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Abstract 
 

A multi model investigation of the global interior structure of the Moon 
 

by 
 

Heidi	  Fuqua 
 

Doctor of Philosophy in Earth	  and	  Planetary	  Science 
 

University of California, Berkeley 
 

Professor Imke	  de	  Pater, Chair 
 
 

We consider four modeling efforts to determine the interior structure of the Moon. This includes 
a geophysical forward model capturing magnetic induction from conducting layers within a 
vacuum, a plasma induction model capturing the kinetic plasma environment within the wake 
cavity around a conducting Moon, a multidisciplinary modeling analysis including geochemical, 
geophysical, and geodynamical considerations, and forward calculate the seismic free 
oscillations of the Moon. 
 
Electromagnetic Sounding constrains conducting layers of the lunar interior by observing 
variations in the Interplanetary Magnetic Field disturbing the Moon. We employ the time domain 
transfer function method locating transient events observed by two magnetometers near the 
Moon. We consider ARTEMIS and Apollo magnetometer data. We demonstrate our forward 
model passes benchmarking analyses and solves the magnetic induction response for any input 
signal as well as any conductivity profile. Plasma hybrid models use the upstream plasma 
conditions and IMF to capture the wake current systems formed around the Moon. The plasma 
kinetic equations are solved for ion particles with electrons as a charge-neutralizing fluid. These 
models accurately capture the large-scale lunar wake dynamics for a variety of solar wind 
conditions (ion density, temperature, solar wind velocity, and IMF orientation). This method and 
modeling results are applicable to any airless body with a conducting interior, interacting directly 
with the solar wind in the absence of a parent body magnetic field as well as any two-point 
magnetometer constellation. 
 
For our third analysis, we take a multidisciplinary approach to constrain key parameters of the 
lunar structure. We use an ensemble of 1D lunar compositional models with chemically and 
mineralogically distinct layers, and forward calculate physical parameters. We employ a grid 
search and a differential evolution genetic search algorithm to extensively explore model space, 
where the thickness of individual compositional layers varies. We find that the proposed partially 
molten layer within the deep mantle may have been formed by the overturn of an ilmenite rich 
layer, formed after the crystallization of a magma ocean. Moreover, only a narrow range of core 
radii are consistent with the mass and moment of inertia constraints. For the models that fit the 
observed mass and moment of inertia, we compare the deviation in the chemistry to that 
published, and calculate 1D seismic velocity profiles, the majority of which compare well with 
those determined by inverting the Apollo seismic data. 
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1 Introduction 
 
 

1.1 The interdisciplinary nature of Lunar Science 
	  

Due to the lack of global resurfacing and weathering processes, the Moon preserves a 
valuable record of planetary formation, differentiation, and early solar system processes. 
Studying the Moon’s history is enabled by a variety of disciplines including geology, 
geochemistry, geophysics, space physics, mineralogy, orbital dynamics, and geochronology 
[Jaumann et al., 2012]. Geophysical investigations quantify the current state, structure, bulk 
composition, and thermal profile of the lunar interior. These investigations include heat probe, 
seismic, magnetic, gravity, topography, and lunar laser ranging experiments. These analyses are 
enabled by observations from robotic and manned lunar missions, and analysis of Apollo 
samples and lunar meteorites [e.g., Wieczorek et al., 2006; Crawford et al., 2012]. Precise 
constraints on the current state of the Moon are the first step towards understanding its past 
[Wieczorek et al., 2006; Crawford et al., 2012; Jaumann et al., 2012; Khan et al., 2013]. 

Previous analyses suggest the Moon possesses a differentiated interior with a small dense 
metallic core less than ~400 km in radius, a partially molten lower mantle, stratified mid and 
upper mantle composed of predominantly olivine, with a plagioclase flotation crust covered by a 
layer of highly fractured regolith [Wieczorek et al., 2006], Figure 1. Electromagnetic sounding 
analyses [Hood et al., 1999; Shimizu et al., 2013], mass and moment of inertia constraints [Yan 
et al., 2015], and seismic analyses [Garcia et al., 2011, 2012; Weber et al., 2011] are all 
suggestive of a lunar core < 400 km. Despite these investigations, several key questions remain 
regarding the global lunar interior structure including the precise size, state and composition of 
the lunar core, the existence of a partially molten layer at the Core Mantle Boundary (CMB), 
mid-mantle discontinuities, and any lateral heterogeneities within the lunar interior [Wieczorek et 
al., 2006; NRC, 2007, 2011; Neal, 2009; Khan et al., 2013].  

 
 

 
	  
Figure	  1.	  (right)	  The	  current	  
state	  of	  the	  lunar	  interior	  is	  
summarized	   in	   this	   figure.	  
Apollo	  stations	  are	  in	  green.	  
Approximate	   crustal	  
thickness	   and	   moonquake	  
locations	   are	   noted	  
[Wieczorek	   et	   al.,	   2006;	  
Jaumann	  et	  al.,	  2012].	  
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1.1.1 The Geophysical Structure of the Moon 
The crust of the Moon has been studied through Apollo lunar surface samples, lunar 

meteorites, and remote sensing from lunar orbiting satellite platforms such as e.g., Chandraya’an, 
Lunar Prospector, Clementine, GRAIL, and LRO. The crust constitutes an anorthitic plagioclase 
flotation product from the post-impact, initially molten Moon. The global crustal bulk density, 
porosity, and thickness of the Moon has been mapped using the high resolution GRAIL and 
LRO/LOLA datasets [Wieczorek et al., 2013]; the global average crustal thickness is 34 - 43 km, 
while the near- and far-sides demonstrate over 20 km difference in terms of regional averages. 
Moreover, the full range of crustal thickness varies from 0 to 80 km. The lunar Mohorovicic 
discontinuity, (or Moho, the transition between the crust and mantle interface) has been observed 
in seismic models and is discussed in detail by, e.g., Khan et al. [2013]. The crust is highly 
resistive (~1e-9 S/m, Dyal et al. 1976, 1977) and exhibits a relative magnetic permeability of that 
of free space [Dyal and Parkin, 1972b]. Furthermore, the surface is covered with a layer of 
highly fractionated regolith breccia (~10 m). In places up to an additional 10 km of megaregolith  
is also observed just below the surface [Wieczorek et al., 2006; Jaumann et al., 2012]. The upper 
crust is ~87 ± 4% plagioclase or 28.5–32.2 wt% Al2O3 [Wieczorek et al., 2006].  

Clearly seen in the global thorium abundances from orbit, the crust is overlain with 
several regions of distinct geochemical composition: Procellarum KREEP Terrane (PKT), South 
Pole Aiken basin, and Feldspathic Highlands Terranes [Jolliff et al., 2000; Wieczorek et al., 
2006]. Potassium, Rare Earth Elements, and Phosphorus (KREEP) basalts have a high heat 
producing composition from the enrichment of radioactive elements of thorium, potassium, and 
uranium. The electrical conductivity signature of the PKT should be distinct from the 
surrounding olivine and other upper mantle rocks; however, the depth and lateral extent beneath 
the surface of the PKT is not well constrained [Grimm, 2013]. Magnetic anomalies, regions of 
enhanced magnetic field preserved in crustal rocks, have been observed by Apollo surface 
measurements [Dyal and Parkin, 1971b] and from orbit [Halekas et al., 2001, 2008; Purucker 
and Nicholas, 2009]. These interact with the solar wind, and contribute to magnetic observations 
within 100 km altitude above the lunar surface [Lin et al., 1998]. When performing TDEM 
observations on or near the surface of the Moon, magnetic anomalies introduce an additional 
magnetic field signal not sourced 
within the deep interior [Lin et al., 
1998; Halekas et al., 2001, 2008; 
Grimm and Delory, 2012; Hood et 

Figure	   2.	   (right)	   Electrical	  
conductivity	  bounds	  as	  a	  function	  
of	   depth	   comparing	   three	  
analyses	   from	   Apollo	  
magnetometer	  data	  (after	  Grimm	  
and	   Delory,	   2012,	   figure	   1)	  
demonstrating	   the	   range	   of	  
electrical	   conductivity	   measured	  
within	   the	   Moon.	   Here	   we	   have	  
updated	  the	  3-‐layer	  model	  of	  Dyal	  
and	   Parkin	   (1971)	   with	   recent	  
measured	   layer	   thickness	   with	   a	  
400	  km	  core	  and	  40	  km	  crust.	  
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al., 2013]. Finally, the extent to which the observed near- and far-side surficial hemispherical 
heterogeneity propagates into the interior is currently not known, in terms of composition, heat 
production and magnetism [Wieczorek et al., 2006; Khan et al., 2013]. 

The mantle of the Moon has not been directly sampled [Wieczorek et al., 2006], but can 
be studied through remote sensing methods such as gravity, seismic, magnetic induction, and 
bulk chemistry analyses. The mantle consists of predominately olivine and pyroxene constituents 
within upper, mid, and lower mantle regions. Several mantle discontinuities have been proposed 
to explain jumps in seismic velocity, and changes in mineralogical compositions at 20, 45 and 
500 km depths [Wieczorek et al., 2006; Khan et al., 2013]. The electrical conductivity of the 
mid- and lower-mantle have been estimated to be 10-2 to 10-4 S/m, while the upper mantle and 
crust ranges from 10-4 to 10-9 S/m [Dyal et al., 1976, 1977; Hood et al., 1982; Khan et al., 2006b; 
Grimm and Delory, 2012], as depicted in Figure 2. Furthermore, variations in electrical 
conductivity can be caused by free electron content observed in iron, hydrogen, and aluminum 
[Khan et al., 2006a; Grimm and Delory, 2012; Grimm, 2013; Pommier, 2013], which adds some 
level of uncertainty within any electromagnetic sounding solution. 

A partially molten layer above the core mantle boundary has been proposed. This layer is 
likely dense titanium rich material that initially formed beneath the crust following magma ocean 
crystallization and later sank as part of a full or partial mantle overturn event [Snyder et al., 
1992a; Elkins-Tanton et al., 2002]. This layer has been inferred from reflections of seismic 
energy from deep moonquakes [Weber et al., 2011] and in the joint inversion of mass, moment 
of inertia, and electrical conductivity dayside transfer functions [Khan et al., 2014]. However, 
Nimmo et al. [2012] demonstrate no need for melt within the deep mantle using an extended 
Bergers rheological model. In a joint analysis of mass, moment of inertia, and Love numbers k2 
and h2, Matsuyama et al. [2016] do not favor a transition layer between the core and mantle. 
Additionally, as Jaumann et al. [2012] and Nimmo et al. [2012] discuss, the material properties 
of a melt are not consistent with the proposed brittle ductile faulting mechanism of the deep 
moonquakes within this region. Further research is warranted in order to improve the current 
uncertainty in the state, composition, and stratigraphy of the lunar mantle. 

Finally, there are several lines of evidence suggesting a core within the current or past 
Moon. Analyzing an observed induced magnetic dipole moment from Lunar Prospector data, 
Hood et al. [1999] conclude that their results are consistent with, but do not necessarily require, a 
highly conducting metallic core of 340 ± 90 km. This is also consistent with Kaguya 
observations which suggest an upper bound of 400 km for a conducting core [Shimizu et al., 
2013]. In the analysis of Lunar Laser Ranging data, Williams et al. [2001] observed a rotational 
dissipation of tidal energy independent of the solid body consistent with fluid within the deep 
interior. In the stacking of deep moonquakes, Weber et al. [2011] observed a differentiated solid 
inner and fluid outer core, while a second seismic analysis by Garcia et al. [2012, 2011] only 
observe a single core layer. Analyzing mass and moment of inertia, Yan et al. [2015] found that a 
core is required within their models. Lastly, analyzing the magnitude, orientation, and age of 
Apollo samples, [Weiss and Tikoo, 2014; Tikoo et al., 2017] have shown an ancient lunar core 
dynamo likely existed during the cooling history of their samples. The core is proposed to be 
predominately iron with light elements such as sulfur [Jing et al., 2014] and carbon [Steenstra et 
al., 2017]. Elardo and Shahar [2017] suggest a nickel iron alloy could be present within the 
lunar core. Moreover, the core plays a key role within origin theories and giant impact scenarios 
[Canup and Asphaug, 2001; Canup, 2012; Ćuk et al., 2016; see Stevenson, 2014 for review]. A 
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solid iron core consists of an electrical conductivity >10 S/m [Dyal et al., 1976], while a molten 
silicate core possess less conductivity, of order ~10 S/m [Hood et al., 1999]. 
 

1.1.2 Time Domain Electromagnetic Theory within the Dynamic Lunar 
Plasma Environment 

The Moon is immersed in a dynamic plasma environment as it passes through several 
distinct regimes throughout a lunation (~28 days), Figure 3. For approximately four days each 
month, the Moon crosses the terrestrial magnetosphere. During this transit, the Moon passes 
through several known electromagnetic boundaries: the magnetopause is crossed upon entering 
or exiting the magnetotail, the plasma current sheet is crossed upon transiting between tail lobes, 
and the magnetosheath is entered after crossing the bow shock prior to the magnetopause. During 
the remaining portion of the Moon’s orbit, the lunar surface is exposed directly to the free 
streaming solar wind, with clear day- and night-side differences (Figure 3c). The Moon absorbs 
plasma particles on the upstream hemisphere leaving behind a trailing plasma void. This wake 
cavity varies in shape and extent according to solar wind conditions including velocity, 
Interplanetary Magnetic Field (IMF) strength and orientation, plasma pressure, electron and ion 
temperature, and density [Halekas et al., 2010; Holmström et al., 2012; Fatemi et al., 2013; 
Zhang et al., 2014]. The lunar wake dynamics are discussed in detail by Halekas et al. [2005, 
2010]. Knowledge of the global scale plasma regime is the first step to understanding the 
boundary conditions acting on the induced response of the Moon. 

Figure	  3.	  (a)	  The	  total	  magnetic	  field	  measured	  at	  or	  near	  the	  surface,	  BA,	  can	  be	  transformed	  
into	  local	  radial	  (R)	  and	  tangential	  (T)	  components,	  North	  points	  towards	  the	  +ZSEL	  axis	  and	  
East	   is	   pointing	   out	   of	   this	   page.	   BE	   is	   the	   location	   of	   the	   reference	   measurement,	   well	  
outside	  of	  any	  lunar	  induction	  affects.	  Boundary	  conditions	  of	  the	  induced	  magnetic	  field,	  Bi,	  
vary	   according	   to	   the	   lunar	   environment:	   (b)	   near	   vacuum	  magnetotail,	   or	   (c)	   solar	  wind	  
with	  varying	  day	  (+XSSE)	  and	  night	  (-‐XSSE)	  side	  conditions.	  Bi	  opposes	  the	  external	  changing	  
field	  according	  to	  Lenz’s	  law.	  Two	  geocentric	  Cartesian	  lunar	  coordinate	  systems	  used	  here:	  
Selenographic	   (SEL)	  where	  +XSEL	  points	   towards	   the	  Earth,	  and	  Selenocentric	  Solar	  Ecliptic	  
(SSE),	  where	  +XSSE	  points	  towards	  the	  Sun.	  

+XSEL&

+ZSEL&
Tn R 

BA#

BE#

a b
σ1

σ 2 <<1

∂B
∂t

BA#
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Bi&

BA#
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∂B
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 On the dayside, the solar wind dynamic pressure overpowers the magnetic pressure of 
any induced fields, thereby confining them below the lunar surface. This is equivalent to the 
formation of currents in the highly conducting plasma that prevents the induced fields from 
expanding into space [Sonett, 1982]. This confining dayside current layer has yet to be observed 
[Sonett, 1982], yet one plausible explanation is that it closes through the electron-rich 
photoelectron sheath present within the first few meters of the lunar dayside surface [Poppe and 
Horányi, 2010]. This full or partial dayside confinement acts as a boundary condition for EM 
sounding analysis. The fully confined case was developed during the Apollo era and interprets 
the Spherically Symmetric Plasma (SSP) model within the frequency domain [Blank and Sill, 
1969; Schubert and Schwartz, 1969]. 

On the nightside, plasma effects are assumed to be minimal within the deep wake cavity. 
Thus, the induced fields were initially proposed to expand unimpeded into a confining wake 
cavity similar to that of a dipole within a vacuum [Dyal and Parkin, 1971a; Sonett et al., 1971c; 
Sill, 1972; Sonett, 1982]. This was referred to as the Spherically Symmetric Vacuum (SSV) 
theory. Typically, SSV considers transient events measured on the nightside within the deep 
lunar wake. SSV was typically interpreted in the time domain. SSV was criticized for not 
considering the known asymmetric confinement of the induced field; in particular, Schubert et al. 
[1973c] state the interpretation of nightside data should await the full time-dependent 
asymmetric theory development. 

 

	  
Figure	   4.	   The	   dynamic	   lunar	   plasma	   environment	   is	   summarized	   above	   (Delory,	   personal	  
communication).	   We	   note	   when	   the	   Moon	   is	   exposed	   to	   the	   solar	   wind,	   the	   wake	   cavity	  
formed	  on	  the	  nightside	  through	  several	  plasma	  processes. 

 Recently, the self-consistent interaction between the wake fields and the induced field 
was studied using a plasma hybrid model [Fatemi et al., 2015]. In this analysis, the authors 
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studied the extent of nightside confinement, or distortion, the wake field has on the induced field. 
Fatemi et al. [2015] demonstrate a minimally disturbed region near the anti-subsolar point within 
the deep wake may exist near the surface. The extent of this zone varies with the upstream 
plasma conditions and induced magnetic moment magnitude. The SSV approximation may be 
valid within this region. Moreover, Fatemi et al. [2015] demonstrate that induced fields are not 
necessarily confined by the wake current systems as previously purposed, but may propagate 
beyond the extent of the rarefaction boundary. Fatemi et al. [2015] also pointed out that induced 
fields are minimally disturbed by the wake current systems during periods of low plasma beta 
(where plasma beta is defined as the ratio of plasma thermal pressure to magnetic pressure), 
when the magnetic pressure dominates and the diamagnetic currents are minimal. Thus, the 
vacuum response can be a more accurate description of the nightside induced field structure for 
certain ranges of plasma parameters. The plasma conditions surrounding the Moon need to be 
fully assessed to determine the applicability of the vacuum approximation. For occurrences when 
the EM plasma environment boundary conditions cannot be approximated by a vacuum, a time 
dependent coupled plasma-induction model can be used to fully capture these interactions self 
consistently. The results of this paper display the vacuum response as a valid interpretation of the 
first order induced field response at the Moon for specific solar wind configurations. We discuss 
the Moon here, but this approach is applicable to any airless body experiencing low plasma beta 
conditions. 

  

1.1.3 Lunar Magma Ocean Crystallization 

	  
Figure	   5.	   Lunar	   magma	   ocean	   crystallization	   sequence	   is	   summarized	   above	   following	   a	  
homogenized	  mantle.	   The	   first	   stage	  of	   differentiation	   forms	   a	  plagioclase	   floatation	   crust	  
and	   an	   olivine	   and	   pyroxene	   mantle.	   The	   final	   stage	   of	   crystallization	   is	   a	   high	   titanium	  
KREEP	  layer	  which	  forms	  below	  the	  crust	  and	  above	  the	  mantle	  [NRC,	  2007]. 

 Following the giant impact origin [see Stevenson, 2014 for a review] the Moon is thought 
to posses a global magma ocean commonly referred to as the Lunar Magma Ocean (LMO). This 
layer cools through the process of crystallization. Following LMO crystallization, some have 
proposed overturn mechanisms [Snyder et al., 1992b]. These processes have implications for a 
past lunar dynamo. Pristine high-Titanium (Ti) ultramafic glasses from Apollo missions 11 
through 17 [Delano, 1986] imply Ti enrichment within the lunar mantle. Phase equilibrium 
experiments indicate that the high-Ti glasses found in basaltic lavas on the surface of the Moon 
are in equilibrium with a mantle assemblage as deep as 250 – 500 km [Green et al., 1975; 
Delano, 1980; Wagner and Grove, 1997]. Such a deep source demands a global-scale 
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mechanism to enrich the lunar mantle in Ti. The most titaniferous layer formed during the 
crystallization of the LMO is an ilmenite-rich layer that crystallized from the remnant liquid at a 
depth of 100 km from the lunar surface, after 95% crystallization of the LMO [Snyder et al., 
1992a; Elkins-Tanton et al., 2002; Elardo et al., 2011]. Such an ilmenite-rich layer, with 16% 
ilmenite and 84% clinopyroxene [Snyder et al., 1992a], would have a density of 3.8 g/cm3 as a 
solid, approximately 0.4-0.5 g/cm3 denser than the underlying olivine+orthopyroxene-bearing 
mantle. Solid-state creep is a mechanism for the sinking of an ilmenite-rich layer through the 
underlying mantle, driven by the density contrast. This allows a shallow Ti-rich layer to sink to 
the lunar CMB where it could later erupt to the surface as high-Ti lavas [Ringwood and Kesson, 
1976; Herbert, 1980; Hess and Parmentier, 1995; de Vries et al., 2010]. Alternatively, Elkins-
Tanton et al. [2002] suggested that the high viscosity of this layer would prevent sinking as a 
solid, and moreover, being partially molten is required in order to percolate through the 
underlying mantle. A partial melt could be left over from the LMO or a secondary melt could be 
produced by shock heating due to giant impacts or from radiogenic heating. 

The iron-titanium rich (Fe+Ti), high-density layer could have been driven to the core 
mantle boundary by large-scale gravitational instability overturn of the mantle. Modeling of 
lunar mantle convection is usually simplified by assuming the Moon accreted as a hot planetary 
body containing a global magma ocean, which crystallized upon cooling. The result is a 
chemically stratified cumulate mantle with a plagioclase crust. The global extent of the LMO 
[Khan et al., 2013], the overturn sequence in terms of local small scale or global large scale 
transport mechanisms [Snyder et al., 1992a], and the feasibility of such a mechanism for 
transporting ilmenite to the CMB is currently under discussion [Elkins-Tanton et al., 2002; Borg 
et al., 2011; Elkins-Tanton, 2012]. 

Once a high-density (potentially partially molten) layer has been produced at the CMB, 
the question arises as to its stability. Some studies suggest a partial melt layer might be stable at 
the CMB [Weber et al., 2011; Khan et al., 2014]. This would support a present-day density 
structure of the lunar mantle with stable ilmenite bearing cumulates at the CMB [Khan et al., 
2014]. Additionally, de Vries et al. [2010] showed ilmenite-rich cumulates can dynamically sink 
through the mantle and survive full mantle convection. They demonstrate this through analyzing 
a 2D convection model varying the density and internal heat production of the ilmenite-rich layer 
over 4.5 Ga. 

The lunar magnetic field [Stegman et al., 2003] and late generation of mare basalts 
[Zhong et al., 2000; de Vries et al., 2010] may result from convective instability of the ilmenite-
rich layer. An ilmenite-rich layer contains heat-producing elements and thus, the excess heat 
could melt the surrounding mantle and partially account for the formation of the lunar mare 
basalts [Hess and Parmentier, 1995]. An ilmenite-rich layer at the CMB initially reduces core 
cooling, thereby inhibiting magnetic field generation. However, the radioactive heating of such a 
layer increases its buoyancy, potentially causing it to rise into the mantle [Zhong et al., 2000], 
which could result in a core heat flux sufficient to power a lunar dynamo. 3D spherical mantle 
convection modeling also suggests that a dense layer, enriched in radioactive elements at the 
base of the lunar mantle can initially prevent core cooling, but its removal results in a core heat 
flux sufficient to power a short lived lunar dynamo [Stegman et al., 2003]. However, 
mechanisms other than thermal convection have been proposed to drive the lunar dynamo 
including thermochemical convection [Stegman et al., 2003], precession [Dwyer et al., 2011], 
cometary impacts [Le Bars et al., 2011], and core crystallization [Laneuville et al., 2014]. 
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1.1.4 Seismic Free Oscillation Characterization of the Moon 
 Upon release of large amounts of seismic energy, a structure oscillates at its free modes 

prescribed by the composition and shape of its material, ringing like a bell. On the Earth, the 
normal modes are easily identified as the peak frequencies in the frequency domain spectra 
converted directly from a long displacement time series seismogram following an earthquake 
[Lay and Wallace, 1995]. One can also compute them for a 1D, spherically symmetric, isotropic, 
non-rotating model of a planet. Shallow and surface events excite the gravest fundamental 
normal modes, while deeper events also excite higher order modes. Departure from ideal 
geometry complicates normal mode structure by adding splitting, broadening, and overlapping 
effects [Aki and Richards, 2009]. In addition, the Moon has very limited large magnitude events, 
and the Apollo seismometer network had only a limited geographical extent only on the nearside 
hemisphere [Lognonné, 2007]. As depicted in Figure 1, little is known about the farside 
hemisphere of the Moon, if similar or different composition and seismic processes exist 
[Wieczorek et al., 2006]. Moreover, this is key to fully understanding what origin and formation 
mechanisms acted on the early Moon, early Earth, and early solar system, to produce what is 
observed today. Thus, NASA has identified understanding the interior of the Moon as a top 
priority within the upcoming decade of planetary science research [NRC, 2011]. Moreover, the 
NASA Planetary Science Decadal Survey suggests a global multi-station Lunar geophysical 
network would help answer these questions [NRC, 2011] and an international lunar network has 
also been proposed [NASA, 2009; Shearer and Tahu, 2010]. Some have proposed the Moon is an 
ideal location to detect strange quark mater in a future lunar network due to its low background 
seismicity [Banerdt et al., 2007]. Observations from these future missions will help elucidate the 
interior structure of the Moon, including the current state and extent of a core, and the 
composition of the farside hemisphere including lateral heterogeneity. In this chapter, we 
corroborate these benefits of a future lunar geophysical network. 
 

1.2 Structure of the dissertation 
The study of the current and past state of the internal structure of the Moon spans several 

disciplines including geophysics, space plasma physics, geochemistry, mineralogy, and 
geodynamics. Multifaceted constraints form the foundation for lunar origin and formation 
theories and inform solar system dynamic processes. This dissertation is presented in four main 
sections:  

a) Chapter 2: Finite Element Analysis for Nightside Transfer Function Lunar 
Electromagnetic Sounding. The global electromagnetic induction response of the Moon 
has been solved numerically for a variety of electrical conductivity models using the 
finite-element method. Here, we demonstrate the capability and applicability in both two 
and three spatial dimensions for any input magnetic field time series measured at the 
Moon. We discuss the applicability of a vacuum response to the lunar plasma 
environment and the challenges associated with isolating geomagnetic induced fields 
including interaction with the lunar wake structure and associated dynamics. We perform 
three validation analyses comparing our vacuum model response to analytic solutions: (1) 
the time domain response to a step impulse or tangential discontinuity within the solar 
wind, (2) the time domain response to a ramp driving function, and (3) the broadband 
frequency domain response. We fit the analytic solutions to a root-mean-square error of 
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better than 1% for all cases. We analyze the accuracy range and extent to solve the 
forward problem and demonstrate our model’s performance to Apollo magnetometer data 
case studies. We compare these model constraints with available natural source 
mechanisms within the lunar environment that drive induction. Lastly, we discuss the 
trade-offs between model accuracy and performance, which is of particular concern for 
large datasets and iterative optimizations. The transfer function method developed here is 
applicable to any airless body two-point magnetometer measurement including Apollo, 
ARTEMIS, and future lunar geophysical networks. 

1. This chapter primarily consists of the following paper submitted for publication: 
Fuqua Haviland, H., Delory, G. T., de Pater, I. (submitted). Finite Element 
Analysis for Lunar Electromagnetic Sounding. Geophysical Journal International. 
My contributions consisted of performing all analyses and modeling with advising 
from the co-authors. I wrote manuscript and created the figures with revising and 
editing from co-authors. 

b) Chapter 3: Applications of plasma hybrid kinetic wake models with a coupled lunar 
induction response. We perform a methodological comparison for understanding the 
boundary conditions applied in Nightside Time Domain Electromagnetic Sounding at the 
Moon. Our models include a plasma induction model capturing the kinetic plasma 
environment within the wake cavity around a conducting Moon, and a geophysical 
forward model capturing induction in a vacuum. The combination of these two models 
enables a more accurate analysis of magnetometer data within the wake cavity. Plasma 
hybrid models use the upstream plasma conditions and interplanetary magnetic field to 
capture the wake current systems formed around the Moon. The plasma kinetic equations 
are solved for ion particles with electrons as a charge-neutralizing fluid. These models 
accurately capture the large-scale lunar wake dynamics for a variety of solar wind 
conditions: ion density, temperature, solar wind velocity, and IMF orientation. Given the 
3D orientation variability coupled with the large range of conditions seen within the lunar 
plasma environment, we characterize the environment one case at a time. These results 
are applicable to any conducting airless body. 

1. This chapter builds on work from the following co-authors: Shahab Fatemi, 
Andrew Poppe, Greg Delory. I created all non-referenced figures. 

c) Chapter 4: Constraints on Lunar Interior Structure from Combined Geochemical, 
Mineralogical, Geodynamic, and Geophysical Modeling. Evaluating the formation 
history and evolution of the Moon lies in understanding the current state of its interior. 
We test the possibility that the previously proposed low velocity zone at the base of the 
lunar mantle can be formed by the sinking of iron-titanium-rich material originating at 
the top of the early Moon mantle. We corroborate the hypothesis that a portion of this 
layer can sink to the core-mantle boundary as a solid phase, and we refute the notion that 
a partial melt of this layer can sink through the mantle. We consider a multidisciplinary 
approach to explore the lunar interior with geoscientific computational tools through 
three stages of lunar history: (1) the early Moon case directly following magma ocean 
crystallization, (2) subsequent 4 Ga of mantle convection history, and (3) the current day 
Moon case. To perform this analysis, we forward calculate mass, moment of inertia, and 
bulk silicate composition from 1D lunar interior models to produce plausible structures 
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that match observations. We consider both a compositionally homogeneous mantle and a 
compositionally stratified mantle representing remnants of magma ocean crystallization, 
and test three lunar temperature profiles. For the models that fit the observed mass and 
moment of inertia to within 2σ, we calculate reasonable 1D seismic velocity profiles and 
find a narrow range of metallic (iron) core radii. The presence of a lower ilmenite-rich 
layer in the best-fit models is suggestive of a mantle overturn event. 

