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Introduction: Observations of asteroid belt 

members, investigations of meteorites and thermal 
evolution models converge on the paradigm of the 
ubiquity of melting processes in the planetesimals of 
the early Solar system. Partial melting of bodies that 
fulfilled size and accretion time requirements to 
surpass the solidus temperatures of metal and silicates 
led to the weakening of the rock due to the interstitial 
melt. A decrease of the viscosity relative to melt-free 
material facilitates solid-state convection of partially 
molten bodies. Further melting can produce liquid-like 
layers with suspended particles, i.e. magma oceans. 
Thermal evolution models[1] indicate that 26Al-heated 
bodies experienced differing degrees of partial melting 
depending on their size and accretion time relative to 
the time of formation of the Ca-Al-rich inclusions 
(CAIs). In fact, transient magma oceans are likely for 
those that accreted early and massive (e.g. Vesta[2]), 
consistent with the meteorite record[3]. Partially molten 
layers can occur in the interior of undifferentiated 
bodies and in silicate mantles of differentiated ones. 
Attempts to model and to quantify the effects of 
convection in small bodies remain rare. They are 
typically restricted to parametrized approaches in a 
magma ocean, neglecting convection before a magma 
ocean develops and after it crystallizes, and in the 
layers above a whole-mantle magma ocean or below a 
shallow magma ocean. However, while convection in a 
solid planetesimal is less likely due to a small size and 
high viscosities, it may set in for little partial melt 
outside of a magma ocean regime, due to the 
weakening of solid material by the interstitial melt. 

Here, the possibility of solid-state convection in 
partially molten planetesimals is investigated and an 
initial comparison of a 3D convection model with a 
conductive case for a Vesta-like body is presented. In 
addition, importance and implications for theoretical 
studies of meteorite parent bodies and for relevant 
processes involved in their evolution are discussed. 

Planetesimal convection: The convective heat 
transport can be described with the Nusselt-Rayleigh 
relation 𝑁𝑁𝑁𝑁 = 𝑎𝑎Θ𝑐𝑐𝑅𝑅𝑎𝑎𝛽𝛽 with the Nusselt number Nu, 
the Frank-Kamenetskii parameter Θ, the Rayleigh 
number Ra, and parameters a, c, and β that vary with 
the convection regime. The strength of the convection 
and the heat transport increase with Ra that depends 
strongly on the layer thickness and inversely on the 
viscosity, while the latter depends exponentially on the 
inverse temperature via an Arrhenius relation. If partial 

melting occurs, the viscosity decreases with the melt 
fraction χ according to η(χ) ~ exp(-αηχ) (where αη is a 
constant that depends on the creep regime), e.g. by a 
factor of 10-4 for χ = 0.25[4]. Further melting up to the 
rheologically critical melt fraction χRC of 0.25-0.5 
marks a transition to liquid-like behavior, resulting in a 
magma ocean. The likelihood of convection is 
estimated with the (internal) Rayleigh number RaQ as a 
function of the layer thickness for different values of 
the viscosity (Fig. 1). In general, with decreasing 
viscosity and increasing layer thickness, Ra increases 
and convection sets in for RaQ ≥ Rac ≈103, suggesting 
that it may have started at small degrees of partial 
melting, even before a magma ocean could form. An 
increased heat transport will result in a temperature 
and melt evolution that may differ from what is 
predicted by conventional models and have important 
consequences: (1) Cooling of a partially molten 
planetesimal may be more efficient than previously 
assumed. (2) Producing high amounts of partial melt or 
a magma ocean may be more difficult. (3) Convection 
in a partially molten mantle upon core formation may 
sufficiently cool the core to generate a magnetic field 
even if a magma ocean did not form or was short lived. 

 
Figure 1. RaQ values for different viscosities for a heat production at 
2.1 Myr after CAIs suggest that planetesimals as small as some 
asteroids and H chondrite and Acapulco-Lodran parent bodies[5,6] 
could convect at small degrees of melting (figure from [4]). 

