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Introduction:  The most striking feature of the 

lunar surface is the dichotomy between the near side 

and the far side. The mare basalts that cover about a 

third of the near-side surface are present on only 1% 

of the far side. The Lunar Prospector mission dis-

covered that the distribution of thorium on the lunar 

surface is concentrated in the Procellarum KREEP 

terrain (PKT), whose location strongly correlates to 

that of a nearside mare basalt region [1], and to a 

lesser extent in the far-side South Pole–Aitken basin. 

The lack of KREEP signatures in the material eject-

ed from many large far-side impact basins implies 

that the source of KREEP is concentrated in the 

near-side hemisphere [2]. 

The asymmetrical distribution of mare basalts 

and KREEP on the lunar surface has been proposed 

to be due to a single-plume upwelling toward the 

near side. Zhong et al. [3] argued that this upwelling 

stems from dense ilmenite-bearing cumulates (IBC) 

that sank to the core-mantle boundary from under 

the crust where IBC crystallized in the late stages of 

lunar magma ocean solidification. The IBC contains 

high concentrations of heat-producing elements, 

making it thermally buoyant enough to rise after the 

initial sinking. Parmentier et al. [4] studied the Ray-

leigh-Taylor instability developed in a dense layer 

lying on top of another layer, simulating the gravita-

tionally unstable IBC after the solidification of the 

lunar magma ocean. They suggested that spherical 

harmonic degree 1 is the fastest growing instability 

when the top layer is sufficiently thick, and when the 

viscosity of the top layer is ~4 orders of magnitude 

lower than the underlying mantle. 

This study aims to investigate the possibility of 

localizing key ingredients for lunar volcanic activi-

ties, including sources for titanium and radioactive 

elements, to the near side of the Moon after solidifi-

cation of the magma ocean, using numerical models 

that simulate both the downwelling of IBC and the 

upwelling that give rise to volcanism. In particular, 

we describe our preliminary results using asymmet-

rical crustal thickness and distribution of KREEP as 

an initial condition. 

Numerical method:  Our numerical models are 

performed in a 2-D cylindrical domain. The lunar 

mantle is simulated using the Boussinesq approxima-

tion as a fluid with infinite Prandlt number. Finite 

volume code Gaia [5] is used to solve the conserva-

tion equations of mass, momentum, and energy. The 

advection of chemical components is implemented 

using the particle-in-cell method [6]. The mantle 

domain is heated from within by radioactive decay 

and from below by a cooling core. A reference vis-

cosity of 1x1020 Pa s is used, resulting in a thermal 

Rayleigh number of 1x107. We use a fine mesh with 

a radial resolution of 1.7 km throughout the domain. 

More than 90 million tracers are used to track vari-

ous material properties, including density, viscosity 

and concentrations of heat-producing elements. 

Our models start when the lunar magma ocean 

has solidified. The stratified cumulates are character-

ized by varying density, viscosity, and distribution 

of heat-producing elements [7]. Viscosity is comput-

ed by using a temperature- and pressure-dependent 

Arrhenius law for diffusion creep. In addition to 

that, IBC have their viscosities one order of magni-

tude lower than calculated from the Arrhenius mod-

el, taking into account the low viscosity of ilmenite 

[8]. For density and concentration of heat-producing 

elements, we use a weighted arithmetic average ac-

cording to their concentration when different chemi-

cal components are mixed. Viscosity is combined to 

a product of the viscosity of all compositions to the 

power of their relative concentration. 

 

Figure 1. The asymmetrical distribution of crus-

tal thickness, IBC, and KREEP in the initial condi-

tion. 

 

The crust has a thermal conductivity of 

1 W/m/K, taking into account the low thermal con-

ductivity of plagioclase, and the porous top layers of 

the crust. The initial crustal thickness is a minimum 

of 20 km on the near side and a maximum of 40 km 

on the far side, and we use a sine function to model 

its variation. KREEP, having the same density and 

viscosity as IBC while containing higher concentra-

tions of heat-producing elements, is localized in a 

cylindrical cap of 40 degrees, which mimics the PKT 

region subsurface. Its thickness is 20 km where crus-

tal thickness is 20 km, and gradually decreases to 0 

towards the PKT edge. Figure 1 shows these initial 

conditions. 
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Figure 2. model results using E*=300 kJ/mol. 

Here IBC concentration includes both the IBC and 

KREEP in Figure 1. 

 

Results:  Two sets of model results are shown in 

Figures 2 and 3, corresponding to activation energies 

E* of 300 kJ/mol and 100 kJ/mol, respectively, in the 

Arrhenius viscosity model. Both models show the 

sinking of dense IBC in two diapirs that correspond 

to the edges of the PKT region. An upwelling re-

mains under the PKT region, due to the region's high 

heat production, though the convective pattern 

evolves differently in the two models. We can see 

from Figure 2 that when E*=300 kJ/mol, the onset of 

convection is driven by several upwellings at the 

core-mantle boundary (CMB). When E*=100 kJ/mol, 

as shown in Figure 3, the onset of convection is 

driven by sinking IBC. During the sinking of IBC 

along the edges of PKT, an upwelling is formed un-

derneath the PKT. Foundered IBC at the CMB are 

then brought up by the near-side upwelling, provid-

ing a source of titanium and heat-producing elements 

to the near side. 

Discussion and conclusion:  Our preliminary re-

sults show that the behavior of IBC overturn under 

an asymmetrical initial condition is sensitive to the 

temperature dependence of viscosity. When 

E*=100 kJ/mol, foundered IBC is brought to the sur-

face through a near-side single-plume upwelling. 

This mechanism may explain titanium-rich sources 

for nearside volcanism. Our continued numerical 

experiments will further test the effects of a range of 

other parameters, including the reference viscosity, 

which may also play an important role in the convec-

tive pattern. 

Figure 3. model results using E*=100 kJ/mol. 

Here IBC concentration includes both the IBC and 

KREEP in Figure 1. 
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