1. This chapter began as a Cooperative Institute for Dynamic Earth Research 
(CIDER) 2014 summer project and primarily consists of the following paper 
submitted for publication: Fuqua Haviland, H.,* Bremner, P.M.,* Mallik, A.,* 
Lock, S.J.,* Diamond, M.R.,* Panovska, S., * Jiménez-Pérez, H., Shahar, A., 
Panero, W.R., Lognonné, P.H. (in preparation). Constraints on Lunar Interior 
Structure from Combined Geochemical, Mineralogical, Geodynamic, and 
Geophysical Modeling. Geochemistry, Geophysics, Geosystems. (*) indicates 
equal contributions weight. My contributions consisted of project management, 
responsible for geophysical performing analyzes (Sections 4.3) including the 
integrated temperature profile, the DE optimization, and selenoman code 
development. I also assisted in the cluster grid search analysis. I am the primary 
manuscript author and editor, as well as, created Figures 30 and Figure 34. 

d) Chapter 5: Detection of a Lunar Core Using Free Oscillations. A release of seismic 
energy resonates at the frequencies of the Moon's normal modes that are sensitive to 
global interior structure. There are several challenges to identifying these free oscillations 
due to the paucity of large magnitude events and poor instrument sensitivity. Free 
oscillations are able to constrain the deep lunar interior more definitively than any other 
geophysical analysis method. This proposal seeks to answer the fundamental question 
regarding the existence of a lunar core through forward modeling of lunar free 
oscillations. This project will address the previous lunar Normal Mode analysis 
performed and deal with subsequent critiques. 

a. This chapter builds on work from the following co-author: Barbara Romanowicz. 

These dissertation results have advanced the state of knowledge of the lunar interior and provide 
insight into plausible formation mechanisms. This has been approached from a wide breadth of 
disciplines. Please note the convention used: we use “figure” to reference a figure within a 
published article and “Figure” to describe a specific figure in this dissertation. Also for “Table” 
and “table.” Detailed investigations follow as well as next steps specific to each project chapter.  
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2 Finite Element Analysis for Nightside Transfer 
Function Lunar Electromagnetic Sounding 

 
 

2.1 Introduction 
	  

Among the many tools available for studying the interior structure of planetary bodies, 
electromagnetic (EM) sounding is a robust and capable remote sensing geophysical method with 
several key advantages. EM geophysical methods apply Faraday’s law of induction to interpret 
material properties at depth and have been successfully applied to terrestrial bodies throughout 
the solar system including the Earth (e.g., Constable and Constable, 2004; Kelbert et al., 2009), 
Mercury [Johnson et al., 2016], the Moon [Hood et al., 1999; Shimizu et al., 2013], and outer 
planet moons such as Europa and Callisto [Khurana et al., 1998; Zimmer et al., 2000; Kivelson et 
al., 2002]. EM Sounding on the global scale can be accomplished by three main natural source 
methods [Spies and Frischknecht, 1991; West and Macnae, 1991; Grimm and Delory, 2012]: 1. 
Geomagnetic Depth Sounding (GDS) [Ribaudo et al., 2012], 2. Magnetotellurics (MT) [Vozoff, 
1991], and the 3. Transfer Function (TF) method (e.g., Schubert et al., 1973a). The TF method 
compares a reference measurement of the pristine solar wind to that on or near the surface on the 
day or nightside hemispheres [Sonett, 1982]. For our analysis of the Moon, we focus solely on 
the last method, the two point TF method applied within the solar wind nightside wake cavity for 
three primary reasons: (1) the two point method directly measures the driving input thereby 
minimizing error, (2) the majority of the lunar orbit is within the solar wind, facilitating more 
opportunities to observe a large natural source signal driving induction, (3) much work has been 
done to understand the physics of the lunar nightside wake cavity since the Apollo era (e.g., 
Fatemi et al., 2013; Halekas et al., 2010, 2005; Holmström et al., 2012; Poppe et al., 2014; see 
Section 2.2 for a detailed description of this work). In light of our increased understanding of the 
physics of the lunar wake, there is a need to revisit the theory of EM sounding as applied to the 
Moon. These methods can be solved in the time or frequency domains; however, the time 
domain is better suited for analysis from moving satellite platforms [Grimm and Delory, 2012]. 

Several previous EM sounding studies of the Moon have been performed including 
analyses in the dayside solar wind [Schubert and Colburn, 1971; Sonett et al., 1971a; Smith et al., 
1973; Hobbs et al., 1984], nightside wake cavity [Dyal and Parkin, 1971a, 1972a, 1973; Dyal et 
al., 1974a], and magnetotail lobes [Dyal et al., 1976; Hood et al., 1999; Shimizu et al., 2013]. 
Previous analyses using EM sounding were limited to assuming the internal conductivity 
structure of the Moon consisted of symmetric homogeneous layers [Sonett, 1982]. In order to 
solve for the induced response in the time domain, the external driving signal of the solar wind 
was often approximated by step or ramp functions mimicking the transient magnetic field 
behavior [Dyal and Parkin, 1971a; Schubert and Colburn, 1971]. Analysis of nightside wake 
data also assumed that the induced field expanded as in a vacuum [Dyal and Parkin, 1971a], 
referred to as the spherically symmetric vacuum theory (SSV) (see Sonett (1982) for a review of 
lunar EM sounding). Dyal and Parkin (1971a) found a three-layer conductivity profile satisfying 
the SSV interpretation for an ensemble of 100 nightside transient events. Schubert and Colburn 
(1971), meanwhile, improved the fit to the nightside transient event with a ramp input function; 
however, the SSV theory was challenged by the known asymmetries of the day and nightside 
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wake boundary conditions acting on induced fields [Schubert et al., 1973a, 1973c; Schwartz and 
Schubert, 1973]. Based on these analyses it was concluded that it would be beneficial to await 
the development of a fully self-consistent time dependent model that is able to capture the 
asymmetric field response [Schubert et al., 1973c]. 

While previous Apollo analyses used analytic methods, modern analysis techniques open 
a new window into solving this problem. In particular, the Finite Element Method (FEM) is a 
numerical method which solves a system of partial differential equations at discrete locations 
specified throughout space [Barkanov, 2001]. Initial conditions and material properties such as 
electrical conductivity are specified, and boundary conditions are applied to simulate the 
electromagnetic environment at the Moon. In this manner, the electromagnetically induced 
response of the Moon is solved throughout the model space. This method has several key 
advantages and is well-suited to solve the global lunar induction response of any airless body for 
an arbitrary input field and varying electrical conductivity profile, including, for example, three-
dimensional lateral heterogeneity [Coggon, 1971; Rodi, 1976; Barkanov, 2001]. These 
advantages include the accurate representation of complex geometry, differing material 
properties, and the separation of local and global effects [Barkanov, 2001]. Grimm and Delory 
(2012) demonstrate the FEM ability to solve the frequency domain response for lunar induction 
within a vacuum. Also Grimm (2013) uses a FEM induction model to study the effect of local 
enrichment of electrical conductivity from the Procellarum KREEP Terrane layers on the 
frequency domain transfer function response. KREEP is a residual melt consisting of Potassium, 
Rare Earth Element, and Phosphorus [Jolliff et al., 2000]. 

In this chapter, we demonstrate that the FEM can be used to accurately capture the 
induced magnetic field response of conducting layers within the Moon from changes propagating 
through the solar wind. We present newly developed, two and three-dimensional models along 
with three benchmark analyses and a case study applied to Apollo magnetometer data [Dyal and 
Parkin, 1971a; Schubert and Colburn, 1971]. We present the first time domain numerical 
solution of the induced magnetic field response of the Moon in vacuum for any driving input 
signal and any interior conductivity profile. Our model can be used in both two and three spatial 
dimensions, and within both the time and frequency domains. The key strength of this model is 
that it can solve this problem quickly and iteratively, important aspects of both forward 
calculating grid searches and inversion analyses [e.g., Parker, 1971]. For analyzing the nightside 
region of the Moon, this model can work alongside a plasma hybrid induction model [e.g., 
Fatemi et al., 2017] to narrow the applicable lunar interior conductivity profile of a dataset. In 
section 2, we provide background on the interior structure of the Moon, the lunar plasma 
environment, and the time domain EM (TDEM) TF method at the Moon. Specifically, we 
discuss the application of the plasma wake as boundary conditions acting on the induced field 
within TDEM analysis. In Section 2.2, we describe the model starting with the governing 
equations and move into the implementation within the FEM and the COMSOL software. In 
Section 2.3, we present the results of three model validation benchmark analyses. Following, 
Section 2.4 presents a case study application of our model to Apollo data. Lastly, we conclude 
our TDEM TF model is a robust and capable method for understanding the lunar interior. 

 

2.2 Spherically Symmetric Vacuum (SSV) Theory 
The forward solution of a conducting lunar sphere in vacuum has been solved using the 

COMSOL Multiphysics software [COMSOL Multiphysics, 2012]. Here, the Moon is modeled as 
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a sphere of varying electrical conductivity within concentric homogeneous layers extending out 
to the average lunar radius (Rm = 1,738 km) [Williams et al., 2014]. Several conductivity profiles 
have been studied including a homogenous moon, three layers with a resistive crust, conducting 
mantle, and highly conducting core, as well as an exponentially increasing conductivity 
throughout the interior as proposed in Figure 1, [Grimm and Delory, 2012]. The workspace is a 
sphere surrounding the Moon extending to 15Rm where the induced response goes to zero at the 
domain boundary. We use a local spherical coordinate system, Radial-North-East (RNE), 
depicted in Figure 2a. Historically, the RNE frame has facilitated the analysis of induced fields 
due to their natural decomposition into radial and tangential dipolar field components [Dyal and 
Parkin, 1971a]. All model parameters (workspace extent, density and distribution of finite 
elements, and solver configurations) have been studied for their effects on the model solution for 
both accuracy and performance, in terms of computational load and model size. See Section 
2.2.2 and Supplement Information, Appendix A.2, for further details of these trade offs. Next we 
discuss the governing the physics of induction within conducting materials. 

 

2.2.1 Governing Equations 
  We ignore displacement currents by assuming that the fields fluctuate slowly, essentially 
quasi-static, in comparison with the time scales of the source. Maxwell-Ampère’s Law becomes: 

    𝛁×𝑯 = 𝑱+ !𝑫
!"

   (2-1) 

We assume the relative permeability (µr) equals unity for a linear, homogeneous material 
in the lunar interior of varying electrical conductivity. We use potential theory to express B as 
𝑩 = 𝛁×𝑨, 𝑬 = −∇𝑉 − 𝝏𝑨

𝝏𝒕
  , and ∇ ⋅ 𝑨 = 0. We assume E is a pure induced field due only to a 

changing B field. We solve the fields in the lunar frame and ignore any effects from relative 
motions in our system: spacecraft, solar wind magnetic field propagation, and the orbital velocity 
of the Moon. Noting Ohm’s Law, given by 𝑱 = 𝜎𝑬, and using a vector identity to simplify the 
divergence of A, we can manipulate equation (1) into the potential form of the diffusion equation 
controlling the magnetic fields at the Moon: 

     𝛁𝟐𝑨 = 𝜎𝜇!
𝝏𝑨
𝝏𝒕

    (2-2) 

For Vacuum, 𝜎~0:    𝛁𝟐𝑨 = 0    (2-3) 

For conducting Lunar Interior: 𝛁𝟐𝑨 = 𝜎𝜇!
𝝏𝑨
𝝏𝒕

    (2-4) 

2.2.2 COMSOL Implementation 
 Within the COMSOL Multiphysics implementation, we obtain the numerical solution of 
induced magnetic fields formed by eddy currents within conducting layers of a sphere in vacuum 
at lunar scales and approximate compositions. COMSOL uses a finite element mesh to discretize 
the spatial domain and solve the magnetic diffusion equation for each mesh element vertex. 
While a range of conductivity models has been considered, for the purpose of this benchmark 
analysis, we discuss only those considered by the SSV time domain analytic solutions of Dyal 
and Parkin (1971) for a step input, Schubert and Colburn (1971) for a ramp input, and frequency 
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domain SSP by Blank and Sill (1969). These include a homogeneous single conducting layer 
within a Moon model covered by a 40 km resistive crust [Blank and Sill, 1969; Dyal and Parkin, 
1971a; Wieczorek et al., 2013] or a resistive Moon with a highly conducting crust [Schubert and 
Colburn, 1971]. This model can accommodate any orientation of three-component vector input 
field, any 2 or 3D electrical conductivity structure including laterally heterogeneous profiles. All 
model run times reported here are for a Macintosh desktop computer, 2.8 GHz Intel Core i7 
processor, with 8 GB ram and 1333 MHz DDR3. 
 To simulate the magnetic field convecting past the Moon carried by the solar wind, a time 
varying input field is applied to the model boundaries. For purposes of model validation, this 
input is composed of pre-defined step and ramp functions with varying parameters in the time 
domain. In practice this input can also be the measurement of an upstream satellite such as 
Explorer 35 for the Apollo missions. All models simulated here are for a 1 nT change in the 
driving magnetic field. 
 
 

	  

	  

Figure	   6.	   Finite	   element	   mesh	   is	   shown	   for	   2D	   (top)	   and	   3D	   (bottom)	   models.	   Here	   a	  
conducting	  Moon	  of	  radius	  Rm	  is	  surrounded	  by	  a	  near	  vacuum	  workspace	  domain	  of	  at	  least	  
10Rm.	   Element	   quality	   is	   plotted	   left,	   (a,b);	   color	   bar	   indicates	   element	   measure	   of	   edge	  
length	   ratio	   with	   1	   indicative	   of	   a	   perfectly	   equilateral	   triangle.	   (right)	   element	   size	   (c,d,	  
color	   bar	   is	   in	   km)	   is	   plotted.	  Mesh	   density	   increases	   in	   the	  Moon	   regions.	  Maximum	  and	  
minimum	  values	  are	  listed	  on	  color	  bars.	  These	  are	  representative	  of	  all	  models	  discussed.	  

 

(a) 2D Mesh Element Quality (c) 2D Mesh Element Size (km) 

(b) 3D Mesh Element Quality (d) 3D Mesh Element Size (km) 

  



15	  

Mesh elements are triangular for 2D models and tetrahedral for 3D models. For 3D 
models, a small finite conductivity is required within the vacuum regions to minimize the 
conductivity contrast between neighboring layers such that the solver is able to converge 
(𝜎!"# = 10!!"  𝑆/𝑚 was used). The resistive crust of the Moon acts to lower the contrast between 
these two layers. The mesh was developed for each model to minimize the computation time 
while maximizing mesh element density around areas of interest. This was achieved with a 
directed mesh specifying higher element density within the Moon regions; a mesh size with a 
maximum mesh element size of 382 km inside the lunar interior and 1,410 km for the workspace 
domain for the 2D model and 765 km and 3,820 km, respectively, for the 3D model. In addition, 
a Boundary Layer mesh is used at the surface of the Moon increasing the mesh element 
distribution in the direction of the surface normal to mitigate the skin depth effect. Mesh element 
quality is studied for each model. This is a measure of how evenly distributed mesh elements 
lengths are throughout the model with unity representing equilateral triangle mesh elements, see 
Figure 3. 

The exterior boundary (3 - 15Rm) of the model contains the boundary condition of 
Magnetic Insulation to contain the fields within the model domain. We verified that the 
boundaries of the workspace domain did not influence the solution at the surface of the Moon by 
comparing the solutions of various boundary lengths to the Dyal and Parkin (1971) analytic, see 
Figure 4 as well as Appendix B. The 2D model contains an axi-symmetric boundary along the 
central axis of the model and a cylindrical coordinate system. This model is not able to recover 
nonsymmetrical effects such as lateral inhomogeneity within the electrical conductivity profile or 
magnetic discontinuities, however, the 3D model addresses these aspects directly. The 3D model 
axes are in a selenocentric frame, which can be Cartesian, spherical, or RNE coordinate system. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
For the time domain model, the COMSOL solver uses a time dependent iterative solver 

with a backward differentiation formula to converge on a model solution meeting the specified 
partial differential equations and initial constraints for all points in space and at each time step. 
There are three variations under consideration for solver time stepping methodology: Free,  
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Figure	   7.	   The	   Root-‐Mean-‐Square	   Error	   (RMSE)	   between	   each	   model	   component	   and	   the	  
analytic	  solution	  (top)	  along	  with	  the	  Solution	  run	  time	  (bottom)	  are	  plotted	  for	  decreasing	  
mesh	  size	  for	  nine	  models	  considered	  here	  for	  the	  radial	  (rad),	  tangential	  (tan)	  components,	  
and	  magnitude	  (norm)	  of	  the	  magnetic	  field.	  Element	  density	  and	  distribution	  are	  decrease	  
with	   mesh	   label	   number:	   1=Extremely	   Fine,	   2=Extra	   Fine,	   3=Finer,	   4=Fine,	   5=Normal,	  
6=Coarse,	  7=Coarser,	  8=Extra	  Coarse,	  9=Extremely	  Coarse. 
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For the time domain model, the COMSOL solver uses a time dependent iterative solver 
with a backward differentiation formula to converge on a model solution meeting the specified 
partial differential equations and initial constraints for all points in space and at each time step. 
There are three variations under consideration for solver time stepping methodology: Free, 
Intermediate and Strict. Strict specifies a consistent solver time step specified by the user. Free 
allows the solver to set the time step according to the variation within the solution. Intermediate 
time stepping forces the solver to take one step of specified length within each subinterval. 
Details of the trade off study are included in Figure 4 and Appendix A. For the frequency domain 
model, a stationary solver is used to calculate the response for a linearized model subject to 
harmonic perturbations at each frequency specified [COMSOL Multiphysics, 2012]. 

 
2.3 Model Validation Methodology 

 
We compare three analytic solutions to our model response at the surface of the Moon in 

our model. We use the Root-Mean-Square deviation (RMSE) as a measure of the capability and 
accuracy of this analysis. The last time the two point transfer function TDEM sounding method 
was utilized for the Moon was the Apollo era with the Apollo Lunar Surface Magnetometers 
(instrument resolution ±0.2 nT) and Explorer 35 orbiting magnetometer [Dyal and Parkin, 1971a; 
Sonett et al., 1971b; Schubert et al., 1974; Sonett, 1982]. We match the analytic model 
parameters where necessary for analysis assumptions. Otherwise, we implement more recent 
geophysical parameters about the Moon: crustal thickness of 40 km as measured by GRAIL and 
LRO [Wieczorek et al., 2013] , and a core of 400 km as detected by Lunar Prospector and 
Kaguya [Hood et al., 1999; Shimizu et al., 2013]. We begin with two time domain analyses and 
following with a frequency domain implementation. 
 

2.3.1 Time Domain Homogenous Moon Response to Step Transient 
Specific to the nightside deep wake cavity observations, Dyal and Parkin (1971a) 

developed an interpretation of the induced dipole in vacuum for a homogeneous conducting 
Moon responding to a step driving field. The induced response at the surface of the Moon can be 
decomposed into radial and tangential components with characteristic behavior in the total field 
measured at the surface according to Dyal and Parkin (1971a) equations (5, 6, & 7): 

𝐵! = −3 !
!

!
∆𝐵!"𝐹 𝑡 + 𝐵!"#  (2-5) 

𝐵!" =
!
!

!
!

!
∆𝐵!"𝐹 𝑡 + 𝐵!"#  (2-6) 

∆𝐵!" = 𝐵!"# −   𝐵!"# , 𝑓𝑜𝑟  𝑖 = 𝑟, 𝑒,𝑛   (2-7) 

where Radial (R, r), Tangential (T), i = east (e) or north (n) component, and the external driving 
field is given by BE. The exponential time decay is given by the Dyal and Parkin (1971a) 
equation: 

𝐹 𝑡 = !
!!

!
!!
exp   !!!!!!

!!!!!!
!
!!!   (2-8) 

To simulate this analytic solution proposed by Dyal and Parkin (1971a) in our numerical model, 
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we used a homogeneous Moon of bulk electrical conductivity of 𝜎! = 10!!  𝑆/𝑚 and conductor 
radius a = b = Rm = 1,738 km. The step occurs at t = 0.001s in our model and we implement a 2D 
TDEM analysis. Figure 5 shows the results for the total magnetic field response at the surface of 
the Moon. We note the characteristic behavior for the poloidal eddy current induced response at 
the surface includes an exponentially damped radial response, while the tangential components 
see an initial overshoot prior to exponentially decaying according to the cowling time of the 
Moon. The extent of these characteristic behaviors is determined by the geometry of the problem 
including the location of the observer, the orientation of the driving change. We see the deviation 
between our forward model and the analytic solution is less than 1% RMSE. The residuals reach 
a maximum amplitude of 0.003 nT Radial and 0.0023 nT Tangential. This model was solved in 
2D with 1,511 mesh elements (COMSOL Moon mesh of Finer, with 16 boundary layers of 
initial thickness 100 km and a workspace domain of 15Rm) and 0.832 average mesh quality 
(mesh quality is described in Section 3.2). The model ran in 2.7 s with a strict time stepping 
methodology within the solver. 

 

2.3.2 Time Domain Homogenous Moon Response to Ramp Input 
Schubert and Colburn (1971) Schubert and Colburn (1971) note transient events within 

the solar wind contain a time delay that is more closely matched by a ramp function with a 
characteristic time delay, 𝜏!. Schubert and Colburn (1971) present a plausible Moon model 
containing a conducting core, covered by a resistive mantle layer, with a highly conducting, 𝜎!, 
layer of thickness, 𝛿, at Rs = 1,505 km to simulate the dayside confining current sheet. We note 
𝜎!𝛿 ≈ 100  𝑆, which for a very thin layer, 𝛿~10𝑘𝑚, then 𝜎!~10!!  𝑆/𝑚 corresponding to a 
highly conductive layer. In this section we consider the deviation between our TDEM forward 
model and this analytic theory as a further demonstration of the FEM to capture EM response in 
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Figure	   8.	   The	   3D	   Forward	   Model	   response	   (black	   dotted	   lines)	   for	   a	   homogeneous	  
conducting	  Moon	   to	   a	   1nT	   step	   input	   signal	   (blue),	   compared	   to	   the	   analytic	   solution	  
(magenta	  and	  green)	  Dyal	  &	  Parkin	  [1971])	  in	  radial	  (r)	  and	  tangential	  (t)	  components.	  
All	  misfits	  are	  better	  than	  1%.	  
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terms of model capability and accuracy.  
The radial magnetic field at the surface of the Moon is given by Schubert and Colburn 

(1971) equation 32:  

𝐵! = 𝐵! +
∆!"
!

!!
!!

!
∆𝐵 !!

!
(1− 𝑒!!/!!) ,        0 ≤ 𝑡 < 𝜏   (2-9) 

      𝐵! = 𝐵! + ∆𝐵 +
!!
!!

!
∆𝐵 !!

!
(1− 𝑒!!/!!)𝑒!!/!! ,        𝑡 > 𝜏  (2-10) 

To simulate the analytic solution of Schubert and Colburn (1971), we use a resistive 
Moon with a highly conducting surface layer of 8.7 km, as this is the minimum allowable layer 
thickness within our model. The input ramp function response time, 𝜏! = 100 s. Figure 6 shows 
the results for the total magnetic field response at the surface of the Moon, showing the 
characteristic damped decay for the radial component. Our forward model matches the analytic 
solution well with the residuals reaching a maximum amplitude of 0.0115 nT occurring at the 
characteristic response time of the ramp function. This error is short lived and the overall RMSE 
is better than 1%. This solution was performed in 2D, with a 15Rm workspace extent. The mesh 
contained 24,123 elements with mesh configuration (Finer, 16 boundary layers of initial 
thickness 70 km) and ran in 53.5 s. To match the Schubert and Colburn (1971) analytic theory, 
we added a thin highly conducting layer at the surface of the Moon. Additional mesh elements 
were needed within this region. The tangential analytic component of the solution is not 
available for comparison. 
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Figure	   9.	   COMSOL	   2D	   Forward	  Model	   Response	   (black	   dotted	   lines)	   for	   an	   insulating	  Moon	  
with	  a	  conducting	  surface	  layer,	  compared	  to	  analytic	  solution	   [Schubert	  and	  Colburn,	  1971].	  
Total	  RMSE	  misfit	  is	  better	  than	  1%.	  Ramp	  response	  time	  is	  100s.	  
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2.3.3 Frequency Domain Homogenous Moon Response 
An equivalent interpretation of natural source TDEM TF sounding can be performed in 

the frequency domain (e.g., Blank and Sill [1969]). Here the transfer function, a ratio of the total 
output to the driving input reference signal, is calculated for the radial and tangential components 
as a function of frequency. This theory was developed to interpret the lunar dayside hemisphere 
where the induced field is confined within the lunar surface, SSP theory. Several other frequency 
domain numerical models have been developed. Grimm and Delory [2012] demonstrate the 
capability of their numerical model to capture the induced field response transfer function 
studying the effect of EM method (Magnetotellurics, GDS, and TF) on apparent resistivity. 
Blank and Sill [1969], give equations 12 and 13	  for a dielectric crust at the surface of the Moon,   
r = b: 

𝐵! 𝜔 = 𝐵! 𝜔 λ 1 − 𝐶 !
!

!
cos 𝜃    (2-11) 

𝐵! 𝜔 = −𝐵! 𝜔 λ 1 + !
!
𝐶 !

!

!
𝑠𝑖𝑛 𝜃   (2-12) 

Here C is the complex reflection coefficient from the conducting core and λ is the volume 
compression of the induced field by the confining surface current, given by [Blank and Sill, 1969] 
equations 14 and 15: 

𝐶 = 1 − 3𝑗! 𝑘!𝑎 𝑘!𝑎𝑗! 𝑘!𝑎 !!  (2-13) 

𝜆 = 1 − 𝐶 !
!

!
   (2-14) 

Blank and Sill [1969] note in the limit of 𝑏 → ∞, the volume compression factor, 𝜆 → 1, and we 
recover the vacuum response. This is the sum of the uniform driving field, B0(ω), and the 
induced field is of magnitude CB0(ω). For this paper, we are concerned with the vacuum 
response within the nightside wake cavity and thus this limit. We compare our forward model to 
this analytic solution of a conducting layer of 1,100 km radius and conductivity 1 S/m following 
Blank and Sill [1969]. 

Figure	  10.	  (left)	  The	  frequency	  domain	  response	  for	  poloidal	  transfer	  function,	  |Hp|	  is	  plotted	  
for	  the	  COMSOL	  forward	  model	  and	  the	  analytic	  solution	  for	  both	  the	  radial,	  r,	  and	  tangential, 
θ,	   components.	   (right)	   The	   residuals	   indicate	   the	  models	   are	   in	   good	   agreement	  with	   the	  
analytic	  predictions	  and	  match	  to	  under	  1%	  RMSE	  for	  the	  entire	  bandwidth.	  
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 Figure 10 demonstrates the forward model captures the analytic response well in both the 
radial and tangential components with the exception of two minor deviations in the radial 
component. At both ends of the spectrum, 1e-8 Hz and 1e-2 Hz, we see our forward model over-
predicting the damped induced response. 

2.4 Data Analysis Case Studies 
In this section, we study two events observed within the Apollo magnetometer data set 

and compare our model results directly to further assess the capability and limitations. For the 
first case study, we follow the approach of Dyal and Parkin [1971a] and Schubert and Colburn 
[1971] by comparing the step and ramp analytic responses to Apollo surface data. A transient 
event was observed in the Apollo 12 Lunar Surface Magnetometer (LSM) data at 20:39:40 UTC 
on December 9, 1969. As the upstream conditions for this event are not available, a reasonable 
∆𝐵!, equivalent to the initial and final LSM magnetic field, radial component only, was chosen 
to enable the comparison between the ramp and step input functions, as well as to provide a 
general discussion regarding the LSM data. Figure 8 (left) depicts five model solutions for the 
radial component compared to LSM data, after Dyal and Parkin [1971a]. The residuals 
demonstrate that the fit between the LSM and the 𝜎! =1.5e-4 S/m forward model is 13.4% 
RMSE with a maximum amplitude of 0.42 nT. The order of magnitude higher deviation between 
the TDEM model and LSM data compared to the analytic solutions previously discussed 
indicates improvement in RMSE fit could be reached. One method for improving the fit is to 
iterate on the 𝜎! electrical conductivity beyond the five homogeneous models considered with a 
grid search or guided search algorithm, to locate the optimum fit between the homogeneous bulk 
conductivity value and the RMSE. A second alternative approach for improvement is to extend 
to multi-layer electrical conductivity model including varying the radius and extent of the 
conducting layers. At this time, however, further investigation is not warranted by the high 
uncertainties associated with this event including the unknown upstream signal. To further our 
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Figure	  11.	  Comparing	  model	  responses	  for	  various	  conductivities	  to	  Apollo	  data	  for	  Section	  
2.4,	  Case	  Study	  1.	  (left)	  The	  response	  of	  5	  step	  input	  homogenous	  models	   is	  compared	  to	  
A12	  LSM	  observed	  magnetic	  field	  data,	  radial	  component.	  Start	  time	  is	  December	  09,	  1969	  
20:39:40	   UTC.	   Fit	   of	   1.5e-‐4	   S/m	   model	   to	   LSM	   data	   is	   RMSE	   of	   13.4%.	   (middle)	   Ramp	  
solution	  (cyan)	  compared	   to	  Step	  response	   from	  figure	  6	  (blue)	  to	  A12	  LSM	  data	  (black).	  
Total	  RMSE	  misfit	  is	  9.6%	  ramp,	  and	  13.4%	  step.	  (right)	  Residuals	  from	  middle	  panel.	  After	  
Dyal	  and	  Parkin	  (1971a)	  figure	  12,	  and	  Schubert	  and	  Colburn	  (1971)	  figure	  3. 
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analysis of this piece of LSM data, we compare our best fit step model solution to that of a ramp 
model solution, after Schubert and Colburn [1971], Figure 8 (middle, right). We note the RMSE 
9.6%, a 3.8% improvement over the step response, in agreement with the conclusions of 
Schubert and Colburn [1971]. 

