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Introduction: Samples of the lunar highlands led 

to the hypothesis that the primordial Moon was 
partially molten and that anorthite plagioclase was 
buoyantly segregated from this melt to form a crust 
(e.g. (1-7). The lunar anorthosite ages span a large 
range of time (e.g., Fig. 1). This age span has been 
proposed to represent the time of solidification of the 
lunar magma ocean, though the ages can only be said 
with confidence to represent the times that the dated 
minerals cooled beneath their closure temperatures, 
and cooling can be decoupled from solidification.  

Solidification of the Moon is directly dependent 
upon heat transfer from the interior to space. Upon 
formation of a conductive plagioclase lid, the heat loss 
regime changes from black-body radiation to 
conduction. The conductive lid is therefore the rate-
limiting step in heat loss from the Moon, resulting 
paradoxically in far longer solidification times than 
those for larger planets without conductive lids (8). 

The first goal of this study is to construct a self-
consistent model for the physics and chemistry of 

fractional solidification of a lunar magma ocean, with 
predictions for the composition and structure of the 
resulting lunar mantle after cumulate overturn to 
gravitational stability. We build on previous work (4, 
9, 10). The advances of this study include tracking 
liquid and solid oxide components, calculation of 
assemblage densities using experimental data for each 
mineral phase, and composition and temperature 
tracking during solid-state cumulate overturn. We 
conclude that the lunar mantle was initially 
azimuthally heterogeneous over a wide radius range, 
which may explain the compositions of mare basalts 
and picritic glasses. 

The second goal is to compare the timelines from 
magma ocean solidification models to ages from 
returned lunar samples and lunar meteorites, and 
discuss processes that might reconcile the significant 
timeline disagreements (Figure 1). Here we conclude 
either tidal heating or another mechanism is required 
to delay solidification of the magma ocean. 

 
 

Figure 1. 
Ages of lunar 
formation and 
anorthositic 
crust 
formation. 
Black bar at 
left: oldest 
CAIs in 
Allende (11). 
In red:Moon 
formation and 
differentiation 
ages a: (12), 

b: (13), c: (14), d: (15), e: (16). In yellow, anorthositic crust ages: f: (17), g: (18), h: (19), i: (20), j: (21), k: (22), l: 
(23), m: (24), n: (25). Sm-Nd ages are darker than U-Pb ages. 
 

Methods: We consider the evolution of a con-
vecting magma ocean of 1000 km depth using a lunar 
bulk silicate composition modified from (26). The 
model fractionally crystallizes the magma ocean and 
individually tracks major and trace elements; for de-
tails see (8, 27). Mantle mineral assemblages are 
similar to (9) and other models. 

During cooling, heat is first advected in a vigor-
ously convecting body to a free liquid surface. Unlike 
Solomon and Longhi (4) we propose that the Moon 
will not have a solid conductive lid until plagioclase 
flotation creates the anorthositic crust (28). Once 

plagioclase begins to form a lid, cooling is calculated 
by solving the transient heat conduction equation in a 
spherical geometry for the solid lid. The lid thickness 
is increased during each step by the volume of pla-
gioclase solidified during that step, assuming only 
plagioclase floats, thus progressively slowing the 
process of cooling. 

Mantle overturn: Production of basalt source 
regions and Mg suite melting.  Once solidification 
is complete, the modeled lunar interior invariably has 
an unstable density gradient (denser near the surface 
than at depth) under its buoyant anorthosite lid  (29-
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31). This unstable density gradient is created in three 
ways: by temperature, fractionation of magnesium 
and iron, and late solidification of dense iron, chro-
mium, and titanium-bearing oxides (31, 32). A gravi-
tationally unstable stratigraphy will overturn via 
Rayleigh-Taylor instabilities to a stable profile with 
intrinsically densest materials at the bottom (27, 32). 

Both phase assemblage and composition affect 
density. These create an initial density profile in 
which some mid-level cumulates have the same den-
sity as lower-mantle cumulates, though their compo-
sitions differ. As they sink or rise under the influence 
of gravity, they will reach a unique depth of mutual 
neutral buoyancy and will stall adjacent to each other. 
This phenomenon serves to juxtapose magma ocean 
materials with different temperatures and composi-
tions at the same depth (Figure 2).  

An enduring problem in understanding the prove-
nance of lunar basalts and volcanic glasses has been 
that magmas with compositions that require different 
melting source regions appear to have originated at 
similar depths in the lunar mantle (33). An azi-
muthally-heterogeneous lunar cumulate mantle may 
help explain the origin of such compositionally di-
verse magmas from the same range of lunar depths 

 
Fig. 2. Cumulate mantle temperature profiles before 
and after solid-state overturn. Horizontal guidelines 
indicate lateral compositional heterogeneity. Ref. for 
pressures and temperatures of origin of mare basalts 
(rectangles) and picritic glasses (ovals) in (34). 
Black and orange symbols = high Ti; green and 
white symbols = low Ti. 
 

Some of the rising material may melt adiabati-
cally. Specifically, pyroxene-bearing mid-mantle 
cumulates will partially melt on their ascent to the 
region just under the anorthositic crust. We hypothe-

size that this overturn melting may be a source for 
lunar Mg suite rocks and other igneous intrusives in 
the anorthosite flotation crust. 

Time to solidification and crustal ages. Solidifi-
cation of the first 80 vol% of the magma ocean, to the 
point that plagioclase begins to float, requires only on 
the order of 1,000 years. As soon as a conductive lid 
is established on the body solidification slows 
greatly, and the remaining 20 vol% of the magma 
ocean requires about 10 million years to solidify in 
this reference model (Figure 1). This solidification 
timeline is too short to reconcile the majority of anor-
thosite ages; an additional ~180 million years of de-
layed solidification and anorthosite crystallization 
and cooling is required beyond the point of complete 
solidification modeled here. 

The likeliest process to account for the difference 
in time between modeled solidification and geochro-
nology is tidal heating. Meyer et al. (10) demon-
strated that tidal heating from the Earth is sufficient 
to slow magma ocean solidification, to hold some 
crustal minerals above their closure temperatures, and 
to melt and re-erupt portions of the crust. Cooling of 
crustal minerals beneath their closure temperatures 
may therefore have occurred at any point along this 
timeline and is largely decoupled from magma ocean 
solidification. The collective age range, from all iso-
tope systems used, thus represents the time over 
which the anorthositic crust was either solidifying or 
resetting through tidal heat. These processes continue 
for ~200 Ma according to the dynamical simulations, 
adequate to explain the range of ages measured in 
lunar crustal rocks. 
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