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Introduction:   The energy sources involved in the 

early stages of the formation of terrestrial bodies can 
induce partial or even complete melting of the mantle, 
leading to the emergence of magma oceans [1,2].  
Because of turbulent mixing in the low viscosity mag-
ma ocean, its temperature profile is likely adiabatic. 
Due to the steeper radial gradient of the liquidus rela-
tive to the adiabat, the solidification of the magma 
ocean occurs from the bottom up to the surface. Prefe-
rential partitioning of heavy elements in the melt 
causes the formation of an unstable density profile 
upon fractional crystallization of the magma ocean [2], 
which can eventually lead to a large-scale overturn 
resulting in a stably-stratified mantle [3,4]. Outgassing 
of an insulating atmosphere during the magma ocean 
crystallization can dramatically lower the radiative 
heat escape at the surface of the planet thereby slowing 
down the solidification process [5]. If the solidification 
is slow enough, solid-state convection can start mixing 
the deep solid cumulate before the end of the magma 
ocean solidification and hence progressively erase the 
density anomalies generated through the fractionation 
process. Instead of a post-solidification whole-mantle 

overturn [2,3,4], a largely homogeneous mantle, prone 
to long-term thermal convection, follows directly the 
magma ocean phase and provides an initial configura-
tion for the study of early tectonics [6]. 

Model:  We use the finite-volume code GAIA [7] 
to compute the dynamics of the growing solid cumu-
lates [8]. We self-consistently solve the conservation 
equations of mass, momentum, energy, and composi-
tion in a 2-D quarter cylinder grid whose outer radius 
increases with time to simulate the rise of the crystalli-
zation front during magma ocean cooling and solidifi-
cation. We use a temperature- and depth-dependent 
rheology and a parametrized yield stress to account for 
plastic yielding near the end of solidification. The 
initial temperature field is set at the solidus and we use 
an initial linear unstable profile for the compositional 
density to simulate fractional crystallization. 

Results: We study the influence of three model pa-
rameters: the thermal Rayleigh number (Ra), the 
buoyancy ratio (B), which accounts for compositional 
density contrast due to fractionation, and the solidifica-
tion time of the magma ocean. 

 
Figure 1: Snashots of the non-dimensional composition field and coresponding laterally averaged profiles of tempe-
rature (red), composition (blue) at four different times for a representative simulation characterized by the onset of 
convection during magma ocean solidification. The opaque domain in the snapshots represents the solid region 
where the equations of thermochemical convection are solved.
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Onset of solid-state convection. For the sets of pa-
rameters least prone to convection (e.g. relatively low 
Rayleigh number and short solidification time), the 
mantle solidifies completely before the onset of con-
vection, which then starts with a whole-mantle over-
turn occurring beneath a thin stagnant lid. However, 
for high Rayleigh numbers, corresponding to low refe-
rence viscosities, high buoyancy ratios and/or long 
solidification times of the magma ocean, the onset of 
solid-state convection in the cumulates occurs before 
complete solidification of the mantle (we term it then 
«early onset » of convection) and starts mixing the 
already solidified part (Figure 1). 

Mixing. For each case, we compute the rate of 
mixing achieved in the mantle after 11 Myr (which is 
one million year after the complete magma ocean soli-
dification of the slowest cases) in terms of the shrin-
king factor [9]. The shrinking factor decreases from 
one (in the case where no convective motion takes 
place) towards 0 when mixing increases. In Figure 2 
we summarize the final values of the shrinking factor. 
Ra has a straightforward effect on mixing in that it 
promotes intense convection. A high value of B pro-
motes progressive mixing in the case of early onset of 
convection, but also causes a rapid overturn that results 
in a very stable stratification in the case of late onset of 
convection, thus decreasing mixing efficiency. A long 
solidification duration also favours progressive mixing 
in the case of early onset of convection. However, it 
delays the initial overturn in the case of late onset of 
convection, reducing convective mixing time and re-
sulting in less mixed mantle after 11 Myr. 

Conclusion: This work shows that for realistic sets 
of parameters, solid-state convection is likely to begin 
during the solidification of the magma ocean and can 
progressively mix the fractionated solid cumulates. 
The mantle can be largely homogenized by the end of 
the solidification of the magma ocean resulting in a 
different structure of the early solid mantle in compari-
son with a post-solidification large scale overturn. 

 
References:  
[1] Solomatov S. (2007) Treatise on geophysics, 

vol 9, 91-119. [2] Elkins-Tanton L. (2012) Ann. Rev. 
Earth Planet. Sci., 40, 113-139. [3] Plesa A.-C. et al. 
(2014) EPSL 403, 225-234. [4] Tosi N. et al. (2013) 
JGR, 1512-1528. [5] Lebrun T. et al. (2013) JGR, 118, 
1155-1176. [6] O'Neill C. et al. (2016) PEPI, 255, 80-
92. [7] Hüttig C. et al. (2013) PEPI, 220, 111-118. [8] 
Maurice M. et al. (2017) JGR, in review. [9] Franetani 
C. and Samuel H. (2003) EPSL, 206, 335-348. 

 
Figure 2: Final value of the shrinking factor for all 

parameter combinations tested. Small values are indi-
cative of a well mixed mantle.  
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