For the second case study, we analyze a transient event occurring a few hours prior on 
December 9, 1969 at 12:05:01 UTC when the Moon was immersed in the free streaming solar 
wind and the A12 LSM was within the nightside lunar wake cavity. Explorer 35 was well outside 
of the lunar wake (average spacecraft position of: 4.73, 2.54, 0.43, in the SSE coordinate system 
in units of Rm [Lal et al., 2010]). These data, originally published in Figure 10 of Dyal and 
Parkin [1971a], are digitized using an automatic line detection function. The three component 
Explorer 35 magnetic field time series data are applied directly to the TDEM model workspace 
boundaries as an input function. The induced response at the location of the Apollo 12 LSM       
(-23.35oW longitude and -2.97oS latitude in selenographic coordinates), within our Moon model 
was extracted and compared directly to the A12 LSM surface data. The radial response for three 
different models is compared in Figure 9. Additional model results are included in Appendix A1, 
Figures A1, A2, and A3. The remnant magnetization at the A12 site has been removed from the 
LSM data [Dyal and Parkin, 1971b] and a time shift of 10s has been applied to account for the 
propagation time between the observations. This is a 3D model with a mesh of 1,507,836 domain 
elements. For the three-layer conductivity profile considered, a 40 km resistive crust (𝜎! =
10!!  𝑆/𝑚), a 1,300 km conducting mantle (𝜎! = 10!!  𝑆/𝑚), and a 400 km highly conducting 
core (𝜎! = 10!!  𝑆/𝑚). The vacuum workspace of 15Rm contained 𝜎!"# = 10!!"  𝑆/𝑚. The 
homogeneous models contain the same workspace and resistive crust. We consider two end 
member cases representative of a highly conducting moon (1e-3 S/m) and a low bulk 
conductivity case (1e-4 S/m). Figure A2 also includes the response of an intermediary 
homogeneous model of 5e-4 S/m. 

 

	  

Figure	  12.	  Three	  model	  results	  are	  shown	  comparing	  1e-‐3	  S/m,	  1e-‐4	  S/m,	  and	  a	  three-‐layer	  
model	   (crust,	   mantle,	   core:	  𝝈𝟑 =1e-‐9	   S/m,  𝝈𝟐 =1e-‐4	   S/m,  𝝈𝟏 =1e-‐2	   S/m,	   respectively)	   to	  
Apollo	  data.	  Here	  the	  three	  component	  BX35	  data	  are	  fed	  into	  our	  forward	  model	  Bmodel	  and	  
the	   total	   field	   response	   measured	   at	   the	   surface	   at	   the	   location	   of	   the	   LSM	   is	   compared	  
directly	  to	  A12	  LSM	  data,	  BLSM.	  After	  figure	  10	  [Dyal	  and	  Parkin,	  1971a].	  The	  steady	  field,	  BS,	  
has	  been	  removed	  from	  the	  LSM	  data	  of	  a	  y-‐offset	  of	  29.6	  nT	  [Dyal	  and	  Parkin,	  1971b]	  and	  a	  
time	   shift	   of	   10s	   has	   been	   applied	   within	   reasonable	   assumptions	   for	   the	   solar	   wind	  
propagation	  between	  observations.	  
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For our forward model, we capture an ideal exponential response of a conducting lunar 
sphere in vacuum applicable to minimally disturbed regions within the deep wake cavity. We 
study the effects of electrical conductivity on our model response comparing these three models, 
see Figure 9. Out of this group, we note the best match is with the 1e-3 S/m model. However, 
only for some portions of this time series, a good match between the LSM and TDEM model is 
achieved; some regions show large deviations between the model and the data indicative of the 
limitation of this model to fully capture the LSM induced response. This could suggest the 
presence of a highly conducting layer deeper in the moon, such as within the lower mantle region. 
We note the presence of a highly conducting 400 km core has little to no effect on the model 
response for this signal as this effect is beyond the skin depth of this signal (see Figure A2). The 
tangential components, east and north (see Figure A3), suggest some additional piece of physics 
needs to be considered to fully capture the LSM response and interpret the lunar interior 
conductivity structure. This could be plasma effects or lateral heterogeneity such as the presence 
of local enhanced electrical conductivity within the PKT region. These two case studies 
demonstrate the capability of our FEM model to respond to observed upstream magnetic field 
data and capture some features observed within the LSM data. Further steps can be taken beyond 
the scope of this paper to improve this fit, such as performing a grid search varying conducting 
layer radius and conductivity, increasing the number of conducting layers, or a closed loop 
iterative response. 
 

2.5 Conclusion and Future Work 
 

This paper builds on modern computing and improvements in numerical methods to solve 
the electromagnetic response of a conducting sphere in vacuum for a variety of input functions 
and conductivity profiles. This is applicable to lunar datasets for nightside soundings within a 
minimal disturbance zone at the anti-subsolar point and magnetotail observations. This zone has 
been shown to depend on solar wind conditions including plasma pressure, density, temperature, 
velocity, and IMF magnitude and orientation [Fatemi et al., 2013]. Forward model solutions 
have demonstrated a RMSE of less than 1% to analytic solutions. Trade studies have been 
performed yielding an understanding of accuracy sensitivity to model parameters such as 
geometry, mesh elements size and distribution, and solver configurations. These tools are 
available to analyze any airless body two-point magnetometer measurements and will be able to 
shed light on previous Apollo analyses, new datasets such as ARTEMIS, and future lunar 
geophysical networks. 
 The key to applying EM sounding at the Moon is to be able to identify the plasma 
regimes where induction can be isolated from the surrounding space environment. The two main 
plasma regimes most closely matching a vacuum are when the Moon is within the terrestrial 
magnetotail lobes and within the lunar nightside wake cavity when the Moon is immersed within 
the solar wind. It has been proposed that EM sounding observations can be interpreted as 
essentially in a vacuum [Dyal and Parkin, 1971a] ignoring diamagnetic current systems. Recent 
plasma hybrid analysis suggested that this assumption may only be applicable to a limited 
undisturbed zone whose extent and location depends on time varying ambient space plasma 
conditions [Fatemi et al., 2015]. Within the magnetotail lobes, the vacuum approximation is 
valid; however, the limitation may be a clear measurement of a driving magnetic field transient 
event. A high coherence between the two point observations is required and small-scale 
structures of less than a lunar radius in thickness have been observed within the tail lobes. If 
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present, these structures could complicate the two-point TF method within the magnetotail. In 
conclusion, the FEM is a powerful numerical analysis tool capable of solving for the induced 
magnetic field response at the Moon within vacuum. Future work is needed to better characterize 
the time dependent coupled plasma–induction response occurring within the nightside wake 
cavity, and understand the implications for day and nightside TDEM sounding. 
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3 Nightside Time Domain Electromagnetic Sounding at 
the Moon: A Methodological Comparison 

 
 

3.1 Introduction 
 

Understanding the current day structure, state, and composition of the lunar interior 
provides insight into origin and formation processes of the Moon. EM sounding constrains the 
electrical conductivity and temperature of the lunar interior through forward modeling and data 
analysis. Nightside time domain EM (TDEM) transfer function sounding was performed during 
the Apollo missions [Dyal et al., 1974b] and requires two measurement probes. This chapter 
discusses the methods developed for the Apollo era analyses [Sonett, 1982] and subsequent 
evolving understanding of the boundary conditions and physics involved in performing TDEM 
of lunar datasets [Fatemi et al., 2015]. These methods are applicable to any airless body, in 
particular those exposed to the undisturbed solar wind. 

There are two types of plasma hybrid kinetic models utilized in this analysis. First, we 
use a static (i.e., time-independent) model capturing large-scale plasma wake physics with a 
magnetic dipole moment in a resistive sphere representing the Moon. This model captures the 
interactions between the wake fields and the lunar induced fields. Secondly, we consider a time 
dependent plasma kinetic model with a conductivity profile within the lunar sphere. The model 
considers a large change in the IMF passing the Moon. We solve for the induced response of the 
Moon self-consistently along with the wake fields. This results in a coupled system. We analyze 
the results from a single case study and draw key conclusions for future nightside TDEM 
sounding on the Moon or any airless body. 
 

3.2 Background 
	  

3.2.1 Apollo SSV TDEM Theory 
 
We refer to Section 1.1.2 for an overview of the Apollo era EM sounding. Section 2.2 

reviews the SSV Theory while Sections 2.3.1 and 2.3.2 discuss the TDEM theory for a step and 
ramp transient events, respectively. Here, we point out that the underlying conclusion at the time 
of the Apollo era study is the idea that any induced fields from the Moon were confined to 
remain within the nightside plasma wake cavity, see Figure 15b. The work presented here studies 
the interaction between these two sets of independently generated fields and builds upon the 
previous EM Sounding theory at the Moon. 

	  

3.2.2 Plasma Kinetic Hybrid Models 
 
Plasma kinetic hybrid models calculate three-dimensional electric and magnetic fields 

from simulated space plasma conditions (such as electron and ion temperature, density, solar 
wind speeds) and the interaction between charge neutralizing massless fluid electrons and 
charged ions with Maxwell’s equations [Holmström et al., 2012; Fatemi et al., 2013]. The Moon 
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is considered to perfectly absorb plasma with a homogeneous resistive profile. Due to the 
presence of the Moon’s sphere absorbing plasma on the dayside, a void is created on the 
nightside. The plasma moves to balance the magnetic pressure which acts to generate a 
diamagnetic wake cavity through three main current systems [Fatemi et al., 2013]. The current 
systems that are formed and the corresponding wake shape and length change based on solar 
wind conditions. Pictured in Figure 13 are two end member cases for the parallel and 
perpendicular IMF cases [Fatemi et al., 2013]. The models capture the global scale wake physics 
and have been shown to match ARTEMIS observations well [Poppe et al., 2014; Zhang et al., 
2014, 2016]. 

	  
Figure	  13.	  The	  Lunar	  wake	  current	  systems	  
are	   shown	   schematically	   for	   two	   end	  
member	   solar	   wind	   cases,	   parallel	   and	  
perpendicular	  IMF	  [Fatemi	  et	  al.,	  2013]. 

 

 

 

 

 

 

 

 

 

3.3 Static Dipole – Wake Modeling 
To study the interaction between the induced fields and wake fields, we placed a 

magnetic dipole moment at the center of the Moon whose strength and direction was chosen to 
oppose the IMF, similar to induction. This simulation does not generate induced fields from 
conducting layers within the Moon. Several magnetic moment magnitudes were considered, as 
well as several solar wind and IMF configurations. The intent here is to understand to what 
extent a dipolar magnetic field at the center of the Moon will be confined by the wake current 
systems and what type of interaction these fields may have, Fatemi et al. [2015]. Figure 14 
schematically depicts this project’s model set up and Table 1 lists the various magnetic moment 
direction and magnitudes tested against solar wind parallel and perpendicular IMF configurations. 
The lunar sphere is a purely resistive (2𝑒!! S/m) plasma-absorbing obstacle to the solar wind. 
The induced magnetic moment,  𝑴𝒊𝒏𝒅, is related to the radius of the interior conducting layers of 
the Moon,  𝑟!, and the magnitude of the IMF change,  Δ𝑩, according to [Saur et al., 2010; Fatemi 
et al., 2015]:  
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   𝑴𝒊𝒏𝒅 =
!!!
!!
Δ𝑩𝑟!!    (3-1) 

The magnitude of the induced magnetic moment was selected according to solar wind 
observations of IMF changes by the ARTEMIS (Acceleration, Reconnection, Turbulence, and 
Electrodynamics of the Moon’s Interaction with the Sun) spacecraft probes [Angelopoulos, 2010]. 
In particular, fluxgate magnetometer (FGM) data from mid-2012 through mid-2015 was studied 
at times when both probes were in the solar wind and outside of the lunar wake. Figure 15a plots 
the distribution, or frequency of observance, normalized to the number of events per year per 1 
nT bin. Dynamic changes in the IMF of up to 30 nT are possible, but infrequent, whereas 
fluctuations of <10 nT are far more common. Figure 15b plots the induced dipole moment 
magnitude calculated from equation (3-1) for a lunar conducting core of radius 0.1 - 1.0 Rm, and 
Δ𝑩 within the range of Figure 15a. We note the lunar radius, Rm = 1,738 km, is the radius of the 
modeled Moon. The minimum [Russell et al., 1981] and maximum [Dyal and Parkin, 1971a] 
lunar core radii from previous analysis are noted by the dashed lines. 
 

3.3.1 Methods 
 The model domain is a right-handed coordinate system with the origin at the center of the 
Moon. This is consistent with the SSE coordinate system where the solar wind flows along –X, 
+Z points along ecliptic north and +Y completes the system. The model domain is 8Rm x 5Rm x 
5Rm with a cubic cell size of 108 km. Typical solar wind conditions at 1 AU are used consisting 
of solar wind velocity of 350 km/s, IMF magnitude of 5 nT, ion density of 6 cm-3, and ion and 
electron temperature of 6 eV and 10 eV, respectively. These parameters are applied to the model 
in the yz plane at x = +2.0 Rm and remain constant throughout the simulation. The simulation 
reaches steady state at t = 80 s. For additional model parameters, the reader is directed to 
Holmström et al. [2012] and Fatemi et al. [2013, 2015]. As listed in Table 1, several magnetic 
moment magnitudes and directions were analyzed against the two extreme solar wind cases: IMF 
parallel and perpendicular. Here we focus on the results from the A2 and B2 cases, Figure 16, for 
a magnetic moment of 1016 A m2 anti-aligned to the IMF. We use a conducting core radius of 
580 km and a |Δ𝑩|=10 nT, which corresponds to an induced magnetic moment of 1015 A m2 

[Fatemi et al., 2015]. This is a reasonable 
mean core size based on previous 
observations and a regularly occurring solar 
wind IMF change. 
Figure	   14.	   (left)	   A	   schematic	   depicting	   the	  
static	   hybrid	   model	   configuration.	   We	  
employ	  a	  plasma	  kinetic	  model	  consisting	  of	  
a	  background	  of	   fluid	  electrons	  (grey)	  with	  
interspersed	   ion	   particles	   (green).	  When	   a	  
resistive	   sphere	  blocks	  nominal	   solar	  wind	  
(vsw)	   flow	   absorbing	   upstream	   plasma	  
particles,	  a	  wake	  cavity	  forms	  downstream.	  
A	  magnetic	  moment,	  m,	  is	  prescribed	  at	  the	  
center	  of	  the	  lunar	  sphere	  representative	  of	  
an	  induced	  lunar	  dipole.	  
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Table	   1.	   Eight	   different	   simulation	   configurations,	   direction	   and	   magnitude	   of	  𝒎	  (dipole	  
moment	  ascribed	  at	  the	  center	  of	  the	  Moon)	  and	  the	  IMF,	  were	  tested.	  A	  description	  of	  model	  
parameters	  is	  listed	  below.	  See	  Fatemi	  et	  al.	  [2015]	  for	  other	  parameters.	  

 

	  
Figure	  15.	  (a)	  The	  distribution	  of	  ARTEMIS	  FGM	  observations	  at	  1	  AU	  from	  mid-‐2012	  to	  mid-‐
2015,	  normalized	  to	   the	  number	  of	  events	  per	  year	  per	  1	  nT	  bin	  only	   for	   times	  when	  both	  
probes	   were	   in	   the	   solar	   wind	   and	   outside	   of	   the	   lunar	   wake	   cavity.	   (b)	   Induced	   dipole	  
moment	  magnitude,	  equation	  3-‐1,	  for	  mean	  conducting	  radius	  of	  0.1	  -‐	  1.0	  Rm	  and	  the	  range	  of	  
𝜟𝑩	  seen	   in	   (a).	   The	   white	   lines	   correspond	   to	   magnetic	   moments	   applied	   in	   simulations	  
[Fatemi	  et	  al.,	  2015].	  

	  

3.3.2 Results and Discussion 
For each model configuration tested, a simulation with no magnetic moment was run as a 

control. These are runs A1 and B1 in Figure 16. These runs provide insight into the wake fields 
that develop from the formation of the lunar wake alone for both the perpendicular (A1) and 
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parallel (B1) configurations. Runs A2 and B2 depict the simulations with the magnetic moment. 
Lastly, we plot the residuals A2-A1 and B2-B1 depicting where the wake and dipole fields 
significantly interact. These fields are normalized to the IMF background for runs A1, A2, B1, 
and B2. The residuals are normalized to the wake fields in A1 and B1.  

	  
Figure	   16.	   Static	   dipole	   simulation	   results	   for	   runs	   A1,	   A2,	   B1	   and	   B2.	   Residuals	   are	  
calculated	  and	  plotted	  (right)	  in	  (i)-‐(l)	  [Fatemi	  et	  al.,	  2015].	  

Figure 17 demonstrates the results of magnetic dipole moment magnitude on the 
interactions with the wake fields. For a smaller moment (A4, 1e15 A m2), we see only very 
minimal disturbances (5j). However, for a larger moment (A5, 1e17 A m2), the disturbance 
extends beyond the surface of the Moon to the entire simulation domain. For a cross section of 
magnetic field through the wake, we see almost no difference between A2 and A4 runs; however, 
for the A5 case, significant magnetic field distortion occurs. For all cases, we see the magnetic 
moment is not confined within the nightside wake cavity but is able to extend beyond even the 
rarefaction regions (in the A2 and A5 cases). Moreover, we note it is not confinement as 
suggested by the Apollo era, but a distortion of the two fields that we see. Moreover, a zone of 
minimal disturbance can be defined for each wake configuration at or near the surface where the 
induced field can be captured as nearly an undisturbed vacuum dipole.	  
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Figure	  17.	  Runs	  A4	  (|m|=1e15	  A	  m2)	  and	  A5	  (|m|=1e17	  A	  m2)	  are	  compared	  to	  A2	  (|m|=1e16	  
A	  m2),	  all	  in	  the	  perpendicular	  IMF	  configuration.	  For	  each,	  the	  wake+dipole	  fields	  are	  shown	  
left,	  and	  the	  residual	   fields	  are	  shown	  right.	  The	  XY	  IMF	  plane	  (left)	  and	  the	  perpendicular	  
plane	  XZ	   (right)	   are	   also	   shown	   [Fatemi	  et	  al.,	   2015].	   In	   the	  bottom	  panel,	   is	   the	  magnetic	  
field	  at	  the	  dashed	  line	  (x	  =	  -‐2Rm)	  across	  the	  wake. 

We further suggest that prior analyses [Dyal and Parkin, 1971a] may have prematurely 
ignored diamagnetic wake effects. Here the authors include transient events within 400 km from 
the limb or within a wide angle (±77o) of the anti-subsolar point. Our analysis has shown the 
region of minimal disturbance, or near vacuum, at the lunar surface on the nightside exists for a 
more limited cavity around the anti-subsolar point (within ±30-50o) for a range of canonical solar 
wind conditions. We add our concurrence to the approach of Dyal and Parkin (1971a) in 
analyzing the induced field within this minimally disturbed nightside region observed within the 
deep wake cavity, is that of an undisturbed dipole in a vacuum. Here we take the approach 
further by simplifying the EM plasma environment into boundary conditions acting on the 
induced field. For a discussion on the applicability to the magnetotail, see Section 6. These are 
interpreted within our numerical model to improve on previous analytic methods by interpreting 
the full solar wind transient time series directly along with any lunar interior conductivity profile. 
Next, we present the theory behind our forward model that solves for the induced response in 
vacuum applicable to this minimally disturbed near vacuum region. 
 

3.4 Transient Induction Coupled Wake Modeling 
Early in the development of TDEM Sounding theory at the Moon, the existence of the 

diamagnetic wake current systems and the presence of a conducting body exposed directly to the 
transient solar wind was identified as a challenge [Sonett and Colburn, 1967, 1968]. Dyal and 
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Parkin [1971] assumed the induced response within the nightside wake cavity would expand as 
unimpeded in a vacuum. Several criticized this method [Schubert et al., 1973c; Schwartz and 
Schubert, 1973] for not considering the known asymmetric response of the day and nightside 
boundary conditions acting on the induced dipole from the interior. Moreover, Schubert et al. 
[1973] stated that the interpretation of nightside TDEM data should await a model for the full 
asymmetric response. The transient-induction model presented here is the first attempt to fully 
solve the induced response of the Moon within the nightside wake cavity self-consistently with 
the plasma wake fields. 

A transient plasma kinetic model builds on the plasma wake expertise of the static hybrid 
models discussed in Section 3.3, by adding a time dependent framework such that plasma 
phenomena can be studied temporally and spatially from utilizing a GPU-based solver [Fatemi et 
al., 2017]. Additionally, a conductive profile was implemented within the modeled lunar interior 
enabling the induced nightside response of the Moon to be solved for self-consistently with the 
boundary conditions acting on it [Fatemi et al., 2016]. We employ this novel modeling technique 
to further refine TDEM sounding theory at the nightside of the Moon. In this section, we review 
the pertinent aspects of the simulation, a case study using an ARTEMIS bow shock observation, 
and draw conclusions applicable to the application of TDEM sounding within the nightside wake 
cavity on the Moon or any airless body. We note our conclusions suggest a time-dependent 
coupling between induced and wake fields. Furthermore, based on these findings, we conclude 
that a reanalysis of the nightside Apollo Lunar Surface Magnetometer datasets and their 
applications to TDEM sounding is warranted. 

 

3.4.1 Methods 
The model is a right-handed coordinate system with a SSE coordinate system. Here the 

solar wind flows along the –X axis. The simulation domain consists of 8Rm x 5Rm x 5Rm with a 
cubic cell size of 100 km, where Rm = 1.8e3 km for this model. The conductivity of the vacuum 
and the lunar crust are set to 1e-8 S/m. The crust radius is 200 km and the conducting core radius 
is 1600 km. Three conductivity profiles were considered: (a) a purely resistive Moon 1e-8 S/m 
(r12), (b) a moderately conductive core of 1e-4 S/m (r11), and (c) a highly conducting core of 
1e-3 S/m (r10). The solution was studied at time steps of 1.5 s and the total length of the time 
series was 540 s. An event was located within the ARTEMIS dataset with the following 
conditions: Δ𝐵!!" = [0,+1.5,+10] nT. The plasma and field conditions for this event are 
displayed in Figure 18 where the event occurs at 06:33 on July 9, 2012. This is a terrestrial bow 
shock crossing and is very quiet prior to and following the event with one probe within the 
upstream solar wind (P2) and the other probe (P1) downstream and within the wake cavity.	  
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Figure	  18.	  ARTEMIS	  observation	  of	  a	  bow	  shock	  crossing	  motivating	  simulation	  conditions	  
modeled.	  (Poppe,	  2016,	  personal	  communication).	  “thc_fgs_sse”	  is	  the	  magnetic	  fields	  of	  the	  
upstream	  probe	  called	  P2,	  and	  “B_sse”	  is	  the	  wake	  probe,	  thb	  or	  P1.	  

 

3.4.2 Results and Discussion 
Figure 19 displays the time-dependent nature of the solution from all three simulation 

runs: r12 (resistive Moon), r11 (moderately conducting Moon), and r10 (highly conducting 
Moon). The change in the IMF reaches the lunar sphere in the simulation at t = 30s and continues 
to propagate downstream through the wake. This disturbance reconfigures the wake structure, 
which remains fixed for the remainder of the simulation. The purely resistive Moon, r12, solves 
for the wake fields only. No induction occurs within this simulation. Both conducting cases, r11 
and r10, produce induced current systems within the interior of the lunar sphere that diffuse into 
the Moon at the Cowling time constant according to the length and conductivity of each model 
[Cowling and Hare, 1957; Sonett and Colburn, 1968]. 

Transforming into a local Radial-North-East (RNE) coordinate system centered at the 
location of the near surface probe, we plot the 3 vector components of the total magnetic field as 
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an observer at the anti-subsolar point (obs0, (-1,0,0) Rm) Figure 20 and within the X+Z plane 
(obs12, (-0.71,0, 0.71) Rm), Figure 21. At the anti-subsolar point, no radial component of the 
field is observed. Studying the resistive case, several key features of the response stand out at 
~t=50s as characteristics of the configuring of the plasma wake fields. We note a rounded 
impulse of ~3 nT observed in the East component, and a damped, or delayed, step up in the 
North component with no initial peak as suggested by the analytic response in both these 
tangential components. Similar features are observed within the r11 and r10 conducting cases. 
To understand the changes due to inclusion of a conducting lunar interior, we calculated the 
difference in the fields by subtracting the wake fields of the r12 run from the total fields of the 
r11 and r10 runs. The field difference highlights the induced response within the remaining field. 
All field components are compared against the analytic theory [Dyal and Parkin, 1971a] for the 
induced response in a vacuum and include the upstream field response. The transient event 
begins to cross the surface of the dayside boundary of the Moon at approximately 29s (Figure 
19). From approximately 20-60s, the diamagnetic wake fields dominate as they organize the 
wake structure responding to the change in solar wind conditions; moreover, this occurs on the 
same time scales as when the analytic response predicts a peak in induced field magnitude. The 
north component strongly approximates the analytic poloidal induced response after t = ~70s 
(Figure 22). Thus, the key features of induction, namely radial damping and tangential overshoot, 
are obscured; however, within the long period tail, the conductive response can be distinguished 
beyond the wake fields. Furthermore, we note that while the induced response predicts an 
exponential decay, the hybrid model displays a linear, decaying trend in the field magnitude. We 
see a coupled interaction between the wake and induced fields according to magnetic pressure 
balance satisfying plasma charge neutrality driving the wake dynamics with an additional input 
from the telluric induced currents from the lunar interior. Initially, the wake currents form with 
the pressure of the initial strong induced field. As the telluric currents decay exponentially, the 
wake currents increase to balance the required magnetic pressure. These two systems interplay 
until the induced fields are zero and the wake fields remain at the background level of the IMF. 
This results in a linear, and not exponential, decay as observed in each magnetic field vector 
component depending on the geometry of the observation. 
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Figure	  19.	  The	   time	  dependent	  magnetic	   field	  magnitude	   is	   shown	   for	   three	  varying	   lunar	  
conductivities:	  purely	  resistive	  Moon	  r12	  (1e-‐8	  S/m),	  conducting	  Moon	  r11	  (1e-‐4	  S/m),	  and	  a	  
highly	  conducting	  Moon	  r10	  (1e-‐3	  S/m).	  We	  note	  r12	  provides	  the	  control	  demonstrating	  the	  
wake	  fields	  only.	  The	  transient	  event	   is	  passed	  past	   the	  Moon	  at	   t=30s.	  At	   t=59s,	   the	  event	  
has	  passed	  the	  lunar	  sphere	  and	  telluric	  currents	  within	  the	  interior	  of	  the	  Moon	  are	  seen.	  
These	  currents	  diffuse	   into	  the	  Moon	  within	  the	  Cowling	  decay	  time	  dependent	  on	  the	  size	  
and	  conductivity	  of	  the	  core	  layer.	  The	  XY	  SSE	  plane	  is	  diplayed	  from	  +2Rm	  to	  -‐4Rm	  in	  X	  and	  
from	  ±	   2Rm	   in	   Y.	   Hybrid	  model	   cell	   size	   is	   100	   km	   for	   this	  model.	   The	   color	   indicates	   the	  
magnitude	   of	   the	  magnetic	   field	  where	   red	   =	   26	   nT,	  white	   =	   16	   nT,	   blue	   =	   6	   nT,	   at	   a	   grid	  
spacing	  of	  100	  km.	  

	  

	  

	  

XY,|B(t)| 

r12 

r11 

r10 
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Figure	   20.	   Observing	   Location	   0	   (obs0):	   Anti-‐subsolar	   point	   (-‐1,	   0,	   0)	   Rm.	   In	   the	   RNE	  
coordinate	   system,	   the	   total	   response	   observed	   at	   obs0	   is	   shown	   (left)	   and	   the	   difference	  
between	  the	  conducting	  cases	  and	  the	  resistive	  case	  is	  shown	  (right).	  The	  upstream	  observer	  
driving	  the	  induced	  response	  is	  shown	  in	  grey.	  The	  analytic	  response	  is	  shown	  for	  all	  three	  
components,	  black	  dashed.	  Some	  aspects	  of	  the	  analytic	  induced	  response	  can	  be	  accounted	  
for	  by	  removing	   the	  wake	   fields;	  however,	  not	   it	   its	  entirety	  due	   to	   the	  coupling	  occurring	  
between	  the	  induced	  and	  wake	  fields.	  
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Figure	   21.	   Observing	   location	   12	   (obs12):	   (-‐0.71,0,+0.71)	   Rm.	   At	   this	   location,	   a	   radial	  
response	  of	  ~3	  nT	  is	  seen	  in	  the	  residuals.	  A	  clear	  linear	  trend	  is	  seen	  in	  both	  the	  north	  and	  
radial	  components	  due	  to	  the	  coupled	  wake-‐induced	  field	  response.	  Description	  is	  same	  as	  
Figure	  20.	  
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Figure	  22.	  Observing	   location	  obs0	   (left),	   is	   compared	   to	  obs12	   (right)	   for	   all	   three	  model	  
runs.	   Magnetic	   field	   component	   North	   (top),	   and	   Radial	   (bottom).	   Model	   descriptions	   are	  
listed	   in	   Figures	   20	   and	   21.	   We	   see	   a	   clear	   difference	   between	   the	   exponential	   decay	  
predicted	  by	  the	  analytic	  response	  and	  the	  linear	  trends	  observed	  in	  the	  simulation	  results. 
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Figure	   23.	   The	  ARTEMIS	   upstream	  probe	   (grey)	   and	   downstream	  wake	   probe	   (green)	   are	  
plotted	   against	   the	  hybrid	  model	   results	   from	   r10,	   r11,	   and	   r12	   extracted	   along	   the	  wake	  
observer	  trajectory,	  North	  component.	  The	  ARTEMIS	  wake	  probe	  has	  been	  shifted	  in	  time	  as	  
well	  as	  y-‐offset	  to	  account	  for	  solar	  wind	  convection.	  The	  green	  data	  does	  not	  discriminate	  
between	  the	  hybrid	  models	  or	  favor	  a	  high	  or	  low	  interior	  conductivity.	  

