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Inferred source depths greater than 400-500 km (1,4) as well as the ages (3.9-3.1 Gyr) of 
high and low-Ti mare basalt volcanism (5) provide important constraints on mechanisms of lunar 
internal evolution. We continue to explore a model for the evolution of the lunar interior that 
explains the origin and evolution of lunar magmatism (2). We assume that a magma ocean 
differentiated into the anorthositic crust and chemically stratified cumulate mantle. For example, an 
800 km deep magma ocean would create 60 km of anorthosite crust, 40 km of an ilmenite enriched 
residuum beneath the crust, a 700 krn cumulate pile of relatively dense (low Mg*) orthopyroxene- 
olivine layers near the top and less dense dunite (high Mg*) layers at the base, all overlying about 
940 km of primitive moon. A calculated intrinsic (chemical) density distribution is shown in Fig. 
1. The cumulate mantle is gravitationally unstable with dense ilmenite cumulate layers overlying 
olivine-orthopyroxene cumulates with Fe/Mg that decreases with depth. Primitive lunar mantle 
rises to its level of neutral buoyancy in the cumulate pile and the dense ilmenite rich layer sinks to 
the center, forming a core (2,3). The resulting density distribution is also shown in Fig 1. 

For concentration of incompatible heat producing elements 3-10 times that of the bulk moon, 
the ilmenite core heats the overlying orthopyroxene-bearing cumulates. A thermal boundary layer 
at the core-mantle boundary that thickens by conduction becomes unstable when the Rayleigh 
number based on the boundary layer thickness exceeds a critical value Ra, (-1000) generating 
plumes that rise into the overlying chemically layered mantle. To explore the subsequent thermal 
and magmatic evolution, we make several simple, but reasonable assumptions. 1) Plumes with the 
average temperature in the marginally stable thermal boundary layer rise to a height above the core- 
mantle boundary (CMB) where the positive thermal and negative chemical buoyancy balance. 2) 
The plumes cause overturn and mixing, thus chemically homogenizing a mantle layer equal to the 
plume rise height. The evolution of this mixed layer thickness z* and the mean temperature within 
it are calculated from a simple energy balance: the change of thermal energy over a given small 
increment of time is a consequence of heat added by thermal boundary layer instability and 
entrainment of cooler overlying mantle into the mixed layer. The core temperature is determined 
by balancing secular and radioactive heating with heat loss to the overlying mantle. Since 
substantial melting of the ilmenite-rich core occurs, the heat of melting is also included. These 
energy balances are formulated in a spherical geometry. 

We explore predictions of this model for a range of mantle viscosity (1018 to 1020 Pa-s) and 
core radioactivity (3 to 10 times bulk earth) values with an initial core and mantle temperature of 
1100°C. An example of the calculated thermal structure as a function of time is shown in Fig 2. 
Temperature increases with height in thermal boundary layer above the CMB and remains uniform 
through the mixed layer. Melting of the mantle first occurs just above the CMB. Shallower 
melting later occurs as the temperature at the top of the thickening mixed layer intercepts the 
peridotite solidus. Fig. 3 shows the mixed layer thickness as a function to time for the above 
range of parameters. The beginning of melting at the CMB and later at the top of the mixed layer 
are shown by symbols. Mantle viscosity affects the times of melting but not the mixed layer 
thickness. 

This model has important implications for both the timing and chemical characteristics of 
lunar magmatism. Once a dense, ilmenite-rich residual layer crystallizes at the top of the magma 
ocean, the overturn depicted in Fig. 1 should occur in less than one Myr. Decompression melting 
of primitive lunar mantle during this overturn may explain early Mg-rich magmatism. As seen in 
Fig. 3, melting, representing the beginning of mare basalt volcanism, occurs only after a time 
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interval that depends on the mantle viscosity and radioactive heat content of ilmenite cumulate. The 
onset of mare volcanism will also depend on whether melt generated at the core-mantle boundary is 
buoyant relative to overlying mantle (4) and can rise to the surface. This melt could mix with the 
already molten ilmenite core creating Ti02-rich volcanics. Later volcanism from melting at the top 
of the mixed layer would be lower in Ti02,thus explaining an observed trend in lunar volcanism. 
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Figure 2. Calculated thermal structure as a 4 

function of time for a 1019 Pa-s mantle I 150 
viscosity, core radioactivity 3 times bulk 
earth, and initial core and mantle 100 
temperature of 1100°C. 5 

Figure 1. Intrinsic (chemical) density 
distribution as a function of radius 
before (solid) and after (dashed) 
overturn. We assume that buoyancy 
forces in the original unstable 
conf igura t ion  resul t  in  a 
rearrangement of mantle layers so that 
density decreases monotonically with 
radius. I and P identify ilmenite 
cumulate and primitive moon, 
respectively. 
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Figure 3. Mixed layer thickness as a 
function of time for mantle viscosities 

EJ 500 - 
o and core radioactivity values of (a) 
P 1018 Pa-s and 3 x bulk earth mantle; 

(b) 1018 Pa-s and 10 x bulk earth; (c) 
1019 Pa-s and 3 x bulk earth mantle. 
Symbols mark times of the beginning 
melting, first at the core mantle 
boundary and then at the top of the 
mixed layer. 
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