consistent with 

the fact that Y980459 contains glassy mesostasis that 

include quench crystals of olivine and pyroxene unlike 

DaG476 [e.g., 5]. These cooling rates correspond to 

the burial depth of several meters. 

Although both shergottites have a similar bulk 

chemical composition, the core Fa components of oli-

vine are significantly different (Fa=15 for Y980459 

and Fa=25 for DaG476)(Fig. 2). If this difference in 

the core Fa component is not due to the cutting effect 

of the thin section, slow cooling of DaG476 causes a 

higher Fa value by Fe-Mg diffusion as was suggested 

by Koizumi [5]. However, the slow cooling rate of 

DaG476 obtained by this study seems to be not enough 

to cause its higher core Fa component compared with 

that of Y980459, if we assumed a single and linear 

cooling for both shergottites. We cannot exclude the 

possibility of two-stage cooling for DaG476, that is, 

slow cooling down to temperature about 1235 
o
C with 

Fe-Mg equilibrium between olivine and the melt, and 

then relatively fast cooling (0.089 
o
C/h) down to 800 

o
C.  
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Fig. 2. Calculated zoning profiles (solid curves) and 

observed zoning profiles (open circles) for olivines in 

Yamato 980459 (a) and Dar al Gani 476 (b) shergot-

tites. Solid curves show the best fit to the observed 

profiles and numbers on curves show the best-fit cool-

ing rates calculated by our model. 
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Fig.1. Schematic diagram of cooling history 
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