As a final exercise in TDEM Sounding at the Moon, the wake ARTEMIS probe is 
compared directly to the simulation results from the three models: r12, r11, r10. The north 
component is plotted in Figure 23. The wake probe is shifted in time in order to account for solar 
wind propagation effects and a y-offset in the magnetic field is removed. Within this component, 
r11 and r12 demonstrate very close responses; only a minimal amplitude difference is observed. 
For the highly conducting Moon, r10, the response contains a stronger amplitude and longer 
decay time. However, several complexities are observed by the ARTEMIS wake probe (green, 
Figure 23) that are not captured by the downstream plasma within each hybrid simulation (red, 
yellow, blue). As the ARTEMIS probe and Moon cross the bow shock boundary, we observe a 
sudden change in electron and ion densities, temperatures, and flow speed. This occurs in 
addition to the propagating change in magnetic field and results in the slow response of the green 
curve, as the hybrid model only captures the final conditions and does not capture these changes. 
These complexities prevent the wake probe observation from discriminating between the models 
obscuring modeled interior properties. 
	  

3.5 Conclusion and Future Work 
In this section, we have analyzed the interactions between the plasma wake fields and 

induced poloidal fields from the interior of the Moon with plasma hybrid kinetic models. From 
static wake simulation runs, we have observed dipolar magnetic fields at the center of the Moon 
are not confined to remain within the wake cavity. Using transient-induction models, we observe 
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the self-consistent response at the nightside of the Moon produces a section of wake dominated 
response followed by a long period coupled induced-wake field decay. Precise timing will 
depend on the magnitude and direction of the IMF change and lunar interior conductivity 
structure. An example was demonstrated here as an exercise in applying TDEM sounding 
methodology, however, the final results were inconclusive due to additional changes in density 
and temperature within the observation not captured by the models. Future work will include 
locating additional ARTEMIS transient events with constant particle temperatures and densities. 
This minimizes the number of time dependent changing variables within the hybrid model and 
will enable TDEM sounding to be performed. Additionally, any two-point magnetic field 
measurements within the solar wind nightside wake cavity can be analyzed with this method. 
This could include the reanalysis of Lunar Prospector or Kaguya data sets, if a coherent upstream 
reference, such as ACE or Wind, can be found. Additionally, a future geophysical network with 
a landed and orbital magnetometers would provide additional EM sounding datasets to analyze. 
The Apollo LSM nightside data was previously analyzed assuming diamagnetic wake effects 
occurred on negligible time scales and assuming induced fields respond in vacuum [Dyal and 
Parkin, 1971a]. However, this chapter details the rationale on the importance of fully 
characterizing the plasma conditions, prior to performing EM sounding for the nightside solar 
wind. Moreover, we emphasize the importance of considering the coupled induced-plasma 
response.
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4 Constraints on Lunar Interior Structure from Combined 
Geochemical, Mineralogical, Geodynamic, and 
Geophysical Modeling 

 
 

4.1 Introduction 
 

As our nearest celestial neighbor in the Solar System, the Moon has been the subject of 
study for centuries. While most observations that can be made are limited to the surface, an 
understanding of the interior structure is critical to unlocking its past, including its formation 
[Jaumann et al., 2012; Yang and Zhao, 2015], thermal and tidal evolution [Tian et al., 2017]. 
Despite considerable effort to constrain the physical and geochemical properties of the Moon, 
existing analyses explain some, but not all of the current observations. Several questions remain 
including the existence and origin of the lower mantle melt layer, the precise size, state, and 
composition of the lunar core, and the post lunar magma ocean (LMO) crystallization sequence 
[Wieczorek et al., 2006; Neal, 2009; Khan et al., 2013; Stevenson, 2014]. These issues are 
consequences of the geophysical, geochemical, and geodynamical history of the Moon. 

The current state of the lunar interior is studied through a variety of methods providing 
limited insight into key features, highlighted below. Analysis of seismograms from the Apollo 
missions suggest a differentiated interior [Nakamura et al., 1978; Lognonné and Johnson, 2007; 
Garcia et al., 2011, 2012; Weber et al., 2011]. The lower degree observations of mass, moment 
of inertia (MOI), and Love numbers k2 and h2, also constrain the global stratigraphy of the 
Moon, though with remaining ambiguity as to the depth and nature of the layers. For example, 
Yan et al., [2015] demonstrate the most plausible lunar core radius and density to be 370 km and 
5.0  ×  10! kg/m3, respectively, for a three layer (crust, mantle, core) model using a Monte Carlo 
method constrained by mean moment of inertia (MOI), bulk mantle density, crustal thickness 
and density. This radius is consistent with the detection of a metallic core of preferred radius 340 
± 90 km by electromagnetic sounding observations [Hood et al., 1999; Shimizu et al., 2013] and 
with seismic observations of the core in the case of Garcia et al., [2011, 2012] for a core 
consisting of an iron alloy. Weber et al., [2011], however, infer a solid inner core radius at 240 ± 
10 km (more dense than the other analyses at 8.0  ×  10! kg/m3), and a fluid outer core radius at 
330 ± 20 km with less than 6% light elements. The Apollo samples have also been used to 
constrain bulk lunar mantle composition models [e.g., Ringwood, 1979; Taylor, 1982]. 
Geochemical analyses of Apollo samples provide evidence for the existence of a global crustal 
ilmenite-rich layer following cumulate and plagioclase crystallization, as well as the presence of 
chemically diverse reservoirs within the mantle of the Moon [Snyder et al., 1992a]. Gravity and 
topography measurements, such as those provided by GRAIL and LRO, have constrained the 
average thickness of the crust to be up to 20 km thinner (for a mean crustal thickness 34 - 43 km, 
[Wieczorek et al., 2013]) than previous Apollo analyses (mean thickness ~65 km [see Wieczorek 
et al., 2006 and references within]).  

In addition to current day observations, we see evidence for a past global magnetic 
dynamo, and thus, liquid core. Paleomagnetic analysis concurs that at least part of a metallic core 
was once molten producing a global magnetic dynamo. Apollo samples show that a magnetic 
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dynamo existed on the early Moon, between approximately 4.2-3.56 Ga [Shea et al., 2012; 
Laneuville et al., 2014; Tikoo et al., 2014; Weiss and Tikoo, 2014]. 

Despite these constraints, several key questions remain regarding the interior structure of 
the Moon, namely, the existence of a partially molten layer above the core mantle boundary. A 
deep, partially molten layer in the Moon was proposed to explain the lack of observed far-side 
quakes [Nakamura et al., 1973; Nakamura, 2005], the observation of reflected phases from deep 
moonquakes [Weber et al., 2011], and the dissipation of tidal energy within the lunar interior 
[Williams et al., 2001; Harada et al., 2014]. The existence and evolution of a partial melt layer 
has particular implications for the thermodynamics of the past lunar dynamo, such as preventing 
core cooling [Stegman et al., 2003]. However, the existence and origin of this proposed layer 
remains a point of discussion [Nimmo et al., 2012; Khan et al., 2014; Matsuyama et al., 2016]. 
The principal evidence for such a layer is the observation of a seismically distinct layer near the 
CMB with slow shear wave velocity (vs) indicative of melt [Weber et al., 2011]. Nimmo et al. 
[2012], however, explored extended Burgers rheological lunar mantle models and found that 
dissipation due to elevated CMB temperatures alone can explain the observed dissipation factor 
(Q) and tidal Love numbers and concluded that a partial melt layer is not necessary to explain the 
dissipation of tidal energy. In contrast, Khan et al. [2014] reasserted that a deep lunar partial melt 
layer likely does exist based on geophysical inversions of electrical conductivity, seismic, MOI, 
and mass data. Recently Matsuyama et al., [2016] used a Bayesian probability inversion method 
and a five-layer interior structure model to test the existence of a low rigidity transition layer at 
the CMB and showed no conclusive evidence for this layer. 

The origin of this layer has been proposed to form during the final stages (i.e. the last 
5%) of magma ocean crystallization [Snyder et al., 1992a], and sink some portion of the 
negatively buoyant ilmenite-rich layer [e.g., Hess and Parmentier, 1995; Dygert et al., 2016]. 
This layer could remain partially molten in the present-day lower mantle, either due to 
enrichment in radioactive elements such as thorium, potassium, uranium found in the 
Procellarum KREEP Terrane [Jolliff et al., 2000], or due to high CMB temperatures above the 
layer solidus. Sinking of such an ilmenite-rich layer into the deep lunar mantle is supported from 
multiple saturation studies of iron+titanium-rich (Fe+Ti-rich) picritic red, black and orange 
glasses from Apollo 12, 14 and 17, respectively. These experiments indicate the glasses were 
sourced from depths of 300-500 km within the Moon [Elkins-Tanton et al., 2002 and references 
therein]. The presence of high-Ti sources at these depths cannot be explained by the sequence of 
lunar magma ocean crystallization [Snyder et al., 1992a; Elkins-Tanton et al., 2011]. Hence, 
sometime after LMO crystallization and before the eruption of these high-Ti basalts at 3.0 - 3.8 
Ga, the ilmenite-rich cumulates must have sunk into the lunar mantle, perhaps as a part of a lunar 
mantle overturn episode [Head, 1974]. Therefore, we test the hypothesis that the high-Ti partial 
melt of the ilmenite-rich layer sinks to the CMB during mantle overturn, and subsequent cooling 
at the CMB leads to partial crystallization of this molten layer, with 5-30% melt present today 
[Elkins-Tanton et al., 2002].  

To test this hypothesis that a sub-crustal ilmenite-rich layer formed during LMO 
crystallization is the origin of the current day partially molten layer at the CMB, this paper is 
separated into two parts: first, we investigate the early Moon (following magma ocean 
crystallization) dynamics and geochemistry effects on the viability of a high-titanium deep lunar 
melt layer through mantle overturn and subsequent convection as proposed by Elkins-Tanton et 
al. [2002]; second, we explore the implications of this scenario on the current Moon observations 
exploring the extent of plausible interior model compositions based on geochemically informed 
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starting models. These observations include GRAIL measured mass and MOI [Williams et al., 
2014], as well as all 26 published bulk chemistry analyses to date. The results of our multi-
faceted interdisciplinary analysis provides additional constraints on the current-day lunar interior 
structure and formation mechanism of any lower mantle partially molten ilmenite rich layer. 

In Section 4.2, we test the sinking of a high viscosity ilmenite-rich layer as both a solid 
and as a melt, early in the Moon’s history. We explore the conditions under which the formation 
of a partial melt layer along the CMB of the Moon can be related to sinking of Fe+Ti-rich partial 
melt of an initial ilmenite-rich layer, where partial melts were left over from lunar magma ocean 
crystallization or produced by impacts during late accretion. We also inspect the overturn of an 
ilmenite-rich layer via solid-state creep in a late-stage lunar mantle overturn event using mantle 
convection modeling. In addition, we establish how a partial-melt layer could survive subsequent 
mantle convection, which provides insights into past magnetic dynamo generation, and thermal 
evolution. In Section 4.3, we consider the implications of an overturned ilmenite-rich layer on 
the current-day Moon. We present simple 1D radial stratigraphy models informed by mineral 
physics calculations of phase equilibria using an observed thermal profile. We use this model to 
explore the applicable parameter space of the current-day lunar structure looking for acceptable 
alternatives. The calculated models are assessed by their ability to reproduce the mass, MOI, 
geochemical and seismic observations. We then discuss the findings of our work and its 
implications for future modeling efforts in Section 4.4 and conclude in Section 4.5. 

 

4.2 Investigating ilmenite sinking mechanisms 
In this section, we test our primary hypothesis that an ilmenite-rich layer sinking from its 

location post-LMO crystallization within the upper mantle of the early Moon can sink to the 
CMB. Here we consider the early Moon in terms of composition and temperature profile. We 
test this hypothesis through two end member cases: sinking as a melt, or in the solid state. We 
analyze the melt product at several steps throughout the mantle and consider both the case of no 
mantle assimilation as well as the assimilation scenario. We show the melt must first reach a 
depth of ~200 km prior to becoming negatively buoyant with respect to the surrounding mantle 
and being able to sink to the CMB. We consider giant impacts as a possible mechanism to 
transport melt to this depth. Following, we study the sinking and stability of this ilmenite-rich 
layer through 4 Ga of solid-state convection history (section 4.2.2). 

 
4.2.1 The sinking of an ilmenite-rich layer to the CMB as a partial melt 

4.2.1.1. Methods: Melt Calculations for an Early Moon 
 
We test the hypothesis of a partial melt of the ilmenite-rich layer sinking to the CMB by 

percolation through the underlying mantle. We estimated the density of a partial melt 
composition of an ilmenite-rich layer as the melt sinks, using the Gibbs free energy minimization 
algorithm pMELTS [Ghiorso et al., 2002]. We assumed that the melt sinks isothermally from 0.5 
– 4 GPa (close to the pressure of CMB) across a range of lunar mantle temperatures from 1200 – 
1450 °C. We allowed a fixed mass of mantle to be hybridized and assimilated by the melt as it 
sinks by porous reactive flow, as suggested by Elkins-Tanton et al. [2002], to capture two end 
member scenarios: (i) without the assimilation of the surrounding mantle, and (ii) continuously 
assimilating the surrounding mantle, maintaining equilibrium with the surrounding solid. 
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We chose the most Fe+Ti-rich partial melt composition of a modeled high-Ti cumulate 
composition [van Orman and Grove, 2000] as our starting melt to equilibrate with our pMELTS 
modeled lunar mantle composition [Taylor, 1982] (see Table 1). This choice is the most dense, 
and therefore most likely to sink. 

To validate the density of the titanium-rich melts estimated by pMELTS, we compared 
the densities of Apollo 14 black glass estimated by X-ray absorption [Sakamaki et al., 2010] and 
sink-float methods [Circone and Agee, 1996; Vander Kaaden et al., 2015] to the density of black 
glass estimated by pMELTS under the same range of pressure-temperature conditions (0.5 - 4 
GPa, 1427 °C, 1430 °C, and 1827 °C; Figure 13 and 2). At 1427 °C, the densities from X-ray 
absorption, the sink-float method, and pMELTS, are nearly parallel to 2 GPa, at which point a 
kink in the calculated density curve develops due to the black glass crossing the liquidus at this 
depth. Such sub-liquidus conditions at ~2 GPa and 1427 °C are consistent with experimental 
phase equilibria of Apollo 14 black glass [Wagner and Grove, 1997]. In contrast, the density as a 
function of depth of Sakamaki et al., [2010] at 1427 °C does not predict sub-liquidus conditions 
because density was measured by them at 1.19 GPa only and extrapolated to higher pressures 
using a Birch-Murnaghan equation of state. The density parameterization of Vander Kaaden et 
al., [2015] is based on sink-float experiments of Circone and Agee, [1996] which were 
performed at temperatures higher than 1427 °C and at pressures greater than 1.5 GPa. This 
parameterization also linearly extrapolates for conditions above 1.5 GPa. The density of black 
glass estimated by pMELTS agrees and lies within the density estimates of Vander Kaaden et al., 
[2015] and Sakamaki et al., [2010]. 

To simulate an open-system assimilation process, we used pMELTS to calculate the 
phase equilibria and densities of the melt and mantle from 0.5 to 4 GPa, at pressure steps of 
0.005 GPa. While the mass of mantle assimilated at each pressure step was held constant within 
a run, the mass of mantle was varied across runs to test the effect of melt density on extent of 
mantle assimilation. The starting condition of the calculations was the Fe+Ti-rich partial melt at 
0.5 GPa and fO2 buffered at the iron to wüstite transformation (IW; within the range of oxygen 
fugacity conditions estimated for the lunar interior [Herd, 2008]). As the melt sank, it was 
equilibrated with 0 wt%, 2 wt%, 50 wt%, and 100 wt% of mantle mass (Table 1, Figure 15) at 
each pressure step. When solid phases crystallized due to assimilation of mantle, the solids were 
fractionated in-situ such that only the residual melt proceeds to subsequent pressure steps, 
evolving the composition of the residual melt with depth. Three different calculations were run 
along isothermal mantle temperatures of 1250 °C, 1350 °C, and 1450 °C. 

 
4.2.1.2. Results: Melt Calculations for an Early Moon 

 
We find a crossover between the density of modeled lunar mantle and the density of the 

melt at depth (Figure 15), below which the melt is denser than the surrounding mantle and, 
therefore, is negatively buoyant. This crossover depth occurs at ~180 km for the end member 
scenario of no mantle assimilation. Therefore, a mechanism is needed to transport the melt to this 
point. 

Can Fe+Ti-rich melt sink through the lunar mantle if it does not assimilate the surrounding 
mantle? Independent of temperature, the Fe+Ti-rich melt (without assimilating the mantle) is 
less dense than the surrounding mantle at shallow depths and is negatively buoyant relative to the 
lunar mantle between pressures of 1.6 - 1.8 GPa, or a depth of ~200 km (Figure 15). Therefore, 
an Fe+Ti-rich melt can sink through the lunar mantle due to negative buoyancy, possibly 
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accumulating at the base of the mantle. A major impact, such as those during the Late Heavy 
Bombardment, can create a partially molten zone through sinking of Fe+Ti-rich melt as deep as 
180-200 km [Morrison, 1998]. This event would enable the Fe+Ti-rich partial melt of the 
ilmenite-rich layer to overcome the depth of the density barrier, after which it would sink to the 
CMB without impedance. Percolation may pose a limitation at low melt fractions. 

 

Can Fe+Ti-rich melt sink through the lunar mantle if it does assimilate the surrounding 
mantle? With increasing proportion of mantle assimilation, the density of the residual melt 
initially sharply decreases with pressure, below which the melt density increases with depth 
(Figure 15a). This initial density decrease of the residual melt results from the dissolution of the 
assimilating mantle in the melt (causing a decrease in the TiO2 and an increase in the magnesium 
number (Mg#) of the melt composition; see Figure 3b and 3c and Supplementary Table) because 
the condition is super-liquidus for the bulk composition of the Fe+Ti-rich melt and the 
assimilated mantle. The density decrease due to assimilation extends to 1.2 GPa (approximately 
200 km depth). At greater pressures, the melt density increases due to a combination of 
fractionation of mineral phases with depth and the compressibility of the residual melt with 
increasing pressure. In the case of the lowest amount of mantle assimilation considered (2 wt% 
of mantle), the melt becomes negatively buoyant at 2.5 GPa, equivalent to a depth of 500 km. To 
our knowledge, no process can explain a mechanism to force the Fe+Ti-rich melt to reach such a 
deep density barrier. With 50-100 wt% of mantle assimilation, the residual melt is positively 
buoyant relative to the mantle at all pressures, implying that such a residual melt would never 
sink through the mantle. Thus, significant mantle assimilation in a Fe+Ti-rich melt inhibits the 
sinking of melt through the lunar mantle. 

 
Figure	  24.	  Density	  profiles	  of	  Apollo	  14	  black	  glass	  estimated	  by	  X-‐ray	  absorption	  technique	  
[Sakamaki	  et	  al.,	  2010]	  compared	  to	  density	  profiles	  of	  the	  high	  Fe+Ti-‐composition	  (Table	  2)	  
as	  calculated	  in	  pMELTS.	  
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Figure	  25.	  Density	  of	  isothermal	  Ti-‐rich	  melts	  as	  a	  function	  of	  pressure	  (left	  y-‐axis),	  or	  depth	  
(right	  y-‐axis),	  at	  1250	  °C	  (black),	  1350	  °C	  (red),	  and	  1450	  °C	  (green),	  calculated	  by	  pMELTS.	  
Melt	  composition	  starts	  at	  0.5	  GPa.	  Solid	  phases	  formed	  along	  the	  liquidus	  due	  to	  increasing	  
pressure	  are	  fractionated	  before	  the	  next	  pressure	  step.	  The	  range	  of	  lunar	  mantle	  densities	  
estimated	  by	  Khan	  et	  al.	  [2007]	  (gray	  dashed	  lines)	  bracket	  the	  mantle	  density	  estimated	  by	  
pMELTS	  (solid	  gray	  line).	  
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Figure	   26.	   (a)	   Density	   (b)	   TiO2	   concentration	   in	   weight	   percent,	   and	   (c)	   Mg#	   [molar	  
MgO/(molar	  MgO+	  molar	   FeO)×100]	   of	   Fe+Ti-‐rich	  melts	   at	   1450	   °C,	   buffered	   at	   IW,	   for	   0	  
wt%	  (black),	  2	  wt%	  (blue),	  50	  wt%	  (dark	  grey),	  and	  100	  wt%	  (red)	  of	  mantle	  assimilated	  at	  
each	  pressure-‐step	  of	  0.005	  GPa	  from	  0.5	  to	  4	  GPa.	  The	  composition	  of	  the	  Fe+Ti-‐rich	  melt	  at	  
the	  starting	  pressure	  of	  0.5	  GPa	  is	  the	  same	  as	  reported	  in	  Table	  2.	  
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Table	  2.	  Starting	  compositions	  used	  in	  modeling	  sinking	  of	  a	  Ti-‐rich	  partial	  melt	  through	  the	  
lunar	  mantle. 

Oxide Ti-rich partial  
melt (wt. %)a 

Lunar mantle 
(wt. %)b 

SiO2 36.70 44.40 

TiO2 14.20 0.31 

Al2O3 4.00 6.14 

Cr2O3 - 0.61 

FeO 32.20 10.90 

MnO - 0.15 

MgO 3.98 32.70 

CaO 9.15 4.60 

Na2O - 0.09 

K2O - 0.01 
a - Partial melt of modeled Ti-rich cumulate from van Orman and Grove, [2000]. The melt was 
generated at 1.8 GPa, 1290 °C. 
b - Taylor, [1982] 

 
4.2.1.3. Discussion: impacts as a melt transport mechanism 

 
Our pMELTS calculations indicate that in order for an Fe+Ti-rich melt to sink to the CMB, 

it needs to overcome a buoyancy barrier of at least 180 km depth. One potential mechanism to 
overcome this density barrier is for the Fe+Ti-rich material to be forced downwards during 
impact events. For impacts on the Moon, the surface layer of material is forced to depth beneath 
the impact site for a short period of time during the event. In hydrocode impact simulations, this 
layer then rebounds to the surface. However, some fraction of this material is entrained at depth 
through the action of Kelvin-Helmholtz instabilities that are not captured in current impact 
codes. This is an inefficient process due to the short rebound time. However, the material 
remaining at depth, now denser than the surrounding material, may sink to form a layer at the 
CMB. Here we explore the feasibility of impacts to drive Fe+Ti-rich melt through the buoyancy 
barrier allowing it to form a sufficiently large layer at the CMB. 

 



47 

Figure	  27.	  (left)	  The	  thickness	  of	  a	  
Ti-‐rich	   layer	   at	   the	   CMB	   formed	  
by	   impact	   burial	   of	   material	   to	  
overcome	   the	   buoyancy	   barrier	  
as	   a	   function	   of	   the	   thickness	   of	  
the	   ilmenite	   layer	   formed	   under	  
the	   crust	   by	   magma	   ocean	  
crystallization.	   The	   red,	   blue	   and	  
green	   lines	   correspond	   to	   burial	  
efficiencies	   of	   0.5,	   0.2,	   and	   0.1,	  
respectively.	   The	   black	   dashed	  
line	   and	   grey	   band	   indicate	   the	  
thickness	  estimate	   for	   the	  partial	  
melt	   region	   from	   Weber	   et	   al.	  
[2011]	  and	  its	  error.	  

	  

We calculate the upper limit of the thickness of a CMB Fe+Ti-rich layer that could be 
formed by impacts. Each impact forces the surface material of an Fe+Ti-rich layer below the 
buoyancy barrier. We calculated a material volume accounting for all surface material able to 
reach the density crossover point. We accounted for all large impact craters, which would be able 
to reach 180km in depth [Morrison, 1998], rcrater>200 km from the LOLA catalogue [Head et al., 
2010]. A volume of surface material was generated assuming a 40km crustal thickness and the 
total surface area of large impacts. This volume was reduced by accounting for impact burial 
efficiency, ε, where only a percentage of material for each impact is entrained at depth. This total 
entrained volume was then assumed to sink to the CMB and form a layer above the core. We 
calculate the volume of material at CMB and account for geometric effects. We compare the 
thickness of the lower Fe+Ti-rich layer formed at the CMB as a function of upper crustal 
ilmenite thickness required to be impacted for three burial efficiencies of 0.5 (highly efficient), 
0.2 (medium efficiency), and 0.1 (highly inefficient entrainment) (Figure 27). To consider an 
upper limit for this process we do not account for intersecting impacts and assume each impact 
was acting on a previously undisturbed section of the crustal Fe+Ti-rich layer. 

It follows from Figure 4, that impacts are not a feasible mechanism for forcing material 
through the buoyancy barrier to produce the 150 km CMB layer proposed by Weber et al., 
[2011]. The expected thickness of the upper Fe+Ti-rich layer formed by crystallization of the 
lunar magma ocean is less than ~50 km [Hess and Parmentier, 1995; Elkins-Tanton et al., 2011]. 
For this thickness of the crustal Fe+Ti-rich layer, the process of impact burial has to be highly 
efficient, >50%, to produce 150 km of ilmenite at the CMB. From studying impact processes, we 
note this is a highly unlikely scenario. The required efficiency can be somewhat reduced if we 
include smaller craters, however, these impacts are unlikely to reach the depth required by the 
buoyancy barrier. Therefore, we rule out impacts as a feasible process for overcoming the 
buoyancy barrier and conclude, the sinking of Ti-rich melt through the lunar mantle is not likely. 
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4.2.2 The sinking of an ilmenite-rich layer to the CMB as a solid 

4.2.2.1. Methods: Convection Modeling 
	  

The second test of the ability of the crustal ilmenite-rich layer to sink to the CMB is to 
consider solid-state mantle convection. Here we study the overturn and stability of a dense Ti-
rich layer using the ASPECT mantle convection code [Kronbichler et al., 2012]1. We use a 2D 
annulus with a core radius of 330 km to simulate a homogeneous mantle. ASPECT was 
originally created for the Earth where gravity is considered constant within the mantle. This is 
not the case for the Moon with a much smaller core. Therefore, we developed two new ASPECT 
functions to capture the physics of the dynamics for the lunar mantle: (1) a gravity function to 
calculate the changing lunar gravity over the mantle depths; and (2) boundary temperatures that 
vary with position and time. The latter was employed in the lower boundary temperature setting, 
such that the temperature decreases with time. A list of all ASPECT model parameters is 
provided in Appendix II Table A1. 

The initial state was set to the post-differentiation and solidification of the early magma 
ocean, i.e. ~0.2 Ga after formation of the Moon occurring at 0 Ga in our model. The model 
started with a crustal ilmenite-rich dense layer (3,790 kg/m3) at the top of the mantle, with a 
viscosity pre-factor of 103 Pa·s at 1,640 km radius or 30 km thickness considering geometric 
effects. These capture the rheology of the crustal ilmenite layer. We used a temperature-
dependent viscosity of the form, η(T) = η0exp(β(T−T0)/T0), where β is the thermal viscosity 
exponent (we used β=9), and η0 is the reference viscosity at the reference temperature T0. For the 
bulk mantle, we used a reference viscosity of 1021 Pa·s, density of 3400 kg/m3, and temperature 
of 1600 K [Laneuville et al., 2014]. The lunar surface gravitational acceleration is g = 1.62 m/s2. 
Gravity linearly decreased with depth: g = 1.58 m/s2 at the top of the mantle, and g = 0.86 m/s2 at 
the CMB. The initial temperature profile had a colder outer boundary at the top of the mantle of 
1673 K and a hotter CMB boundary of 1708 K. The initial CMB temperature decreased with 
time as the core cooled. The time dependence was set such that the core reaches the modern 
CMB temperature (1673 K) after 4 Ga [Gagnepain-Beyneix et al., 2006]. Following Hagerty et 
al., [2006] for the estimated abundance of heat-producing elements within the lunar mantle, 
including a concentration of 0.039 ppm U, 0.15 ppm Th, and 212 ppm K, we estimated a 
radiogenic heating rate of 8.5e-12 W/kg. Adiabatic heating and heating from shear friction were 
considered negligible. The boundary conditions were modeled as free-slip both at the surface and 
the CMB indicative of a liquid outer core. We used a globally refined mesh without adaptive 
refinement. 

