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Introduction:  The Moon has the best evidence of 
all the terrestrial bodies for existence of a large magma 
ocean early in planetary evolution [1,2]. The anorthite-
rich highlands are thought to be a flotation crust of 
late-stage magma ocean differentiates, a proposal that 
is supported by the complementary europium 
anomalies in the highlands and in the mare basalts.  

Estimates for the end of magma ocean 
differentiation vary from 4.3 to 4.5 Ga [3,4]. Norman, 
Borg, and colleagues [5,6] find Sm-Nd crystallization 
ages of specific ferroan anorthosites to be  4.29±0.06 
and 4.40±0.11 Ga, indicating that some ferroan 
anorthosites probably formed after magma ocean 
crystallization was complete (others date to 4.53 Ga). 
Norman and colleagues [6] also find that the trace 
element and εNd contents of some of the ferroan 
anorthosites are not consistent with formation from a 
highly differentiated source, as implied by the 
traditional models. 

The model presented here suggests that large-scale 
plagioclase flotation may be impossible because high 
crystal fractions create networks in the evolving lunar 
magma ocean. Cumulate overturn and subsequent 
adiabatic melting may be consistent with producing the 
age and composition ranges of the lunar crustal suites. 

 
Fig 1: Sample lunar adiabats, showing high crystal 
fraction in the solidifying magma ocean. 

Magma Ocean Rheology: A crystallizing magma 
ocean is thought to develop rheological boundaries that 
divide the magma ocean into as many as four layers.  
The bottom layer is any portion of the magma ocean 
that has cooled completely below the solidus. The 
second layer consists of a two-phase region with a 
crystal fraction higher than the critical crystal fraction, 
Φcritical, above which crystals form three-dimensional 

networks. These networks produce viscosities 
approximating that of a solid deforming by thermally-
activated creep. In the simplest case, convection is 
suppressed, fluid flow is percolative, and solid 
advection proceeds only as compaction. The third layer 
has crystal fractions below Φcritical. The fourth layer 
may be a solid conductive lid.   

Estimates of Φcritical are generally given as 50 to 
60% [7,8], based on equidimensional crystals, though 
Philpotts [9] found that lath-shaped plagioclase 
crystals can create Φcritical values as low as 25%. 

Because the Moon has a shallow pressure gradient, 
the temperature profile of the magma ocean lies 
between the liquidus and solidus during most of 
crystallization (fig. 1). This has the important 
consequence that crystal fractions in the lunar magma 
ocean are high throughout most of the crystallization 
process [10,11].   

Modeling Lunar Magma Ocean Crystallization 
and Overturn: In our model, a 1000-km deep lunar 
magma ocean has the bulk composition of LPUM from 
Longhi [12] with fractionally crystallizing phases 
calculated using his program FXMO.  Crystallization 
begins at a potential temperature of about 1900°C, and 
is complete at about 1100°C.  If all crystals sink, 
creating increments of solid layering at the bottom of 
the magma ocean, the stratigraphy of the solidified 
magma ocean is as shown on the left side of fig. 2.   

 
Fig. 2: Left: Cumulate stratigraphy produced without 
considering super-solidus crystal fractions. F=total 
fraction of magma ocean solidified. Right: stratigraphy 
produced when critical crystal fractions are considered. 
Green=olivine; yellow=anorthite; blue=oxides. 
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Crystal Network Model: By the time the magma 
ocean has cooled to a potential temperature of about 
1520°C, it is below the liquidus at all depths and is 
everywhere crystallizing. Crystal fraction at each depth 
is calculated assuming a linear relationship of 
crystallinity with temperature between the solidus and 
liquidus. These calculations demonstrate that a large 
portion of the magma ocean is already above Φcritical 
while only olivine is crystallizing. By the time 
plagioclase begins to crystallize, the magma ocean is 
50% crystalline at its surface (even with no conductive 
lid), and fully solidified at a depth of 430 km. It is 
possible, then, that the entire lunar magma ocean may 
have reached Φcritical by the time plagioclase began to 
crystallize, and as a consequence, plagioclase may not 
segregate from the magma ocean into an anorthositic 
lid, but remain within the crystal network at its depth 
of crystallization. 

We create a new stratigraphy for the solidified 
magma ocean in which crystals above the solidus are 
assumed to stay at their crystallization depth (right, fig. 
2). This is an oversimplification for the deepest, 
olivine-only layer, and the settling of olivine crystals 
that are in regions below Φcritical will be the subject of 
ongoing work.  The next set of phases crystallizes in 
the interstices of the previous mineralogy. We assume 
that liquid can still circulate through a porous network, 
maintaining a homogeneous liquid fraction.  Because 
of the high fraction of suspended and networked 
crystals above the solidus, the radius below which all 
material is solid is much smaller for each phase 
assemblage in this model than in the fractional 
crystallization model, though the volumes of each 
phase remain the same.  This results in broad, very 
diffuse zones of plagioclase and titanium-bearing 
spinel when compared to previous fractional 
crystallization models [e.g. 13,14]. 

Cumulate Overturn: When fully crystallized, the 
crystal network model stratigraphy is gravitationally 
unstable to overturn [15]. The total range of density is 
much narrower than previous models, though, because 
the two mineral with extreme densities, plagioclase 
and high-Ti spinels, are widely dispersed.  The least 
dense materials that rise to the surface during overturn 
originated at two depths: the surface of the solidified 
magma ocean, and about 500 km depth. Its mineralogy 
would consist of olivine, two pyroxenes, and 
plagioclase.  See fig. 3. 

 Conclusions: 1. Plagioclase flotation from a 
crystallizing magma ocean is likely precluded by a 
degree of crystallinity that would trap the plagioclase.  

2. A cumulate stratigraphy considering Φcritical 
contains broader, more diffuse plagioclase- and Ti-
bearing layers than does either a plagioclase flotation 

or a straight fractional crystallization model, and 
therefore its range of densities is smaller. 

3. Lunar crustal suites may be consistent with 
partial melting during cumulate overturn. This model 
provides a mechanism for creating a range of εNd 
values and crystallization ages (see [16]), from a 
source region that is not severely differentiated. 

4. This model also produces a heterogeneous 
mantle at the multiple saturation depths of the picritic 
glasses [17], containing the necessary olivine + 
orthopyroxene for the green glasses, along with Ti-
oxide + clinopyroxene layers that may be appropriate 
for the formation of the high-Ti glasses (the 
petrogenesis of the high-Ti glasses is not yet agreed 
upon). 

 
Fig. 3: Composition with radius for overturned 

cumulates. Majority of mantle is heterogeneous on a 
scale of tens of km, shown by shaded range of oxides. 
Grey zones may melt adiabatically during overturn.  
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