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Key Points: 

● Joint geophysical and geochemical analysis places constraints on lunar interior structure, 

including core size and ilmenite-bearing volume within the mantle. 

● Elastic properties are calculated for multiphase minerals enabling a wide range of 

temperature and composition constraints to be self-consistently explored. 

● A compositionally homogeneous lunar mantle is likely only possible with elevated 

mantle temperatures. 
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Abstract 
The key to evaluating the formation history and evolution of the Moon lies in 

understanding the current state of its interior. We used a multidisciplinary approach to explore 
the current day lunar structure and composition with the aim of identifying signatures of 
formation and early evolution. We constructed a large number of 1D lunar interior models to 
explore a wide range of potential structures and identified those models that match the present-
day mass, moment of inertia, and bulk silicate composition of the Moon. In an advance on 
previous studies, we explicitly calculate the physical and elastic properties of the varying mineral 
assemblages in the lunar interior using multicomponent equations of state. We considered 
models with either a compositionally homogeneous mantle or a stratified mantle that preserved 
remnants of magma ocean crystallization, and tested thermal profiles that span the range of 
proposed selenotherms. For the models that reproduced the observed mass and moment of 
inertia, we found a narrow range of possible metallic (iron) core radii (269-387 km) consistent 
with previous determinations. We explored the possibility of an ilmenite bearing layer both 
below the crust and at the core-mantle boundary as a potential tracer of magma ocean 
solidification and overturn. We observed a trade-off between the mass of the upper and lower 
ilmenite-bearing layers and structures that have undergone mantle overturn are both consistent 
with present observations. 

 
Plain Language Summary 

In order to understand how the Moon formed, along with the following history including 
the processes that change and shape it, the current state of the lunar interior offers a lot of 
valuable information or clues. We used several different computer simulation tools from 
different disciplines to calculate the Moon’s interior structure. We then compared our 
calculations with observations of the Moon’s mass and moment of inertia (a measure of how its 
weight is distributed through the interior) and the average composition and chemistry of the 
Moon. We considered a Moon that is well mixed and one that has preserved layers from its early 
history and tried different temperature structures. We find that the Moon has to have a small 
dense iron core and that it may have a hot soft layer just above the core that can dampen 
moonquakes. 
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1. Introduction 

Studying the current state of the Moon’s interior structure is critical to unlocking its past, 

including its formation (Jaumann et al., 2012; Yang & Zhao, 2015) and thermal and tidal 

evolution (Ćuk et al., 2016; Ćuk & Stewart, 2012; Tian et al., 2017; Wisdom & Tian, 2015; 

Touma & Wisdom, 1994). Despite considerable effort to constrain the physical and geochemical 

properties of the lunar interior, prominent open questions remain, including the possible 

existence of a lower mantle partial-melt layer; the precise size, state, and composition of the 

core; and the consequence and evolution of crystallization of the magma ocean (MO) (Garcia et 

al., 2011, 2012; Khan et al., 2013; Neal, 2009; Stevenson & Halliday, 2014; Weber et al., 2011; 

Wieczorek et al., 2006). These phenomena have geophysical and geochemical implications for 

lunar evolution and are explored in this paper. 

A variety of independent geophysical methods have provided key insights to our 

understanding of the Moon’s interior structure. Analyses of Apollo seismograms have found a 

differentiated lunar interior with a small dense iron core (Garcia et al., 2011, 2012; Lognonné & 

Johnson, 2007; Nakamura et al., 1978; Weber et al., 2011). The lower degree observations of 

mass; moment of inertia (MOI); and tidal Love numbers, k2 and h2; place rough constraints on 

the global stratigraphy of the Moon (e.g., Williams et al., 2001, 2014). The existence of a lunar 

core is consistent with the strong magnetic fields measured in lunar rocks (Shea et al., 2012; 

Tikoo et al., 2014; Weiss & Tikoo, 2014; Tikoo et al., 2017; Evans et al., 2018) which suggest at 

least part of a metallic core was once molten. A partially molten layer at the core-mantle 

boundary (CMB) has been suggested to explain the lack of observed far-side quakes (Nakamura 

et al., 1973; Nakamura, 2005), the observation of weak reflected phases from deep moonquakes 

(Weber et al., 2011), and the dissipation of tidal energy within the deep interior (Harada et al., 

2014; Williams et al., 2001). Gravity and topography measurements, from GRAIL and LRO, 

have constrained the average crustal thickness to be ~40 km (Wieczorek et al., 2013). 

Analysis of lunar meteorites and samples returned by the Apollo missions have been used 

to constrain the chemical structure and bulk composition of the Moon (e.g., Ringwood, 1979; 

Taylor, 1982). It is inferred that the Moon was once at least partially molten and that the magma 

ocean MO fractionally crystallized to form an olivine-pyroxene rich mantle, a plagioclase 

floatation crust, and a potential iron- and titanium-rich (Fe+Ti-rich), or equivalently ilmenite-

bearing, sub-crustal layer which has been proposed to form during the final stages (i.e., the last 

~5%) of the MO crystallization (Charlier et al., 2018; Elardo et al., 2011; Elkins-Tanton et al., 
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2011; Lin et al., 2017a, 2017b; Snyder et al., 1992). One proposed origin of the partially molten 

basal mantle layer is that a portion of a sub-crustal ilmenite-bearing layer that formed during MO 

solidification sank to the CMB due to its higher density relative to the surrounding mantle (e.g., 

Dygert et al., 2016; Hess & Parmentier, 1995; Li et al., 2019; Yu et al., 2019; Zhong et al., 

2000). Sinking of such an ilmenite-bearing layer into the deep lunar mantle is supported from 

multiple saturation studies of Fe+Ti-rich picritic red, black, and orange glasses from Apollo 12, 

14, and 17, respectively. These experiments suggest that the glasses were sourced from depths of 

300-500 km (Brown & Grove, 2015; Elkins Tanton et al., 2002; Krawczynski & Grove, 2012). 

This implies that ilmenite-bearing heterogeneities exist at depths within the lunar mantle, 

contradicting the sequence predicted by MO fractional crystallization models unless this 

subcrustal layer sank deep into the lunar mantle caused by a mantle overturn event. The ilmenite-

bearing layer is likely enriched in heat-producing incompatible elements such as K, U and Th 

(Jolliff et al., 2000) and has a lower solidus temperature than magnesian, olivine, and peridotite 

(the potential compositions of the lunar lower mantle). Hence, a partially molten basal mantle 

layer could result from the presence of ilmenite-bearing heterogeneities at the CMB (Mallik et 

al., 2019; Yao & Liang, 2012) and emplaced by overturn. 

The aim of this paper is to explore the structure of the present-day lunar interior using 

combined geochemical and geophysical models. We constructed a large number of 1D lunar 

interior models to explore a wide range of potential structures and identified those models that 

match the present-day mass, moment of inertia, and bulk silicate composition of the Moon. In an 

advance on previous studies, we explicitly calculate the physical and elastic properties of the 

varying mineral assemblages in the lunar interior using multicomponent equations of state.To do 

this, we have constructed a novel routine, Selenoman, which uses the BurnMan [Cottaar et al., 

2014, 2016] algorithm to calculate the properties of mineral assemblages within the pressure and 

temperature range of the lunar interior. To constrain the range of plausible interior structure 

models, we combine estimates of the bulk lunar composition derived from Apollo samples with 

GRAIL measurements of mass and MOI. Our approach provides the first self-consistent mineral 

physics calculations of the lunar interior and explores a wide range of possible compositions and 

temperature profiles, or selenotherms. Our interdisciplinary approach allows us to assess the 

sensitivity of the lunar interior to composition and temperature and the consequences of a full 

range of possible crystallization scenarios and subsequent mantle evolution. In particular, we 

consider the existence of ilmenite-bearing layers at the bottom and/or top of the mantle as a 
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probe of the efficiency of mantle overturn during or after mantle solidification, as the presence of 

an ilmenite-bearing basal mantle layer provides suggestive evidence of mantle overturn.  

