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Science Concept 2: The Structure and Composition of the Lunar 

Interior Provide Fundamental Information on the Evolution of a 

Differentiated Planetary Body 

 

Science Concept 2: The Structure and Composition of the Lunar Interior Provide Fundamental 

Informati on on the Evolution of a Differentiated Planetary Body 

 

Science Goals: 

a. Determine the thickness of the lunar crust (upper and lower) and characterize its lateral 

variability on regional and global scales. 

b. Characterize the chemical/physical stratification in the mantle, particularly the nature of the 

putative 500-km discontinuity and the composition of the lower mantle. 

c. Determine the size, composition, and state (solid/liquid) of the core of the Moon. 

d. Characterize the thermal state of the interior and elucidate the workings of the planetary heat 

engine. 

 

 

 

INTRODUCTION  

Each of the Science Goals addressed by Science Concept 2 is linked: data regarding the crust, mantle, 

and core must be obtained in order to understand the thermal state of the interior and the planetary heat 

engine.  Much about these Science Goals is currently unknown: crustal thickness and lateral variability are 

constrained by gravity and seismic models which suffer from non-uniqueness and a lack of control points; 

mantle composition is ambiguously estimated from seismic velocity profiles and assumed lunar bulk 

compositions; mantle structure is obtained through seismic velocity profiles, but fine-scale structure is not 

resolved and any structure outside the Apollo network and below 1000 kilometers depth is unknown; the 

size, composition and state of the core are obtained through models with few constraints, where the size 

and state are dependent on an unknown composition, making any core characteristic estimates highly 

variable; and the thermal state of the interior is constrained by heat flow measurements and characteristics 

of the core, but current heat flow data are not representative of the global heat flux and core models are 

non-unique.  Besides elucidating the principle objectives of each Science Goal, addressing this Science 

Concept will also provide data regarding formation and evolution models of the Moon (i.e., the Giant 

Impact (e.g., Canup, 2004a, 2004b) and Lunar Magma Ocean (LMO; e.g., Wood et al., 1970) hypotheses, 

the details of which are debated or unknown.  

Understanding the formation and evolution of the Moon provides important information on planetary 

and solar system evolution as a whole.  The relative lack of geologic activity on the lunar surface provides 

a window into processes active during early Solar System formation that have since been removed from the 

Earthôs surface.  Likewise, the small size of the Moon implies a faster cooling history, preserving records 

of initial composition and interior structure (NRC, 2007).   

The most comprehensive hypothesis for the formation of the Moon is the collision of an object twice 

the size of the Moon with the proto-Earth.  Thus, the composition and thermal evolution of the Moon and 

Earth were intimately linked at the beginning of the solar system (NRC, 2007).  While these two bodies 

have evolved independently of each other, a more complete understanding of the composition and structure 

of the lunar interior will shed light on the early history of Earth. 

Other studies of Science Concepts in this volume suggest landing sites and data collection that will help 

address Science Concept 2.  In particular, the knowledge gained by addressing Science Concept 1 will help 
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elucidate the early thermal history of the Moon (assisting Science Goal 2d).  Proposed sample return for 

Science Concepts 3, 5 and 6 will contribute to current knowledge of crust and mantle lithologies (assisting 

Science Goals 2a, 2b).  However, it should be noted that no other Science Concepts overlap with 

understanding the lunar core (Science Goal 2c).  The contributions of other Science Concepts to the one 

considered here are outlined in more detail in each Science Goal section. 

Approach 

Since sample return alone will not be able to fully address each Science Concept 2 Science Goal, we 

examine landing sites for both geophysical analyses and sample return (Fig. 2.1). Geophysical analysis will 

provide information on the current state of the Moon, in particular the core, whereas sample return will 

address the evolution through time.  This is especially needed for Science Goals 2b and 2c, where samples 

of the middle mantle, lower mantle, and the core are impossible to obtain.  In addition, geophysical 

measurements can provide a global context where sample return may provide only local details.  Therefore, 

each Science Goal will have two sets of proposed landing sites: one for geophysical measurements and one 

for sample return, with the exception of Science Goal 2c where no sample return is proposed (Fig. 2.1).  

