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The size of the crystals in magma oceans is crucial for the models of differentiation of 
the early Earth and Moon. The crystal size is controlled by internal nucleation in descend- 
ing convective flows and by Ostwald ripening at the latest stages of crystallization. The 
theory of nucleation and crystal growth is developed in a general case for the systems un- 
dergoing continuous cooling. The theory explains the results of laboratory experiments and 
is used to estimate the crystal sizes in magma oceans. The crystals can grow to about 0.1-1 
cm diameter. Crystals of such sizes can be suspended by convection but only in limited 
amounts. Sedimentation of a fraction of the crystals might result in a partial differentiation 
of magma oceans. 

Crystallization of a deep magma ocean starts at the bottom and proceeds upward. This is 
because the melting curve of the perovskite [I] and, thus, the liquidus of the perovskite- 
magnesiowiistite lower mantle, is much steeper than the adiabatic temperature curve of the 
magma ocean [2]. When the adiabat drops below the liquidus, the fraction of the solid 
phase is small and initially the crystals form a suspension. According to [3], if the crystals 
in the suspension are large enough they settle down and the magma ocean undergoes a 
chemical differentiation; if they are sufficiently small, they remain in suspension and the 
magma ocean crystallizes in equilibrium although it can differentiate later [2]; in an inter- 
mediate case, the magma ocean undergoes a partial differentiation. 

The crystal size is controlled by internal nucleation in descending convective flow and by 
Ostwald ripening which might be important at the latest stages of crystallization [4]. Nu- 
cleation in descending convective flow occurs at the depth where the temperature of the 
magma becomes equal to the liquidus temperature. This process can be described in terms 
of an effective cooling rate: 

where Vz;, M 2 K/km is the gradient of the liquidus [I], VTad FZ 0.5 K/km is the adiabatic 
gradient [2], and u, M 6 - 600 cm/s is the convective velocity [3]. The smallest values 
of u, correspond to the case of the slowest convection because of the greenhouse effect 
and rotation. In such a formulation, T is similar to the cooling rate in usual laboratory 
experiments on nucleation and crystallization under continuous cooling. Fig. 1 shows 
available laboratory data on the dependence of the crystal size on the cooling rate for 
various systems and a possible range of cooling rates and crystal sizes for the magma 
ocean. The crystal size depends on the diffusion coefficient D, cooling rate T and the 
effective surface tension a for nucleation approximately as 

which explains, for example, the slope of the data sets in Fig. 1. 
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We find that for the composition, temperature and pressure conditions of magma oceans, 
the diameter of the crystals is likely to be about 0.1-1 cm. Crystals of this size can be 
suspended in magma oceans [5]. However, energetics limits the amount of solids which can 
be suspended without sedimentation [3,5]. The crystals might settle down when the crystal 
fraction is only a few percent or less. This implies a partial differentiation of the magma 
ocean. 
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Fig. 1. The dependence of the crystal diameter on the cooling rate in the diffusion regime 
(from [6]). The experimental data are shown for Sn - Pb (Sn) (solid boxes), A1 - Cu (Cu) 
(crosses), A1 - Si (Si) (diamonds), Dps - An - Ab (Dps) (triangles), and Dps - An - Ab 
(An - Ab) (open boxes). The crystallizing phase is shown in parenthesis. A possible loca- 
tion of the magma ocean is indicated. It is calculated from the theoretical model assuming 
a peridotite-like composition. The nucleation kinetics is assumed to be similar to that of 
plagioclase and diopside. 
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