Section 2 provides a background of previous lunar geophysical analyses which motivate 

this project. In Section 3, we present the methods used to construct simplified 1D radial 

compositional models informed by thermoelastic constraints of phase equilibria, and describe the 

search methods used for exploring the range of potential lunar structures.  Our results are 

presented in Section 4 and discussed in Section 5. Lastly, our conclusions are summarized in 

Section 6. A glossary of key terms along with additional figures and text is provided in the 

supplementary materials.  

2. Background 
We review the current state of knowledge of the lunar interior, concentrating on the core 

and partial melt layer. 

The presence of a small, dense metallic core has been demonstrated by several studies. 

These include a compositional modeling analysis by Yan et al. (2015) suggesting that the most 

plausible lunar core radius and density are 370 km and5.0	 ×	10!	kg/m3, respectively, for a 

three-layer (crust, mantle, core) model using a Monte Carlo method constrained by mean MOI, 

mantle density, crustal thickness and density. This radius is consistent with the inference of a 

metallic core of radius 340 ± 90 km by electromagnetic sounding observations (Hood et al., 

1999; Shimizu et al., 2013) and with size estimates from seismic observations of an iron alloy 

(Garcia et al. 2011, 2012). Weber et al. (2011) infer a differentiated core with a solid inner core 

of radius 240 ± 10 km and density 8.0	 ×	10!kg/m3, and a less dense fluid outer core with a 330 

± 20 km radius containing less than 6% light elements. Apollo samples show that the lunar 

magnetic dynamo produced surface fields of ~50 μT between approximately 4.25 - 3.56 Ga 

(Laneuville et al., 2014, 2018; Shea et al., 2012; Tikoo et al., 2014; Weiss & Tikoo, 2014), and 

continued in a weakened state (< ~5 μT) until ~2.5 Ga, possibly powered by a secondary 

mechanism (Tikoo et al., 2017). However, a recent analysis shows lunar core convection alone 

does not produce enough energy to sustain a dynamo for longer than 28 Myr (Evans et al., 2018), 

thus, the mechanism for dynamo generation meeting the observed magnitude and duration is 

currently unknown. 

The existence and origin of a partially molten layer above the CMB has not reached a 

consensus. This layer would inhibit core cooling (Stegman et al., 2003, Harada et al., 2014) and 

have implications for global thermal evolution of the planet (e.g., Laneuville et al., 2018). In 
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addition, the high temperatures required to maintain a partially molten layer pose a challenge to 

our current understanding of the brittle-ductile fault source mechanism of the deep moonquakes 

(Kawamura et al., 2017). Weber et al. (2011) inferred that the existence of such a layer is based 

on the observation of reflections from deep moonquakes showing a seismically distinct layer 

near the CMB with slow S-wave velocity, indicative of the presence of partial melt. Nimmo et al. 

(2012), however, modelled the tidal response of potential lunar interior structures  and conclude 

that melt is not necessary to explain the observed dissipation factor and tidal Love numbers of 

the Moon, and that dissipation due to elevated CMB temperatures alone is sufficient to match the 

observations. In contrast, Khan et al. (2014) reasserted that a deep mantle partial melt layer likely 

exists based on joint inversions of electrical conductivity, seismic, MOI, and mass observations. 

Harada et al. (2014) use viscoelastic tidal simulations and geodetic observations to constrain the 

viscosity of this layer to be extremely low (2 × 1016 Pa s) and found that tidal dissipation is 

concentrated in this layer. Matsuyama et al. (2016) took a Bayesian approach to invert for a five-

layer interior structure model and found no conclusive evidence for a low rigidity transition layer 

at the CMB. The contrasting conclusions of previous studies demonstrate the need for further 

investigation of the existence and geophysical properties of a rheologically and seismically 

distinct. Moreover, the core and interior layers will have geophysical and chemical signatures 

that can be observed and tested. 

3. Methodology: Current-day lunar internal structure constraints from Mass, MOI, and 

Bulk Composition 

In order to constrain the present-day structure of the lunar interior, we generated an 

ensemble of candidate compositions that were tested for viability. First, we constructed three 

different geochemically-informed models of the lunar interior stratigraphy consisting of layers of 

distinct mineralogical assemblages. Next, we calculated the geophysical and geochemical  over 

different combinations of thicknesses of each of the  stratigraphic layers and compared the 

resulting lunar structure models to observational constraints. For each model, we calculated 

physical material properties based on the radial profiles of mineralogy and imposed temperature. 

In the following sections we describe these methods used to generate and assess each lunar 

model candidate.  

Section 3.1 describes how we calculated physical mineralogical properties. Section 3.2 

describes the construction of three laterally averaged 1D compositional profiles from which we 
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defined three model classes. We utilized three different selenotherms that span the proposed 

range (Section 3.3) for each model class, yielding nine total distinct model subclasses. Within 

each, we employed a grid search, a random sampling, and a differential evolution genetic search 

to locate lunar candidate compositions that are consistent with geophysical observations of the 

Moon (Section 3.4). Finally, we calculated the fit to the bulk chemistry as an additional, 

previously unutilized constraint (Section 3.5). 

3.1 Selenoman: Calculation of Lunar Model Properties 
To calculate material properties of composition candidate models, we have developed a 

new computational routine called Selenoman (available at 

https://github.com/geodynamics/burnman). Within Selenoman, physical parameters were 

forward calculated utilizing BurnMan algorithms, which we extended to include lunar mineral 

assemblages. Selenoman iteratively calculates aggregate isotropic thermoelastic moduli 

(properties of the composite rock) via a third-order Birch-Murnaghan thermoelastic EOS model 

for specified mineralogy applying the Voigt-Reuss-Hill average for multiphase assemblages. 

Convergence was typically achieved within five iterations. 

3.2 Construction of Compositional Model Classes 
The extent of mixing in the solid mantle during and after MO crystallization is uncertain 

(Elkins-Tanton, 2011; Maurice et al., 2017; Boukare et al., 2018; Morison et al., 2019, although 

there are indications that chemically heterogeneous domains exist (Brown & Grove, 2015; Elkins 

Tanton et al., 2002). To explore the range of possible compositional structures, we constructed 

three  models of mantle compositional stratigraphy (Figure 1). Each model was assumed to have 

either a compositionally homogeneous mantle (CH; Figure 1a, b) or a  compositionally stratified 

mantle (CS; Figure 1c). For the CH models, we considered models with two different bulk 

mantle compositions based on estimates of the composition of the bulk  silicate Moon from 

Taylor (1982) (CH-T) and Hauri et al., (2015) (CH-H). In both cases we removed the 

contribution of the lunar crust. In both, the mantle is assumed to be well-mixed via efficient 

whole-mantle convection post MO crystallization. In the CS case, we assumed that a lack of 

vigorous whole-mantle convection preserved the MO crystallization stratigraphy until present 

day. 

For each model, the mantle was divided into a number of mineralogically distinct layers. 

To investigate the possible overturn of an ilmenite-bearing layer (e.g., Elkins Tanton et al., 

2002), in both CH and CS models we allowed for the existence of both upper (below the 

anorthositic crust) and lower (at the CMB) ilmenite-bearing layers (see Figure 1 for a description 
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of the mineralogy of the ilmenite-bearing layers). All three model classes included a 40 km 

anorthite crust, and a pure iron inner (Fe-fcc) and outer (Fe-bcc) core approximated as a fluid by 

setting the shear modulus to zero. The crustal thickness was fixed, but the thicknesses of all other 

layers varied independently (detailed in Section 3.4). The CH classes contain eight stratigraphic 

layers, and the CS contains ten.  

