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Introduction: The existence of a partially molten 
layer deep within the Moon’s mantle has been pro-
posed to explain the lack of observed far-side deep 
moonquakes [1], the observation of reflected phases 
from deep moonquakes [2], and the dissipation of tidal 
energy within the lunar interior [3]. However, subse-
quent models have proposed that dissipation due to 
elevated temperatures alone can explain the observed 
dissipation factor and tidal Love numbers [4]. In this 
study we used thermoelastic modeling to explore the 
hypothesis that an ilmenite-rich layer formed just be-
low the crustal anorthosite during magma ocean crys-
tallization and may have sunk to the base of the mantle 
to create a partial melt layer at the core-mantle bounda-
ry. We performed nearly 400,000 forward calculations 
by varying the thicknesses of proposed chemically and 
mineralogically distinct layers within the Moon and 
compared the resultant masses and moments of inertia 
(MOI) with those determined by GRAIL in order to 
constrain large-scale lunar structure, as well as to eval-
uate if an ilmenite-rich partially molten layer at the 
base of the lunar mantle is well constrained by the 
Apollo seismic data. This multidisciplinary analysis 
approach has yielded key insights into the lunar interi-
or structure, thermal state, and formation history. 

Methods: Self-consistent physical parameters are 
calculated for three mantle compositional models: a 
mantle with preserved mineralogical stratigraphy from 
lunar magma ocean (LMO) crystallization, and two 
well-mixed compositionally homogeneous mantles 
with uniform bulk composition from [5, 6], Fig. 1. For 
both of these homogeneous cases, each layer’s 
equilibrium phase assemblage was computed using the 
thermodynamic modeling software pMELTS. The 
crust is fixed at 40 km thick–the average crustal 
thickness from GRAIL [7]. All other layer thicknesses 
are varied. We include the possibility of an Fe-Ti-rich 
layer at both the top and bottom of the mantle to test 
the origin and existence of a residual ilmenite-rich 
layer below the anorthite crust after gravitational 
overturn and a partial melt layer at the core mantle 
boundary as a consequence of overturn, respectively. 
Our core consists of a liquid-iron outer core and a 
solid-iron inner core. 

Additionally, we considered cold, medium, and hot 
lunar temperature profiles, or selenotherms, which 
bound the published profiles derived from seismic, 
electromagnetic, and gravity data [8, 9, 10]. These pa-

rameters were compared against observed mass, MOI, 
bulk chemistry, and published seismic velocity pro-
files. We forward calculated lunar compositional mod-
els by varying the thicknesses of stratigraphic layers 
within the starting model and calculating self-
consistent physical parameters through equation of 
state modeling via the mineral physics software toolkit 
Burnman [11]. Generation of specific stratigraphic 
layer thicknesses proceeded in three steps to robustly 
explore parameter space: a grid search, random model 
generation, and lastly a differential evolution search 
[12] guided by minimizing the misfit from GRAIL 
mass and MOI [13]. From the three compositional 
starting models each with three selenotherms, we 
considered nine composition-temperature 
classifications, each with ~45,000 generated models. 
Furthermore, we compared the resulting bulk chemis-
try of each generated model, in SiO2-TiO2-Al2O3-FeO-
MgO-CaO space, to the average of twenty-six bulk 
chemistry models currently published for the Moon. 
Lastly, we compared our models to the Weber and 
Garcia seismic profiles [2, 14] for understanding into 
how our models are constrained by Apollo seismic 
observations. We made the following assumptions: the 
compositional layers are radially averaged to be glob-
ally homogeneous, thus the near and far side hemi-
spherical dichotomies (i.e., crustal thickness, composi-
tion) are beyond the scope of this current study; and, 
secondly, we do not consider the regolith which likely 
affected surface heat flow measurements, as well as 
seismic wave propagation.  

Conclusions: We obtained the following key re-
sults from the analysis of our models: (1) Both homo-
geneous and stratified compositional models are able 
to satisfy mass and MOI leading to the necessity of 
additional constraints to distinguish this model space. 
Homogenous models require a warm-to-hot sele-
notherm. (2) The Moon must have a small (200-400 
km) dense metallic core. (3) Models that fit mass and 
MOI have thin or no  “upper” ilmenite-rich layer pre-
served just below the crust and a “lower” ilmenite-rich 
layer is present, consistent with an overturn scenario. 
Whether the “lower” ilmenite-rich layer is partially 
molten depends on CMB temperature. (4) We found 
that it is possible to reasonably fit the published seis-
mic profiles with all three selenotherms (cold, medium, 
and hot), and that mass and MOI are more sensitive 
than seismic velocity to temperature. 
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Fig. 1. (below) Geochemically informed starting 
compositional models are defined by distinct 
mineralogical layers considering three end member 
scenarios: (right) Compositionally Stratified 
mineralogy preserves LMO crystallization 
stratigraphy, with the upper 400 km containing mantle 
cumulate compositions as a function of percentage of 
magma ocean (MO) crystallization [15], and the lower 
mantle (400 - 1400 km depth) based on the cumulate 
pile after 50% MO crystallization of a bulk mantle 
from [6], as reported by [16]. (left and center) We 
consider two cases with homogenous mantle bulk 
compositions in which the stratified MO layers are 
erased by sufficient mantle mixing. We start with 
simplified bulk compositions from [6, left] and [5, 
center] for all mantle depths. The mineralogy of the 
upper and lower ilmenite layers from [15] are: 
Clinopyroxene (60% He + 14% Di) + Ilmenite (23%) 
+ Anorthite (2%). 

 
Fig. 2. (below). The total model count distribution 

as a function of fit to mass and MOI. The x-axis and y-
axis are the standard deviation misfits from observed 
mass and MOI, respectively. The colors indicate the 
distribution of the number of models that achieved a 
mass or MOI misfit. The range of mass and MOI 
misfits covered demonstrate a very large geophysical 
model space was explored with a wide range of input 
parameters. The pink star represents the Garcia model 
[14], and green star is the Weber model [2]. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 3. (below). The total (inner+outer) core 
thickness as a function of L2-norm, or the square root 
of the normalized mass and MOI misfits, for each of 
the nine model classifications. Each generated lunar 
model is represented by a horizontal line whose  length 
and color both scale with the L2-norm value. Darker, 
longer lines equala larger L2-norm (worse fit); lighter, 
shorter lines equal a smaller L2-norm, (better fit). 
Shorter lines are on top of longer lines. The left-hand 
side of each column of horizontal lines depicts the 
range of core thicknesses within 3 sigma (black box), 1 
sigma (white box), and the full extent of thicknesses 
considered (whiskers). The red bar indicates the best fit 
model for each classification. Across all nine model 
classifications our models require a core of 200-400 
km to meet the mass and MOI, and trend toward 
decreasing core size with decreasing temperature. This 
is consistent with other studies of the lunar core from 
electromagnetic and seismic data. We also see that 
cooler models have a distinctly narrower range of core 
size. CH – Compositionally homogeneous models. CS 
– Compositionally stratified models. 
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