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INTRODUCTION

HED achondrites (Howardites-Eucrites-Diogenites) comprise 
a genetically related suite of meteorites thought to be from the 
same parent body (Duke and Silver 1967; Consolmagno and 
Drake 1977). A common origin of HED meteorites is indicated 
from oxygen isotope systematics, a narrow range of crystalliza-
tion ages, and a constant Fe/Mn value in maÞ c minerals (Papike 
1998). Spectral reß ectance data collected from asteroid 4Vesta 
(Gaffey 1997) and small objects (Vestoids) derived from Vesta 
correlates with those of the HED suite making Vesta the most 
likely candidate for the HED parent body. 4Vesta is a 530 km 
diameter planetismal located in the main asteroid belt, and ob-
servation (Zellner et al. 1995) of the Vesta surface by the Hubble 
telescope shows light and dark regions that may correspond to 
basalt (eucrites) and pyroxenite (diogenite), respectively, with the 
latter having been exposed by a very large-scale impact event.

The eucrite parent body was rapidly resurfaced by successive 
ß ows of basaltic lavas that cooled to form the non-cumulate 
basaltic eucrites, a major component of the Vestan crust. Tex-
tures typical of basaltic rocks (ophitic, subophitic, variolitic) 
are preserved, even though most eucrites have been thermally 
metamorphosed. Eucrites exhibit varying degrees of subsolidus 
equilibration and are classiÞ ed as type 1 (least metamorphosed) 
through type 6 (most metamorphosed) by Takeda and Graham 

(1991). Yamaguchi et al. (1996) added a type 7. A small per-
centage of eucrites has been identiÞ ed as unequilibrated (types 
1�3), based in part on the preservation of primary compositional 
zoning within pigeonite.

The source and duration of the heating events responsible for 
eucrite metamorphism are not well constrained. Yamaguchi et 
al. (1996) discussed three hypotheses proposed for the source of 
heat: (1) Impact processes, (2) heat conducted from the interior 
(mantle), and (3) heat advected to the surface by the rapid produc-
tion, eruption, and burial of successive ß ows. To this list could 
be added a fourth hypothesis, i.e., heat from crustal intrusions 
(Warren 1997). We evaluate the plausibility of these different 
mechanisms based on our observations and calculations of ther-
mal histories. To elucidate the thermal evolution of the HED 
parent body, we investigated primary and secondary textural and 
compositional features of non-cumulate eucrites. The goal of this 
comparative investigation is to understand the post-magmatic Ca, 
Fe, and Mg redistribution within equilibrated and unequilibrated 
pyroxenes and to provide constraints on the thermal and temporal 
conditions responsible for eucrite equilibration. Pasamonte and 
Haraiya were chosen for this study as they represent extremes on 
the metamorphic scale. Pasamonte (Type 2) retains some primary 
textures and compositions, but has been partially equilibrated 
during cryptic metasomatism. Haraiya (Type 7), with coarsely 
exsolved, partially inverted pigeonite, experienced metamor-
phism within a crustal temperature gradient.* E-mail: mccallum@u.washington.edu
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ABSTRACT

Thermal histories of non-cumulate eucrites, Pasamonte and Haraiya, were determined from Ca/(Ca 
+ Fe + Mg) proÞ les of host/lamellae pyroxene pairs, from compositional proÞ les of pyroxene rims 
affected by metasomatism, and from lamellae thicknesses using a rate law for lamellar coarsening. 
Pasamonte, a Type 2 eucrite, experienced �partial� equilibration during a relatively short period of 
thermal annealing. This equilibration is expressed texturally by metasomatized rims in Mg-rich and 
Fe-rich pyroxene grains and by coarsening of nanometer-scale exsolution lamellae. A cooling rate of 
~10�2 °C/day corresponds to post-impact mixing and reburial of the polymict Pasamonte assemblage 
to a depth similar to that of the initial lava ß ow. Haraiya, a Type 7 eucrite, has experienced a complex 
thermal history involving multiple brecciation events and mixing of a single ß ow to produce a monomict 
assemblage containing clasts of variable grain size and texture. A period of thermal annealing, ~50 000 
years in duration at temperatures between ~1000 and 700 ºC, corresponding to a cooling rate of ~10�4 

to 10�5 ºC /day, produced augite exsolution up to 3 μm thick in pigeonite. Rapid burial by successive 
ß ows during a period of high magma productivity and high heat ß ow due to 26Al decay in the crust 
and mantle was a possible source of heat for metamorphism in the lower crust. However, cooling 
rates during relaxation of the lower crustal thermal gradient are much less than the mineralogically 
determined cooling rates. Heat derived from impact or from mid- to upper-crustal level intrusions is 
a plausible heat source for metamorphism and is consistent with observed cooling rates. 