 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  http://aspect.dealii.org	  
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4.2.2.2. Results: Convection Modeling 

 
Figure	  28.	  Snapshots	  of	  the	  2D	  lunar	  mantle	  convection	  model	  presenting	  sections	  of	  density	  
(given	  in	  kg/m3).	  Initially,	  the	  ilmenite-‐rich	  layer	  with	  thickness	  of	  30	  km	  is	  set	  on	  top	  of	  the	  
mantle	  at	  radius	  of	  1640	  km	  (a),	  and	  proceeds	  as	  a	  function	  of	  time	  (b-‐f).	  Note	  the	  different	  
color	  scales	  used	  for	  presentation	  clarity.	  

The ASPECT lunar convection model shows that a dense, near-surface ilmenite-rich 
layer is gravitationally unstable and sinks toward the CMB (Figure 28). We do not see any 
remnant of the original layer remaining behind. The dense material reaches the CMB in about 
0.07-0.08 Ga and starts to spread out across the core surface (Figure 28c & 5d). The dense 
material completely covers the core in 0.3 to 0.4 Ga (Figure 28e). Considering the uncertainties 
in model parameters (Table II.A1), especially the viscosity of the ilmenite layer, the precise 
modeled time estimates should be taken with caution. The viscosity of the ilmenite layer is 
dependent on temperature. We are not able to decrease the ilmenite viscosity to the low values 
characteristic of a partially molten ilmenite-rich layer, due to numerical instabilities causing the 
run time to be too computationally intensive for this model. Recently, the study by Dygert et al., 
[2016] demonstrated experimentally that the viscosities of ilmenite and an ilmenite-olivine 
mixture are lower than both wet and dry olivine, and that viscosity of the ilmenite-rich layer need 
not be a constraint to form downwellings during lunar mantle overturn. The viscosity of the 
ilmenite-rich layer is assumed to be three orders of magnitude lower than the olivine-rich mantle 
in this calculation, an upper-limit viscosity assumption for the solid-state ilmenite-rich layer 
[Dygert et al., 2016]. A lower viscosity results in higher sinking velocities that affect the 
convection process. The model shows some mixing of the dense material with the mantle; 

(b) 0.02 Gyr

(a) 0 Gyr (d) 0.1 Gyr

(e) 0.4 Gyr

(f) 1 Gyr(c) 0.05 Gyr



50 

however, the majority sinks to form a 150 km thick layer at the CMB with density of 3.435 
g/cm3 (Figure 28f, red colored layer) that persists throughout the 1 Ga of the model calculation. 
This confirms that the ilmenite-rich layer need not be partially molten to sink to the CMB, 
contrary to Elkins-Tanton et al., [2002], and that the viscosity of the solid ilmenite-rich layer is 
low enough for downwellings to form. Longer runs also confirm the longevity of this layer at the 
CMB. Studies suggested that this layer contains heat production elements that supply the heat for 
rising the layer causing the formation of the lunar mare basalts [Hess and Parmentier, 1995] and 
the onset of the lunar dynamo [Stegman et al., 2003]. 

Initially, this layer can prevent the core cooling, thereby inhibiting magnetic field 
generation by core convection. However, radioactive heat in the layer increases its buoyancy, 
causing it to rise into the mantle [Zhong et al., 2000], resulting in a core heat flux sufficient to 
power a lunar dynamo. Contrary to the idea of an unstable ilmenite-rich layer, some studies 
suggested this layer is stable at the CMB. This case is compatible with the present-day density 
structure of the lunar mantle with a stable ilmenite-rich layer at the CMB [Khan and Mosegaard, 
2001]. de Vries et al., [2010] explored the formation of a stable dense layer as the outer core 
from the mantle overturn. They showed that under the conditions of lower Mg concentration 
(higher density) of the layer and a higher internal heat production, the ilmenite-rich material has 
greater gravitational stability; smaller degree of mixing with the mantle background and it is 
dense enough to remain as the outer core. However, our model focuses on the overturn of the 
lunar mantle due to gravitational instability. Without considering the proper energetics of the 
core and heat producing elements in the dense layer at the CMB, we are not able to draw further 
conclusions about its behavior. 

For a future more realistic scenario, we plan to develop models with initial layered 
mantle composition to determine the influence of the stratification on mantle dynamics. 
Convection capturing ilmenite overturn within a compositionally stratified lunar mantle may 
capture local small-scale features without disturbing the initial gross compositional layers 
[Snyder and Taylor, 1992]. Further investigation is warranted. 
 

4.3 Geophysical constraints of current lunar internal structure: Mass, Moment 
of Inertia, and Bulk Chemistry 

 
From Section 4.2 we see it is possible to have ilmenite at the top or bottom of the lunar 

mantle. In this section, we continue to test the hypothesis that ilmenite-rich layers exist within 
the Moon. Here, we focus on the geophysical and geochemical ramifications of these 
conclusions on the current day interior structure of the Moon. We perform a simple 
multidisciplinary study to test what types of additional information of the lunar interior is 
possible to obtain using this approach. We create synthetic lunar models of laterally averaged 
radial structure, and forward calculate their fit to the measured mass, moment of inertia, and bulk 
chemistry of the Moon. To accomplish this we generate an ensemble of plausible 1D lunar 
models, constructed from mineralogically distinct layers and subjected to prescribed temperature 
profiles, or selenotherms. Physical parameters were forward calculated using the mineral physics 
software package BurnMan [Cottaar et al., 2014] that we have extended to include lunar mineral 
assemblages (Selenoman). The third order Birch-Murnaghan equation of state, implemented in 
BurnMan, self-consistently calculates the 1D profiles of p- and s-seismic velocities (vp, vs), bulk 
(K) and shear (G) moduli, and density, through which we also calculated gravity and hydrostatic 
pressure. These forward calculations occurred iteratively, starting with an initial temperature and 
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hydrostatic pressure profile and then recalculating the equations of state based on the pressure 
from the previous iteration until convergence (e.g., when profiles are no longer changing). We 
found that 2-5 iterations were sufficient to reach a single feasible gravity and pressure profile. 

Three laterally averaged 1D compositional profiles of the Moon were selected as starting 
reference profiles (see Section 4.3.1). For each, we used three different lunar temperature 
profiles that span the range of proposed selenotherms (see Section 4.3.2), yielding nine distinct 
lunar model classifications. In each set, we employed a grid search and a differential evolution 
genetic search algorithm to explore the available model space. The thicknesses of individual 
compositional layers were varied, and the misfit to the real Moon's mass, moment of inertia, and 
bulk chemistry was determined (see Section 4.3.3 and 4.3.4). In total, we generated 292,544 
lunar models. 

 
4.3.1 Construction of Reference Compositional Models 

 
The radial extent of chemical mixing in the lunar mantle during and after magma ocean 

crystallization is still unknown; although there are indications that chemically heterogeneous 
domains exist within the lunar interior [Elkins-Tanton et al., 2002; Brown and Grove, 2015]. 
Therefore, we constructed diametric models of lunar mantle compositional stratigraphy to 
represent the extrema of radial compositional heterogeneity (Figure 29): (a) compositionally 
homogeneous (CH) and (b) compositionally stratified (CS). We further tested a CH model based 
on two favored mantle composition models: the Taylor (CH-T) mantle composition (accounting 
for the removal of a 70 km Apollo era crust) [Taylor, 1982] and the Hauri (CH-H) mantle 
composition (accounting for the removal of a 40 km GRAIL era crust) [Hauri et al., 2015]. In 
both of the CH models, the whole mantle is well mixed via whole-mantle convection post lunar 
magma ocean crystallization. In the CS case, a lack of vigorous whole-mantle convection leaves 
the stratigraphy due to magma ocean crystallization largely preserved until present day. Both 
models included a fixed 40 km anorthite crust, an upper crustal and a lower mantle ilmenite-rich 
layer, and a pure iron inner (Fe-fcc) and outer (Fe-bcc) core. We approximated a liquid outer 
core by setting the shear modulus to zero. We allowed the existence of an upper and lower 
ilmenite-rich layer in our two starting models, as informed by the results of Section 4.2. We 
varied the thickness of each layer to determine the sensitivity to the existence and extent of a 
high-Ti layer at the CMB within the current day Moon, a fingerprint of the overturn process. The 
modeled interior structure layer thickness is a variable initial condition for each model 
classification considered. 

 
4.3.1.1. Compositionally Homogeneous (CH) model 

 
In our compositionally homogeneous model, we assumed a simplified bulk composition 

from Taylor [1982] and Hauri et al. [2015] for all depths in the lunar mantle (below the upper 
ilmenite-rich layer down to the core-mantle boundary). We did account for the removal of the 
crust from these models such that each only represented the whole mantle composition. To be 
able to describe the mantle mineral assemblages across the pressure differential experienced by 
the lunar mantle, for each model we constructed layer compositions using the thermodynamic 
modeling software pMELTS [Ghiorso et al., 2002] to compute equilibrium phase assemblages at 
isentropic decompression steps (0.005 GPa from 4 to 0.5 GPa), to represent an adiabatic 
selenotherm. The temperature at 4 GPa, corresponding to approximately 1,010 km depth [Garcia 
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et al., 2012], was anchored at 1250 °C, in agreement with published values [Gagnepain-Beyneix 
et al., 2006; Khan et al., 2006b, 2007]. The oxygen fugacity was imposed to that of iron-wüstite 
equilibrium at 4 GPa and allowed to evolve during isentropic decompression in pMELTS, in 
order to successfully reach equilibrium mineral assemblages at all pressures. 

For simplicity, the phase assemblages at these layers were grouped into three distinct 1D 
radial sections where the equilibrium mineral assemblage did not vary significantly: their phase 
assemblages were averaged to form the mantle layers of the CH-T and CH-H starting models 
(Appendix II, Table A2). All three sections were olivine, orthopyroxene, and 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 section boundary was set arbitrarily at 2.0 GPa to 
account for the continually varying pMELTS phase assemblages at higher pressures. 

 
4.3.1.2. Compositionally Stratified (CS) model 

 
Our compositionally stratified model was built from two resources. First, for all the 

layers from the surface to the bottom of the mid-mantle, we adopted the stratigraphy of the 
“LMO Equilibrium + Fractional Crystallization” magma ocean crystallization sequence from 
Snyder et al., [1992]. They determined these layers by the upper mantle cumulate compositions 
as a function of percentage of magma ocean crystallization. Next, the lower mantle layer in our 
model came from the lower mantle composition from Elardo et al., [2011]. They based their 
composition of the lower lunar mantle on the composition of the cumulate pile after 50% 
crystallization of the magma ocean for Taylor [1982] bulk mantle. 

 
4.3.2 Initialization of and Iteration over Temperature and Pressure 

 
Estimates of the temperature profile of the Moon, the selenotherm, have been derived from 

seismic velocity inversions [Gagnepain-Beyneix et al., 2006], an inversion of electromagnetic 
sounding data [Khan et al., 2006b], and a joint inversion of seismic and gravity observations 
[Khan et al., 2007]. However, these profiles include large uncertainties (see Figure	  30). 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 constrain the global average 
heat flow or temperature at depth. To address this uncertainty, we prescribed three different lunar 
mantle temperature profiles spanning the range of these proposed selenotherms: a hot Moon case 
given by integrating the published upper bounds at each depth (Max), the cold Moon case 
defined by their lower bounds (Min), and a mean of the three published models (Mean). For the 
initial equation of state calculation in BurnMan, we set the surface temperature to 20 K (from the 
Apollo heat probe measurements) and the central core temperature to 1473 K (from Gagnepain-
Beyneix et al., [2006]). 
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Figure	   29.	   Lunar	   mantle	   compositional	   models.	   (a)	   Compositionally	   homogeneous	   Taylor	  
model	   (CH-‐T).	   (b)	   Compositionally	   homogeneous	  Hauri	  model	   (CH-‐H).	   (c)	   Compositionally	  
stratified	  model	  (CS).	  For	  both	  models,	  the	  thickness	  of	  the	  anorthite	  crust	  is	  fixed	  at	  40	  km	  
in	  the	  geophysical	  models	  as	  estimated	  from	  GRAIL.	  The	  thicknesses	  of	  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].	  	  

 
 
	  
Figure	   30.	   (left)	   Three	   temperature	  
profiles	  are	  considered:	  Maximum*,	  Mean*,	  
and	   Minimum*.	   Our	   integrated	  
temperature	   profiles,	   indicated	   by	   *,	   are	  
derived	   from	   Gagnepain-‐Beyneix	   et	   al.,	  
[2006]	   and	   Khan	   et	   al.,	   [2006,	   2007].	   All	  
profiles	   use	   thermal	   conduction	   through	  
the	  core.	  
 
 
 
 
 
 
 
 

(a)	   (b)	   (c)	  
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4.3.3 Observationally Consistent Models 
 

Combining our two lunar compositional models with our four thermal profiles makes a 
total of eight models. Our CH and CS lunar models each contain eight and ten distinct layers, 
respectively. In each set of lunar models, we employed three separate search methods to find 
observationally consistent models, where the thicknesses of individual layers were varied with 
the exception for the anorthitic crust which is fixed at 40 km, keeping the mineral assemblage of 
each of these layers the same. First, we performed a grid search to explore a range of parameters 
based on published observations of the interior. Then we used a differential evolution genetic 
search algorithm to attempt to find a global minimum in misfit, defined below. Finally, we 
explored the region around each minimum using a second, finer grid search. 

Mass and moment of inertia of the Moon are well constrained by GRAIL satellite data 
[Williams et al., 2014]. Therefore, for our initial model discrimination, we calculated a 
𝑙!!!"!   (GL2norm) of the overall density misfit of each lunar model from the Moon as the square 
root of the sum of individual misfits of mass and moment of inertia, each normalized by the 
measurement error: 

𝑙!!!"! = !"#!!"#!"#
!""

!
+ !!!!"#

!""

!
    (4-1) 

where the deviation in our compositional model from the reference (ref ) MOI and Mass are 
normalized by the measurement error (err) (Table 3). 
 
Table	   3.	   Values	   of	   observed	   lunar	  mass,	   normalized	  moment	   of	   inertia,	   seismic	   and	   tidal	  
Love	  numbers	  used	  to	  determine	  model	  misfit	  Williams	  et	  al.,	  [2014].	  

Reference Value Standard 
Error (σ)  

MOIref 0.392728 0.000012 
Mass (Mref) 7.34630e22 kg 0.00088e22 kg 
Q 37.5 4 
k2 0.02416 0.00022 

 
4.3.3.1. Quantifying Parameter Extent 

 
We find the suite of solutions within 2σ misfit to mass and MOI through an iterative 

approach exploring the maximum and minimum extents of model space for each model 
classification. First a grid search is performed to narrow in on models within 100σ using the 
layer thickness constraints listed in Table 4. This results in narrower layer thickness bounds for 
our second method applied. Within the 100σ model space, we further refine the mass and MOI 
misfit through a differential evolution optimization algorithm. The final results of are 
summarized in Table 6 displaying a breakdown of the total number generated for each model 
classification for both the 10σ and 2σ levels for geophysical 𝑙!!!"! . 
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4.3.3.1.1. Grid Search 
 
As a wide initial exploration of model space, a grid search was performed to coarsely 

sample points between the determined ranges of each layer’s thickness. Table 4 shows a 
summary of the allowed ranges and sampling increments of each layer's thickness used for this 
search. These layer thickness bounds were based on lunar interior observations described below. 
The intent of this initial search was to explore the entire model space and find interior structures 
that include well-fitting models with respect to the observed mass and MOI. 

The majority of the compositional layers’ thicknesses were allowed to range from zero to 
the full lunar radius, minus the crust. Our range of sampled lunar models allowed for both an 
inner and outer core to exist. Previous work has detected an upper bound on the radius of a 
highly conducting core to be 400 km [Hood et al., 1999]. Thus, our inner and outer cores to each 
range from zero thickness (no dense core at all) to 600 km, to allow for some margin on the 
observations, for a 1,200 km maximum total core thickness. Because an ilmenite-rich layer is 
predicted to crystallize just below the crust during magma ocean crystallization, and since some 
or all of that material sank to the CMB, we allowed for the existence of both upper (below the 
anorthitic crust) and lower (at the CMB) ilmenite-rich layers. The lower ilmenite-rich layer 
ranged from zero thickness to 500 km to account for the 150 km observed partially molten layer 
with some margin [Weber et al., 2011], but the upper layer was allowed to range anywhere from 
zero thickness to the entire Moon, minus the crust. Additionally, the upper ilmenite-rich layer 
thickness had non-uniform sampling increments used to ensure that all layers summed to the 
radius of the Moon. We performed this grid search for all model classifications. The vast 
majority of parameter space for each did not yield satisfactory 𝑙!!!"!   fits (Figure 31). 

 
Table	  4.	  Range	  of	  values	  considered	  in	  initial	  grid	  search.	  	  
Layer Names CH Models CS Models 
 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 (CS is Upper Mantle 1) 0 – 1,698 200 0 – 1,698 300 
Upper Ilmenite (non-uniform layer) 0 – 1,698 non-uniform 0 – 1,698 non-uniform 
Crust constant 40 km (GRAIL, 

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

 
4.3.3.1.2. Differential Evolution 

 
To locate the global minimum within the prescribed model space as determined by the 

initial grid search, we employed a differential evolution (DE) optimization algorithm [Price et 
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al., 2005]. This method is a population-based stochastic function minimizer, which acts to 
randomly sample the model space through the generation of population members. The function 
adds the weighted difference between two population members to a third child vector. 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. For the CH models, we used six varying parameters, and for 
the CS model we used eight corresponding to all layers from the inner core through the upper 
mantle. In each the crust was held fixed, and the upper ilmenite layer was left as the difference 
between the sum of the other layers and the radius of the Moon. DE was performed for all 
temperature profiles, and in each instance we converged to a global minimum within 2,000 
iterations. 

 
4.3.4 Bulk compositional constraint 

 
Along with mass and moment of inertia, bulk composition of the silicate Moon (whole 

Moon minus the core) was used as a third constraint to narrow down the possibilities of lunar 
interior structure. The bulk composition of the silicate Moon was calculated for all models from 
the composition, density, and thickness of each layer, assuming spherical shell geometry. Here 
we ignored the Moon’s hemispherical asymmetry [Stevenson, 1980]. We calculated a reference 
bulk lunar composition of six oxides (SiO2, TiO2, Al2O3, FeO, MgO, and CaO) by averaging the 
oxide concentrations of twenty-five sets of published bulk silicate Moon compositions (Table 
II.A3), assuming equal reliability of their values. We additionally calculated a standard deviation 
of each average oxide concentration from this same population of published values. To compare 
against our models, we converted each oxide value, for both the reference values and our model 
values, to its equivalent total mass within the Moon by assuming an iron core radius of 380 km 
[Garcia et al., 2012] and a core density of 5.171 g/cm3 and the radius of the Moon to be 1,738 km. 
We calculated the bulk composition misfit of each of our lunar models by first calculating the 
deviation of each oxide from the reference masses (oxide cost, OC): 

𝑂𝐶! = 𝑜𝑥𝑖𝑑𝑒! − 𝑜𝑥𝑖𝑑𝑒!"#    (4-2) 

where the subscript i is incremented over each oxide, ref is an oxide's reference mass equivalent, 
and oxidei is the oxide mass of a given lunar model. From these deviations we then calculated 
our 𝑙!!!"!   of all oxide misfits (Bulk Chemistry or BCL2norm) as, 

𝑙!!!"!   = !"!
!"#!

!
!        (4-3) 

where, again, the subscript i is incremented over each oxide, and std is the weight percent 
standard deviation. Finally, we calculated a combined geophysical and bulk composition 
𝑙!"#$!   (CombL2norm) as, 

𝑙!"#$!   = (𝑙!!!"! )! + (𝑙!!!"! )!   (4-4) 

This last value was used to rank all our synthetic lunar models by the best fitting models, those 
having the smallest deviation from both the mass and moment of inertia, and the bulk 
composition. 
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Table	   5.	   List	   of	   the	   average	   published	   bulk	   silicate	  Moon	   compositions	   along	  with	   the	   1σ	  
standard	  deviation.	  The	   top	   two	  rows	  of	  values	  are	   in	  weight	  percent,	  and	   the	  bottom	  two	  
rows	  are	  converted	  to	  the	  mass	  equivalent	  (in	  kg).	  For	   list	  of	  references	  summarized	  here,	  
see	   Table	   II.A-‐3.	   Note	   Table	   2	   is	   only	   for	   the	   Taylor	   [1982]	  mantle	   composition.	   Here	  we	  
expand	  to	  include	  all	  lunar	  published	  mantle	  bulk	  composition	  analyses.	  
SiO2 TiO2 Al2O3 FeO MgO CaO Sum  

46.09 0.24 4.70 11.28 34.01 3.72 100 Average (weight %) 
2.21 0.07 1.16 1.80 3.31 0.83   Stdev (1σ, weight %) 
3.33e+22 1.71e+20 3.36e+21 8.19e+21 2.46e+22 2.67e+21  Average (kg) 
1.57e+21 5.37e+19 8.37e+20 1.29e+21 2.35e+21 6.03e+20  Stdev (1σ, kg) 
 

4.3.5 Results 
 

For the three starting model compositions CS, CH-H, and CH-T described in Figure 29, 
and the three temperature profiles described in Figure 30, a total of nine model classifications 
have been considered. Here we report the geophysical, compositional, and combined results for 
these nine model classifications. 

 
4.3.5.1. GL2Norm Results 

 
Figure 31 shows the results of model fitness to the observed mass and MOI for the CH-H, 

CH-T and CS maximum temperature profiles according to equation (4-1). The black bars are 
indicative of minimal error, see caption for additional details. Table 6 displays the number of 
models within 10σ  and 2σ  for both 𝑙!!!"!    and 𝑙!"#$!    by model classification. All model 
classifications contain a relatively high number of models within the 2σ deviation for mass and 
MOI. However, when oxide deviations are also considered, only two model classifications 
produce models within 2σ. Number count is not a measure of model classification goodness of 
fit. The 𝑙!!!"!  is the primary discriminator used to locate the global minimum in terms of mass 
and MOI deviation from observations. The extent to which our layer thicknesses varied, the 
selenotherms tested and compositional variances were considered represents the total parameters 
explored with these models. This is commonly referred to as model space, the full extent of all 
simulation variables tested. 
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Figure	   31.	   (left)	   Geophysical	   results	   in	   terms	   of	   mass	   and	   MOI	   deviation,	   for	   the	   Max	  
selenotherm	   for	   (a1)	   CH-‐H	   and	   (b1)	   CH-‐T,	   and	   (c1)	   CS	   models.	   All	   CH-‐H	   runs	   comprised	  
33,567	   models,	   CH-‐T	   31,336,	   and	   CS	   30,496	   models;	   black	   bars	   indicate	   100σ.	   (right,	  
a2,b2,c2)	  +/-‐2σ	  window,	  with	  black	  bars	  indicating	  +/-‐1.0σ,	  displays	  low	  sigma	  model	  trends	  
in	  interior	  structure.	  Color	  bar,	  right,	  indicates	  layer	  names.	  See	  Figure	  29	  for	  compositional	  
description	  of	  each	  layer.	  Similar	  trends	  were	  displayed	  in	  Mean	  and	  Min	  selenotherms.	  

(a1)	   (a2)	  

(b1)	   (b2)	  

(c2)	  (c1)	  
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4.3.5.2. BCL2Norm Results 
 
Added as an additional constraint, normalized standard deviations for each oxide 

component in every model are calculated according to equation (4-3). These results are plotted 
for approximately the top ten models for each temperature profile and ordered by the lowest 
𝑙!"#$!  in Figure 32. Across all model classifications, the fit to the 𝑙!"#!  is much lower than for the 
𝑙!"#$! . 

 
4.3.5.3. CombL2Norm Results 

 
The geophysical and compositional norms combine to capture all deviations in a single 

value according to equation (4-4). We note that no models were less than 2σ for the 𝑙!"#$!   across 
all cases except CH-T Mean and Min selenotherms as summarized in Table 6. We examined the 
variability between individual layer thicknesses and 𝑙!"#$! . Figure 33 compares the total core 
thickness to the outer core. Additional layer thicknesses were considered. We find the total core 
is required to be within a range of 283 - 391 km thick regardless of thermal profile or model type. 
However, large variability exists in outer and inner core thicknesses. We see a salient favoring of 
the upper ilmenite to be as thin as possible (Figure 33c) in the CS models (4 - 43 km thick), 
while predicting a thicker layer in the CH models (111 - 208 km thick), while the lower ilmenite 
thickness varies throughout its prescribed parameter space (Figure 33d). The best-fit CH models, 
within 2σ deviation, contain a large lower mantle (329 - 889 km thick) and generally thick lower 
ilmenite (413 - 473 km thick) layer while the best-fit CS models, within 2σ, contain a lower 
mantle (76 - 887 km) and lower ilmenite (3 - 273 km) thickness. In the case of the lower ilmenite, 
for all nine model classifications, a thickness greater than 50 km is seen in the low-sigma models. 
The CS models exhibit a variety of mantle structures. CH displays a range of 13 - 20 in 𝑙!"#$!   for 
the best-fit models (Figure 32a). Due to the small range in 𝑙!"#$!  for the best-fit models, we note 
there is no clear discrimination between temperature profile for both CH and CS. The upper 
ilmenite layer thickness is narrowly constrained. For all six CH model classifications, the upper 
ilmenite is 111 - 208 km thick. For all three CS model classifications, there exists little to no 
ilmenite within the upper mantle, 4 - 43 km thick. We note the MOI is most influenced by the 
location and thickness of dense layers, such as the upper ilmenite, lower ilmenite, and core layers.  

Figure 34 depicts four examples of 𝑙!"#!   covarying with two layer thicknesses for a single 
model classification. For example, inner core thickness is compared to outer core thickness as a 
function of 𝑙!"#$! . Four representative cases have been chosen to demonstrate the trends seen in 
the models. Here we see the degeneracy of the inner and outer displaying a linear dependence in 
CH-H Max (Figure 34a). We note the upper ilmenite is well constrained to 0 - 100 km thickness 
for CH-H Minimum, while the lower ilmenite thickness contains the entire range, 0 - 400 km, 
within acceptable low-sigma deviations (Figure 34c). Figure 34b notes the precision of the total 
core and, at the same time, the upper ilmenite. Figure 34d notes the total core and total mantle 
are equally constrained for CS Max case. 
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Table	  6.	  Number	  of	  model	  variations	  considered	  by	  model	  and	  temperature	  type	  for	  the	  total	  
number	   of	  models	  within	   10𝝈	  and	   2𝝈	  bins	   for	   the	  𝒍𝒑𝒉𝒚𝒔𝟐 	  or	  𝒍𝒄𝒐𝒎𝒃𝟐 .	   A	   total	   of	   292,544	  models	  
were	  tested	  by	  grid	  search	  and	  differential	  evolution	  guided	  searches.	  

Model Counts 
 𝒍𝒑𝒉𝒚𝒔𝟐  𝒍𝒄𝒐𝒎𝒃𝟐  
𝒍𝟐  value ±0.1236 ±0.02472 ±28.284 ±5.657 
Compositionally 
Homogeneous - 
Hauri 

<10σ <2σ <10σ <2σ 

Max 1314 52 337 0 
Mean 1248 41 388 0 
Min 872 21 385 0 
Compositionally 
Homogeneous - 
Taylor 

<10σ <2σ <10σ <2σ 

Max 769 27 54 0 
Mean 786 35 336 1 
Min 763 35 450 6 
Compositionally 
Stratified <10σ <2σ <10σ <2σ 

Max 595 19 384 0 
Mean 1224 98 736 0 
Min 726 32 557 0 

 
Figure 35 compares vp and vs, and density profiles for models within 2𝜎 of mass and 

MOI deviations with those of the seismic analyses of Garcia et al. [2011, 2012], G12, and Weber 
et al. [2011], W11. Despite the model simplicity, the results capture several key features of the 
W11 and G12 seismic analyses. First, the density profiles within the mantle are seen to match 
well for the CS, CH-T, CH-H cases, however, the CS models are a much closer fit to W11 and 
G12 than the CH cases. Second, the CS models contain some minimal spread in vp and vs within 
the mantle, however, are closer to the seismic observations than the CH cases. Third, within the 
lower mantle, there are differences due to the melt layer of the W11 model, and the differences 
in the lower ilmenite layers of our models. G12 does not contain any liquid within the deep 
mantle or core regions. Some of our models match W11 and G12 within the lower mantle 
regions in vp, vs, and density. Fourth, for the core comparison, W11 contains a differentiated core, 
however, G12 only includes core density and not seismic velocities. We see a spread of models 
with varying inner and outer core sizes below 1,300 km depth. We note the inherent non-
uniqueness of the seismic models. Our models do not capture the details of the crust above 100 
km. 
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Figure	   32.	   The	   top	   thirty	   best-‐fit	   models	   for	   (a)	   CH-‐H,	   (b)	   CH-‐T,	   and	   (c)	   CS	   models,	   are	  
compared	   in	   terms	   of	   oxide	   deviation	   (top	   panel),	  𝒍  𝟐(middle	   panel),	   and	   model	   structure	  
(bottom	   panel).	   Models	   are	   ordered	   by	   lowest	  𝒍𝒄𝒐𝒎𝒃  𝟐 .	   The	   deviations	   for	   mass,	   MOI,	  𝒍𝒑𝒉𝒚𝒔𝟐 ,	  
𝒍𝒄𝒉𝒆𝒎𝟐 ,	   and	  𝒍𝒄𝒐𝒎𝒃  𝟐 are	  plotted	  per	  model	   structure	   labeled	  by	   the	   color	  bar	  where	  each	   color	  
displays	  the	  thickness	  of	  a	  particular	  layer.	  Diamond	  colors	  along	  the	  x-‐axis	  indicate	  model	  
temperature	   profile.	   Note	   the	  model	   structure	   description	   in	   color	   bar	   (lower	   right).	   For	  
compositional	  description	  of	  each	  layer,	  see	  Figure	  29.	  