3.2.1 Compositionally Homogeneous (CH) 
In order to describe the mantle mineral assemblages across an isentropic selenotherm, we 

constructed layer compositions using the Gibbs-free energy minimization software alphaMELTS 

using the pMELTS calibration (Ghiorso et al., 2002) to compute equilibrium phase assemblages 

at isentropic decompression steps (0.005 GPa from 4 to 0.5 GPa). Given the wide range of 

temperature estimates at the CMB (see Section 3.3) from 730 - 1480 °C (Gagnepain-Beyneix et 

al., 2006; Khan et al., 2006, 2007), we chose an average value of 1250 °C as the temperature at 4 

GPa, corresponding to approximately 1,010 km depth (Garcia et al., 2011, 2012). The oxygen 

fugacity was imposed to that of equilibrium between metallic iron and wüstite at 4 GPa, and 

allowed to evolve during isentropic decompression in alphaMELTS. 

In each stratigraphy corresponding to a unique bulk composition (CH-H and CH-T), the 

mantle layers were grouped into three distinct 1D radial sections: upper, middle and lower 

mantle (Figure 1, Table S1). All three mantle sections contained olivine, orthopyroxene, 

clinopyroxene, and minor spinel. The boundary between the upper and middle sections was 

defined by the appearance of garnet at 1.35 GPa. The lower boundary was set to 2.0 GPa to 

account for the gradually shifting alphaMELTS phase assemblages at higher pressures. The 

phase assemblage of each layer was assumed fixed for the structure calculations, regardless of 

the layer’s thickness. 

3.2.2 Compositionally Stratified (CS) 
Our CS model was constructed from two resources. First, we adopted the stratigraphy of 

the “MO Equilibrium + Fractional Crystallization” sequence from Snyder et al. (1992) for the 

upper mantle from the sub-crustal ilmenite-bearing layer to the bottom of the mid-mantle. These 

layers were determined by the upper mantle cumulate compositions as a function of percent MO 

crystallization. Second, for the lower mantle composition, we adopted the result of Elardo et al. 

(2011) for the composition of the cumulate pile after 50% MO crystallization of a Taylor (1982) 

bulk mantle. 
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Figure 1. Lunar mantle compositional model classes: (a) Compositionally homogeneous Taylor 
(CH-T), (b) Compositionally homogeneous Hauri (CH-H), (c) Compositionally stratified (CS). 
The thickness of the anorthite crust is fixed, and all other layers are allowed to vary. 
[Abbreviations: He - Hedenbergite, Di - Diopside, Sp - Spinel, Hc - Hercynite, Fo - Forsterite, 
Fa - Fayalite, En - Enstatite, Fs - Ferrosilite, Py - Pyrope, Al - Almandine, Gr - Grossular, Fe-
bcc - Iron metal Body Centered Cubic, Fe-Fcc - Iron metal Face Centered Cubic]. The 
mineralogy of the upper and lower ilmenite-bearing layers from Snyder et al. (1992) are: 
Clinopyroxene (60% He + 14% Di) + Ilmenite (23%) + Anorthite (2%). 

 
3.3 Selenotherms: Lunar Temperature Profiles 

A selenotherm is required to calculate the mineral properties (e.g., density) as a function 

of depth. The only direct thermal observation is from the Apollo heat flow measurements 

(Langseth et al., 1971, 1976), but these are point measurements on the surface that do not 

provide a strong constraint on the temperature at depth. Estimates of the selenotherm have been 

constructed using a variety of approaches including: an inversion of Apollo seismic velocities 

(Gagnepain-Beyneix et al., 2006), an inversion of Apollo dayside electromagnetic transfer 

functions (Khan et al., 2006), and a joint inversion of Apollo seismic and Lunar Prospector 

gravity observations (Khan et al., 2007). These profiles vary considerably and include large 

uncertainties (Figure 2). We therefore constructed three new selenotherms that span the range of 

proposed selenotherms: a hot Moon given by taking the upper bounds of published estimates at 



Open Archive Manuscript Preprint 

11 

each depth (MaxT), a cold Moon case defined by similarly taking the lower bounds (MinT), and 

the mean of the hot and cold cases (MeanT). For comparison, Kawamura et al. (2017) is closer to 

the MinT profile, while Khan et al. (2014) is closer to the MaxT profile. We extended each 

profile through the core by calculating a conductive thermal profile with a thermal conductivity 

of 30 [W/m K] (Konôpková et al., 2016; Stegman et al., 2003). Recent analysis has placed 

experimental constraints on the CMB temperature to be 1603-1743 K, if Fe-Ti-rich partial melt 

are present and neutrally buoyant (Mallik et al., 2019), which is between MeanT and MaxT. 

Also, another recent study based on the conductivity of hydrous olivine (Zhang et al.. 2019) 

proposed a CMB temperature of 1663 - 1883 K, which is closest to the MaxT profile.  Each one 

of these individual temperature profiles is not a self-consistent selenotherm but we chose to take 

the extremum to explore the maximum possible effect of temperature on the inferred lunar 

structure. Within Selenoman, we imposed the three temperature profiles to each of the three 

compositional model classes, for a total of nine subclasses. 

 

 

Figure 2. (a) Three temperature profiles are considered, bounding the proposed range of 
selenotherms: MaxT, MeanT, and MinT (dashed lines).   The solidus curves for olivine of 
Forsterite 92% (Fo92, green), peridotite (Per, pink), Fe+Ti-rich ilmenite-bearing cumulates 
(FeTi100, red), and a mixture of 50% Fe+Ti-rich il-bearing cumulate +50% T82 mantle 
composition (FeTi50, cyan) (Mallik et al., 2019) are shown for reference. For each solidus curve, 
the P-T data are converted to depth-T via a P-profile using the model of Weber et al. (2011). (b) 
Number of models run by subclass, for a total of 383,234. 
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3.4 Search for Geophysically Consistent Models 
For each subclass, we employed a series of search methods to find a suite of lunar 

candidate models consistent with observational constraints. First, we aimed to find models that 

could satisfy the mass (M) and the distribution of that mass throughout the interior (MOI) as 

these values are well constrained by the GRAIL mission (Williams et al., 2014; Table S3). We 

characterized the Mass and MOI misfit of each lunar candidate model from the reference values 

as a zscore, or the number of standard deviations (nσ) of the model value from the reference (ref) 

values normalized by each reported measurement error (stderr): 

𝑧𝑠𝑐𝑜𝑟𝑒 = 𝑛𝜎 = "#$%&'(&)
*+,&((

      (8) 

We then determined the model’s overall fit to the geophysical observational constraints by 

calculating the root-mean-square of the (G-RMSND or GRMS) individual zscores for mass and 

MOI: 

𝐺-𝑅𝑀𝑆𝑁𝐷 = 81
2
([𝑧𝑠𝑐𝑜𝑟𝑒-./]2 + [𝑧𝑠𝑐𝑜𝑟𝑒-]2)>

1
2   (9) 

New lunar candidate models were generated by varying the thickness of individual 

stratigraphic layers. As detailed below, we conducted the search in three stages: (1) a grid search 

that systematically stepped through a wide range of initial minimum and maximum thickness of 

each layer, (2) a random sampling of layer thickness configurations in order to “fill-in” between 

the steps of the coarse grid search, and (3) a differential evolution genetic search to specifically 

search for models with good fit to the geophysical constraints (a low G-RMSND). In total, we 

generated ~40,000 lunar compositional models per model subclass (Figure 2b). 

3.4.1 Grid Search with Added Random Sampling 
As a wide initial exploration of geophysical model space, we conducted a coarse grid 

search varying each layer’s thickness over the ranges in Table 1. The intent of this initial search 

was to explore the full extent of the parameter space and identify structures to be used for the 

initialization of the differential evolution search. 

