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Introduction: The Moon possesses a clear dichot-

omy in geologic processes between the nearside and 
farside hemispheres [1]. The most pronounced expres-
sion of this dichotomy is the strong concentration of 
both radioactive heat sources [2,3] and mare basalts on 
the nearside hemipshere in a region known as the Pro-
cellarum KREEP Terrane (PKT). The apparent correla-
tion between heat sources and basaltic eruptions im-
plies a genetic relation between the two [4]. Apollo 
samples and remote sensing data suggest that the vol-
umetrically insignificant mare basalts are not the direct 
carrier of the heat producing elements in the PKT, and 
that these elements are likely concentrated in the un-
derlying crust [1]. If the entire crust were enriched in 
heat producing elements, this heat source could influ-
ence the Moon’s post magma-ocean thermal evolution. 

Past studies of the Moon’s thermal evolution have 
made use of either spatially symmetric conditions [5, 
6], limited computational regions using simplified 
thermal models [4,7] or the influence of ponctual ex-
ternal perturbations [8]. In this project, we use the 2 
and 3 dimensional thermochemical convection code 
GAIA developped at the German Aerospace Center [9] 
to conduct a systematic study on the influence of an 
asymmetric distribution of crustal heat sources on the 
Moon’s thermal and magmatic evolution. 

Method: We study the lunar thermal evolution us-
ing a thermo-chemical model for a fluid with a temper-
ature-dependent viscosity in a spherical shell under the 
Boussinesq approximation. We consider core cooling 
and radioactive decay as heat sources. Consumption of 
latent heat through melting is taken into account by a 
sink in the energy equation [10]. The density change 
due to mantle depletion from peridotite to harzburgite 
is also considered. Though melt transport is not direct-
ly modeled, melt is assumed to leave the system in-
stantaneously. We assume here a peridotite composi-
tion for the mantle with solidus and liquidus of KLB-1 
peridotite [11].	  	  

The bulk uranium content of the Moon is debated, 
with estimates from an Earth-like 20 ppb to almost 
twice this value of 35 ppb [12]. We therefore consider 
different bulk uranium contents within this range. The 
size of the PKT is also varied, with diameters of either 
40 or 80° and the enhancement of heat-producing ele-
ments in this region is placed either below or within 
the crust. The abundances of heat producing elements 
in the highlands crust, PKT, and mantle, were taken 
from [4]. For the initial temperature profile used in our 
simulations, we considered three cases : a cold case 
[4], corresponding to a well mixed interior at the adia-

bat and a hot case [6], where the upper 700 km is at the 
solidus, and beneath follows the adiabat to the core, 
and an intermediate case with only 350 km at the soli-
dus. The region at the solidus in the latter models rep-
resents the region that crystallized from the magma 
ocean and which did no gravitationally adjust. 

This thermal modeling approach has been widely 
used [13,6,5]. We solve the set of equations in a 3D 
cartesian geometry using the code GAIA, which has 
already been validated in other publications [9]. It han-
dles fully spatial viscosity variations of up to several 
orders of magnitude and the simulations were made 
using 20 km radial and 60 km lateral resolutions. The 
boundary condition is free-slip both at the surface and 
CMB. 

Results: Having almost one third of the heat 
sources concentrated in one region of the Moon has a 
tremendous influence on its thermal history. Figure (1) 
shows a series of temperature slices for a typical ther-
mal evolution simulation. Contrary to conductive mod-
els, which studied the PKT [4,7], heating of the under-
lying mantle leads to more efficient cooling as a result 
of mantle convection. 

	  
FIG. 1: Temperature cross section of the lunar mantle for a 
complete thermal evolution simulation for the case with an 
intermediate initial temperature profile, the KREEP layer 
located below the crust and an Earth-like bulk uranium con-
tent. Numbers correspond to time before present. The black 
circle is the lunar core and the white region correspond to 
regions partially molten. 
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A present day temperature anomaly on the nearside 
is present in all of our runs. Due to thermal expansion, 
this has a direct influence on the measured gravity 
field. Variations in temperature and composition varia-
tions due to mantle depletion both create negative 
gravity anomalies on the surface (Fig. 2). However, 
thermal expansion of the mantle produces an uplift of 
the surface which will have a positive contribution 
depending on the elastic lithosphere thickness, as well 
the dense surface lava flows if they are uncompen-
sated. The contribution of the lava flows in the PKT 
can lie between zero and 500 mGals, for compensated 
and uncompensated flows respectively. 

 

 

FIG. 2: Contribution to the predicted gravity anomaly due to 
(a) themperature variations in the crust and mantle,  (b) man-
tle depletion and (c) surface uplift. Depending on the com-
pensation state of the mare basalts, their contribution may be 
zero, or up to 500 mGals (not shown here). (d) is the total 
gravity anomaly excluding the mare basalts contribution. 
These figures are made using a Mollweide equal-area projec-
tion centered on the PKT. The black circle corresponds to the 
extent of the PKT. 

The last observation concerns the CMB heat flow. 
While the average value is not tremendously different 
than the conductive case, hemispheric differences pro-
duce a non-symmetrical pattern (Fig. 3). Takahashi and 
Tsunakawa (2009) showed that an asymmetrical heat 
flow pattern could lead to an inclined dipolar field. The 
average CMB heat flow also dictates the inner core 
growth rate and chemical buoyancy could be used to 
explain the presence of a long lasting lunar dynamo. 

Conclusion: This study shows that while a few pa-
rameters can be traded-off to obtain the best match of 
current geologic and magmatic observations, two re-
sults stand out as direct, unavoidable consequences of 
a high concentration of heat sources within the PKT. 
First, a large temperature anomaly is present today 
below the PKT, which should be taken into account 
when analysing gravity field data. And second, such an 

anomaly will influence	   the CMB heat flow and could 
therefore have influenced the paleodynamo as well. 
Both consequences provide predictions that can be 
tested to assess the model. 

 

FIG. 3: (top) Averaged CMB heat flow for both hemisphere 
as a function of time, compared with a conductive case. (bot-
tom) Present day projection of the CMB heat flow centered 
on the PKT. 

Acknowledgements: This work was performed us-
ing HPC resources from GENCI-CCRT and from 
JUROPA/HPC-FF. 

 
References: [1] B. L. Jolliff, et al. (2000) JGR 105. 

[2] A. B. Binder (1998) Science 281. [3] N. Yamashi-
ta, et al. (2010) GRL 37. [4] M. A. Wieczorek, et al. 
(2000) JGR 105. [5] R. Ziethe, et al. (2009) PSS 57. 
[6] T. Spohn, et al. (2001) Icarus 149. [7] P. C. Hess, et 
al. (2001) JGR 106. [8] A. Ghods, et al. (2007) JGR 
112. [9] C. Hüttig, et al. (2008) PEPI 171. [10] J. Ita, et 
al. (1994) JGR 99. [11] M. M. Hirschmann (2000) 
Geochemistry Geophysics Geosystems 1. [12] S. R. 
Taylor (1982) Planetary science: A lunar perspective 
Lunar and Planetary Institute. [13] W. Konrad, et al. 
(1997) Advances in Space Research 19. [14] F. 
Takahashi and Tsunakawa (2009) GRL 36. 

(a) (b) 

(c) (d) 

1636.pdf44th Lunar and Planetary Science Conference (2013)


