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The cooling rates of meteorites have been a subject of central importance in the 
understanding of their origin and evolution. However, the commonly used methods for the 
determination of cooling rates of meteorites often yield conflicting results. A potentially 
powerful recorder of the cooling rates is the state of Fe-Mg ordering in orthopyroxenes 
(OPx), which can be found in any stony and stony-iron meteorite, and as silicate inclusion in 
some iron meteorites. However, despite its many applications in terrestrial problems, this 
method has not yet been used to derive quantitative constraints on the cooling rates of 
meteorites. 

The 'cation-ordering speedometry' involves reconstruction of the ordering state of a 
sample at its peak temperature, and numerical simulations of the change of site occupancies as 
a function of cooling rate ( I ) .  A substantial amount of thermodynamic and kinetic data, which 
are required for these calculations, are available in the literature (1,2). An example of the 
simulated evolution of M2 site occupancy is shown in Fig. 1, using an OPx from Steinbach 
meteorite for which the measured XFe(M2) = 0.304 (XFe = ~ e ~ + / ( ~ e ~ +  + Mg)). The cooling is 
assumed to follow the form l / T  = l/To + nt, where To is the peak temperature and a is a 
cooling time constant. The observed site occupancy is exactly reproduced as the quenched 
ordering state in a simulated evolution, which is characterized by T-t path with n = 1.5(10-") 
yr-l. Similar calculations are carried out for orthopyroxenes from Shaw and Johnstown 
meteorites (table 1). The cooling rates, given by n ~ ~ ,  are strictly applicable around the closure 
temperatures (T,), and are quite insensitive to errors in the estimation'of To. Any other 
cooling law can also be used. 

Fig. 2 shows the effect of cooling rates on quenched M2 site occcupancy for three bulk 
XFe values. For comparison, all XFe(M2) values are relative to those for cooling rate of 
150°C/my for the different bulk compositions. It is clear that the retrieved cooling rates are 
very sensitive to errors in the determination of site occupancies of natural samples, especially 
for Fe-poor compositions. A precision of 0.002 in the site occupancy determination is a 
difficult but attainable goal in single crystal X-ray analysis. This will limit the precision of 
the retrieved cooling rates of meteoritic orthopyroxenes to a factor of 5-10, depending on the 
composition and cooling rate. 

The site occupancies of the meteoritic orthopyroxenes used in this work lack the high 
precisions required for reliable cooling rate calcuations. Nonetheless, it is important to note 
that, despite their uncertainties, the inferred cooling rates for Shaw and Steinbach 
orthopyroxenes are in good agreement with those derived from metallographic properties of 
these meteorites (3,4). In contrast, the 2 4 ~ ~  track records were used to derive (5,6) a cooling 
rate for Shaw meteorite below 350°C, which is three orders of magnitude slower than that 
shown in table 1. Thus, either there was a drastic change of cooling rate of the Shaw 
meteorite between 400 and 350°C, or the 2 4 ~ u  result requires a careful reevaluation. Although 
Johnstown meteorite is shocked (7), the high degree of Fe-Mg order in OPx suggests that the 
magnitude of shock was <450 Kb (8). These results illustrate the potential applications and 
importance of the 'cation ordering speedometry', which should be most widely applicable in the 
study of cooling rates and shock histories of meteorites owing to the widespread occurrence 
of orthopyroxenes. 
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Table 1. Summary of Cooling Rate Calculations of Meteoritic Orthopyroxenes. (*preliminary 
results) 

F e 2 + / ( ~ e 2 + + ~ g )  (dT/dt)=,, Site occupancy 
Sample Total M2 T,(OC) n,yr" O C / ~ Y  measurement 

Shaw 0.175 0.324 400 4E-9 1.8E3 X-ray (9) 
Steinbach 0.161 0.304 304 1.5E-12 0.5 x-ray (4) 
Johnstown 0.237 0.451 318 ,, ,* X-ray (this work) * 
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