(a)	  

(b)	  

(c)	  
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Figure	   33.	   Box	   and	  whisker	   plots.	   The	  
(a)	   total	   core,	   (b)	   upper	   ilmenite,	   and	  
(c)	   lower	   ilmenite	   thickness	   is	   plotted	  
for	   each	  model	   classification.	   The	   key	  
(top	   right)	   applies	   to	   all	   plots.	   A	   blue	  
dot	   indicates	   location	   of	   sampling,	   a	  
green	   box	   indicates	   the	   3𝛔 	  range,	   a	  
black	   box	   indicates	   the	   𝟐𝛔 	  range	  
deviations,	   and	   the	   red	   line	   is	   the	  
location	   of	   the	   best-‐fit	   model.	   All	  
deviations	  are	  in	  terms	  of	  the	  𝒍𝒈𝒆𝒐  𝟐 . 
 
 
 
 
 
 
 
	  

(a)	  

(c)	  

(b)	  

(c)	  
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Figure	   34.	   Layer	   thicknesses	   dependencies	   with	  𝒍𝒈𝒆𝒐  𝟐 in	   the	   color	   bar.	   Four	   representative	  
trends	  are	  illustrated	  here:	  (a)	  inner	  and	  outer	  core	  thicknesses	  display	  a	  linear	  degeneracy,	  
(b)	   trade-‐off	   between	   upper	   ilmenite	   thickness	   and	   total	   core	   size,	   (c)	   degenerate	   lower	  
ilmenite	  thickness,	  and	  (d)	  total	  mantle	  thickness	  vs.	  total	  core	  thickness.	  

(a)	   (b)	  

(c)	   (d)	  



64 

 
                                 
Figure	  35.	  Seismic	  velocity	  profiles	  compared	  to	  Garcia	  et	  al.,	  [2011,	  2012]	  and	  Weber	  et	  al.,	  
[2011].	  The	  models	  plotted	  here	  include	  all	  models	  with	  a	  𝒍𝒑𝒉𝒚𝒔  𝟐   within	  2σ.	  
	  

4.3.6 Love Number Analysis 
 

The Earth’s gravitational forces pull on the lunar solid body and the lunar surface 
differently. This displacement of the lunar surface is large enough to be observed in orbit by the 
GRAIL spacecraft [Williams et al., 2014] and from the Earth with the Lunar Laser Retro 
reflectors [Folkner et al., 2009]. The tidal response of the shallow part of the Moon is well 
constrained by geodesic and seismological approaches providing constraints on seismic Q 
[Garcia et al., 2011, 2012]. On the other hand, large uncertainties in seismic Q in the deep Moon 
arise due to the lack of seismic energy observed from these depths and the dislocation of deep 
moonquakes. Love numbers capture the elastic properties of the whole Moon in response to the 
Earth’s tidal forces acting on the Moon. Low degree Love numbers, k2 and Q, have a greater 
sensitivity to the deep mantle structure than seismic wave propagation. Nimmo et al. [2012] 
performed a Love number analysis based on the viscoelastic dissipation of the lunar mantle using 
an extended Burgers model. 

We performed dissipation modeling assuming a constant grain size in an extended 
Burgers model. The model parameters used in our tests come from table 1 in Nimmo et al. [2012]. 
Five test models for the CH-T with a conductive selenotherm were chosen to analyze the Love 
numbers. Table 7 summarizes the results from this study. Each model contains different 
structures for the inner core, outer core, lower ilmenite, lower mantle, mid mantle, upper mantle, 
upper ilmenite, and crust, respectively (as described in Figure 29a). We note it is possible to 
meet the observed Love number Q by Williams et al. [2014] for three out of five of the models 
tested with a large grain size (10 cm) a factor of ten larger than the grain size found by Nimmo et 
al. [2012]. For k2, we only meet the observed range for one model at 1 mm grain size. We note 
grain size within the lunar mantle is highly unconstrained. The assumption of constant grain size 
is a limitation of this analysis. 

 

(a)	   (b)	   (c)	  
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Table	  7.	  Love	  numbers	  results.	  Q	  and	  k2	  for	  five	  test	  models	  are	  given	  for	  varying	  constant	  
grain	   size	   (GS)	   from	   1mm,	   1cm	   and	   10cm.	   Extended	   Burgers	   model	   assumed.	   Reference	  
values	   for	   Q	   =	   37.5±4	   and	   k2	   =	   0.02416±0.00022	   [Williams	   et	   al.,	   2014].	   Bold	   indicates	  
models	  meeting	  observed	  ranges.	  

CH-T, 
Conductive 

Q k2 
GS=1mm 1cm 10cm GS=1mm 1cm 10cm 

Model 1 23.8 22.4 32.3 0.0286 0.0265 0.0237 
Model 2 21.2 24.5 38.3 0.0244 0.0262 0.0248 
Model 3 23.5 22.0 33.3 0.0289 0.0268 0.0254 
Model 4 22.8 21.9 34.2 0.0288 0.0267 0.0252 
Model 5 23.4 22.0 33.0 0.0289 0.0268 0.0253 

 
4.4 Discussion 

 
In Sections 4.1 - 4.3, we have reported the method and results of our geochemical, 

geodynamic, and geophysical modeling. In this section, we discuss these results and implications 
within the various lunar science disciplines. We find that both scenarios of no assimilation and 
giant impacts associated with high burial efficiency are unlikely to lead to the sinking of a 
partially molten, upper ilmenite-rich layer. However, we find that the upper ilmenite can sink as 
a solid in the case of a homogenized lunar convection model (Section 4.2.2.1). Given that the 
viscosity of the ilmenite-rich layer is lower than olivine-rich mantle [Dygert et al., 2016], it is 
unnecessary to assume that viscosity is a constraint to downwellings sinking in a solid state 
[Figure 28]. After sinking, the ilmenite-rich layer at the CMB is also found to be dynamically 
stable at that depth, at least up to 1 Ga since the onset of overturn. Therefore, our study confirms 
that the upper ilmenite can sink into the lower mantle, in accordance with the episode of mantle 
overturn discussed in previous studies [Hess and Parmentier, 1995; de Vries et al., 2010]. 

Our geophysical composition models are consistent with the result that a crustal ilmenite 
layer can be the source of a partially molten ilmenite layer at the CMB. We conclude that the 
thickness of any lower ilmenite layer is not well constrained by the geophysical observations (3 - 
273 km thick), however, all nine model classifications require >50 km of lower ilmenite. We 
attribute the presence of this layer within the lower mantle to provide evidence of an overturn 
event. Moreover, the existence of this lower mantle partial melt will provide a globally 
seismically attenuating layer which could explain the absence of observed farside moonquakes 
[Nakamura, 2005; Wieczorek et al., 2006]. However, the presence of melt within the deep 
moonquake source region is not consistent with the brittle ductile faulting [Nimmo et al., 2012]. 

Comparing CH models (Figure 32a) to CS models (Figure 32b), we note that, as a whole, 
CH models have lower 𝑙!"#  ! , yet a higher 𝑙!"  ! that leads to a higher 𝑙!"#$  !  (between 15 - 35). We 
see CS models have an order of magnitude lower 𝑙!"#$  !  (between 4 - 12) and conclude these 
provide a much more reasonable lunar interior structure. CH requires thick upper ilmenite to 
meet mass and moment of inertia constraints; however, this is not geochemically feasible. The 
lowest combined l2-norm display a much better parity for all thermal profiles in CS than CH. 
Integrating for mass and MOI the density profiles of Weber et al., [2011] and [Garcia et al., 
2011, 2012] derived from their seismic analyses, we calculate their 𝑙!"#  !  to be 6.0 and 75.9, 
respectively, for comparison to those of the results presented here. We note the 𝑙!"#  !  predicted by 
our top 90 models are lower than these. 
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We further compare the seismic velocities vp, vs, and density profiles of our best-fit 
models (G2norm within ±2σ) against W11 and G12 (Figure 35). Geochemically informed 
models are able to match the velocity and density structures observed with those of the seismic 
analyses, with two departures: (1) crust, (2) lower mantle/core. Our models do not attempt to 
capture the crustal structure of the Moon, including regolith, and mega-regolith; we only use a 
fixed 40 km anorthitic crust. This simplicity in shallow depths does not prevent the deep interior 
structure from matching the more detailed seismic analysis. Garcia et al., [2011, 2012] does not 
capture the velocity structure through the core and does not include a partially molten layer at the 
CMB. Our models do not discriminate between containing and not containing a lower mantle 
ilmenite layer. The existence of a dense core does improve our fit to mass and MOI. This is 
consistent with Weber et al., [2011] in the inner core, but is more dense that the core proposed by 
Garcia et al., [2011, 2012] as well as the outer core proposed by Weber et al., [2011]. We note 
that it is possible to meet the seismic travel times well, but not the lunar mass and MOI. A 
combined approach is the best. 

Our observation of a ~337+/-54 km core are consistent with previous observations for a 
highly conducting core observed by an electromagnetic sounding analysis of Lunar Prospector 
data [Hood et al., 1999], and the total core thickness seen in the stacked deep moonquake Apollo 
data [Garcia et al., 2011; Weber et al., 2011]. A Monte Carlo study testing core radius and 
density against GRAIL data, Yan et al. [2015] found a core of 370 km; which is consistent with 
our results. Based on the trends of our best-fit models, we cannot constrain inner and outer core 
thicknesses. Specifically, the density of Fe-bcc and Fe-fcc is indistinguishable and contributes to 
the degeneracy between these layers. We note the 𝑙!"#  !  are lower than those of the bulk chemistry 
and the combination of the two. 

The light element composition of the fluid outer core is debated, with different studies 
favoring sulfur [Jing et al., 2014], or carbon [Steenstra et al., 2017], among others. The addition 
of light elements to iron metal lowers the liquidus of the core to the lunar CMB temperature and 
allows for a liquid outer core. In order to determine if this was important for our study, we 
performed a first-order match with mass and MOI. We find that the previous predictions of the 
core size with light elements (290 - 300 km) [Jing et al., 2014; Righter et al., 2017] is within the 
range predicted by our study, and therefore, that the effect of light elements on mass and MOI 
cannot yet be resolved. Thus, we do not consider the effect of light elements in our study. This 
provides a valid explanation for meeting the observed deep interior tidal dissipation consistent 
with a fluid outer core [Williams et al., 2001; Williams and Dickey, 2002; Khan et al., 2004; 
Khan and Mosegaard, 2005]. However, future seismic and electrical conductivity analyses from 
the next generation lunar geophysical network [NRC, 2011] could constrain light elements within 
the outer core layer. 

In this analysis, we explored multiple possible thermal profiles, including the warmest 
and the coolest cases consider by Gagnepain-Beyneix et al., [2006] and Khan et al., [2006, 
2007]. Our models are not highly sensitive to selenotherms. A more accurate thermal profile 
would improve the accuracy of this analysis. Moreover, a full time-dependent thermal evolution 
model could capture a more accurate selenotherm at initial formation conditions to current day 
observations. We considered the Love numbers for some of our best-fit models (Table 7). 
However, we conclude they are degenerate with respect to grain size. As grain size is not well 
constrained within the lunar mantle, this analysis does not lead to any additional information 
about the lunar interior structure. A distributed grain size profile could improve this analysis by 
more accurately capturing the cooling history and subsequent grain size of the crust, mantle, and 
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core regions. Due to the largely unconstrained grain size, we find that Love numbers do not 
discriminate lunar structure. 

 
4.5 Conclusion 

 
We tested different 1D models for any evidence of mantle overturn in the present-day 

Moon, and we also checked the internal structure of the present-day Moon that best explain the 
three independent constraints of Mass, MOI, and bulk chemistry. A total of eight model and 
temperature types were tested in grid search and differential evolution search mechanisms for a 
total of 292,544 models. We find an Fe-bearing total core size constrained to 337+/-54 km 
regardless of thermal profile or starting model type. After confirming that the upper ilmenite-rich 
layer has the potential to form a partially molten silicate layer at the CMB [Weber et al., 2011], 
we tested whether any fingerprint of the overturn, such as the existence of an ilmenite-rich layer 
at the CMB, is supported by independent constraints such as mass, moment of inertia, and bulk 
silicate Moon composition. 

We examined whether the ilmenite-rich layer proposed to have formed below the 
anorthite crust after 95% magma ocean crystallization can sink and constitute the proposed melt 
layer within the lunar lower mantle (Section 4.2.2). According to Elkins-Tanton et al. [2002], 
this ilmenite-rich upper-mantle layer cannot form downwellings in its solid state, owing to its 
purported high viscosity; hence, it needs to partially melt in order to sink through the mantle. We 
tested this hypothesis with pMELTS and found that its Fe+Ti-rich partial melt must reach a 
density crossover point of approximately 180 km with minute mantle assimilation to become 
negatively buoyant with respect to the surrounding mantle (Figure 26). There are two challenges 
to this scenario: (1) While giant impacts are able to provide a transport mechanism to move the 
ilmenite-rich layer from surface to ~200 km depths, the 150 km proposed CMB layer requires an 
overly efficient impact burial or an upper ilmenite thickness of greater than 100 km, (Figure 27). 
This is not predicted by the crystallization sequence [Snyder et al., 1992a]. (2) If the Fe+Ti-rich 
partial melt derived from the upper ilmenite assimilates mantle material, the density crossover 
point only increases in depth making the impact mechanism entirely infeasible. Further 
convection modeling is required to capture the ilmenite-rich layer overturn scenario in a 
stratified model composition. 

We considered the possibility that the proposed low velocity zone at the base of the lunar 
mantle can be formed from sinking of solid ilmenite-rich material produced at the top of the 
mantle near the end of magma ocean crystallization. We find that a portion of the crystallized 
ilmenite-rich layer below the anorthitic crust can sink to the CMB as a solid phase, but not as a 
melt. 

Combining geochemical, mineralogical, geodynamic, and geophysical modeling provided 
a catalog of possible lunar interior structures. We investigated the formation history of the Moon 
in terms of compositionally homogeneous mantle and compositionally stratified mantle 
scenarios. Our models constrain the radius of an iron lunar core to be 337 ± 54 km, though do 
not constrain the inner core radius. We also constrain any upper-mantle ilmenite layer to be less 
than 43 km for the CS case, but show that the presence of a lower mantle dense layer is not well 
constrained by geophysical constraints between 3 - 273 km thick. However, the majority of 
model types do favor at least a 50 km thick lower ilmenite layer. 

Furthermore, we find that denser materials in the upper mantle are needed to meet the 
moment of inertia constraint; compositionally stratified models inherently meet this requirement 
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but compositionally homogeneous models require an overly thick ilmenite layer in the upper 
mantle. Our conclusions, therefore, suggest inefficient homogenization of the mantle by 
convection in the early Moon; however, the presence of a lower ilmenite layer is suggestive of 
some overturn within a stratified lunar mantle. With much still unknown about constitution and 
history of the lunar interior, this study displays the usefulness of a multidisciplinary approach in 
probing some of the Moon’s most fundamental questions. 
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5 Detection of a Lunar Core Using Seismic Free 
Oscillations 

 
 

5.1 Introduction 
 

Understanding the nature and extent of the lunar core including differentiation state and 
composition is fundamental to planetary processes and formation theories. These constrain both 
early Earth and colliding body size, state, and density as well as impact, accretion, and 
differentiation time scales [Canup, 2012; Ćuk and Stewart, 2012; Jaumann et al., 2012; 
Stevenson, 2014]. Core composition, including isotopic ratios of iron to light elements, is 
indicative of colliding body properties and formation location within the early Solar System 
planetary nebula [Newsom and Drake, 1982; Touboul et al., 2015; Elardo and Shahar, 2017; 
Steenstra et al., 2017]. Existence of a convecting liquid core would be consistent with an ancient 
lunar dynamo and origin of detected crustal magnetic anomalies [Garrick-Bethell et al., 2009; 
Tikoo et al., 2014; Weiss and Tikoo, 2014]. The size and composition of a core provide 
constraints on thermal evolution models providing insight into current mantle convection, and 
differentiation time scales [Zhang et al., 2013]. Recent sample analysis dates the formation of the 
Moon to 4.51 Ga [Barboni et al., 2017]. This has implications for the existence of a lunar magma 
ocean [Snyder et al., 1992a; Neal, 2001] as well as the length which active volcanism existed 
[Neal and Taylor, 1992]. In short, placing constraints on the lunar core size, state, and 
composition is of prime importance and seismic free oscillations can provide insight into this 
parameter. 

As previously described in Section 1.1.1, we see evidence for a small differentiated lunar 
core from three main geophysical analyses based on observations. From the re-analysis of Apollo 
seismograms [Garcia et al., 2011, 2012; Weber et al., 2011], a possibly differentiated core of 
radius ~330 km exists. Electromagnetic Sounding using Kaguya and Lunar Prospector magnetic 
field data obtained an upper limit of 430 km for a conducting core [Hood et al., 1999; Shimizu et 
al., 2013]. However, Hood et al. [1999] indicates their analysis does not preclude interior 
structure without a core. Analysis of Lunar Laser Ranging data is consistent with a liquid core of 
radius as large as 374 km dissipating angular momentum distinct from the solid body [Williams 
et al., 2001]. Due to the non-unique nature of these geophysical analyses, we seek to further 
investigate the lunar interior structure including the global effects of the core radius on seismic 
free oscillations. We seek to build on previous normal mode analyses by verifying fundamental 
mode identification, and differentiating between excitation mechanisms from meteorite impact 
events and those excited during ambient background noise. 

The Moon is unique in that it is the only planetary body other than the Earth that seismic 
observations have been made successfully. The Apollo Lunar Seismic Network began in 1969 
and operated through 1977 [Nakamura et al., 1982]. The Passive Seismic Experiment (PSE) 
included four seismic stations at Apollo 12, 14, 15, and 16. The network recorded 12,558 seismic 
events, approximately 4 per lunar day [Lognonné and Johnson, 2007]. These events are 
categorized as quakes (shallow, < 300 km, referred to as High Frequency Teleseimic (HFT) 
events, or deep, 700-1200 km), or impacts (naturally occurring meteoroid or artificial events 
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such as the planned upper stage) [Lognonné and Johnson, 2007]. In addition, thermal events are 
cataloged corresponding to solar effects associated with the local time of day [Lognonné, 2005]. 
Deep moonquakes are the most common and are very low in amplitude. Naturally occurring 
meteoroid impacts are prevalent in varying degrees of magnitude [Wieczorek et al., 2006]. 

Seismic free oscillations commonly referred to as normal modes, are standing waves 
typically generated during large magnitude events [Laske and Widmer-Schnidrig, 2007]. Surface 
waves traveling in opposing directions interfere to form standing waves. Standing waves excite a 
solid body at resonant frequencies, such as the ringing of a bell. Free oscillations are classified 
into spherical and toroidal modes according to their primary motions [Woodhouse and Deuss, 
2007]. Quantum numbers n, l, and m describe modes according to spherical harmonic 
representation of displacement [Montagner and Roult, 2008]. Any displacement on a finite body 
can be described by the summation of the normal modes [Woodhouse and Deuss, 2007]. 
Identifying free oscillations within observed seismic spectra has been used to constrain the 
global interior structure of a planetary body. This method has been widely used to study the 
Earth [Montagner and Roult, 2008; Romanowicz, 2008; Laske and Widmer-Schnidrig, 2015] 
including the identification of normal modes within a background hum caused by the interaction 
of the oceans with the seafloor [Laske and Widmer-Schnidrig, 2007, 2015; Nishida, 2013]. 
 For the Moon, Khan and Mosegaard [2001] claimed to identify the first 29 fundamental 
spheroidal free oscillations within a processed spectra built from five stacked meteoroid impact 
events. Following, they proceeded to model the lunar interior using a Monte Carlo approach to 
constrain the seismic velocities, vp and vs, within the lower mantle region. Figure 46a shows the 
result from this analysis (blue) is consistent with modeled synthetic spectra (red). There is a fair 
amount of criticism on this analysis [Lognonné, 2005; Gagnepain-Beyneix et al., 2006; 
Lognonné and Johnson, 2007]. Lognonné [2005] and Gagnepain-Beyneix et al. (2006) both state 
that the low frequency free oscillations generated from the meteoroid impact events is below the 
signal to noise ratio and that free oscillations are not able to be observed using the Apollo PSE 
instruments due to their limited bandwidth. Lognonné [2005] clarifies that current very 
broadband seismometers could detect Lunar Normal modes for a high magnitude event such as 
an HFT or large surface impact. This paper seeks to add insight into the seismic normal modes of 
the Moon, through the reanalysis of Apollo seismic data and synthetics generated from plausible 
interior structure models. In Section 5.2, we discuss the details of the Apollo seismic network 
and touch on a top-level overview of mode theory. In Section 5.3, we detail our methods used 
and in Section 5.4 we present our preliminary results. In Section 5.5, we compare these findings 
to the Khan and Mosegaard [2001] spectra (KM01) and discuss the implications of our analysis. 
In Section 5.6, we conclude and note further work is required to finalize these findings. 

 

5.2 Background and Theory 
 In this section, we discuss the details and unique characteristics of the Apollo passive 
seismic experiment at stations A12, A14, A15, and A16. The stations were installed from 1969 
through 1972 and operated as a continuous network from 1972 - 1977. Following in Section 
5.2.2, we provide an overview of normal mode theory as the foundation of this paper. 
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5.2.1 Apollo Seismic Network 
 The Apollo passive seismic experiment (PSE) consisted of three component long period 
(LP) seismometers and a single short period (SP) vertical sensor at four of the Apollo stations. 
Figure 36 displays the Apollo network on the lunar dayside. Figure 37 shows a photo of one of 
the Apollo PSE seismometers, installed and operational. The LP seismometer could operate in 
either peak mode or flat mode, see Figure 38 for description of the instrument responses. Apollo 
seismic data is available from JAXA (http://darts.jaxa.jp/planet/seismology/apollo/PSE.html), 
and IRIS (http://ds.iris.edu/data/sources.htm). For a description of each event, see the LP event 
catalog available online (ftp://utig.ig.utexas.edu/pub/PSE/catsrepts/levent.1008), [Nakamura et 
al., 2008] which includes the 1981 catalog and subsequently identified events. 

Table	  8.	  The	   latitude	  and	   longitude	  of	  each	  Apollo	  PSE	  seismometer	   is	   listed	   including	   the	  
year	   and	   Julian	   day	   of	   each	   deployment.	   NOTE:	   The	   Apollo	   11	   astronauts	   installed	   a	  
seismometer	   that	   terminated	   after	   less	   than	   30	   days	   of	   operation.	   Thus,	   data	   from	   this	  
station	  was	  not	  utilized	  by	  this	  analysis.	  For	  table	  and	  references,	  see	  Yamada.	  
	  

 

 

 

 

 

 

Figure	   36.	   Apollo	   seismic	   network	  
consisted	   of	   seismometers	   installed	  
on	   the	   lunar	   surface	   by	   the	   Apollo	  
12,	   15,	   16,	   14	   (far	   left,	   clockwise)	  
astronauts	   (green).	   These	   stations	  
(A12,	   A14,	   A15,	   and	   A16)	   form	   an	  
equilateral	   triangle	   of	   1,100	   km	  
separation	   distance,	   all	   on	   the	  
dayside	   hemisphere	   of	   the	   Moon	  
within	   the	   maria	   and	   PKT	   regions	  
[Lognonné,	  2007].	  
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Figure	  37	  (left).	  Apollo	  seismometer	  and	  ASLEP	  
unit	  in	  background	  gold	  covered	  blanket.	  Silver	  
thermal	   blanket	   shown	   around	   seismometer	  
instrument	   was	   the	   source	   of	   large	  
contamination	   in	   the	   horizontal	   components	  
[photo	  credit:	  NASA]. 

	  

	  

	  

	  

	  

	  

	  

	  

Figure	   38	   (right).	   Instrument	  
response	   curves	   for	   Apollo	  
seismometers	   by	   type:	   Long	  
Period	   (LP),	   Short	   Period	   (SP),	  
and	   Tidal.	   The	   LP	   Flat	   mode	  
provides	   the	   lowest	   frequency	  
sensitivity.	  [Yamada]	  

	  

	  

	  

	  

	  

Table	  9.	  Apollo	  PSE	  instrument	  data	  acquisition	  details	  are	  summarized	  below	  [Yamada].	  
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Table	   10.	   Apollo	   PSE	   LP	   seismometer	   Flat	   Mode	   operation	   times	   is	   summarized	   below	  
[Yamada].	  

	  

Figure	   39	   (left).	   Pictured	   are	  
three	   Apollo	   seismic	   events	  
demonstrating	   characteristic	  
features	   of	   each	   event	   type.	  
These	  events	  are	  all	  observed	  
at	   the	  A16	  station	  [Nakamura	  
et	  al.,	  1982].	  

	  

	  

	  

	  

	  

Table	  11	  (below,	  left).	  A	  summary	  of	  seismic	  event	  classification	  from	  the	  Apollo	  PSE	  catalog	  
[Nakamura	  et	  al.,	  1982].	  Most	  of	  the	  unclassified	  events	  here	  have	  been	  designated	  as	  deep	  
moonquakes,	  and	  some	  new	  events	  have	  been	  identified	  by	  recent	  reanalysis	  [Lognonné	  and	  
Johnson,	  2007].	  

 

Figure	   40	   (right).	   The	   number	   of	   events	  
per	   year	   is	   displayed	   by	   moonquake	  
classification	   and	   magnitude	   of	   event	  
mean	   velocity	   [Lognonné,	   2007].	   A1	   deep	  
moonquake	  nest	  is	  the	  most	  notable	  for	  its	  
regular	  occurrence	  and	  largest	  magnitude.	  
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 The majority of the 12,558 events identified are deep moonquakes, 700 - 1,200 km, 
which are low magnitude events occurring within a reoccurring location commonly referred to as 
a nest. It has been proposed that the deep moonquake activity is due to brittle-ductal failure 
linked to the gravitational tides [Nakamura et al., 1982]. Meteorite impacts commonly occur on 
the surface of the Moon. However, the size of the impactor varies greatly, with large impacts 
being rare. HFT or shallow moonquakes are the most rare and highest magnitude events. 
Artificial impacts from Apollo mission debris were planned and documented. Thermal stresses 
imparting large amounts of seismic stress on the solid body of the Moon occurred on regular 
sidereal intervals and are a result of large temperature differences between the sunlight dayside 
hemisphere and the cold vacuum on the nightside. Figure 39 depicts the relative magnitude and 
characteristics of these classes of events. Seismic events on the Moon, compared with seismic 
activity recorded on the Earth, are characterized by a long ringing tail [Lognonné and Johnson, 
2007]. This occurs due to the highly fractured regolith and megaregolith layers at the surface of 
the Moon [Wieczorek et al., 2006; Jaumann et al., 2012].  

5.2.2 Overview of Seismic Free Oscillations Theory 
Free oscillations within seismic data were originally theorized in 1863 by Lord Kelvin 

[Lognonné and Clévédé, 2002], and in 1882 by Horace Lamb [Montagner and Roult, 2008], well 
before the first observations following a large earthquake in Chile in the 1960’s [Lognonné and 
Clévédé, 2002; Montagner and Roult, 2008]. For the Moon, only two successful attempts have 
been made to analyze the normal modes within the Apollo data: spheroidal [Khan and 
Mosegaard, 2001] and toroidal modes [Gudkova and Zharkov, 2002]. For the purpose of this 
paper, we summarize the linearized equations of motion governing a symmetric non-rotating 
elastic isotropic planetary body experiencing self-gravitating forces, commonly referred to as the 
SNREI model case. These represent a simplified set of equations from the actual Earth or Moon, 
and describe our synthetic modeled data set. Some of these differences, such as rotation, 
planetary oblateness or lateral heterogeneity, may provide some rational for the differences 
between the data and models. 

