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Introduction: Asteroid 4 Vesta is the only preserved intact example of a large, differentiated protoplanet [1]. It has 
a basaltic crust, and observations with reflectance spectra provide convincing evidence for a differentiated interior 
that includes an ultramafic mantle exposed in the cavity of a massive impact basin and a possible iron-rich core [2]. 
The reflectance spectra of Vesta show many similarities to those of HED meteorites [3].  Geochemical, petrologic 
and geochronological studies have revealed that Vesta was substantially melted possibly by decay of 26Al and 60Fe 
[4-6]. Although modeling of crystallization of the totally molten magma ocean has been carried out by [7, 8], [5, 6] 
discussed that total melting was difficult in the small body and that Vesta differentiated by partial melting by the 
decay of short lived isotopes, which includes transportation of heat source. In the present work, we investigate the 
evolution of the magma ocean at the final stage focusing on the role of physical parameters that affect the evolution 
of the magma ocean, such as grain size of crystals, thickness of the lid, and fO2 with special interests to reproduce 
#Mg (=Mg/(Mg+Fe)) of diogenites. 
Model:  We have developed a numerical model combining fluid dynamics and thermodynamics to calculate cooling, 
crystallization, and crystal separation of a shallow magma ocean. The thickness of core, mantle, and crust is as-
sumed to be that of present day value [7], and the calculation started after total separation of Fe metal (core) and 
olivine (mantle) when the thickness of the residual magma ocean is 50 km. The interior of the body is assumed to be 
heated by radioactive decay of 26Al and 60Fe, and heat is transferred by turbulence within the magma ocean and by 
conduction in the surface boundary layer, which is lost by radiation from the surface. Crystals are assumed to be 
separated from the convective magma ocean at the critical value of 55% to form cumulate layer, which has the same 
proportion of minerals in the magma ocean. 
Free parameters include crystal size, which varied from 0.01 cm to 1 cm, thickness of the lid, which varied from 
10m to 1000m, and fO2 varied from IW to QFM+2. The MELTs program is applied to thermodynamics of melt and 
crystals along with physical parameters of minerals. Evolution of thickness of the orthopyroxene cumulate layer and 
its #Mg were investigated, and a plausible range of parameters are constrained. 
Results and Discussions: The thickness of a lid affects cooling of the magma ocean and growth of a cumulate layer 
as far as the size of crystallizing minerals and fO2 do not change; a thin surface layer cools the magma ocean and 
grows the cumulate layer quickly. It cools from the orthopyroxene liquidus temperature to almost solidus tempera-
ture of the magma ocean in the order of thousand years with the lid thickness of 10m, but prolongs by two orders of 
magnitude with the lid thickness of 1km when the grain size is fixed at 0.1 cm and fO2 is fixed at IW. The lid thick-
ness, however, does not change the mineralogy, because all the processes are prolonged without the change of 
chemical aspects. The thickness of cumulate layer varies an order of magnitude with the change of lid thickness of 
10 m and 1000 m.  
The size of crystallizing minerals has similar effects as the lid thickens; larger grain size cools the magma ocean 
more quickly and the cumulate layer grows more quickly. It also changes mineralogy; the larger grain size results in 
smaller relative abundance of orthopyroxene. Oxygen fugacity has relatively small effects on evolution of the mag-
ma ocean including crystallizing mineral phases, thickness of the cumulate layer and Mg# of orthopyroxene cumu-
late (diogenite).  
Assuming that the diogenite cumulate layer should be as thick as ~1km in order for a some fraction to be delivered 
to the Earth after an large impact and the most Mg-rich composition of orthopyroxene is higher than the average of 
diogenite (75~80 [8]), the grain size of orthopyroxene settled down is constrained to be as large as 1cm and that the 
lid as thick as 1km in the late stage of magma ocean of Vesta. The magma ocean cooling time to the solidus temper-
ature is in the orders of hundred of thousands to million years. 
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