The thickness of the majority of the compositional layers were allowed to range from 

zero to the full radial extent of the Moon minus the crust (RL - Rcrust). Our range of sampled lunar 

models allowed for both a solid inner and fluid outer core. Previous work has determined an 

upper bound on the radius of a dense electrically-conducting core to be ~400 km (Garcia et al., 

2011, 2012; Hood et al., 1999; Shimizu et al., 2013; Weber et al., 2011; Yan et al., 2015). To be 
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conservative, we extended this range and sampled core sizes within 0-600 km for both inner and 

outer cores. We included a lower ilmenite-bearing layer ranging 0-500 km thick, which 

encompasses the observation made by Weber et al. (2011) of a 150 km-thick partial melt layer, 

assuming that a lower ilmenite-bearing layer may be responsible for the presence of partial melt 

near the CMB (Mallik et al., 2019). For each candidate model, the upper ilmenite-bearing layer 

thickness is the difference between the RL and the sum of the other layers. We excluded 

stratigraphic configurations that exceeded the radius of the Moon. 

Table 1. Range of layer thicknesses considered in the grid search. 
Layer Names CH Model CS Model 

 Range 
(km) 

Increment 
(km) 

Range 
(km) 

Increment 
(km) 

Inner Core 0 – 600 100 0 – 600 100 

Outer Core 0 – 600 100 0 – 600 100 

Lower Ilmenite 0 – 500 100 0 – 500 100 

Lower Mantle 0 – 1,698 200 0 – 1,698 300 

Mid Mantle 0 – 1,698 200 0 – 1,698 300 

Upper Mantle 3 (CS only) --  0 – 1,698 300 

Upper Mantle 2 (CS only) --  0 – 1,698 300 

Upper Mantle 0 – 1,698 200 0 – 1,698 300 

Upper Ilmenite 0 – 1,698 non-uniform 0 – 1,698 non-uniform 

Crust --- constant 40 km (GRAIL, Wieczorek et al., 2013) --- 

Lunar Radius (RL) RL = 1,738 km (Williams et al., 2014) 

We performed this grid search for all subclasses, ~10,000 models each. Since the grid 

search coarsely increments each layer’s thickness, an additional ~10,000 candidate models per 

subclass were generated randomly to fill in gaps.  

3.4.2 Differential Evolution 
To locate the global minimum in G-RMSND within the prescribed model space, we 

employed a differential evolution (DE) optimization algorithm (Price et al., 2005). This method 

is a population-based stochastic function minimizer, which acts to randomly sample the 

parameter space through the generation of population members. DE creates and follows a path 

that reduces the misfit between population members and an objective function (in our case G-
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RMSND). The function adds the weighted difference between two population members to a third 

random child vector. This method ensures that a global minimum (rather than a local minimum) 

is reached. In each generation, the lowest objective function is maintained. Subsequent 

generations are iterated until a minimum is reached. We employed a population of 15 members, 

with a weighting factor of 0.85 and a crossover constant of 0.9. 

Similar to the grid search, we varied the thickness of all the layers with the exception of 

the fixed crust and the open upper ilmenite-bearing layer. The DE algorithm randomly generated 

and imposed layer thicknesses for all but the uppermost two stratigraphic layers (six variables for 

CH, and eight for CS), from the inner core through the upper mantle. DE was performed for all 

nine subclasses, and converged to a global minimum within 2,000 iterations for each iteration. 

Additional DE runs were performed as a means of verifying global minimum.  

 

3.5 Quantifying the fit to Geochemical Constraints 
As an additional constraint, we calculated the bulk composition of each model and 

compared this to the range of estimates of the bulk lunar composition from the literature. There 

is a substantial range of proposed lunar compositions and uncertainties in estimates are not 

typically quantified. We constructed a reference composition for the bulk silicate Moon (RL - 

Rcore) for six oxides (SiO2, TiO2, Al2O3, FeO, MgO, and CaO) by averaging the concentrations of 

twenty-five sets of published compositions (Table S2), assuming equal reliability (Buck & 

Toksoz, 1980; Delano & Lindsley, 1983; Hauri et al., 2015; Jones & Delano, 1989; Kuskov, 

1997; Kuskov & Kronrod, 1998; Morgan et al., 1978; O’Neill, 1991; Ringwood et al., 1987; 

Ringwood, 1979; Ringwood & Kesson, 1977; Taylor, 1980, 1982, 1999; Taylor & Bence, 1975; 

Wänke et al., 1977; Wänke & Dreibus, 1982, 1986; Warren, 2005; Warren & Dauphas, 2014). 

We quantified the range in published estimates by calculating the standard deviation of each 

oxide concentration from the compilation of published values. Averaging estimates and 

calculating uncertainty in this way is not intended to produce a definitive lunar composition, but 

is designed to allow us to construct a quantitative metric by which we can access the consistency 

of our lunar structure models with the geochemical constraints.    

To allow comparison with ourour models, we converted each oxide to its equivalent mass 

in a series of spherical shells, which we then integrated to calculate each oxide’s total mass. Each 

sampled candidate model may possess a different total core size (sum of inner and outer core 

thicknesses). Therefore, we calculated both the reference and model oxide masses for a given 

configuration of stratigraphic thicknesses. As was done for mass and MOI, we characterized the 
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misfit of each oxide in mass fraction by calculating a zscore as defined in equation 8. From these 

normalized deviations, we calculated the	bulk	chemistry	RMSND	(BC-RMSND	or	BCRMS)	as:  

𝐵𝐶-𝑅𝑀𝑆𝑁𝐷 = 81
6
∑ B𝑧𝑠𝑐𝑜𝑟𝑒012,&!C

23
2 >

1
2              (10) 

where the sum is over all 6 oxides. Finally, in order to quantify the qualtiy of fit considering both 

geochemical and geophysical constraints together, we calculated a combined geophysical and 

bulk composition RMSND (Comb-RMSND or CombRMS	or	G+BCRMS): 

𝐶𝑜𝑚𝑏-𝑅𝑀𝑆𝑁𝐷 = 81
2
([𝐺- 𝑅𝑀𝑆𝑁𝐷]2 + [𝐵𝐶- 𝑅𝑀𝑆𝑁𝐷]2)>

1
2  (11) 

 Comb-RMSND was used to rank the candidate models by the best-fitting (or smallest deviation 

from) the reference constraints. 

4 Results 
We report the results of our structure model parameters searches compared to the 

geophysical, bulk compositional, and combined constraints. Section 4.1 presents the results of 

this analysis with geophysical constraints only, and Section 4.2 shows the effects of overlaying 

bulk chemistry and combined constraints. Our model database can be found at the University of 

Florida’s Institutional Repository (IR@UF, http://ufdc.ufl.edu/ufir). 

 

4.1 Geophysical 
 While the majority of sampled models did not yield satisfactory zscores, a portion of the 

sampled models achieved a geophysics zscore ≤ 2σ. Figure 3a shows the results of model 

fitness to the observed mass and MOI for all models. For reference we note the mass and MOI 

zscore values for Weber et al. (2011), 632, and Garcia et al. (2011, 2012), 137, found by 

integrating their published density profiles. The distribution of models in mass and MOI space 

displays a long tail of models that over-predict mass (e.g., due to an overly large core) and under-

predict MOI (i.e., due to excess mass within the outer layers). The appearance of clusters of 

models display the grid search sampling increment, with a dense cluster close to the origin 

largely composed of models from the DE search.  