GENERAL BACKGROUND  

 The aim of Science Concept 2 is to use various geophysical and compositional studies of the Moon to 

elucidate the interior structure and composition of a differentiated planetary body (NRC 2007).  In order to 

address the state of the lunar crust (Science Goal 2a), mantle (Science Goal 2b), and core (Science Goal 

2c), as well as the thermal state and nature of the planetary heat engine (Science Goal 2d), current 

knowledge about the formation and subsequent evolution of the Moon must be considered to provide 

important context.  Here, we discuss (1) the Giant Impact model for the formation of the Moon (Canup, 

2004a, 2004b, 2008), including potential lunar bulk compositions, (2) the initial differentiation of the Moon 

from a Lunar Magma Ocean (LMO: Smith et al., 1970; Wood et al., 1970), (3) subsequent cumulate 

overturn and reorganization of the lunar interior (e.g., Hess and Parmentier, 1995), and (4) a brief summary 

of what is known about the lunar crust, mantle, core, and thermal evolution of the Moon (discussed in detail 

within each Science Goal). 

 

FIGURE 2.1 The types of landing sites for Science Concept 2.  Each Science Goal has separate geophysical 

and landing site requirements, with the exception of Science Goal 2c, which only considers geophysical 

requirements. 
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Formation of the Moon 

 Early theories for the formation of the Moon suggested gravitational capture of an independently-

formed body, fission or derivation from a proto-Earth, or co-formation with Earth (i.e., a binary planetary 

system; Ringwood, 1979; Canup, 2004b).  These theories could explain aspects of lunar formation and 

evolution, but each was unable to explain certain key features of the Earth-Moon system such as lunar iron 

depletion relative to Earth and the coupled Earth-Moon angular momentum (Canup, 2004b).  Though it has 

not gained universal acceptance, most lunar scientists agree that the Moon was created by the collision of 

an impactor approximately twice the size of the current Moon with a proto-Earth that was ~70% of Earthôs 

current size (Fig. 2.2; Hartmann and Davis, 1975; Cameron and Ward, 1976; Canup and Asphaug, 2001; 

Canup, 2004a, 2004b, 2008). Dynamic simulations of this impact (e.g., Canup, 2004a, 2008) suggest a 

number of features key for explaining subsequent lunar evolution.  For example, it is now thought that the 

Moon is derived mainly from the mantle of the impactor (Canup, 2004b; also supported by modeling of the 

lunar interior as in Khan et al., 2004), while the core may have accreted to Earth (Canup, 2008) and thus 

could explain lunar iron depletion.  Likewise, condensation of the Moon from ócoldô vapor outside the 

Earthôs Roche limit (Canup, 2008) may explain the depletion of lunar volatile elements relative to Earth 

(Taylor et al., 2006) and still allow for complete melting of the early-formed Moon (Canup and Asphaug, 

2001).  However, there is still significant uncertainty in constraints for lunar formation. 

Lunar Bulk Composition  

 A linked consideration with the formation of the Moon is its bulk composition (Taylor et al., 2006).  

Estimates for the lunar bulk composition differ primarily in their consideration of refractory lithophile 

elements (e.g., Al), but other considerations include the abundances of FeO and MgO (Taylor et al., 2006).  

Possible lunar bulk compositions have been modelled by a number of authors (see Taylor et al., 2006), but 

recent experimental work on early lunar differentiation (Elardo et al., 2011; Rapp and Draper, 2012) has 

focused on two possible end-members: Taylor Whole Moon (TWM: Taylor, 1982), which is enriched in 

refractory elements relative to Earthôs composition, and Lunar Primitive Upper Mantle (LPUM: Longhi, 

2003, 2006), which contains similar refractory element abundances relative to Earth (Table 2.1).  TWM and 

LPUM also differ in FeO and MgO abundances (by ~3 and ~6 wt%, respectively: Elardo et al., 2011).  

However, it is important to note that both TWM and LPUM are models based on combined geophysical 

and petrologic constraints.  Further consideration of lunar bulk composition requires additional samples of 

lunar volcanic products (mare basalts and pyroclastic glasses), and would be especially aided by a sample 

of the lunar mantle (Taylor et al., 2006). 