There are several full derivations detailing free oscillation theory. We refer the reader to 
the following for additional information: [Gilbert, 1970; Lognonné and Clévédé, 2002; 
Woodhouse and Deuss, 2007, 2015]. The equations of motion for a vibrating body include 
material stresses and body forces, such as gravity [Romanowicz, 2015]. The material is assumed 
to obey Hooke’s law and the displacement satisfies the wave equation [Romanowicz, 2015]. We 
note any motion of the body can be described as the weighted sum of the free oscillations and we 
follow the formalism of Montagner and Roult [2008] in this text. The displacement can be 
solved for in the elastodynamic equation of motion for an elastic planetary body [Montagner and 
Roult, 2008]:  

𝜌 𝜕!! + 𝐻 𝒖 𝒓, 𝑡 = 𝒇(𝒓, 𝑡)       (5-1) 

here displacement u(r,t), is given for all external forces f(r,t) starting at rest, according to density, 
𝜌, which is a function of time and H, an integro-differential operator that describes material 
stresses and gravity. For a specific planet model with H0 and homogeneous density 𝜌!, the 
normal modes are given by [Montagner and Roult, 2008]: 
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𝐻!𝒖! 𝒓 = −𝜔!!𝒖!(𝒓)       (5-2) 

where 𝜔! is the eigenfrequency described by the mode integer quantum numbers k = n (radial 
order), l (angular order or spherical harmonic degree), and m (azimuthal order) with −𝑙 ≤ 𝑚 ≤ 𝑙, 
and 𝒖! denotes the eigenvector describing the displacement of the mode k (we note our equation 
5-2 above corrects a missing minus sign from the reference, Romanowicz [2017], personal 
communication). In the spherical coordinate system (𝑟,𝜃,𝜙), the solution of the displacement 
for the simplified SNREI case, the body is degenerate in m and depends only on 𝑛 ≥ 0 and 𝑙 ≥ 0, 
and can be expressed as [Lognonné and Clévédé, 2002; Laske and Widmer-Schnidrig, 2007, 
2015; Montagner and Roult, 2008]: 

𝒖! 𝒓 = 𝑈!!
o 𝑟 𝒓+ 𝑉!!

o 𝑟 ∇! 𝑌!! 𝜃,𝜙 − 𝑊!!
o (𝑟)𝒓×∇!𝑌!! 𝜃,𝜙   (5-3) 

Here 𝑈!!
o 𝑟 , 𝑉!!

o 𝑟 , and 𝑊!!
o 𝑟  are scalar eigenfunctions describing how the solution varies 

with depth, 𝑌!!(𝜃,𝜙)  represents surface spherical harmonics and ∇!  is a surface gradient 
operator acting on a unit sphere. We note for spheroidal modes, W = 0, and for toroidal modes U 
= V = 0. Using this eigenfunction notation, we note the three vector component synthetic 
displacement is calculated at point r and time t for any applied force f (e.g., representing a 
seismic event) according to the following equation [Montagner and Roult, 2008], for a step 
function in time:  

𝒖 𝒓, 𝑡 > 0 = 𝜔!!!𝑴: 𝜖! 𝒓! 𝒖! 𝒓 1− cos𝜔!𝑡 𝑒!!!!  !    (5-4) 

where the applied force is expressed in the seismic moment tensor term, M. Note 𝜖! is the strain. 
We implement the normal mode calculation code, yannos [Capdeville, 2012], to forward 

calculate 𝑈!o , 𝑉!o , 𝑊!o , the attenuation coefficient 
𝛾! , and 𝜔!  for a variety of moon models as 
described in Section 5.3. Figure 41 shows the 
spatial distribution of the displacement at the 
earth's surface for different spheroidal normal 
modes for a SNREI planetary body described by 
spherical harmonics 𝑌!!(𝜃,𝜙). Figure 42 shows 
some of the lunar toroidal modes studied by 
[Gudkova and Zharkov, 2002]. Gudkova and 
Zharkov [2002] forward calculate the 
eigenfrequenies for toroidal modes l = 2 – 100 
for three lunar interior profiles (solid core, liquid 

Figure	   41	   (left).	   Spherical	   harmonics	   are	  
shown	  where	  black	   indicates	  positive	   surface	  
displacement	   (radial	   is	   perpendicular	   to	  
surface)	   and	   white	   negative.	   𝑺𝒏o 𝟎

𝟎 	  is	   the	  
breathing	   mode	   extending	   and	   contracting	  
radially.	   These	   surface	   patterns	   demonstrate	  
spheroidal	   normal	   modes	   for	   a	   SNREI	   Earth	  
model.	  [Laske	  and	  Widmer-‐Schnidrig,	  2007].	  
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core, no core). Published profiles for vp and vs are studied. They consider damping and 
attenuation and conclude that toroidal modes, n = 0, l ≥	 7 can be observed at the surface by the 
Apollo PSE seismometers [Gudkova and Zharkov, 2002]. 
 

	  

Figure	   42	   (right).	   Forward	  
calculated	   toroidal	   free	  
oscillations	  are	  shown	  for	  a	  moon	  
model	   for	   l	   <	   50	   [Gudkova	   and	  
Zharkov,	   2002].	   The	   amplitude	  
spectrum	   for	   these	   fundamental	  
modes	   helps	   determine	  which	   of	  
them	   may	   be	   observed	   within	  
Apollo	  PSE	  data	  at	  the	  surface.	  X-‐
axis	  is	  angular	  frequency	  (rad/s),	  
y-‐axis	   is	   amplitude	   of	   the	  
horizontal	   component	   of	  
displacement	  (North),	  cm.	  
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Figure	   43	   (left).	   Seven	  
different	   lunar	   models	  
are	   considered	   in	   this	  
study:	  Models	   A,	   B,	   C,	  D,	  
E,	   F	   and	   G.	   For	  
description	   of	   model	  
type,	  see	  text.	  Density,	  vp	  
and	   vs	   are	   shown	   for	  
each	  model	   from	  core	  (r	  
=	   0)	   to	   crust	   (r	   =	   1,738	  
km).	   See	   Table	   12	   for	  
additional	  parameters. 
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5.3 Method 
This analysis sets out to test the KM01 results, to see if their power spectral density (PSD) 

stack was merely randomly generated noise or if the modes lined up with lunar interior structure. 
Our hypothesis is that if the modes are merely inverted noise, the mode peaks will not coincide 
with modeled interior structure. On the other hand, seismic free oscillations could be excited by 
seismic events such as meteorite impacts, moonquakes, or from the background noise on the 
Moon, such as a hum caused from micrometeorite bombardment [Lognonné et al., 2009] or 
thermal stresses of the lunar surface from incident solar radiation [Larose et al., 2005]. Moreover, 
this project seeks to investigate the possible existence of a lunar core using a spheroidal seismic 
normal mode analysis. This entails the following three-step procedure: 

1. Calculate lunar normal modes for various input models derived from the most recent lunar 
seismic analysis [Khan and Mosegaard, 2001; Lognonné, 2007; Garcia et al., 2011; Weber et 
al., 2011]. This calculation builds upon an existing code used for determining the Earth 
Normal Modes commonly referred to as yannos [Capdeville, 2012] and alters it for a 
spherically symmetric body of lunar size and composition [Lekic, 2011]. Input models specify 
velocity and density as a function of depth. The body is assumed to be isotropic, spherical, 
and non-rotating. The normal mode frequencies are calculated and compared to Apollo data 
from Khan and Mosegaard [2001]. Table 12 summarizes all model parameters utilized. 

2. Determine sensitivity of fundamental modes to models with and without a core of varying size 
and density. This step applies an existing code calculating normal mode sensitivity kernels 
and analyzes each mode for structural sensitivity [Dou, 2012]. Such as the sensitivity of a 
particular mode to structure in the core, for example. 

3. Calculate the FFT and PSD of the entire Apollo PSE LP flat mode data to compare against the 
KM01 analysis observing 29 fundamental normal modes in the 1-11 mHz range and the 
synthetic models from step 1. We begin by analyzing only the data for the time periods 
corresponding to 5 meteorite impact events specified in the KM01 analysis, which are the 
largest magnitude events in the catalog. We then consider the extent to which the length of the 
time series considered influences the location of the peaks within the spectral domain. 

For Method 3, we began by testing the same 5 impact events, which are the largest 
recorded magnitude events to be recorded in the PSE event catalog [Khan and Mosegaard, 2001]. 
Time series data of 163-minute intervals following the impact events (1976 days 13, 25, 121, 137 
and 319) were processed into FFT spectra and collected from 3 stations A12, A15 and A16. 
These represent the largest magnitude events with the minimum contamination, thus maximum 
seismic energy preserved in the signal. A14 data contained too many large transients in the data. 
The LP flat mode data is best suited for sensitivity within the normal mode frequencies of 
interest. Apollo LP seismometers have the most low frequency sensitivity in flat mode. Only the 
vertical components of the LP data were chosen due to large spurious events occurring on the 
horizontal axes due to the thermal blanket, see Figure 37. The Apollo time series data contains a 
lot of artificial noise, large transient spurs well above the level of the signal. These have been 
cleaned by two methods, the threshold method shown in Figure 44 suppressing signal below 
threshold values, and second by identifying each spur and suppressing to the mean level of the 
signal. 

Additional steps were taken to influence of the length of the time series slices on the final 
PSD spectra and the location of the peaks within the data. Figure 45 demonstrates one of those 
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studies. Here we see the 2-hour slice length provides the most adequate peak sampling and 
spacing. 5-hour slice lengths provided too many peaks in the spectra. 

	  

Figure	   44.	   Raw	   Apollo	   data	   (blue)	   compared	   to	   cleaned	   data	   (red)	   where	   a	   threshold	  
suppressed	   large	   spurious	   events	   from	   the	   instrument	   noise,	   station	   A16	   (left)	   and	   A12	  
(right).	  These	  are	  5-‐hour	  time	  series	  data	  window.	  

	  

	  

	  

	  

(Figure	  45,	  continues	  on	  next	  page)	  
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Figure	   45.	   Normalized	   PSD	   stack	   for	   three	   varying	   length	   of	   time	   series	   data.	   Top	   plot	  
contains	  data	  windows	  of	  1hour,	  2	  hours	   for	   the	  middle,	  and	  ~5	  hours	   for	   the	  bottom.	  We	  
note	  the	  increase	  in	  peaks	  in	  the	  data	  as	  time	  series	  window	  increases	  in	  length.	  (Left)	  Full	  
spectral	   range	   is	   displayed.	   (Right)	   The	   region	   of	   interest	   for	   the	   fundamental	   normal	  
modes,	  1-‐11	  mHz,	  is	  shown.	  

5.4 Results 

5.4.1 Synthetics Results 
The results from our forward calculations of the spheroidal normal modes for l = 0 - 30 

are shown in Figure 46b for the fundamental branch (n = 0) for all models considered. Figure 46a 
shows the KM01 results, a red curve representing one of their synthetic models and the blue one 
for the PSD analysis from five meteorite impact events in the Apollo PSE event catalog, 1976 
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days 13, 25, 121, 137 and 319. Figure 46b shows the results of our yannos forward calculations, 
comparing mode eigenfrequencies for Models A, B, C, D, E, and F, as well as the KM01 Apollo 
data for comparison. We note there is a greater effect of lunar interior structure on the higher 
angular order values than on the lower end. In other words, for l = 0 and 2, for the gravest modes, 
the models agree well on mode frequency. KM01 see good agreement between the PSD stacked 
data and this specific model, suggesting they are seeing structure and not mere noise. 

We note that the synthetic spheroidal normal modes for our modeled Moon form a tight 
pack for n > 4 across all model types, see Figures 48. Spheroidal modes are plotted in Figure 48 
and Toroidal modes are plotted in Figure 49. We see some consistency between our Moon modes 
and spheroidal Earth modeled modes under 30 mHz (see figure 4 in [Woodhouse and Deuss, 
2007]), where toroidal modes for the SNREI Earth model are simpler than their spheroidal 
counter part. Woodhouse and Deuss [2007] further suggest that there are mechanisms such as 
mode splitting and counting that can be used to distinguish between modes within the crowded 
section. Amongst these four lunar models, Model D shows more dispersion between n-branches 
of spheroidal modes. 

 
 
 
 
 
 
 
 

Table	  12.	  (next	  page)	  Model	  parameters	  for	  A	  through	  G	  are	  summarized	  below.	  Model	  A	  is	  
based	   on	  Weber	  et	  al.	   [2011],	   or	  W11.	  Model	  B	   on	  Garcia	  et	  al.	   [2011]	   or	  G11.	  Model	   C	   on	  
Khan	  and	  Moosegard	   [2001]	   or	   KM01.	   Model	   D	   on	   Lognonné	   and	   Johnson	   [2007]	   or	   LJ07.	  
Model	  E	  is	  a	  homogeneous	  Moon.	  Model	  F	  is	  a	  solid	  core	  and	  mantle,	  no	  crust.	  Model	  G	  is	  a	  
liquid	  core	  and	  mantle,	  no	  crust.	  Figure	  43	  plots	  the	  density,	  vp,	  and	  vs	  of	  these	  plots.	  
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Figure	   46.	   (a)	   Khan	   &	  
Mosegaard	   [2001]	   show	  
consistency	   between	   Apollo	  
data	   (blue)	   and	   a	   synthetic	  
model	   (red)	   PSD	   stacked	  
spectra.	   (b)	   Calculated	  
spheroidal	   modes	   show	  
consistency	  with	  KM01	  Apollo	  
data	   below	   l=20.	   Also	   see	  
Figure	   45.	   Note	   fundamental	  
mode	  only	  (n=0).	  
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Figure	  47	  (left).	  Synthetic	  mode	  difference	  between	  Models	  A,	  B,	  C,	  D,	  E,	  and	  F	  and	  the	  KM01	  
Apollo	   data	   fundamental	   (l=2-‐30)	   spheroidal	   modes.	   For	   a	   majority	   of	   this	   fundamental	  
branch,	   specifically	   l=3-‐18,	  Model	   A	   predicts	   less	   than	   0.1	  mHz	   difference	  with	   the	  KM01.	  
Same	  data	  as	  Figure	  46b.	  

 
Spheroidal mode sensitivities were calculated and studied across model types in an 

attempt to identify modes sensitive to core structure. A sample of these sensitivity studies is 
plotted by modes and by model type in Figure 50. Here we see the model specific interior 
structure’s influence on mode sensitivity to global structure. Some modes are only sensitive to 
shallow structure, others include sensitivity to the deep interior. Model A mode 0S4 is not 
sensitive to the core density, vp or vs; whereas, mode 1S3, shows a small sensitivity to the outer 
core density but not the inner core. This indicates if you observe this mode, varying the models 
outer core density will have the largest influence on the synthetic modes calculated. Model A 
modes 1S0 and 10S1 show sensitivity to the entire global structure. We note most mode 
sensitivities we analyzed were highly sensitive to the radius of the CMB. This can be seen 
comparing the drastic differences for a single mode between Models. Therefore, future work will 
include locating observable surface modes that can be used to distinguish between the models 
considered. We also note some modes show a nonlinear dependence on model structure (e.g., 
Model A and B 10S1).	  
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Figure	  48.	  Dispersion	  diagrams	  plot	   the	  synthetic	  spheroidal	  modes	   for	  each	  model	  
up	  to	  50	  mHz	  for	  the	  top	  four	  plots	  where	  (a)	  Model	  A,	  (b)	  Model	  B,	  (c)	  Model	  C,	  and	  
(d)	  Model	  D,	  and	  zoomed	  into	  less	  than	  10	  mHz	  for	  the	  bottom	  four	  where	  (a1)	  Model	  
A,	  (b1)	  Model	  B,	  (c1)	  Model	  C,	  and	  (d1)	  Model	  D.	  Frequency	  versus	  angular	  order,	   l,	  
and	  n.	  n	  value	  in	  color	  bar	  (right)	  for	  SNREI	  moon.	  
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Figure	   49.	   Dispersion	   diagram	   for	   toroidal	   modes	   for	   varying	   frequency	   (y-‐axis)	  
and	   l-‐angular	   order	   zooms	  where	   (a)	  Model	   A,	   (b)	  Model	   B,	   (c)	  Model	   C,	   and	   (d)	  
Model	  D.	  n	  value	  in	  color	  bar	  (right)	  for	  SNREI	  moon.	  	  
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Figure	  50:	  Mode	  Sensitivity	  Study	  Models	  A	  –	  G	  (see	  page	  91	  for	  caption)	  

Model	  A	  

	  

	  

Model	  B:	  
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Figure	  50:	  Mode	  Sensitivity	  (Model	  B	  continued)	  

	  

Model	  C:	  
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Figure	  50:	  Mode	  Sensitivity	  (continued)	  

Model	  D:	  

	  

	  

Model	  E:	  	  
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Figure	  50:	  Mode	  Sensitivity	  (Model	  E	  continued)	  

	  

Model	  F:	  	  
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Figure	  50:	  Mode	  Sensitivity	  (continued)	  

Model	  G:	  	  

	  

	  

Figure	  50.	  (Pages	  87	  –	  91	  above)	  Sensitivity	  plots	  are	  shown	  for	  all	  seven	  models:	  A,	  B,	  C,	  D,	  E,	  
F,	  and	  G.	  These	  demonstrate	  the	  sensitivity	  of	  a	  specific	  mode	  to	  the	  radial	  structure	  of	  that	  
particular	  model.	   A	   sampling	   of	  modes	   is	   provided	   for	   each	  model.	   The	   goal	   is	   to	   identify	  
spheroidal	  modes	  of	   interest	   that	   have	   sensitivity	   to	   the	   core	   or	   other	  key	   structure.	  This	  
varies	   by	   interior	   structure	   and	   composition	   profiles	   of	   the	   model	   types.	   Some	   modes	  
demonstrate	  minimal	  to	  no	  sensitivity	  within	  the	  core;	  however,	  the	  radius	  of	  the	  CMB	  does	  
have	  a	  large	  influence	  on	  all	  radial	  modes	  sensitivity.	  

5.4.2 Apollo PSE LP Flat Mode Results 
The first analysis included performing an FFT on the 163-minute length time series data 

from 5 meteorite impact events and all three stations, vertical component only, Figure 51. We 
stack the processed spectra and the results are in Figure 51. For the low frequency (<11 mHz) 
range of interest, we locate the peaks and compare to the forward calculated eigenfrequencies for 
the fundamental spheroidal modes and the KM01 data analysis. This is done to compare the 
spectra shape and location of key peaks to attempt to identify the first 30 fundamental spheroidal 
modes within the Apollo PSE dataset and to determine if these peaks move between this and the 
subsequent analyses. The most prominent peak within the FFT impact spectra occurs at 9.6 mHz 
and is the 26th peak observed which does correspond to a peak at that location in the PSD stack.  
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Figure	   51.	   FFT	   spectra	   stacked	   for	  A12,	   A15,	   A16,	   LPZ	   component,	   for	   5	  meteorite	   impact	  
events	  from	  d13,	  25,	  121,	  127,	  and	  319	  in	  1976.	  Frequency	  is	  along	  the	  x-‐axis.	  Plots	  made	  in	  
SAC,	   with	   digital	   units	   on	   the	   y-‐axis	   and	   frequency	   across	   the	   x-‐axis.	   (left)	   full	   spectrum,	  
(right)	  <12	  mHz.	  

A second approach was taken in the attempt to observe spheroidal normal modes within 
the Apollo dataset including background noise. Here we process the entire flat mode catalog, 
approximately 5 years of time-series data. We cut up each time series into several sub window 
intervals. Calculate the PSD of each interval and stack the results. Here we clean the dataset 
using automatic threshold method to suppress large transient spurs from the instrument. We 
assume any remaining peaks within the final PSD stack may be the observation of seismic free 
oscillations. We compare these results to both our previously generated synthetic modeled modes 
and the KM01 Apollo normal modes analysis, Figure 52. Future work will remove the 
instrument response from this data. Figure 53 furthers this work by including additional 
processing.	  

 

Figure	  52.	  Final	   results	   from	  full	  Apollo	  PSE	  LP	   flat	  mode	  catalog	   including	   seismic	  events	  
and	  background	  noise.	  Data	  is	  cut	  into	  intervals,	  cleaned,	  transformed	  into	  PSD	  spectra	  and	  
stacked.	  (right)	  Final	  result	  is	  compared	  with	  KM01	  for	  <11	  mHz. 
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5.5 Conclusion 
 We conclude this analysis by drawing the following conclusions from our final analyses. 

Our modeled synthetic fundamental spheroidal modes contain eigenfrequencies near but not 
exactly matching the KM01 Apollo data, Figure 47. Our Model A contains the closest match to 
this analysis with under 0.1 mHz difference for fundamental modes l < 20, Figure 47. For our 
Apollo data analysis (Figure 51 for impacts and Figure 52 for full catalog), we do see peaks 
within our generated spectra for the frequency range of interest < 11 mHz. For Figure 52 psd 
stack, For 2-hour time slices, with Threshold 3 cleaning filter applied to the data, some 
correlation is seen between peak locations in our analysis and that of KM01. While some 
characteristics of the KM01 analysis can be seen in our final spectra, the overall alignment of the 
spherical fundamental normal modes is poor. Thus, we conclude it is premature to draw any final 
conclusions from our analysis. We concur with KM01 that there may be observable modes 
within the Apollo data set. However, future work will include more precise cleaning routines and 
stacking noise only removing events, smoothing filters such as the Yule Walker Auto Regressive 
method, and the instrument response removed properly, the fit to this spectra may improve. We 
believe it is also premature reach the conclusions of Lognonné [2005] and Gagnepain-Beyneix et 
al. [2006], that the normal mode peaks are merely randomly generated noise as we do see 
correlation between our modeled peaks and the KM01 Apollo data. Further analysis can be 

Figure	   53.	   Our	   final	   result	   spectra	   stack	   from	  
Figure	   52	   including	   the	   full	   PSE	   catalog,	  
processed	  using	  smaller	  2	  hour	  time	  series	  slice	  
length	   and	   improved	   cleaning	   filter.	   Three	  
threshold	   values	   are	   tested	   for	   transient	  
removal	   (top	   left)	   with	   Thresh	   3	   most	   closely	  
matching	  KM01.	  (top	  right)	  Since	  the	  amplitude	  
is	   secondary	   to	   the	   location	   of	   the	   peak	  
frequency,	   we	   compare	   our	   synthetic	   modes	  
(Model	  A,	  yellow)	   to	  Thresh	  3	  and	  to	  the	  KM01	  
Apollo	   data	   with	   vertical	   bars	   independent	   of	  
amplitude.	   (bottom	   left)	   An	   auto-‐regressive	  
(AR)	   method	   was	   used	   to	   remove	   the	   linear	  
trend	  from	  the	  data	  (red).	  
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performed to focus on modes that are sensitive to the lunar core. This will help elucidate normal 
mode dependency on lunar structure. It is clear that future analysis needs to be completed to 
better understand the current state of the lunar interior, the first step in determining its origin. 
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6 Conclusion and Future Work 
6.1 Summary and Path Forward 

In this dissertation, I have investigated outstanding questions regarding the interior of the 
Moon using a variety of numerical methods and magnetic and seismic observations. Specifically, 
we have explored the existence, size and state, of a lunar core, partial melt layer at the CMB, and 
mantle composition. We have explored the electrical conductivity of the lunar interior using 
nightside TDEM sounding by improving available models using a finite element method, 
Chapter 2. Previous Apollo nightside time domain EM sounding analyses [Dyal and Parkin, 
1971a; Schubert and Colburn, 1971; Sonett, 1982] have modeled solar wind transient events 
driving induction as step or ramp functions, respectively. These groups assumed the induced 
field was confined within the nightside wake and expanded within this cavity unimpeded as into 
a vacuum. They used elegant analytic models to match Apollo 12 LSM data and constrain the 
electrical conductivity of the lunar interior [Dyal and Parkin, 1971a]. Our finite element model 
allows upstream solar wind magnetic field data to be used directly for any 2 or 3D conductivity 
profile, Chapter 2. While the induced response can be solved for within the time and frequency 
domains equivalently, the time domain is better suited for the interpretation of data from moving 
satellite platforms [Grimm and Delory, 2010] and allows for the visual markings of induction 
within the response. Our FEA model is a powerful method that will aid the interpretation of 
induction within magnetic field data within the solar wind for any two-point magnetometer 
constellation such as Apollo, ARTEMIS, and future networks. In Chapter 3, we investigated 
beyond the vacuum boundary conditions, and found the key for the application of this model is 
to determine magnetic field observations within low plasma beta conditions such that the 
nightside wake observation can be interpreted as only minimally disturbed [Fatemi et al., 2015]. 
Moreover, Fatemi et al. [2015] used a static plasma kinetic model to demonstrate that an induced 
dipole would not be confined within the wake cavity contrary to previous suggestions; specific 
IMF-solar wind configurations need to be fully considered to determine if a minimal disturbance 
zone exists, Chapter 3. Following, transient-plasma induction models have demonstrated a 
coupling interaction occurs between the induced and wake fields, Chapter 3. This builds on 
previous models, Chapter 2, and emphasizes the importance of considering the solar wind 
conditions that configure each wake and changing IMF transient event, and will require several 
plasma hybrid models to be run to characterize each potential sounding event for future nightside 
TDEM analyses. 

Furthermore, we have explored constraints on the geochemical, geodynamic, and 
geophysical current Moon by forward calculating the equations of state for varying 
compositional models, Chapter 4. Understanding the composition and thermal profile of the 
current day lunar interior places constraints on its origin and formation theories. Following a 
global magma ocean after a giant impact origin, we consider the crystallization sequence. 
Specifically, if the sinking of subcrustal iron-titanium-rich material, can be the source of the 
current day proposed partially molten layer at the CMB. We explore if this material can sink in 
the liquid (using geochemical melt calculations for an early Moon) or solid phases (using a 
geodynamic convection code we modified to match lunar conditions). We refute the first state 
due to a ~200 km depth required to be reached and corroborate the second, which is an advance 
to current understanding of LMO crystallization [Elkins-Tanton et al., 2002]. Moreover, we see 
meteorite impacts at the surface of the Moon are not a viable mechanism for the transportation of 
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melt from the surface to depth as they are not efficient enough to obtain the 150 km thickness 
proposed at the CMB [Weber et al., 2011]. From these studies of the early Moon, we conclude 
ilmenite may occur beneath the crust following crystallization or may overturn to the CMB. We 
use geochemically informed starting models of the current day Moon to test the suite of plausible 
interior model structures capable of meeting measured mass and MOI. We consider end member 
geochemical cases for a completely homogenized lunar mantle or remnants of stratified 
reservoirs following LMO crystallization. From these models with the least deviations to mass 
and MOI (less than 2σ, see Section 4.3.5), we further test the deviation of these models from all 
previously published bulk chemistry analyses. Moreover, we see reasonable match between our 
simplified models and seismic observations [Garcia et al., 2011, 2012; Weber et al., 2011] for 
density, vp and vs. We further test a range of selenotherms or temperature profiles including a 
maximum, mean, and minimum cases [Gagnepain-Beyneix et al., 2006; Khan et al., 2006b, 
2007]. From the 292,544 lunar profiles considered, we find a narrow range of metallic iron core 
radii and the presence of ilmenite within the deep lower mantle that favor a mantle overturn 
scenario. 
 Future work for compositional modeling of the current Moon will include investigating a 
conductive profile for the Moon and a detailed heat production calculation demonstrating the 
influence of reasonable U, Th, and K concentrations on the selenotherm. Solid solutions can be 
added within the equations of state modeling. A stratified convection model has not yet been 
fully tested. Love numbers have been calculated for a small subset of our models. From this 
preliminary calculation, we found our models were highly sensitive to grain size, which is not 
currently well constrained. Further constraints on grain size and temperature profile for the Moon 
will improve the accuracy of these methods. 
 The detection of a core was attempted using spheroidal seismic free oscillations observed 
within the Apollo dataset, Chapter 5. Synthetic modes were forward modeled based on recently 
informed updates to the lunar interior [Garcia et al., 2011, 2012; Weber et al., 2011; Wieczorek 
et al., 2013]. The entire Apollo PSE LP flat mode catalog was used to calculate a PSD spectra 
and stacked from stations A12, A15 and A16 for the vertical component only. This data was 
required to be cleaned from non-seismic contamination preventing errors from propagating into 
the analysis. These modes were compared directly with KM01 Apollo data. We see some 
correlation between our analysis and the KM01. Moreover, our simple Model A matched the 
fundamental spheroidal normal modes for l < 20 to less than 10% difference. This provides us 
with some justification for determining the modes observed within KM01 and within our 
analysis are not over-interpreted noise, but seismically informed signal providing information 
about the lunar interior and core. We note most modes are highly sensitive to the depth of the 
CMB. Future work will include locating which spheroidal mode observable at the surface can be 
used to distinguish between modeled CMB locations. The analysis is preliminary and future 
work can be made to verify these findings. 
 

6.1 Final Remarks 
 The Moon is an intriguing and unique object within our solar system. With future 
observations from the lunar surface and from orbit, we will be able to answer fundamental 
questions regarding planetary processes, the Earth-Moon origin, and solar system formation. 
This dissertation has summarized key findings regarding the interior of the Moon from a variety 
of disciplines and computer simulation techniques. Future lunar science research will provide 
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additional observations, improved modeling capabilities, and techniques seeking to answer key 
planetary science questions. Without doubt, new questions will form and the exciting path to the 
advancement of scientific knowledge will ensue. 
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Appendices 
 
 
Appendix I: Chapter 2 Supplemental Information 
 
A. Case Study 2 Additional Information 
 

Additional details regarding the second case study in Section 5 of Chapter 2 of the text 
are included to further explore our model’s capability to available data. Figure A-1 displays the 
radial component of four model responses along with the driving field observed in Explorer 35 
and the LSM surface data observations. This continues from the text including the same 
homogeneous models (1e-3 S/m, 1e-4 S/m) and 3-layer model, described previously (mantle 1e-
4 S/m, core 1e-2 S/m; this is “model 06” of Figure A-2), and an additional homogeneous model 
(5e-4 S/m). The homogeneous model 1e-3 S/m fits the best of this group. The 3-layer model is 
indistinguishable from the 1e-4 S/m homogeneous response due to the negligible influence of the 
core for the time scales relevant to this signal. 

 

Figure	  A-‐	   1.	   Four	  model	   responses	   (in	   color)	   are	   compared	   against	   the	   driving	   input	   field	  
observed	  in	  orbiting	  Explorer	  35	  (BExp35)	  magnetometer	  and	  surface	  LSM	  instrument.	  This	  is	  
for	  the	  radial	  component.	  
	  

 Figure A-2 compares the effect of four mantle conductivities (1e-4, 1.5e-4, 2.5e-4, 5e-4 
S/m) and two core conductivities (1e-2, and 1e3 S/m). Here we see no influence of increased 
core conductivity on the response curves, and only the increased mantle conductivities influences 
the response. The short decay time scales associated with this signal are only responsive to the 
lunar mantle, which is an illustration of the skin depth effect. 
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Figure	  A-‐	  2.	   Eight	  model	   responses	   (in	   color)	   are	   compared	  against	   the	  driving	   input	   field	  
observed	   in	   orbiting	   Explorer	   35	   (BExp35)	   magnetometer	   and	   surface	   (BLSM)	   instrument.	   4	  
mantle	  conductivities	  and	  2	  core	  conductivities	  are	  compared	  and	  noted	  in	  the	  legend	  (units	  
are	  S/m).	  This	  is	  for	  the	  radial	  component. 