The influence of temperature is visible when the models are separated according to 

thermal profile (Figure 3b, CH-H shown). We note a positive ~50σ shift in mass deviation 

between the MaxT and MinT CH-H cases. Similar shifts were found for the CH-T and CS 

subclasses (see Figure S3). 
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Figure 3. (a, b) The total model count distribution from all model subclasses (CH-H, CH-T, and 
CS), as a function of the number of standard deviation misfits from observational Mass and 
MOI. The map is color-coded according to the number of models that fall within each gridded 
cell with bin sizes of 50σ (a) (for 1σ zoom, see Figure S3). Overlaid are the calculated Mass and 
MOI deviations for the seismic/density models from Garcia et al. (2011, 2012) (pink star, G-
RMSND of 137) and Weber et al. (2011) (green star, G-RMSND of 632). (b) The influence of 
temperature is shown for the three CH-H subclasses (red: MaxT, yellow: MeanT, cyan: MinT) 
within a zoomed window (for the full distribution of CH-H models, see Figure S3). This shows a 
systematic shift where decreased temperature corresponds to increased mass, and is due to 
material densification with decreasing temperature. 

Figure 4 shows the variety of stratigraphic configurations within the lowest ( ≤2σ) Mass 

and MOI zscores. Low sigma models were found for all three CS selenotherms, however, within 

the CH classes, only the CH-H MaxT and MeanT and the CH-T MaxT achieved the same. The 

lowest G-RMSND values achieved for the CH-H MinT, CH-T MeanT, and CH-T MinT classes 

(those classes that did not have members that met the ≤2σ requirement) are 18, 32, and 81, 

respectively. 
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Figure 4. Low zscore geophysical results with respect to mass and MOI for all classes of model. 
The black bars highlight the region of lowest zscore values, ±2σ for all model subclasses except 
CH-H MinT, CH-T MeanT, and CH-T MinT, where the best-fit models are limited to ±50σ, 
75σ, and 500σ windows, respectively. Color bar, right, indicates layer names. See Figure 1 for 
the mineralogy of each layer. Not that the axis scales vary for each panel. 

The top 30 models for each of the three model classes, CH-H (S5a), CH-T (S5b), and CS 

(S5c), are shown in Figure S5 and are ordered from smallest to greatest G-RMSND. The bottom 

panels depict the structure of each lunar candidate model as a stratigraphic column. The top 

panels show the corresponding mass and MOI deviations, as well as G-RMSND values, for each 

stratigraphic column. The colored diamonds along the x-axis indicate each model’s 
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corresponding thermal profile. Although the size of the inner and outer cores are variable, the 

sum, i.e., the total size of the core, is limited to a narrow range of thicknesses for all three model 

classes. Each of the top 30 models possess little-to-no upper ilmenite-bearing layer. However, we 

observe that most of the models contain a substantial lower ilmenite-bearing layer. All other 

layers have variable thicknesses. We note that all of the lunar candidate models featured in the 

top 30 list were generated by the differential evolution (DE) search and have G-RMSND values 

less than 2.5 (Figure S5), speaking to the strength of this technique. 

For models with low G-RMSND, we observed distinct stratigraphic layer correlations 

(Figure 5). For models with low G-RMSND values, we observed a near 1:1 correspondent 

degeneracy between the inner and outer core sizes (Figure 5a) with a well-constrained total core 

thickness (Figure 5c). There is a small but non-zero upper ilmenite-bearing layer thickness 

visible across the full range of Total Core sizes with low G-RMSND (Figure 5b). The Lower 

Ilmenite thickness varies over a wide range from 0 - 500 km , however, the total volume of 

Ilmenite is narrowly defined, with a slight dependence on the total core size (Figure 5e). A 

decrease in Total Ilmenite volume corresponds to an increase in Total Core thickness. The 

thickness of the Total Mantle increases with increasing Total Core size (Figure 5d). Lastly, the 

upper ilmenite-bearing layer volume appears largely unaffected by changes in the lower 

ilmenite-bearing layer volume (Figure 5f). Similar trends as shown in Figure 5 are observed 

across all nine subclasses. 
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Figure 5. Structural trade-offs between stratigraphic layers (indicated in axes). Each circle 
represents a lunar candidate model color coded by G-RMSND (scale bar located to the right of 
panels). Total Core refers to the sum of the inner and outer core layers. Total Mantle refers to the 
sum of the upper, mid, and lower mantle layers. Note the exclusion of the upper and lower 
ilmenite-bearing layers within the Total Mantle. See the main text for details. 

 
To more fully explore layer trends across all nine model subclasses, we compiled key 

model parameters onto box-and-whisker plots (Figure 6). The enhanced box-and-whisker plots 

each sampled lunar candidate model as a left-justified horizontal line where the length and color 

are scaled according to the model’s RMSND value. Shorter lines and hotter colors correspond to 

smaller values. Smaller values are plotted on top of larger ones. To the left of each column of 

scaled lines are black and white boxes indicating that all components within the model RMSND 

value are less than or equal to 1σ and 3σ (1 or 3 zscores) misfit, respectively. A red arrow tail 
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points to the location of the lowest RMSND value of the subclass. The minimum and maximum 

range of sampled models is indicated by the whisker shown by upper and lower red triangles 

connected by a black dotted line. The standard box-and-whisker show a green box models within 

zscore<3 and a black box for values less than zscore < 1 with the red horizontal line indicating 

location of best-fit model within the subclass. 

We observe, across all model classes, the best-fit models (shortest lines, hottest colors) 

appear in a narrow-ranged cluster on top of models with larger RMSND values (longer lines, 

cooler colors). In Figure 6b, the largest RMSND values are all located at large Total Core sizes, 

and are separated from smaller values. The red arrow tails show a trend toward smaller Total 

Core size with decreasing thermal profile in the CS model classes. We also see in Figure 6b no 

low sigma candidate models were found with zscore < 3 for the CH-H Max, CH-H MinT, CH-T 

MeanT, and CH-T MinT model subclasses. 

The Total Core size as a function of BC-RMSND value ranges from 0 - ~900 km thick for 

models where all oxide deviations have zscore ≤ 3 (Figure S4a, middle panel). The largest BC-

RMSND values are distributed throughout the full range of sampled Total Core thicknesses. For 

the Comb-RMSND (Figure S4a, bottom panel), the distribution pattern of RMSND values largely 

resembles what was found for the G-RMSND values, where the largest values are only associated 

with large Total Core size. The red arrow tail that points to the location of the best-fit models 

spans a narrow range of Total Core sizes across all nine subclasses (see Table S5 for summary). 

For layers plotted as a function of BC-RMSND, all nine model subclasses produced lunar 

candidate models that fall within 3σ, but only the CH-T model class has models that fall within 

1σ (for all three thermal profiles) (Figure S4). For layers plotted as a function of Comb-RMSND, 

the CS model class produced candidate models that have zscore values for all constraints 

(zscoreall) that fall within 3σ for all three thermal profiles. For the CH-T model class, only the 

MaxT thermal profile produced models that fall within zscoreall ≤ 3, similar to what was found 

with G-RMSND, but unlike BC-RMSND, all three thermal profiles fall within zscore ≤ 3. For the 

CH-H model class, only the MeanT thermal profile produced candidate models with zscoreall ≤ 3, 

which is a departure from both the G-RMSND and BC-RMSND cases. The CH-H-MaxT, CH-H-

MinT, CH-T-MeanT, and CH-T-MinT model subclasses did not contain any candidate models 

with zscoreall ≤ 3. 

The Upper Ilmenite volume as a function of BC-RMSND value (Figure S4b, middle) has 

a distribution that tapers towards 0 km3: there is a steady decrease of RMSND value with 
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decrease in Upper Ilmenite volume. Low BC-RMSND valued models are not co-located with 

larger valued models. This pattern was observed for all nine model subclasses, and was not 

observed for any other stratigraphic layer (or combination of layers) or RMSND type. Models 

where all oxide deviations have zscore ≤ 3, range from 0 to 0.2e10 km3, and the best-fit models 

are at or near 0 km3. For the Comb-RMSND (Figure S4b, bottom), the largest RMSND values are 

distributed across the full range of sampled volumes. In all nine subclasses there is little to no 

Upper Ilmenite volume, with the exception of CH-H-MeanT, CH-T-MaxT, and all three CS, do 

contain a small volume of Upper Ilmenite in the best fit models. 

