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A NEW MODEL FOR UREILITE ORIGIN: 
INCOMPLETE IMPACT-DISRUPTION OF PARTIALLLY MOLTEN ASTEROIDS 

Paul H. Warren and Gregory W. Kallemeyn 
Institute of Geophysics and Planetary Physics, University of California, Los Angeles, CA 90024 

Although ureilites, "the most enigmatic of meteorites" [1], were once widely regarded as partial 
melt residues, ureilite textures are clearly more suggestive of origins as igneous cumulates [2j. A 
cumulate model also seems necessary to explain many details of ureilite composition [3]. However, 
there are several cogent arguments against any straightforward cumulate model for ureilite origin. 

(1) As noted previously by Dodd [I] and Ryder [4], the pyroxene/(pyroxene + olivine), or py 
ratios of ureilites are surprisingly moderate. The abundance, coarse granularity, and generally little- 
zoned compositions of ureilite pyroxenes imply that in most cases pyroxene was no less a cumulus phase 
than olivine El]. Moreover, production of the -30 vol% pyroxene in a typical ureilite entirely from 
"trapped" melt can be ruled out by mass balance for middle REE (presumably the Sm content of the 
parent melt was at least 0.3 X CI). Phase diagrams [e.g. 51 imply that aggregate solids formed from a 
melt cosaturated with pyroxene and olivine should have py >65 %, and for appropriately Mg-rich melts 
py should be > > 65 % . Modes for 17 ureilites have average py ~ 3 3  % (range: 5 5 0 % )  [1,3,6, et al.], as 
expected for partial melt residues, but not for cumulates. (2) The presence in ureilites of planetary type 
noble gases [7] is difficult to reconcile the cumulate model. At low pressures, in association with the C- 
oxidation process that apparently occurred as the ureilites were forming, noble gases would quickly be 
lost from any plausible parent melt. If ambient pressures were sufficiently high (i.e., roughly 0.054.2 
kb) they might keep the noble gases bonded to graphite [8,9,3]. However, 0-isotopic data recently 
reported by Clayton et al. [lo] appear to rule out derivation of all ureilites from a single large parent 
body. If multiple parent bodies are required, they were probably not all > > 100 km in radius. In a 100- 
km radius asteroid, only 61 vol% of the body is deeper than the 0.05-kb level, and 0.2 kb exceeds the 
pressure at the center of the asteroid. (3) Igneous cumulates, including those from the Moon and the 
eucrite asteroid, tend to form only in slowcooling environments where their minerals equilibrate at 
temperatures well below the solidus. The extremely high Ca contents of ureilite olivines [1,3] imply just 
the opposite. Ureilite pyroxenes appear to have last equilibrated at > 1200 OC [6] .  

The scarcity of basaltic (Al-rich) differentiates complementary to the ultramafic ureilites has 
always been mysterious, and it has grown more so as the number of strictly Al-poor ureilites has 
increased, e.g., from 7 known in 1975 to 24 in 1986 [ l l ] .  The 0-isotopic evidence [lo] implies that 
more than one parent body is involved in this apparent systematic exclusion of crustal samples. If 
basaltic rocks were ever abundant on a ureilite parent asteroid, they would probably at least turn up 
among the polymict ureilites, which are rich in exotic clasts, e.g. ADOR-like lithologies [12], and thus 
presumably represent well-mixed portions of ureilite parent body exteriors, i.e., ureilitic megaregoliths. 
However, except for enrichments in middle REE and possibly C, the three polymict ureilites that have 
been analyzed [13-15, et a].] all have compositions virtually indistinguishable from an average 
monomict ureilite (Figure 1). A mass-balance calculation for A1 indicates that an average polymict 
ureilite contains at most 5 wt% of basaltic and ADOR-like matter combined. 

We suggest that the missing basaltic differentiates may have been systematically blown off the 
exteriors of the parent bodies by impacts of large, C- and noble gas-rich projectiles (Figure 2). 
Catastrophic disruption and incomplete reassembly of asteroids has been advocated recently by many 
authors [e.g. 16,171. If just before the impacts the exterior portions of the parent bodies were still 
largely molten due to primordial heating (the magma "ocean" shown in Figure 2a is only an end-member 
scenario; a magma slush is perhaps more realistic), the exterior portions would have been f8r more 
easily blasted permanently apart from their centers of gravity than the more solid, and more central, 
materials below. The middle levels of the pre-impact parent body would probably have been a mushy, 
convective partial melt residue - akin to the putative "magmifer" portion of the primordial Moon 
[18,19]. The putative large C-rich impact would likely have thoroughly disrupted the crystalline matrix, 
temporarily transforming the magmifer into a mixture of large "cumulus" crystals suspended within a C- 
rich fluid, the fluid being derived mainly by injection of projectile material, but also partly from the melt 
portions of the former magma "ocean" and of the magmifer itself. 

Subsequent cooling of the parent body would transform the C-enriched magrnifer into a mass of 
cumulate-textured rock that compositionally is more like a partial melt residue, shot through with C-rich 
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veins; an assemblage that would now be considered a "monomict" ureilite. Having lost its basaltic cover 
plus whatever megaregolith it may have possessed, this material would cool relatively rapidly, at least 
until a new megaregolith had built up over the surface. During the earliest stages of cooling, the C-rich 
veins would tend to reduce the rims of the "cumulus" olivines and pyroxenes. The rapidity of this early, 
bald-magmifer stage of cooling accounts for the otherwise mysteriously high olivine CaO contents and 
pyroxene equilibration temperatures. Subsequent smaller impacts would eventually generate a new, 
strangely basalt-poor megaregolith. The polymict ureilites may represent pieces of such a megaregolith 
(Figure 2c). We suggest that this new model satisfies most of the key constraints on the origin of 
ureilites, without sacrificing the main advantages of the cumulate model. 

Nilpena/North Haig 
A Avg. Monomict Ureilite 
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