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Summary:  Magma ocean (MO) fractional crystal-

lization has been proposed to generate gravitationally 
unstable Fe-Mg chemical stratification capable of driv-
ing solid-state mantle overturn [1]. Fractional solidifi-
cation and overturn hypothesis, while only an ideal 
limiting case, can explain important geochemical fea-
tures of both the Moon and Mars. Fractional crystalli-
zation in MO can occur under very different mechani-
cal regimes: (1) crystal settling in a turbulent magma 
ocean and (2) melt percolation in the viscous cumulate 
pile. Whereas the challenging issue of crystal set-
tling/suspension in the MO has been investigated [2], 
very few dynamic studies have assessed the question 
of retained melt fraction in the cumulate pile and its 
effect on the cumulate convective dynamics. Here, we 
investigate the issue of the cumulate compaction dur-
ing MO solidification. We show that the cooling rate 
history of the magma ocean affects the amount and 
distribution of retained melt in the cumulate layers. 
The retained melt controls the viscosity of the cumu-
lates and the effective chemical partitioning between 
the residual magma ocean and the cumulate pile.  

Introduction:  Recent models of MO cumulate 
dynamics have shown that cumulate overturn can oc-
cur during MO solidification if the cumulate viscosity 
is low enough or the time of solidification is long 
enough [3,4,5,6]. Nevertheless, these models do not 
consider (1)  the effect of retained melt on cumulate 
viscosity and (2) substantial variation in the rate of 
solidification during MO solidification. We compute 
an idealized model of the cumulate pile compaction. 
We show that the amount of retained melt fraction in 
the cumulates depends on the rate of crystal deposition 
at the top of the cumulates, a rate linked to the rate of 
MO solidification. This preliminary result shows that 
the timescale of melt extraction from the cumulate pile 
can be larger than that that for thermo-chemical con-
vective motions. Under these conditions, solid-state 
mantle mixing may occur at a faster rate than chemical 
differentiation in the cumulates.  

Compaction model:  We consider an ideal case 
where a liquid layer lies above a viscous cumulates 
that contains interstitial melt (Fig 1). As solidification 
proceeds, layers of small but finite thickness are depos-
ited at the top of the cumulate pile at a rheological crit-
ical melt fraction (RCMF) of ~ 35-40%. of melt. As 
the melt is buoyant in the cumulate, it tends to rise 
upwards towards the residual magma ocean by perco-
lation limited by cumulate compaction.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : (Left) Structure of the MO idealized as a 
residual liquid and partially molten cumulate layers. 
(Right) Idealized melt fraction in the MO. Here, we 
focus on the evolution of the retained melt fraction in 
the cumulate layers. 

The bottom of the cumulate pile corresponds to the 
bottom of the original MO whereas the top of cumulate 
pile corresponds to the region where the melt fraction 
is at the RCMF. The temperature profile corresponds 
to the liquidus of the residual liquid.  We solve the 
compaction problem in 1D in the cumulate layers  in a 
similar approach as the one proposed by [7]. In the 
dimensionless form, the momentum conservation 
equation that describes melt/solid segregation is, 
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where 𝜙 is the melt fraction, 𝑆∗ is the dimensionless 
segregation flux, 𝛿 is the compaction length, 𝐻 is the 
thickness of the lunar mantle, 𝐿 is the thickness of the 
cumulate pile, 𝑛 is a constant exponent associated to 
the matrix permeability law and 𝑚 is a constant expo-
nent associated to the matrix bulk viscosity law.  This 
non-dimensionalization uses a percolation velocity as 
reference, 𝑆𝑟𝑒𝑓 = Δ𝜌𝑔𝑎2