Slightly larger ranges were observed for the lower ilmenite-bearing layer volume (Figure 

S4c). For all nine subclasses, there is little-to-no Lower Ilmenite volume for low BC-RMSND 

values (Figure S4c, middle). The large G-RMSND values are distributed across the full range of 

sampled volumes, which differs from the Upper Ilmenite volume which taper towards the best-

fitting point. The Comb-RMSND (Figure S4c, bottom) follows a similar pattern to that found for 

the G-RMSND values. The Total Ilmenite volume is also considered in Figure S4d with similar 

conclusions to the Upper Ilmenite. 
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Figure 6. Box-and-whisker plots of the Total Core thickness for all model subclasses as labeled 
on x-axis. Each sampled lunar candidate model plots as a left-justified line where the length and 
color vary according to the model’s Comb-RMSND. High RMSND values correspond to the 
longer horizontal lines, and low RMSND values to short lines. Low RMSND values are plotted 
on top of larger values. To the left of each column of scaled lines are the “simplified” ranges 
where the min/max sampled layer thickness (or volume) is shown by red triangles and connected 
by a black dotted line. The black and white boxes indicate that all components within the 
RMSND value are less than or equal to 1σ and 3σ (1 or 3 zscores) misfit, respectively. The best 
fit thickness (or volume) is marked with a red arrow tail for each model subclass. For additional 
Box and Whisker plots, see Figure S4. 

 

Seismic observations have the potential to also place a strong constraint on the internal 

structure of the Moon. In order for seismic velocity profiles to be used as robust constraints on 

the internal structure of the Moon, they should be sensitive to the mineralogy and thermal 

condition across depths in the lunar interior. We tested the sensitivity of seismic velocity profiles 

to the thermal state and mineralogy as follows. In Figure 7 we compare the seismic and density 

profiles of the lowest G-RMSND (best-fit) lunar candidate model for each of the CH-H, CH-T, 

and CS model classes from Figure S5 to those derived directly from the Apollo seismic analyses 

of Garcia et al. (2011, 2012) and Weber et al. (2011). The top panels show the profiles from the 
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best-fit model, as well as two counterpart models with the same layer configuration but different 

thermal profiles, and the structures from Weber et al. (2011) and Garcia et al. (2011). The bottom 

row plots the difference between the best-fit and thermal counterpart models Vp, Vs, and 

density. We note that the G-RMSND < 1 for each of the best-fit models, but the zscore misfit of 

the temperature companion models range between 60 - 130 (large misfit). Nevertheless, only 

very minor differences were observed between the seismic and density profiles of the well-fit 

models, their thermal counterparts, and the Weber et al. (2011)  and Garcia et al. (2011, 2012) 

profiles. Both the best-fit models and their thermal counterparts generally reproduced the 

observed velocity and density structures with the exception of the crust and lower mantle/core, 

which indicates that seismic profiles alone cannot be used as robust constraints of mineralogy 

and thermal structure in the lunar interior, thus emphasizing the need to use physical quantities 

such as mass and MOI as additional constraints 
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Figure 7. Comparison of a well-fit model (low G-RMSND) and the corresponding thermal 
counterpart models (same layer configuration, different thermal profile) from the CH-H (a,d), 
CH-T (b,e), and CS (c,f) model classes. Panels (a,b,c) show seismic velocities Vp, Vs, and density 
profiles for each of the well-fit models along with their counterparts, and are  compared to the 
Garcia et al., (2011, 2012) and Weber et al., (2011) models. Panels (d,e,f) show the difference 
between the well-fit models (the model with a constant value of zero in each panel) and their 
counterparts. The G-RMSND values for the well-fit models are; CH-H: 0.5 (MeanT), CH-T: 0.2 
(MaxT), and CS: 0.5 (MinT), while all corresponding counterparts are > 80. G-RMSND values 
for Garcia et al. (2011, 2012) and Weber et al. (2011) are 137 and 632, respectively. Apparently, 
the large range in thermal profiles do not translate into large variations in seismic velocity, and 
model fit to Mass and MOI are not indicators of fit to estimates of seismic velocity. 

 
4.2 Bulk Composition and Combined RMSND 

For each of the sampled lunar candidate models generated by the search methods, we 

calculated the misfit to bulk chemistry, both as zscore of each oxide’s deviation (equation 8) and 

as BC-RMSND values (equation 10). We observed that the minimum G-RMSND value per BC-

RMSND value follows a curve such that the minimum G-RMSND decreases with decreasing BC-

RMSND value (Figure S6). The lowest G-RMSND values only correspond to low BC-RMSND 
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values. Equivalent distributions were observed for the CH-H and CH-T model classes (ref 

supplemental figures). Figure 8 shows the top 30 models that have zscoreMass, zscoreMOI ≤ 2, then 

organized from least to greatest Comb-RMSND values for CH-H (a), CH-T (b), and CS (c) model 

classes. Similar to the construction of Figure S5, the bottom panels depict the structure of each 

lunar candidate model as a stratigraphic column. The middle panels show the corresponding 

Mass and MOI deviations, and the G-RMSND values. Added here, are the BC-RMSND and 

Comb-RMSND values. The top panels show oxide deviations from the mean reference bulk 

composition in terms of their zscore. As was found in G-RMSND-only case (Figure S5), for all 

three model classes the inner and outer core thicknesses are variable, but the Total Core size is 

limited to a narrow range of thickness. Likewise, all the models shown possess little to no upper 

ilmenite-bearing layer, but a variety of thicknesses were observed for all other layers. In general, 

RMSND≤3 for all the model classes within the top 30. 

In terms of bulk chemistry, the CH-H models show a rapid increase in BC-RMSND 

corresponding to a rapid increase in TiO2 zscore from ~1.5 - 6, which is a component of the 

ilmenite-bearing layer. A vivid example of its effect can be seen in the top CH-Hmodels, where 

TiO2 zscore clearly increases with Lower Ilmenite thickness and/or Upper Ilmenite thickness, 

implying a limitation of Total Ilmenite volume from the bulk chemistry constraints. Since the 

comparison between the volumes of upper and lower ilmenite-bearing layer is difficult from the 

layer thicknesses in Figure 8, we refer to Figures S4 for details of the Total Ilmenite volume.The 

zscores were lower than those of TiO2 for the other five oxides. For most of the top 30 models 

shown, BC-RMSND was the primary contributor to increases in CH-H Comb-RMSND values, 

and only models from the MaxT and MeanT thermal profiles are featured. 

Of the three model classes, the CH-T models display the best fits to bulk chemistry, as 

well as showing a steady increase in G-RMSND. Only models from the MaxT thermal profile are 

featured in the top 30 models. A near constant depletion of Al2O3 of ~-0.8 was observed across 

all the top 30 models. Misfit of TiO2 was variable, but ranged between ~-1.0 - 2.4. Very little 

misfit was observed for the remaining four oxides. For most of the top 30 models shown, the G-

RMSND was the primary contributor to the increases in CH-T Comb-RMSND. 

