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PrCcis: The LEW88774 ureilite is extraordinarily rich in pyroxene, Cr-spinel, and a Cr-rich, Ni-poor 
cohenite (carbide). The pyroxene is uncommonly Ca-rich, and has exsolved into coarse lamellae (up 
to - 50 pm across) and granules of augite and orthopyroxene ( E ~ I ~ ~ W O ~ . ~ ) .  Olivine-core 
CaO is also very low (0.24%), by Fo7s ureilite standards. However, the equilibration temperature 
implied by the pyroxene compositions is still near-solidus (- 1300°C), as usual for ureilites, despite 
the paradoxically coarse-grained texture. The Cr-rich (13-33%) carbide appears to have formed 
secondarily by a reaction, perhaps triggered by shock-melting, involving the chrornite and C-matrix. 

Ureilites are a large (-40 stones) class of meteorites that in many ways show great diversity, e.g., in 
terms of oxygen isotopic compositions. However, in many ways ureilites are remarkably uniform 
compared to other classes of igneously differentiated meteorites. They are consistently carbonaceous 
(average C content virtually as high as CI chondrites). Ureilite silicates (except in polymict ureilites) are 
entirely olivines and pyroxenes, and are consistently coarse-grained, even though ureilites also 
consistently have unexsolved pigeonites and CaO-rich, Fo-rimmed olivines, implying that they failed to 
equilibrate to low Tin the usual manner of coarse-grained igneous rocks [I]. For a few elements that are 
little-fractionated among carbonaceous chondrites and compatible with mantle olivine+pyroxene 
assemblages, ureilites tend to have rather uniform composition [2]. The petrologic diversity of ureilites 
was recently magnified, however, with the discovery of LEW88774 [3]. This mildly weathered (albeit 
classed BIC) 3.1-gram stone is bizarre, even by ureilite standards. 

Roughly estimated, the mode of LEW88774,5 has 70% pyroxene, 14% olivine, 12% C-matrix (which 
is uncommonly rich in diamond or lonsdaleite), 3% chrornian spinel, 1-2% Cr-rich carbide, and 4% 
Si,Al-rich glass. No other ureilite is so pyroxene-rich [4]. The pyroxene has coarsely exsolved from an 
original medium-Ca composition into thick lamellae (up to - 50 pm across) and larger granules, yielding 
roughly equal proportions of low-Ca and high-Ca pyroxene (Fig. 1). Compositions (avoiding rims) 
cluster tightly around En75F~21W04.4 (with 1.3% A1203 and 0.97 wt% Cr203) and En53F~13.7W033 (2.1% 
and 1.8%). The olivine (avoiding rims) clusters tightly at F O ~ ~ . ~ ,  with 0.19-0.27 wt% CaO. The rock is 
mildly brecciated, but apart from the exsolution, the poikilitic silicate texture is not unusual, for an 
augite-bearing ureilite [4]. Pyroxene optical continuity extends up to 4 mm. 

Cr-spinel occurs as numerous (- 30) widely scattered grains; mostly 0.5-1 mm, but up to 1.5 mrn 
across. Thus, it seems very unlikely that the mode is a fluke (such that a few cm away chromite is 
absent); moreover, the bulk rock is extremely Cr-rich [2]. Cr-spinels probed in LEW88774,5 have 54- 
58% Cr203, 18-20% MgO, 15-19% A1203 (the bulk-rock A1 distribution is roughly 60% in pyroxene, 
40% in chromite), 2-6% FeO, and 0.6-2.8% Ti02. Many of these grains appear subhedral, but many have 
a corroded appearance, and are surrounded by complex zones that, where best developed (especially near 
C-matrixlcr-spinel boundaries), consist mainly of anhedral Cr-rich cohenite, along with Si,Al-rich glass 
and several other trace phases [I]. We discovered that the carbide was not Cr-Fe metal, as originally 
described [I]  when we consistently got low sums (mostly 88-90 wt%) from microprobe analyses. 
Identification of the main unanalyzed element as C was kindly confirmed for us by G. J. MacPherson. 
This phase is compositionally diverse (although comparatively uniform within grains), with 5575% Fe, 
13-33% Cr (avg. 28%), 0.4-1.8% Ni (avg. 0.7%), and -0.04-0.2% Co; Si, P and Ti could not be detected. 

The detailed origin of this carbide phase is unclear. It seems most likely that it formed as a secondary 
product of decomposition or shock-melting (along grain boundaries) of the Cr-spinel, which reacted, or 
became crudely alloyed, with C (from the C-matrix) and F ~ O  (from metaVsulfide veins and reduction of 
silicate rims). Originally, almost all of the Cr that is now in Cr-cohenite was probably in Cr-spinel. The 
more profound question concerns how this ureilite originally acquired such a high Cr content [2]. 

The extensive pyroxene exsolution in LEW88774 is unique among ureilites. Yet a key constraint on 
ureilite origin, the paradox of their very rapid subsolidus cooling despite their coarse igneous textures, is 
not much weakened by this development. Despite the scale of the exsolution, application of the two- 
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pyroxene thermometer [5] indicates that equilibration stopped at -1250-1300°C; i.e., virtually at the 
solidus. The olivine-core CaO content (avg. 0.24%) is extremely low, by ureilite standards (especially 
considering the low mg), but still far higher than generally observed for deep-origin igneous rocks 161; 
the nearest precedent is perhaps ALH.477005, which McSween [7] stresses is a shallow-origin rock, 
albeit it contains 2-mrn olivines manifestly cumulus in origin. The preservation of reduced rims on the 
olivines also demonstrates failure to equilibrate far into the subsolidus T range. 

The coarseness of ureilite textures is not the only evidence against simple models to crystallize them 
entirely within an environment that is shallow enough to preclude mafic silicate equilibration. Original 
crystallization (or recrystallization during partial melting) deep in the mantle of the parent asteroid(s) is 
also evidenced by the simple fact that ureilites hold so much graphite, in conjunction with the (not-so- 
simple) relationship between graphite stability and pressure at magmatic T and ureilite-like oxygen 
fugacity [8,9]. Oxidation of graphite is favored by a combination of low pressure and low f (02); and the 
latter can be constrained based on olivine-core mg ratios. Here, too, LEW88774 is at an extreme for 
ureilites ( F O ~ ~ ) ,  such that the evidence for deep origin is particularly strong. In this sense, the coarse 
exsolution features and low olivine-core CaO in LEW88774 are unsurprising. Nonetheless, it seems hard 
to avoid a major discontinuity in the cooling history of LEW88774, as is true of all ureilites; and the most 
plausible mechanism is catastrophic impact-fragmentation of the parent asteroid(s) [1,8]. 
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Fig. 1. Back-scattered electron (BSE) image of LEW88774,5: coarse exsolution 
features in pyroxene. Light = augite, dark = orthopyroxene. Scale bar = 100 pm. 
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