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Interior melting: Melting in differentiated aster-

oids was caused almost entirely by mantle-wide heat 
accumulation from the decay of the short half-life iso-
tope 27Al [1], not by localized pressure release during 
mantle convection as in planets like Earth and Mars. 
Thus melting started over a very wide range of depths 
at nearly the same time [2-6]. By analogy with melt 
transfer in zones of partial melting within the Earth [7-
16], complex networks of veins and dikes evolved 
within the mantles of differentiated asteroids to move 
silicate melts efficiently once the degree of partial 
melting exceeded a few % [5]. The transfer time of any 
given batch of melt was as short as weeks to months 
[5] and only a few % of the mantle consisted of melt at 
any one time. Thus magma oceans, in the sense of 
largely molten mantles, should not have existed [17]. 

Melt intrusion: Upward transfer of melt directly to 
the surface would have been rare to impossible on as-
teroids with radii less than ~190-250 km due to both 
stress and cooling constraints [17], and accumulation 
of magma at depths of 6-8 km (the base of the conduc-
tively-controlled thermal and rheological lithospheric 
boundary layer [17, 18]) should have been common. 
Intrusions formed multiple isolated magma chambers 
or even a globally-extensive sill [5, 17]. Mafic mantle 
melts preferentially brought the major 27Al heat source 
with them, and so all but the smallest intrusions would 
initially have become hotter, not cooler, with time, 
even though they were losing heat to surrounding 
rocks. Extensive metamorphism of the lower litho-
sphere is likely to have occurred [17] before residual 
magma bodies eventually cooled. 

Eruption styles: Magma would have erupted epi-
sodically to the surface from the steadily replenished 
reservoirs, so eruption rates could have been hundreds 
to ~1000 m3/s, comparable to historic basaltic eruption 
rates on Earth and very much greater than the average 
(tens to ~100 m3/s) mantle melting rate [17]. The ab-
sence of asteroid atmospheres made explosive erup-
tions likely even if magmas were volatile-poor. On 
asteroids with radii less than ~100 km, gases and sub-
mm pyroclastic melt droplets would have had speeds 
exceeding the escape speed assuming a few hundred 
ppm volatiles, and only cm sized or larger clasts would 
have been retained [19-21]. On larger bodies almost all 
pyroclasts returned to the surface.  At low eruption 
rates and high volatile contents many clasts cooled to 
form spatter or cinder deposits, but at high eruption 

rates and low volatile contents most clasts landed hot 
and coalesced into lava ponds feeding lava flows [22]. 
Low gravity on asteroids caused these flows to be rela-
tively thick, reducing cooling and letting flows reach 
lengths of tens of km. On most asteroids larger than 
100 km radius experiencing more than ~30% mantle 
melting, erupted volcanic deposits buried the original 
chondritic surface layers of the asteroid to such great 
depths that they were melted, or at least very heavily 
thermally metamorphosed, leaving no present-day me-
teoritical evidence of their prior existence [17]. 

Relevance to 4 Vesta: The shape and impact crater 
density on 4 Vesta imply that several km of the origi-
nal surface has been removed or at least extensively re-
distributed. The complex spatial pattern of eucrite and 
diogenite compositions detected by Dawn's spectrome-
ters is consistent with the mixture of major shallow 
intrusions and surface eruptives predicted above. 
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