Of the three model classes, the CS models display the greatest variety of individual 

oxides with large misfit, but most models are depleted in Al2O3 (~-2.0) and enriched in SiO2 and 

TiO2 (~1.0 - 4.5). All three thermal profiles appear in the top 30 list for CS models. With some 

exceptions, the BC-RMSND was the primary contributor to increases in Comb-RMSND values 

for most of the models.
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 Figure 8. (caption continued on next page) 
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Figure 8. The top thirty best-fit model candidates for (a) CH-H, (b) CH-T, and (c) CS model 
classes are compared in terms of oxide deviation (top panel); deviations for Mass, MOI, and 
RMSND (middle panel); and model stratigraphic structure with color coded layers (bottom 
panel). The stratigraphic legend is to the right of each set of panels. Diamonds along the x-axis 
indicate model temperature profile. Models are ordered by lowest Comb-RMSND. For 
compositional description of each layer, see Figure 1. 

 

Table S5 summarizes the range of layer thicknesses and volumes that have zscore ≤ 2 for 

all components within G-RMSND and BC-RMSND, and zscore ≤ 3 for all components within 

Comb-RMSND for all model subclasses. Comparing our final ranges of thickness to our 

originally sampled ranges (as listed in Table 1) indicates how well our routine has constrained 

thickness estimates, and quantifies the  relative effectiveness between RMSND constraints. 

Model counts by subclass are provided in the supplement text S2. Note that the Upper Ilmenite 

range has artificially low reduced ranges, as it was tested to the full lunar radius (minus the 

crust). 

For G-RMSND best-fit models, we constrain the total core to within 234 - 401 km thick 

regardless of thermal profile or model class. This represents a total core that is 14% of the initial 

sampled range. However, large variability exists in outer and inner core thicknesses, where both 

layers range from 0 - ~330 km. The volumes of lower, upper, and total ilmenite-bearing layers 

all show substantial reduction from their initial ranges (due to radial geometry, the lower 

ilmenite-bearing layer thickness did not reduce much based-on G-RMSND, although the upper 

ilmenite-bearing layer thickness did.). Of these three, Lower Ilmenite and Total Ilmenite 

volumes reduced to ~13% of their initial sampled extents. While the lower bound of the upper 

and lower ilmenite-bearing layer volumes is zero, the Total Ilmenite volume lower bound is non-

zero for G-RMSND. A total of 141 lunar candidate models were included for the G-RMSND final 

ranges. 

For the BC-RMSND, reduced normalized range for the Total Core size was much greater 

than that based on the G-RMSND. The final range of the upper ilmenite-bearing layer thickness 

is thin (0-25 km), and there was nearly no reduction in range of the Lower Ilmenite thickness. 

However, the volumes of Lower, Upper, and Total ilmenite all have reduced normalized ranges 

that are less than half of the geophysical based ranges. We observed that the Total Ilmenite 

volume lower bound is non-zero, and higher than in G-RMSND. More than 38,000 lunar 

candidate models were included for the BC-RMSND final ranges. 

When the results from the previous two are combined, we observed improved constraints 

on layer thicknesses and volumes. The range of Upper Ilmenite thickness was similar to that 
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found with BC-RMSND alone. However, when considering the combined constraints, the Total 

Core thickness was constrained to be within 269-387 km, narrower than G-RMSND or BC-

RMSND alone. With the Comb-RMSND, the reduced normalized ranges of total mantle thickness 

was 15%, as compared to G-RMSND (25%) and BC-RMSND (53%). The range of Total Ilmenite 

volume falls between G-RMSND and BC-RMSND, also with a non-zero lower limit. A total of 

100 lunar candidate models were included for the Comb-RMSND final ranges. 

5 Discussion 

5.1 Constraints on mantle stratification and present-day selenotherm  

The present-day Moon is likely in-between a perfectly stratified and completely 

homogenized state. If the present-day Moon is more homogenized,  our models favor warmer 

selenotherms, with a temperature profile closer to our MeanT or MaxT profiles. Such 

selenotherms are consistent with the hotter CMB temperature proposed by two recent 

experimental studies (Mallik et al., 2019; Zhang et al., 2019). A colder Moon (following the Min 

T profile and similar to that predicted by the recent study by Kawamura et al., 2017) is only 

allowed in our models if the present-day Moon retained most of the stratigraphy from LMO 

crystallization and has not undergone homogenization since due to mantle mixing and dynamics.  

5.2 Comparison to seismic profiles 
Our models do not attempt to capture the details of the crustal structure of the Moon, 

including regolith, mega-regolith, and additional layering; rather we imposed a uniform 40 km 

thick anorthitic crust. We also assumed that our initial compositional models (Figure 1) 

represented the laterally averaged compositional structure. Yet despite the minimalist design of 

our compositional models, our results are seen to generally match to the Weber et al. (2011) and 

Garcia et al. (2011, 2012) profiles for all three model classes. Figure 7 demonstrates the shifts in 

seismic and density profiles that occur with changes in thermal profile, which is not a surprising 

result. However, the relative changes are on the order of ~3% difference in seismic velocity, and 

<2% difference in density, which are both potentially within the measurement error of the Apollo 

seismic data. Recall that, in each of the model classes, two of the three lunar candidate model 

profiles shown in Figure 7 have G-RMSND values >60, and indeed the Weber et al. (2011) and 

Garcia et al. (2011, 2012) profiles have even higher G-RMSND values (632 and 137, 

respectively). Therefore, the current constraints on seismic velocity are insufficient to constrain 

the density and compositional structure of the lunar interior without applying additional 

constraints. 
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5.3 Combining Geophysics with Bulk Composition 
While we cannot rule out either a stratified or homogeneous mantle, bulk chemistry 

clarifies the trends in layer thickness for a given temperature profile and puts firm limits on some 

layers. Some curious features appear when layer thicknesses of the BC-RMSND are displayed 

versus one another (Figure 5). Lower ilmenite-bearing layer volume, rather than appearing 

independent from upper ilmenite-bearing layer volume, now trades off as per the limitation on 

the total Ti content of the Moon. As is shown by the linear trade-off in Upper and Lower 

Ilmenite volumes in Figure S7a, the total volume of the ilmenite-bearing layer (upper and lower 

combined) is a near constant and is controlled by the Ti concentration of the bulk Moon. To this 

effect, the total mantle thickness increases with core growth within the geophysical constraints. 

However, within the chemistry the best fit region is much wider for total mantle thickness versus 

total core (Figure S7b). The Upper and Lower Ilmenite volumes are also well constrained. Bulk 

chemistry limits ilmenite-bearing material and therefore sometimes temperature profile (Figure 

S4). As the deviation of Ti goes up, it drives an increase in BC-RMSND. For instance, in CH-H-

MaxT, the best-fitting lower ilmenite-bearing layer thickness seems to vanish with the bulk 

chemistry implementation. This also occurs in the Taylor model class, but for Al content in the 

crust. A noteworthy feature from the bulk chemistry in the CS model class is that not only Ti but 

also Si is limited. This is because our CS mantle is based on the model from Snyder et al. (1992), 

which features a pure orthopyroxene layer rich in Si relative to olivine. This layer can be seen in 

the stratigraphic column plots of Figure 8. 

An interesting observation in the top 30 models in Figure 8 is that, irrespective of model 

class, every best-fit model has a prominently thick lower ilmenite-bearing layer which supports 

the idea that a mantle overturn process involving sinking of the upper ilmenite-bearing layer 

through the mantle took place at some point in lunar history. Also, it is noteworthy that each of 

the top 30 models contain a finite volume of upper ilmenite-bearing layer, which is likely a 

residue from the mantle overturn process. These upper and lower ilmenite-bearing layers not 

only redistribute heat producing elements within the Moon (which has implications for the 

dynamics of the lunar interior), but the presence of a residual upper ilmenite layer may have 

implications for potential assimilation of these Fe-Ti rich cumulates with a Mg-rich primary 

partial melt to produce the chemistry of certain lunar basalts (e.g. Mallik et al., 2019).  

