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CHONDRITE THERMAL HISTORIES FROM LOW-CA PYROXENE 
MICROSTRUCTURES: AUTOMETAMORPHISM VS PROGRADE METAMORPHISM 
REVISITED. Adrian J. Brearley and Rhian H. Jones, Institute of Meteoritics, Department of 
Earth and Planetary Sciences, University of New Mexico, Albuquerque, New Mexico 87131. 

In order to constrain the thermal histories of chondritic meteorites we have carried out a 
detailed study of the microstructures of low-Ca pyroxenes produced experimentally and in types 
4 and 5 ordinary chondrites. We have performed cooling experiments on synthetic MgSiO, at 
cooling rates between 2 and 1000O°C/hr from the protopyroxene stability field into that of 
orthopyroxene (OPX) and annealed the products of these experiments for a variety of annealing 
times. There are clear microstructural differences between samples which have been cooled and 
those which have been subsequently annealed. A comparison of the microstructures observed in 
our experimental samples with those in H4-5 ordinary chondrites shows that they cannot have 
experienced a single stage cooling history, as proposed for the autometamorphism model. 
Introduction, The petrologic type 3 to 6 ordinary chondrites represent a metamorphic sequence 
which is characterized by increasing degrees of thermal annealing, homogenization of silicate 
compositions and recrystallization of fine-grained matrix and chondrule mesostasis. The exact 
thermal history which produced the metamorphism is still a subject of some controversy. Many 
workers have argued that annealing occurred as a result of prograde metamorphism within a 
parent body [I]. In this model the parent bodies accreted cold and the metamorphism resulted 
from secondary heating of the asteroid. The alternative model is that the petrologic sequence is 
produced by primary cooling from high temperature (autometamorphism) [2,3]. In this model 
material accreted hot (-700-800°C) and early accreted material cooled more slowly (types 5-6) 
than material accreted late (types 3-4). The principal evidence to support this model comes from 
low-Ca pyroxenes microstructures and experimental annealing of striated low-Ca pyroxene from 
an H4 chondrite [4,5]. We have reexamined the evidence for autometamorphism based on a 
systematic experimental and TEM study of phase transitions in synthetic low-Ca pyroxene and 
studies of low-Ca pyroxene in a type H chondrite. Our results demonstrate that the evidence 
used to support the autometamorphism model is by no means as convincing as has been claimed. 

There are three principal polymorphs of enstatite-rich low-Ca pyroxene; protopyroxene, 
orthopyroxene (OPX) and clinopyroxene (CPX). Protopyroxene is only stable at high 
temperatures and during cooling inverts to OPX. Increasingly slower degrees of cooling result in 
higher proportions of OPX [6]. If protopyroxene is cooled rapidly it inverts to metastable CPX 
at low temperatures (<500°C). This CPX will invert to OPX if it is reheated within the OPX 
stability field. Low-Ca pyroxenes in ordinary chondrites consist of intergrowths of CPX and 
OPX polymorphs and the proportion of OPX increases with petrologic type. 

