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UREILITES: THE GRAPHITE f(02) BUFFER, EXPLOSIVE VOLCANISM, 
AND THE GROSS DlSSlPATlON OF BASALT FROM THE PARENT ASTEROID(S) 

Paul H. Warren and Gregory W. Kallemeyn 
Institute of Geophysics and Planetary Physics, University of California, Los Angeles, CA 90024 
Ureilites are apparently igneous, peridotitic meteorites that have high contents (avg. - 3 wt%) of 

carbon, almost entirely in the form of graphite or its shock-metamorphic derivative, diamond. Among the 
many remarkable characteristics of ureilites, we have previously stressed the importance of their uniform 
A1 depletions, especially if wet-chemical analyses are excluded [I]. The diversity of ureilites in terms of 
olivine-core mg makes it hard to explain away the Al depletion as a consequence of meager sampling. 
Even the four polymict ureilites (including EET87720, which may be paired with EET83309 [2 ] )  have 
average [All = 0.34 wt%; i.e, depleted by a factor of 0.19 relative to plausible (roughly CV-chondrite- 
like) source materials. At least one of these polymict breccias is a regolith breccia [3]. They probably all 
formed as blends of dominantly near-surface material. If the parent asteroid ever contained an appreciable 
basaltic crust, the polymict ureilites would probably have acquired at least moderate contents of A1 and 
plagioclase. For comparison, the howardites, which are regolith breccias from another apparently well- 
sampled differentiated asteroid, have average [All -4.0 wt%. One other group of achondrites is analogous 
to the ureilites in this respect: the aubrites. The average [All of three regolith-breccia aubrites is 0.55 
wt%, and the average for all aubrites is 0.48 wt% [4]. Wilson and Keil [5] recently suggested that the 
aubrites formed as residues from explosive volcanism. We suggest that explosive volcanism is even more 
attractive as a model for the origin of ureilites. 

Wilson and Keil [5] noted that if even small amounts of volatiles are present in a melt approaching 
the surface of a small, low-gravity body, the exsolution of volatiles may disrupt the melt into an explosive 
spray of droplets moving faster than the escape velocity of the body. The basaltic droplets are thus 
dispersed into space, and lost from the parent body. Absence of complementary basalts is at least as 
significant for ureilites as for aubrites, and explosive volcanism is especially viable for ureilites because 
they are so rich in graphite. Fig. 1 illustrates schematically the mechanism by which explosive eruption 
occurs. As magma rises, pressure P steadily drops, until at a certain depth volatiles begin to nucleate into 
bubbles, which expand (= 1/P) as the magma continues to rise. Eventually, at a critical pressure P,, the 
volume fraction of the gas reaches -75%, at which point the magma disrupts into a mixture of pyroclastic 
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materials and gas. The disrupted magma explodes out of the vent at a velocity v that is conservatively 
estimated [S] using $ = [(2nQTy) (~-P,/P,)(Y~)T I [M(y-1)], where n is the mass fraction of gas in the 
eruptive mixture, Q is the gas constant, y is the ratio of the specific heats of the gas (-4/3), and M is the 
mean molecular weight of the gas phase. For an asteroid, P,/P, is negligible, and the equation reduces to 

= 2nQTyl[M(y-l)]. Besides P,IP,, the most important variable in equation (1) is n, the mass fraction of 
gas in the eruptive mixture. It seems likely that in a ureilite-related basaltic magma n would be 
dominantly COX. Assuming that all of the carbon in a rising magma eventually burns, Fig. 2 shows that 
for a plausible parent-body radius of the order 30-300 km, the eruptive v will greatly exceed the escape 
velocity (which is = R) even if [CJFgma is 2-3 orders of magnitude lower than the average ureilite [C]. 

The graphite-COX buffer div~des equilibrium P(gas)-P(02)-T space into two regions: one in which 
all C is present as graphite, and another in which graphite is absent [6]. However, in a mostly silicate 
magmaflo,) will also be buffered by M~O-F~O-F~O equilibria, the combined reaction to convert graphite 
into, e.g., CO, being: Cgr + Fe2Si04 + Mg2Si04 = 2MgSi0, + 2~eO + CO,. This process is exothermic. 
Each g of graphite burnerraises the T of 1 kg of rock or magma by 42-96 K (depending on whether the 
end product is CO or CO,). Using thermodynamics, Fig. 3 maps P(gas)-JT0,)-T space for both the olivine 
mg ratio buffer (which is not sensitive to P )  and the graphite buffer (B la [6]). Ureilite-related basaltic 
partial melts probably formed at T - 1180°C [7], and their olivines (cores: F077-97, avg. FoS3) probably 
bufferedflo,) close to 10-l4 bars. Fig. 4 shows P(gas) vs. T, with curves for a variety offlo,) values. As a 
ureilite-related, - 1 180°C, graphite-rich basaltic magma ascends through -40 bars, its graphite begins to 
burn. Yet AO,) is buffered at - 10-l4 bars by the silicates. The exothermic and expansive aspects of the 
graphite burning reaction ensure that the magma continues rising, and eventually (probably within a very 
short distance, given the likely [C]) it disrupts, with nearquantitative loss of the basalt 

This model works best if the ureilites formed as an exotic variety of partial melt residue (cf. [8]) on 
a parent body(ies) roughly 100-200 km in radius. In such a body, only the outerqost 10-20% of the 
noncore volume is at pressures low enough to destabilize graphite at ureilitic j7O2). Basaltic components 
that melt as the asteroid heats inevitably percolate upward into the outer 10-2076, where they are 
efficiently dissipated by explosive eruptions. The reduced (FeOdepleted) rims of ureilite olivines may 
have formed when slow, mostly solid-state convection cycled already basaltdepleted, but still hot and 
graphite-rich, partial melt residues through the fringe of the low-pressure, graphite-unstable zone. 
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