5.4 The lunar core 
Our models determine tight range of possible Total Core sizes of 269 - 387 km (Figure 6, 

8 and Table S5), consistent with previous results (Hood et al., 1999; Shimizu et al., 2013,Garcia 
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et al., 2011, 2012; Weber et al., 2011;Yan et al., 2015). BC-RMSND applied no direct constraints 

to the Total Core size, which is sensible since the bulk chemistry constraints only described the 

silicate mantle. We cannot independently constrain inner and outer core thicknesses, as the 

densities of liquid and solid iron are similar. 

 In our model, for simplicity, we assumed that the lunar core was pure iron and not 

allowed for the existence of any light elements in the core. The light element composition of any 

possible fluid outer core is debated, with different studies favoring sulfur (Jing et al., 2014), 

carbon (Steenstra et al., 2016). The addition of light elements would lower the core’s density, 

reducing the mass and MOI of the Moon for a fixed core size. The effect of light elements on 

global mass and MOI likely trades off with the mass of other layers, in particular the lower and 

upper ilmenite-bearing layers. Using both geochemical and geophysical constraints on the light 

element composition of the lunar core should be considered by future work. 

5.5 Upper and Lower Ilmenite-bearing Layers 
Across all nine model subclasses, we observed little-to-no upper ilmenite-bearing layer. 

This was consistent for both the geophysical and bulk compositional RMSNDs, but was 

especially robust from BC-RMSND, where small values coincide with a small volume of 

ilmenite-bearing material (Figure S4b, middle). Similarly, we observed little-to-no Lower 

Ilmenite volume (Figure S4c), but Total Ilmenite is non-zero (Figure S4d). Figure S7 

demonstrated that a trade-off exists between the upper and lower ilmenite-bearing layers. For the 

case of a zero Upper Ilmenite layer, a non-zero volume of lower ilmenite-bearing material at the 

CMB exists. Bulk compositional constraints limit the total amount of TiO2 (and therefore 

ilmenite) in the silicate mantle. For many candidate models, deviations in TiO2 are due to 

enrichment, especially for models with a non-zero volume of upper ilmenite-bearing material 

(Figure 8). Furthermore, the constraints on MOI limit the volume of the upper-ilmenite material, 

where large volumes are penalized for adding excessive mass to the outer radii of the lunar 

interior. Therefore, our models do not discount the possibility that any substantial ilmenite-

bearing layer that formed during LMO crystallization may have subsequently been transported to 

the CMB or mixed with the rest of the mantle. 

5.6 Limitations of this Study and Future Directions 
In our stratified mantle models, we assumed that the stratification was introduced by the 

crystallization of a whole-mantle MO. However. the depth of the lunar MO is uncertain. Current 

estimates state a MO of around 700 km thick, based on the thickness of the crust as obtained 

from GRAIL results (Elkins-Tanton et al., 2011). If the Moon only had a partial-mantle MO  
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there would be a substantial primitive lower mantle in the Moon, which has not been considered 

in this study. However, the methods outlined here are applicable to other models that do consider 

a partial MO, such as Charlier et al. (2018) and Lin et al. (2018a,b).  

Our reference bulk composition is derived from a compilation of available compositional 

models, but these models largely consist of Taylor-like compositions, which bias our 

geochemical constraints towards a Taylor-like lunar structure. For example, in Figure 4S the 

best-fit models found for the CH-T model class feature the lowest BC-RMSND values across all 

models. To help correct this, a weighting could be applied when averaging the available 

compositions. However, we elected not to do this because the validity of one composition 

relative to another is uncertain. The available bulk compositional models assume that estimates 

based on Apollo samples and remote spectroscopy of the lunar surface represent the bulk silicate 

mantle and crust. This may not be the case, and future sample return missions are likely needed 

for improvements in this area. The imposed bulk chemistry reference can be tweaked for future 

work to re-evaluate the ensemble of best-fitting models. 

This study does not take the hemispheric dichotomy of the Moon into consideration. 

Given that heat producing elements are more concentrated on the surface of the near side rather 

than the far side, it is not surprising if the near side follows a hotter selenotherm than the far side, 

and the hemispheres have had distinct evolutionary histories. Future seismic analyses from a 

global lunar geophysical network may shed light into the hemispheric dichotomy and resolve the 

potentially distinct interior structures of each hemisphere. 

Though not treated in this study, an additional constraint on lunar structure could be 

provided by the observed tidal dissipation quantified by the Love numbers k2 and h2. However, 

tidal dissipation depends on both mantle temperature and mineral grain size (Faul & Jackson, 

2005; Nimmo et al., 2012). Grain size is not well constrained within the lunar mantle, and so 

this. 

Lastly, we performed two preliminary studies to investigate and motivate the sinking 

mechanisms for ilmenite-bearing layer through the mantle. These are summarized briefly here 

and the reader is directed to Text S1 for full description. We examined whether the ilmenite-

bearing layer proposed to have formed below the anorthite crust after 95% MO crystallization 

can sink, either as a liquid or a solid, and constitute the proposed melt layer within the lunar 

lower mantle. As a liquid, we found that Fe+Ti-rich partial melt must reach a density crossover 

point of ~180 km, with limited mantle assimilation, to become negatively buoyant with respect to 

the surrounding mantle. This crossover depth increases with increasing amounts of mantle 
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assimilation. We considered impacts as a possible mechanism to transport ilmenite to depth, and 

found that it is unlikely that impacts are capable of transporting significant amounts of Fe-Ti-rich 

partial melt beyond the crossover depth. As a solid, we performed mantle convection modeling 

and demonstrated that an ilmenite-bearing layer can sink and persist at the CMB as a solid for a 

homogeneous mantle. Further convection modeling is required to more fully capture the 

ilmenite-bearing layer overturn scenario in a stratified model composition. 

6 Conclusions 
We have explored the range of possible lunar interior structure models by combining 

geophysical and geochemical constraints. To do this, we developed a computational tool called 

Selenoman to calculate the physical properties of the lunar interior and compare against 

observations of mass, MOI, and bulk chemistry. We tested 383,234 different 1D lunar candidate 

models across nine combinations of compositional classes and temperature profiles. We found 

that mass and MOI alone narrowed the scope of likely composition and selenotherm 

combinations, but the addition of bulk compositional constraints further constrained the range of 

plausible structures. Our inherently multidisciplinary approach is applicable to any planetary 

body where estimates of bulk chemistry and total mass and moment of inertia are available, such 

as Mars. 

We found both compositionally homogenous and compositionally stratified lunar 

candidate models that match the observational constraints applied in this study but find that 

imposed temperature gradient qualifies the likelihood of our proposed profiles. Within our best-

fit models we observed a Total Core size (sum of inner and outer core size) to be consistent with 

previous observations. 

Our lunar candidate models are consistent with an ilmenite-bearing layer at the CMB in 

the present-day Moon. The volume of a lower ilmenite-bearing layer was not well constrained, 

with acceptable models varying from 0-7.7e8 km3. The resulting range of the upper ilmenite-

bearing layer thickness was less than 24 km. Our best-fit models exhibited a non-zero volume of 

Total Ilmenite (sum of upper and lower ilmenite-bearing layers), and we found that the Upper 

and Lower Ilmenite volumes trade off to meet the total titanium constraint of the Moon. The use 

of bulk chemistry constraints reduced the range of ilmenite-bearing layer thicknesses found for 

observationally consistent models by introducing additional limitations on our results.  

Despite the simplistic assumptions of our laterally averaged compositional structure, our 

results generally match the seismic and density profiles of Weber et al. [2011] and Garcia et al. 
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[2011, 2012] for all three model classes. We demonstrate that the shifts in seismic and density 

that occur with the change in temperature profile are potentially less than the measurement error 

of the Apollo seismic data. We conclude that current estimates of seismic velocities alone are 

insufficient to constrain the density and compositional structure of the lunar interior without 

applying additional constraints. 
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