Two sets of experiments were carried out: a) cooling experiments in which protoenstatite 
is cooled at different cooling rates from high temperature through the proto-ortho inversion 
temperature and then quenched and b) annealing experiments in which the products of the 
cooling experiments are annealed for different periods of time. The first set of experiments 
have implications for the initial cooling histories of chondrules and autometamorphism. The 
annealing experiments address the question of prograde vs autometamorphism. 
Cooline ex~eriments, Experiments were carried out at cooling rates of 10000, 1000, 100, 10 and 
2OC/hr and the run products were examined by TEM techniques. From high resolution electron 
micrographs we have been able to measure directly the proportions of OPX and CPX (quenched 
proto) in each sample. The degree of transformation as a function of cooling rate is shown in 
Fig. 1. Based on an extrapolation of these data complete transformation of protopyroxene to 
OPX requires a cooling rate of 0.03"C/hr. For a cooling interval of 1000 to 500°C this would 
take 1.9 years. At fast cooling rates (100, 1000°C/hr) development of OPX is extremely 
heterogeneous and individual regions (500 nm wide) can vary from 14 to 80 vol% OPX. At 
slow cooling rates (2,10°C/hr) OPX is homogeneously developed throughout the crystal. We have 
measured the field widths (measured in the a direction) of OPX and CPX lamellae in each of 
these samples. The proto to OPX transformation appears to proceed by the nucleation of thin 
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(1-2 units cells) lamellae of OPX, rather than coarsening of early formed lamellae. Development 
of OPX larnellae greater than 10 unit cells thick only occurs at the slowest cooling rates. 
Annealine ex~eriments  Annealing experiments have been carried out on MgSiO, and iron- 
bearing compositions. For enstatite, we have annealed the products of 1000 and 1000O°C/hr 
cooling experiments for periods of up to 24 days at 800, 900 and 980°C. For the compositions 
Eng5Fsl, and En,4Fsl,Wol, 1000O°C/hr material has been annealed for 1 week at 1045°C. For 
enstatite, no transformation has occurred in any of the annealing experiments. For Fe-bearing 
compositions, there is some minor evidence of transformation, suggesting that the 
transformation may be slightly faster than for MgSiO,, although this may be also due to the 
higher annealing temperatures. In these samples we observe a coarsening of the OPX lamellae. 
Discussion. 141 showed that after annealing striated low-Ca pyroxene from the Quenggouk (H4) 
chondrite for 1 week at 800°C, the sample inverted to 100% OPX. These data were used to 
argue that Quenggouk could not have been annealed at high T, because this would have 
destroyed the striated microstructure. Thus the striated microstructure was inferred to be the 
result of primary cooling from high temperatures. Our experiments show that this argument is 
highly flawed. The rate of transformation is a strong function of the amount of OPX in the 
starting material. For samples with low proportions of OPX the reaction rate is extremely slow. 
The data of [4] show only that if the Quenggouk pyroxene, in its present state, were heated at 
800°C for a week, it would transform to OPX. However, this ignores the possibility that the 
pyroxene may initially have had a much higher CPX content. The microstructure in Quenggouk 
could have formed by annealing of such material for extended periods of time at high T. 

We have examined low-Ca pyroxenes in the unshocked H4 chondrite Conquista by TEM 
and compared the microstructures with our experimental samples. Conquista contains 32 vo1% 
OPX, which based on Fig. 1 indicates a cooling rate of 300°C/hr, assuming single stage cooling 
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lamellae widths in Conquista bears a very close resemblance to that for samples cooled at -1000° 
C. Thus the microstructures in Conquista can be interpreted as annealing of low-Ca pyroxene 
produced by rapid cooling during chondrule formation. Some of the preexisting OPX lamellae 
coarsen as a result of annealing during reheating in a parent body environment. This is likely to 
be a sluggish process which occurred over several million years. 
Conclusions, Our experimental data and high resolution TEM observations of low-Ca pyroxene 
from the H4 chondrite, Conquista show that the microstructures present are not consistent with 
a single stage cooling model from high temperatures. However, they are entirely consistent with 
a two stage model involving reheating of rapidly cooled chondrule pyroxene within a parent 
body environment. We conclude that the autometamorphism model, which has been largely 
based on pyroxene microstructures, is no longer a viable model to explain the thermal histories 
of the ordinary chondrites. Funded by NASA grant NAG 947 to J.J. Papike (P.I.). References: [I] 
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field width of OPX which could develop (based on our 
experimental data) is between 5 and 10. However, in 
Conquista rare lamellae up to 56 unit cells thick and 
several lying between 13 and 23 occur. Our experimental 
data show that during single stage cooling thick OPX 
lamellae do not form, even at cooling rates of 2°C per 
hour. Thus the microstructures in Conquista are not 
consistent with single stage cooling from high temperature 
(autometamorphism). The low degree of transformation 
and the thick OPX lamellae are not compatible with such 
a thermal history. However, the data are consistent with a 
two stage thermal history which would be expected for 