 Next we consider the two tangential components of the magnetic field, north and east, 
Figure A-3 (top panel, bottom panel, respectively). This builds on the same 3 models discussed 
in the text: homogeneous 1e-3 S/m, homogeneous 1e-4 S/m, and three-layer model 06. Here we 
see a breakdown of the analytic theory which predicts overshoot within the tangential 
components up to 50% increase of the transient field magnitude. We see nearly 200% increase in 
the north component and an event within the east component that does not appear to be 
geophysical in nature as it is not predicted by our models here. 
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Figure	  A-‐	  3.	  The	  north	  (top)	  and	  east	  (bottom)	  components	  of	  the	  magnetic	  field	  are	  plotted	  
comparing	  three	  model	  responses	  to	  the	  driving	  Explorer	  35	  (BExp35)	  magnetometer	  data	  and	  
surface	  (BLSM)	  observations.	  This	  is	  for	  homogenous	  models	  1e-‐3	  S/m,	  1e-‐4	  S/m	  and	  3-‐layer	  
model	  06. 

 
B.  Chapter 2, Model Trade Off Studies 
 

Several options are available within the COMSOL software architecture to solve EM 
problems. These model trade offs are analyzed for accuracy (as measured by the RMSE to the 
analytic step function), and model performance (run time). This is intended to offer 
recommendation on model parameters for future TDEM sounding. Four studies are included 
considering the effect of the model workspace extent (A2a), solver time stepping configuration 
(A2b), mesh size, density and the number of included boundary layers (A2c), and the boundary 
layer thickness (A2d). The color key is provide for A2a and is consistent throughout the 
remaining studies. The highest performing model in terms of Radial and Tangential RMSE, and 
best run time, is shown highlighted in green. The second best is shown in yellow. If the best 
component RMSE is not the best model, this component is highlighted in red. Similarly, in terms 
of run time, if the best run time is not the best model, it is highlighted in purple. 
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B1. Study 1: Model Geometry Workspace Extent 
 
Color Key: 
Best Configuration 
2nd Best Configuration 
Best Component RMSE 
Best Run Time 

 
 This study varied the extent of the workspace domain from the surface of the Moon up to 
3Rm, 5Rm, 10Rm, or 15Rm for a total of four different model geometries tested. Model 4 is chosen 
as the best model with its lowest tangential RMSE and RMSE norm with a workplace extent of 
15Rm. This improvement in accuracy comes at a minimal cost to performance with the second 
best run time in this study. The second best model is model 1 with a workplace extent of 3Rm. 
Model 1 has the second lowest tangential RMSE and RMSE norm. The best run time and radial 
RMSE was achieved by Model 3 with a workplace extent of 10Rm. 
 
Table B1. Study 1: Model Geometry Workspace Extent 

Model 
No. 

Geom 
Study 
(Rm) 

Ave 
Mesh 
Element 
Q 

Total 
Mesh 
Elements 

Run 
Time 
(s) 

RMSE 
Radial 

RMSE 
Tangential 

RMSE 
Norm 

File 
Size 
(Mb) 

1 3 0.7909 1309 4.28 1.85E-03 4.19E-03 4.58E-03 9.1 
2 5 0.8147 1331 3.25 9.70E-04 3.81E-02 3.82E-02 9.2 
3 10 0.8288 1449 3.06 9.08E-04 4.29E-02 4.30E-02 9.9 
4 15 0.8332 1511 3.15 1.01E-03 8.22E-04 1.30E-03 10.2 
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B2. Study 2: Solver Time Stepping Configuration Study 
 
 This study varied the solver time stepping configuration in terms of three parameters: free 
(f), intermediate (i), or strict (s) with the initial step [0, 0.1, 0.01, 0.001]s and maximum step size 
[0, 0.5, 0.2, 0.1]s effects studied. 48 different model solver configurations were tested. Strict 
models with no maximum step size, Model 33(s.0.0) and 37(s.1.0), tie for best model in terms of 
accuracy with a nearly equivalent RMSE norm, as well as radial RMSE. This improvement in 
accuracy comes at a minimal cost to performance with the second best run times in this study. 
There are three second-best models in yellow: models 17 (i.0.0), 25 (i.01.0), 45 (s.001.0). These 
also contain no maximum step size, however, include both intermediate and strict models and a 
range of initial step sizes. These models include a RMSE norm of 1.23e-3 to 1.30e-3. Model 25 
has the fastest run time indicating an intermediate solver is a good choice for performance, but 
the strict solver is more accurate (models 33 and 37). Model 21 (i.1.0) has the lowest tangential 
RMSE. For all top models in this study, either the intermediate or strict solver proved to be the 
most accurate and have the fastest performance. No maximum step size was needed. The initial 
step size for the top models varied across the entire specified range. 
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Figure	   A-‐4.	   Geometry	   study.	   The	   radial	   extent	   of	   the	   workspace	  
domain	   was	   varied	   between	   3-‐25Rm.	   The	   model	   accuracy,	   RMSE,	  
(top)	  and	  performance	  costs	  (solution	  time,	  bottom)	  are	  plotted.	  
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Table B2. Study 2: Solver Time Stepping Configuration Study 

Model 
Number 

Solver 
Config. 

Ave 
Mesh 

Element 
Q 

Total 
Mesh 

Elements 

Run 
Time 

(s) 

RMSE 
Radial 

RMSE 
Tangential 

RMSE 
Norm 

1 f.0.0 0.832 1511 1.69 6.11E-03 2.62E-03 6.65E-03 

2 f.0.5 0.832 1511 4.03 1.01E-03 1.39E-03 1.71E-03 

3 f.0.2 0.832 1511 8.16 1.10E-03 1.47E-03 1.84E-03 

4 f.0.1 0.832 1511 14.37 1.16E-03 1.51E-03 1.90E-03 
5 f.1.0 0.832 1511 1.43 6.61E-03 2.74E-03 7.15E-03 
6 f.1.5 0.832 1511 3.93 9.77E-04 1.36E-03 1.68E-03 

7 f.1.2 0.832 1511 7.76 1.09E-03 1.47E-03 1.83E-03 

8 f.1.1 0.832 1511 14.41 1.16E-03 1.51E-03 1.91E-03 

9 f.01.0 0.832 1511 1.45 9.09E-03 3.80E-03 9.85E-03 

10 f.01.5 0.832 1511 3.94 9.01E-04 1.30E-03 1.58E-03 

11 f.01.2 0.832 1511 7.68 1.12E-03 1.49E-03 1.86E-03 

12 f.01.1 0.832 1511 14.90 1.17E-03 1.52E-03 1.92E-03 

13 f.001.0 0.832 1511 1.61 8.36E-03 3.46E-03 9.05E-03 
14 f.001.5 0.832 1511 4.16 8.63E-04 1.28E-03 1.54E-03 
15 f.001.2 0.832 1511 8.18 1.13E-03 1.49E-03 1.87E-03 
16 f.001.1 0.832 1511 15.82 1.17E-03 1.52E-03 1.92E-03 
17 i.0.0 0.832 1511 2.74 9.05E-04 9.34E-04 1.30E-03 
18 i.0.5 0.832 1511 4.16 1.01E-03 1.39E-03 1.71E-03 
19 i.0.2 0.832 1511 8.05 1.11E-03 1.48E-03 1.85E-03 
20 i.0.1 0.832 1511 14.22 1.16E-03 1.51E-03 1.91E-03 
21 i.1.0 0.832 1511 2.56 1.23E-03 7.23E-04 1.42E-03 
22 i.1.5 0.832 1511 3.98 9.77E-04 1.36E-03 1.68E-03 
23 i.1.2 0.832 1511 7.85 1.10E-03 1.48E-03 1.84E-03 
24 i.1.1 0.832 1511 14.23 1.16E-03 1.51E-03 1.90E-03 
25 i.01.0 0.832 1511 2.54 9.89E-04 8.15E-04 1.28E-03 
26 i.01.5 0.832 1511 3.94 9.01E-04 1.30E-03 1.58E-03 
27 i.01.2 0.832 1511 7.85 1.12E-03 1.49E-03 1.86E-03 
28 i.01.1 0.832 1511 14.23 1.17E-03 1.52E-03 1.92E-03 
29 i.001.0 0.832 1511 2.57 1.02E-03 8.19E-04 1.31E-03 
30 i.001.5 0.832 1511 3.96 8.63E-04 1.28E-03 1.54E-03 
31 i.001.2 0.832 1511 7.90 1.13E-03 1.49E-03 1.87E-03 
32 i.001.1 0.832 1511 14.21 1.17E-03 1.52E-03 1.92E-03 
33 s.0.0 0.832 1511 2.70 5.29E-04 9.91E-04 1.12E-03 
34 s.0.5 0.832 1511 4.06 9.56E-04 1.38E-03 1.68E-03 
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35 s.0.2 0.832 1511 8.00 1.12E-03 1.49E-03 1.86E-03 
36 s.0.1 0.832 1511 14.20 1.16E-03 1.51E-03 1.90E-03 
37 s.1.0 0.832 1511 2.71 5.07E-04 1.01E-03 1.13E-03 
38 s.1.5 0.832 1511 3.93 9.32E-04 1.36E-03 1.65E-03 
39 s.1.2 0.832 1511 8.12 1.05E-03 1.45E-03 1.79E-03 
40 s.1.1 0.832 1511 14.19 1.16E-03 1.51E-03 1.91E-03 
41 s.01.0 0.832 1511 2.58 7.03E-04 1.10E-03 1.31E-03 
42 s.01.5 0.832 1511 3.95 8.86E-04 1.32E-03 1.59E-03 
43 s.01.2 0.832 1511 7.91 1.12E-03 1.49E-03 1.87E-03 
44 s.01.1 0.832 1511 14.59 1.17E-03 1.52E-03 1.91E-03 
45 s.001.0 0.832 1511 2.62 7.16E-04 1.01E-03 1.23E-03 
46 s.001.5 0.832 1511 3.94 8.98E-04 1.32E-03 1.59E-03 
47 s.001.2 0.832 1511 7.84 1.09E-03 1.47E-03 1.83E-03 
48 s.001.1 0.832 1511 14.67 1.17E-03 1.52E-03 1.92E-03 

 

 
 
 
 
 

Figure	  A-‐	  5.	  Solver	  configuration	  study.	  Solver	  time	  stepping	  type:	  Free(f),	  Intermediate(I),	  
or	  Strict(S).	  Initial	  step:	  [0,	  0.1,	  0.01,	  0.001]s.	  Max	  step	  size:	  [0,	  0.5,	  0.2,	  0.1]s.	  See	  Table	  A2b	  
for	  model	  number	  descriptions. 
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B3. Study 3: Mesh Density, including quantity of Mesh Boundary Layers 
 
 This study varied the density of the mesh nodes throughout the model space and varied 
the quantity of the mesh boundary layers applied to the surface of the Moon. Mesh boundary 
layers, applied to a boundary in the model, allow for better resolution along key boundaries of 
interest and ultimately help to better resolve the induced EM response at the surface of the Moon. 
However, the increase of mesh nodes and complexity increases computation time. 24 model 
configurations were tested varying the mesh size and distribution between 6 different preset 
mesh densities: Coarser, Coarse, Normal, Fine, Finer, Extra Fine. The number of boundary 
layers varied between 4, 8, 16, and 32 layers without specifying a thickness. The top model is 
model 5 with 32 boundary layers and a mesh density of finer. This model has the lowest RMSE 
norm and is therefore the most accurate of our models tested with a run time of 3.17s. For a 
slight degrade in accuracy, the model performance of model 6 improves to 2.69s and is our 
second best model in this study. The fastest run time is model 24 completing the run in just over 
1.0s with the least mesh elements tested. This model also contained one of the highest RMSE 
norm and is therefore, one of the least accurate models tested. 
 
Table	  B3.	  Study	  3:	  Mesh	  Density,	  including	  quantity	  of	  Mesh	  Boundary	  Layers	  

Md 
No. 

No. of 
BLs 

Mesh 
Size 

Ave 
Mesh 

Element 
Q 

Total 
Mesh 
Eleme

nts 

Run 
Time 

(s) 

RMSE 
Radial 

RMSE 
Tangentia

l 

RMSE 
Norm 

File 
Size 
(Mb) 

1 32 
Extra 
Fine 0.860 3937 5.29 1.14E-03 5.05E-03 5.17E-03 25.9 

2 16 
Extra 
Fine 0.916 3681 4.43 1.37E-03 4.93E-03 5.12E-03 23.2 

3 8 
Extra 
Fine 0.941 3553 4.48 1.29E-03 4.99E-03 5.15E-03 21.7 

4 4 
Extra 
Fine 0.950 3489 4.41 9.97E-04 5.20E-03 5.30E-03 21.1 

5 32 Finer 0.717 1767 3.17 7.37E-04 9.78E-04 1.22E-03 13.0 
6 16 Finer 0.833 1511 2.69 1.01E-03 8.22E-04 1.30E-03 10.2 
7 8 Finer 0.888 1383 2.39 9.58E-04 1.92E-03 2.15E-03 8.8 
8 4 Finer 0.916 1319 2.00 1.09E-03 1.79E-03 2.10E-03 8.1 
9 32 Fine 0.635 1235 2.50 1.95E-03 4.04E-03 4.49E-03 9.5 
10 16 Fine 0.772 1011 2.33 2.07E-03 3.96E-03 4.47E-03 7.1 
11 8 Fine 0.841 899 1.70 2.30E-03 3.84E-03 4.47E-03 5.8 
12 4 Fine 0.873 843 1.80 1.77E-03 3.97E-03 4.35E-03 5.2 
13 32 Normal 0.584 1077 2.49 2.25E-03 1.79E-03 2.87E-03 8.6 
14 16 Normal 0.734 853 1.74 2.00E-03 1.88E-03 2.75E-03 6.1 
15 8 Normal 0.814 741 1.65 2.44E-03 1.80E-03 3.04E-03 4.9 
16 4 Normal 0.852 685 1.63 2.49E-03 1.72E-03 3.03E-03 4.3 
17 32 Coarse 0.519 649 1.56 2.32E-02 7.67E-03 2.44E-02 5.2 
18 16 Coarse 0.682 489 1.58 2.30E-02 7.50E-03 2.42E-02 3.6 
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19 8 Coarse 0.765 409 1.25 2.30E-02 7.49E-03 2.42E-02 2.8 
20 4 Coarse 0.822 369 1.14 2.32E-02 7.59E-03 2.44E-02 2.3 
21 32 Coarser 0.477 483 1.32 1.36E-02 1.49E-02 2.02E-02 3.9 
22 16 Coarser 0.640 355 1.25 1.38E-02 1.49E-02 2.04E-02 2.6 
23 8 Coarser 0.739 291 1.14 1.41E-02 1.50E-02 2.06E-02 2.0 
24 4 Coarser 0.807 259 1.07 1.46E-02 1.53E-02 2.12E-02 1.6 

 
 
B4. Study 4: Mesh Boundary Layer Thickness 
 This study varied the thickness of the mesh boundary layers between 10 and 200 km 

thick for a total of 9 different models tested. These models contained 16 mesh boundary layers. 
All the models had the same model accuracy (RMSE norm) to the third decimal place, as well as 
run times that varied a maximum of 0.5s between the fastest and slowest models. Of these, the 
most accurate models are model 8 (150km), model 3 (70km), and model 7 (130km). The fastest 
models are model 5 (90km) and model 6 (110km) completing the solution in 2.54s and 2.56s, 
respectively. This is study concludes minimal accuracy improvement is achieved with the top 
models and recommends the fastest run time models to be the best choice here in terms of model 
performance. 
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Figure	  A-‐	  6.Number	  of	  Boundary	  Layer	  Mesh	  Study. 
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Table	  B4.	  Study	  4:	  Mesh	  Boundary	  Layer	  Thickness	  

Model 
No. 

BL 
Thickness 

(km) 

Ave 
Mesh 

Element 
Q 

Total 
Mesh 

Elements 

Run 
Time 

(s) 

RMSE 
Radial 

RMSE 
Tangential 

RMSE 
Norm 

1 10 0.833 1511 2.90 1.010E-03 8.226E-04 1.303E-03 
2 50 0.833 1511 2.65 1.013E-03 8.229E-04 1.305E-03 
3 70 0.832 1511 2.73 1.008E-03 8.227E-04 1.301E-03 
4 80 0.833 1511 2.72 1.014E-03 8.240E-04 1.307E-03 
5 90 0.832 1511 2.54 1.013E-03 8.228E-04 1.305E-03 
6 110 0.833 1511 2.56 1.014E-03 8.221E-04 1.305E-03 
7 130 0.832 1511 3.01 1.007E-03 8.230E-04 1.301E-03 
8 150 0.833 1511 2.73 1.007E-03 8.218E-04 1.300E-03 
9 200 0.832 1511 2.70 1.017E-03 8.192E-04 1.306E-03 
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Figure	  A-‐	  7.	  Study4:	  Boundary	  Layer	  Thickness 
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Appendix II: Chapter 4 Supplemental Information 
 
A. Additional Model Parameters 

Table	  II.A-‐1.	  ASPECT	  Model	  parameters.	  

Parameters	   Value	  

Thickness	  of	  the	  ilmenite-‐rich	  layer	   30	  km	  

Inner	  radius	  of	  2D	  spherical	  shell	   330	  km	  

Outer	  radius	  of	  2D	  spherical	  shell	   1670	  km	  

Mantle	  density	   3400	  kg	  m-‐3	  a	  

Surface	  gravity	  acceleration	   1.62	  ms-‐2	  

Mantle	  thermal	  expansion	  coefficient	  	   2E-‐5	  K-‐1	  

Mantle	  thermal	  conductivity	   3.0	  W	  m-‐1	  K-‐1	  

Mantle	  specific	  heat	  capacity	   1000	  J	  kg-‐1	  K-‐1	  

Surface	  temperature	   250	  K	  	  

Reference	  temperature	   1600	  K	  a	  

Mantle	  viscosity	   1.0E21	  Pa	  sa	  

Thermal	  viscosity	  exponent	   9.0	  

Ilmenite-‐rich	  layer	  density	   3790	  kg	  m-‐3	  

Composition	  viscosity	  prefactor	   1E-‐3	  

Radiogenic	  heating	  rate	   8.4927E-‐12	  W/kg	  

a[Laneuville	  et	  al.,	  2014]	  
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Table	   II.A-‐2.	   Burnman	   inputs	   for	   Compositionally	   Homogeneous	   and	   Compositionally	  
Stratified	  starting	  models.	  Mineral	  constituents	  provided	   in	  mole	   fraction.	  Layers	  are	   from	  
core	  to	  crust.	  

Compositionally	  Homogeneous	  -‐
Taylor.	  Approximate	  Layer	  
Radius	  (km):	  

0	   280	   380	   530	   1338	   1461	   1678	   1698	   	   	  

fe_fcc	  1.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   	   	  

fe_bcc	  0.0	   1.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   	   	  

Ilm	  0.0	   0.0	   0.16	   0.0	   0.0	   0.0	   0.16	   0.0	   	   	  

gt_al	  0.0	   0.0	   0.0	   0.0215	   0.0107	   0.0	   0.0	   0.0	   	   	  

gt_py	  0.0	   0.0	   0.0	   0.0591	   0.0285	   0.0	   0.0	   0.0	   	   	  

gt_gr	  0.0	   0.0	   0.0	   0.0160	   0.0083	   0.0	   0.0	   0.0	   	   	  

cpx_he	  0.0	   0.0	   0.66	   0.0142	   0.0191	   0.0245	   0.66	   0.0	   	   	  

cpx_di	  0.0	   0.0	   0.15	   0.1156	   0.1287	   0.1449	   0.15	   0.0	   	   	  

opx_fs	  0.0	   0.0	   0.0	   0.0197	   0.0298	   0.0402	   0.0	   0.0	   	   	  

opx_en	  0.0	   0.0	   0.0	   0.1446	   0.1936	   0.2359	   0.0	   0.0	   	   	  

ol_fa	  0.0	   0.0	   0.0	   0.0862	   0.0831	   0.0779	   0.0	   0.0	   	   	  

ol_fo	  0.0	   0.0	   0.0	   0.5045	   0.4555	   0.4033	   0.0	   0.0	   	   	  

sp_hc	  0.0	   0.0	   0.0	   0.0092	   0.0115	   0.0159	   0.0	   0.0	   	   	  

sp_sp	  0.0	   0.0	   0.0	   0.0094	   0.0312	   0.0574	   0.0	   0.0	   	   	  

plg_an	  0.0	   0.0	   0.0	   0.03	   0.0	   0.0	   0.03	   1.0	   	   	  

Compositionally	  Stratified.	  
Approximate	  Layer	  Radius	  (km):	  

0	   140	   240	   337	   1337	   1462	   1563	   1598	   1640	   1698	  

fe_fcc	  1.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	  

fe_bcc	  0.0	   1.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	  

Ilm	  0.0	   0.0	   0.16	   0.0	   0.0	   0.0	   0.0	   0.0	   0.16	   0.0	  

gt_al	  0.0	   0.0	   0.0	   0.0021	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	  

gt_py	  0.0	   0.0	   0.0	   0.0089	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	  
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gt_gr	  0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	  

cpx_he	  0.0	   0.0	   0.66	   0.0	   0.0	   0.0	   0.1041	   0.4685	   0.66	   0.0	  

cpx_di	  0.0	   0.0	   0.15	   0.0	   0.0	   0.0	   0.2737	   0.5315	   0.15	   0.0	  

opx_fs	  0.0	   0.0	   0.0	   0.0078	   0.0	   0.1166	   0.0	   0.0	   0.0	   0.0	  

opx_en	  0.0	   0.0	   0.0	   0.0523	   0.0	   0.8834	   0.0	   0.0	   0.0	   0.0	  

ol_fa	  0.0	   0.0	   0.0	   0.1022	   0.0824	   0.0	   0.1331	   0.0	   0.0	   0.0	  

ol_fo	  0.0	   0.0	   0.0	   0.8267	   0.9176	   0.0	   0.4891	   0.0	   0.0	   0.0	  

sp_hc	  0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	  

sp_sp	  0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	   0.0	  

plg_an	  0.0	   0.0	   0.03	   0.0	   0.0	   0.0	   0.0	   0.0	   0.03	   1.0	  
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Table	  II.A-‐3.	  List	  of	  published	  bulk	  silicate	  Moon	  compositions	  along	  with	  the	  average	  and	  1σ	  
standard	  deviation.	  All	  compositions	  are	  reported	  in	  weight	  percent.	  

SiO2	   TiO2	   Al2O3	   FeO	   MgO	   CaO	   Sum	   Reference	  

45.90	   0.30	   6.00	   10.50	   32.40	   4.90	   100	   Taylor	  and	  Bence	  [1975],	  Taylor	  
[1980]	  (CI	  value	  of	  Mg/Si	  
assumed)	  

45.84	   0.20	   4.61	   13.07	   32.47	   3.81	   100	   Wanke	  et	  al.	  [1977]	  (CI	  value	  of	  
Mg/Si	  assumed)	  

44.98	   0.30	   4.22	   13.96	   32.83	   3.71	   100	   Ringwood	  [1977]	  

43.52	   0.39	   7.62	   13.07	   29.25	   6.16	   100	   Morgan	  et	  al.	  [1978]	  (model	  
4B,	  CI	  value	  of	  Mg/Si	  assumed)	  

44.98	   0.30	   4.22	   13.96	   32.83	   3.71	   100	   Ringwood	  [1979]	  

48.63	   0.40	   5.02	   12.96	   29.14	   3.85	   100	   Buck	  and	  Toksoz	  [1980]	  

44.50	   0.18	   3.78	   12.71	   35.66	   3.16	   100	   Wanke	  and	  Dreibus	  [1982]	  

44.79	   0.31	   6.19	   11.04	   33.02	   4.64	   100	   Taylor	  [1982]	  

41.70	   0.19	   4.16	   10.32	   40.30	   3.33	   100	   Delano	  and	  Lindsey	  [1983]	  

42.52	   0.19	   3.69	   13.57	   37.03	   2.99	   100	   Jones	  and	  Delano	  [1989]	  

45.90	   -‐	   4.60	   13.10	   32.60	   3.80	   100	   Wanke	  and	  Dreibus	  [1986]	  

43.47	   0.30	   3.74	   12.32	   37.13	   3.05	   100	   Ringwood	  et	  al.	  [1987]	  

44.83	   0.19	   3.92	   12.46	   35.28	   3.32	   100	   O'Neill	  [1991]	  

49.90	   -‐	   6.90	   10.80	   27.50	   4.90	   100	   Kuskov	  [1997]	  

50.00	   -‐	   6.30	   10.40	   28.50	   4.80	   100	   Kuskov	  and	  Kronrod	  [1998]	  
Model	  I	  

48.50	   -‐	   5.90	   11.70	   29.60	   4.30	   100	   Kuskov	  and	  Kronrod	  [1998]	  
Model	  II	  

43.75	   0.30	   6.05	   13.10	   32.26	   4.54	   100	   Taylor	  [1999]	  

47.17	   0.18	   3.90	   9.31	   36.35	   3.08	   100	   Warren	  [2005]	  (Mg/Si	  =	  
1.1*CI)	  	  

47.20	   0.18	   3.90	   9.32	   36.31	   3.09	   100	   Warren	  [2005]	  (Mg/Si	  =	  1.1*CI,	  
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excluding	  1.2	  wt.%	  core)	  	  

47.42	   0.17	   3.63	   9.37	   36.53	   2.88	   100	   Warren	  [2005]	  (Th	  =	  65	  ppb)	  

48.72	   0.18	   3.90	   9.00	   35.11	   3.09	   100	   Warren	  [2005]	  (Mg/Si	  =	  
1.03*CI)	  

45.69	   0.18	   3.90	   9.61	   37.52	   3.09	   100	   Warren	  [2005]	  (Mg/Si	  =	  
1.17*CI)	  

47.73	   0.18	   3.91	   8.36	   36.73	   3.09	   100	   Warren	  [2005]	  (MgO/FeO	  =	  
4.4)	  

46.50	   0.18	   3.90	   10.53	   35.80	   3.09	   100	   Warren	  [2005]	  (MgO/FeO	  =	  
3.4)	  

48.64	   0.17	   3.62	   10.70	   34.01	   2.87	   100	   Warren	  and	  Dauphas	  [2014]	  

45.43	   0.20	   4.49	   8.13	   38.16	   3.58	   100	   Hauri	  et	  al.	  [2015]	  

46.09	   0.24	   4.70	   11.28	   34.01	   3.72	   100	   Average	  

2.21	   0.07	   1.16	   1.80	   3.31	   0.83	   	  	   Standard	  Deviation	  (1σ)	  	  
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Acronym list 
 

1D, 2D, 3D – one, two, or three dimensional 
A12 - Apollo 12 landing site, mission 
Al - Almandine 
ARTEMIS – UCB/NASA Mission, Acceleration, 
Reconnection, Turbulence, and Electrodynamics 
of the Moon's Interaction with the Sun 
BCL2Norm – Bulk Chemistry Norm, Eq 4-3 
CH - Compositionally Homogeneous  
CH-H: CH Hauri, CH-T: CH Taylor mantle 
compositions 
CIDER – Cooperative Institute for Dynamic 
Earth Research 
CMB - Core mantle boundary 
CombL2Norm – Combined Norm, Eq 4-4 
CS - Compositionally Stratified 
Di - Diopside 
DE – Differential Evolution 
EM – Electromagnetic 
En - Enstatite 
Fa - Fayalite 
Fe – Iron 
Fe-bcc - Iron metal Body Centered Cubic 
Fe-Fcc - Iron metal Face Centered Cubic 
FEA – Finite Element Analysis 
FEM – Finite Element Method 
FFT – Fast Fourier Transform 
Figure – this dissertation, figure – referencing 
published article figure. Same for table and 
Table. 
Fo – Forsterite 
Fs – Ferrosilite 
G12 – Garcia et al. 2012 
Ga or Gyr– Billion years ago (giga-annum) 
GDS - Geomagnetic Depth Sounding 
GL2Norm – Geophysical Norm, eq 4-1 
GRAIL – Gravity NASA Moon Mission 
Gr - Grossular 
Hc - Hercynite 
He – Hedenbergite 
HFT - High Frequency Teleseimic, Shallow 
Moonquakes 
IMF - interplanetary magnetic field 

JAXA – Jappense Space Agency 
K - postasium 
km – kilometers 
KM01 – Khan and Mosegaard [2001] 
KREEP – Potassium, Rare Earth Elements, and 
Phosphorus 
L2Norm – l2 norm 
LMO – Lunar Magma Ocean 
LOLA – Lunar Orbiter Laser Altimeter 
LP – Long Period 
LRO – Lunar Reconocense Orbiter 
LSM - Lunar Surface Magnetometer 
MOI – Moment of Interia 
MT – Magnetotellurics 
nT – nano Tesla 
PKT - Procellarum KREEP Terrane 
PSD – Power Spectral Density 
PSE – Passive Seismic Experiment 
Py - Pyrope 
Rm – radius of the Moon, Rm = 1,738 km 
RMSE – Root Mean Square Error 
RNE - Radial-North-East Coordinate Frame 
s - second 
SEL - Selenographic Coordinate Frame 
SNREI – Spherical Non-Rotating Elastic 
Isotropic 
Sp – Spinel 
SP – Short Period 
SSE - Selenocentric Solar Ecliptic Coordinate 
Frame 
SSV – Spherically Symmetric Vacuum Theory 
TD – Time Domain 
TDEM – Time Domain Electromagnetic 
Sounding 
TF – Transfer Function 
Th - Thorium 
Ti – Titanium 
U - Uranium 
UTC - Universal Time Code 
wt% - weight percent 
W11 – Weber et al. 2011 
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