Vesta as a test case:  To consider convection, a 3D 
full sphere model GAIA that calculates mantle 
convection for a temperature-dependent viscosity of 
the material[7] was used. It solves a set of differential 
equations based on the principle laws of conserving 
mass, momentum, and energy. Here, stagnant-lid 
regime and a free-slip boundary condition at the 
surface of a purely internally heated sphere were 
considered. A Vesta-like body with a radius of 260 km 
was investigated. Material properties were assumed as 
constant. A purely internal heat production matching 
an accretion time at three half-lives of 26Al after CAIs 
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guarantees that the melt fraction in the interior remains 
below χRC. Although the body may still produce an 
iron core by metal melt percolation[2], no differentiated 
structure was assumed here for simplicity. 

Conductive and convective models are compared to 
show the importance of convection for the thermal 
evolution of planetesimals. The basic criteria that 
demonstrate the differences are shown in Fig. 2: 
temperature (top) and a combined temperature and 
velocity field (bottom) obtained from a 3D simulation 
(top: conduction, bottom: convection). A Rayleigh 
number of 2×106 used is consistent with η(χ) ≈ 1019 Pa 
s for χ ≤ 0.1, a layer thickness of ≥ 120 km, and a heat 
production of 3.33×10-8 W kg-1 (heat produced by 26Al 
at 2.15 Myr after CAIs, i.e. after three half-lives). Both 
the temperature distribution and the convection 
velocity differ between these cases. The convection 
model produces plumes that are lacking for the 
conductive case where the velocity is zero. The 
maximum temperature is higher for the conductive 
case showing a substantial reduction if convection is 
considered. This reflects effective heat dissipation by 
the transport of warmer material from the center by 
upwellings and of colder material from upper layers by 
downwellings. The shallow subsurface temperatures 
match for both cases, since in equilibrium the heat 
flow out of the body is equal to the heat generated in 
the interior by radioactive decay. 

Conclusions: Questions relating to planetesimal 
evolution that were not answered by models or 
meteorite analyses are abundant. Full finite amplitude 
3D convection modeling is needed to address those 
discussed below. The dependence of Ra on the layer 
thickness, the heat production, and the viscosity 
implies that convection is likely and should cool 
effectively bodies that accreted early and were 
sufficiently large. However, if one of these conditions 
is not fulfilled, it can be compensated by other factors. 
Detection of recent cryovolcanic features on the 
surface of Ceres suggests active mantle convection[8]. 
While the present-day heat production and Ceres’ size 
do not favor convection, its mantle is likely dominated 
by low-viscosity clay minerals[8]. Thus, convection 
could be possible even in such a setting due to specific 
compositional circumstances. 

A consequence of a more efficient cooling is a 
feedback on the melting that could delay or prevent the 
differentiation. However, initiation of melt separation 
is more likely if convection is active, since shear can 
create melt networks[9]. This could help to overcome 
the permeability problem addressed by [10] that stands 
in contrast to the rapid differentiation of planetesimals 
during the first few Ma after CAIs derived from 182Hf-
182W iron meteorite ages[11] and from 26Al-26Mg and 
53Mn-53Cr eucrite and angrite ages[12]. Another exciting 
question is the possibility of convection in the mantles 
of differentiated bodies. A magnetic field can be gene- 

 

 
Figure 3. Temperature (top) and of a combination of temperature 
and velocity (bottom)[4]. A conductive case (top) is compared with a 
convective case at RaQ =2×106 (bottom). The maximum temperature 
shows a substantial reduction for the convective case relative to the 
conductive case due to the heat dissipation by convection. 

rated if the thermal convection in a liquid core is 
vigorous enough. Thermal convection in the overlying 
mantle or a magma ocean may sufficiently cool the 
core to initiate its thermal convection and, thus, power 
a dynamo[13]. Observations of remnant magnetization 
in basaltic meteorites indicate that magnetic fields 
were produced by their parent bodies[13]. Convection 
models allow examining conditions for the generation 
of a magnetic field by considering the contribution of 
the mantle convection to the cooling of the core and 
assessing whether short-lived dynamos were common 
in the early Solar system. More generally, this work is 
relevant to studies that link models to geochemical 
data, specifically to those that build on the assumption 
of an “onion-shell” structure that will be perturbed by 
the convection flow  that will create lateral 
inhomogeneities and lead to different parent body 
properties. 
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