𝐶𝜇𝑓
 where Δ𝜌 is the density con-

trast between melt and solid, 𝑎 is the crystals 
ter, 𝑔 is the gravity acceleration, 𝐶 is permeability con-
stant and 𝜇𝑓 is the melt viscosity. The depth of the 
MO-Cumulate interface is updated using the following 
equation, 𝐿(𝑡 + Δ𝑡) = 𝐿(𝑡) + (𝑣𝑠𝑒𝑑 − 𝑆(𝑧 =
𝐿(𝑡), 𝑡))Δ𝑡  where 𝑣𝑠𝑒𝑑 is the crystal sedimentation 
velocity at the top of the cumulate pile.  The main pa-
rameters that govern the dynamics are: the compaction 
length δ, the segregation flux of reference 𝑆𝑟𝑒𝑓  and the 
crystal sedimentation velocity, 𝑣𝑠𝑒𝑑. If  𝑣𝑠𝑒𝑑 exceeds a 
critical value [7], (𝑣𝑐  ~ 𝑆𝑟𝑒𝑓), the cumulates yers can-
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not compact during crystal deposition.  If 𝑣𝑠𝑒𝑑  remains 
below this critical value, the cumulate layers compact. 
In this case, lower 𝑣𝑠𝑒𝑑 results in lower retained melt 
fraction.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Melt fraction and viscosity stratification in 
the cumulates at the end of the no atmosphere stage 
(left) and in the presence of a primitive atmosphere 
that limits MO cooling (right). 

Application to Magma Ocean:  The magma ocean 
cooling history is idealized as composed of three stag-
es: no atmosphere (50 % of the MO solidifies in 10-2 
Myr), primitive atmosphere (30 % of the MO solidifies 
in 1 Myr) and conductive lid (the last 20 % of the MO 
solidifies in 100 Myr). We assume that the rate of crys-
tal deposition at the top of the cumulate pile reflects 
exactly the rate of MO solidification. We thus neglect 
that crystals can be suspended in the molten layer. As-
suming H=1100 km, the three aforementioned stages 
correspond to crystals sedimentation velocities (in 
km/Myr): 𝑣𝑠𝑒𝑑1 = 550

10−2� , 𝑣𝑠𝑒𝑑2 = 330
1�  and 

𝑣𝑠𝑒𝑑3 = 220
100� . In the case where the MO cools by 

pure black body radiation, the rate of crystal deposition 
is so high that the cumulates do not have time to com-
pact. The melt fraction in the cumulates remains at the 
RCMF, 35 % (Fig. 2, left). When the rate of crystal 
deposition is low enough, the cumulate layers compact 
and expel melt back into the overlying liquid layer. 
The melt fraction stratification tends to a steady-state 
profile (Fig. 2. right) that depends on the rate of crystal 
deposition [5]. The retained melt fraction in the cumu-
late layers can have significant effect on the cumulate 
viscosity. Fig. 2 shows the viscosity stratification asso-
ciated with the melt fraction profile assuming 𝜂(𝜙) =
𝜂𝑟𝑒𝑓 Exp(−25𝜙) [7]. The viscosity of the cumulate lay-
ers controls the vigor of its convective motions  and 
the timing of overturn relative to magma ocean solidi-
fication [5,6]. In Fig. 3, we compare the timescale of 
compaction (green), the timescale of thermally driven 
convective motion (red) and chemically driven (iron 

enrichment overturn) convective motion (blue). The 
timescale associated with solid-liquid segregation (i.e., 
chemical differentiation) is always larger than the 
timescale of convective motions (i.e., convective mix-
ing). 

The idealized model presented here shows that the 
rate of crystal deposition at the top of the cumulate 
layer has important implications on the interstitial melt 
fraction. This interstitial melt fraction affects the effec-
tive chemical partitioning and the extent of convective 
mixing. The present study neglects the effects of crys-
tal suspensions that might be required to better link 
rate of MO solidification and rate of crystal deposition. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 : Evolution during MO solidification of the 
averaged melt fraction in the cumulate pile (black), the 
timescale of melt extraction (green) and the timescale 
of thermally driven (red) and compositionally driven 
(blue) convective motions. The horizontal axis corre-
sponds to the time where t=0 corresponds to the onset 
of MO solidification.   The retained melt fraction de-
pends on the rate of crystal deposition – that we as-
sume equivalent to the rate of MO solidification. For a 
high  crystal deposition rate, the retained melt fraction 
is high, decreasing the effective viscosity of the first 
cumulates. As the rate of crystal deposition decreases, 
the cumulate pile compacts and thus strengthens. The 
timescale of melt extraction remains larger than the 
timescale of convective motions throughout MO histo-
ry. 
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