 

FIGURE 2.2 Illustration of an object twice the size of the Moon colliding with proto-Earth (~70% of its 

current size).  Illustration credit: LPI (Leanne Woolley). 
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Lunar Magma Ocean (LMO) 

Regardless of the conditions of lunar formation, it is generally agreed that subsequent widespread 

melting of lunar material resulted in a ñmagma oceanò extending from the surface to some depth, from 

which first-order lunar structure and stratification were derived and separation of the crust, mantle, and 

possibly the core occurred (e.g., Shearer and Papike, 1999).  Anorthositic (i.e., dominated by calcic 

plagioclase feldspar) rocks and soil samples collected by Apollo 11 led scientists to hypothesize the 

existence of a global magma body that underwent extensive fractional crystallization (e.g., Smith et al., 

1970; Wood et al., 1970).  According to this model, denser Mg-rich mafic minerals (dominantly olivine, 

with subsidiary orthopyroxene and clinopyroxene) sank to form lower mantle cumulates while less-dense 

plagioclase (formed after 60ï80% total crystallization) floated to form the anorthositic crust (Smith et al., 

1970, Wood et al., 1970; Taylor and Jakes, 1974; Ringwood and Kesson, 1976).  The last vestiges of the 

magma ocean liquid, after 90ï95% crystallization, were enriched in incompatible elements such as 

potassium, rare-earth elements, and phosphorus (together termed KREEP), as well as FeO- and TiO2-rich 

minerals such as ilmenite (Fig. 2.3; Wood et al., 1970; Taylor and Jakes, 1974; Warren and Wasson, 1979).  

Though there are multiple complications with this simple model, as discussed below, few scientists dispute 

the existence of an early LMO. 

More recent work has questioned some of the assumptions and mechanisms of the simple LMO 

hypothesis.  For example, the absolute crystallization sequence is difficult to predict given uncertainties in 

initial lunar bulk composition, convection flow regimes, and pressure/temperature conditions (Shearer and 

Papike, 1999 and references therein).  Another complication is that early analyses of the LMO (e.g., Wood 

et al., 1970) considered a purely fractional end-member scenario, whereas more recent studies (e.g., Snyder 

et al., 1992) have shown the importance of both equilibrium and fractional crystallization in producing 

observed major- and trace-element patterns of mantle products (i.e., mare basalts and pyroclastics).  

It is also unclear how much lunar material was processed in the LMO (i.e., how deep the magma ocean 

extended and how much óprimitiveô lunar material remained [or remains] below it).  Most estimates for the 

TABLE 2.1 Lunar bulk compositions used by Taylor (1982) and Longhi (2006).  Mg* is molar 

MgO/[MgO+FeO].  All oxide values are in wt%. 

 

Core/unmelted interior

Olivine
(sinks)

Olivine +
Low Ca pyroxene

Olivine +
pyroxene

Plagioclase
(floats)

Feldspathic crust

urKREEP
Ilmenite

Mafic cumulates

Time
(model dependent - solidification occurs over 10 - 220 Ma)

Quenched crust Anorthositic crust

 

FIGURE 2.3 Simplified model of the crystallization of the lunar magma ocean (LMO; after J. Rapp/LPI).  

See text for a detailed explanation. 
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depth of the LMO range from 200ï1000 km (Taylor and Jakes, 1974; Ringwood and Kesson, 1976; 

Solomon and Chaiken, 1976; Nakamura, 1983; Hess and Parmentier, 1995), although the purported 

existence of a 500-km seismic discontinuity (Nakamura et al., 1974; Goins et al., 1981b; see below) has led 

others to suggest this depth as the base of the magma ocean (e.g., Mueller et al., 1988).  Part of this 

uncertainty stems from the fact that the extent and duration of melting depend on the heating mechanism, 

such that rapid accretion may indeed result in whole-Moon melting but slower accretion produces a 

shallower partially-melted zone (Shearer and Papike, 1999 and references therein).  However, recent 

models tend to favor extensive to complete melting (Canup and Asphaug, 2001; Longhi, 2006).  

While none of these problems are fatal to the LMO hypothesis, they suggest the need for further 

clarification and emphasize the complexity of such a global-scale process. 

Cumulate Overturn of LMO Stratification  

Various observations suggest that the lunar interior experienced significant reorganization after its 

initial stratification. For example, the crystallization of KREEP, FeO-, and ilmenite-rich components in the 

last stages of magma ocean solidification resulted in inverse density stratification, with the densest minerals 

at the top of the cumulate pile in a gravitationally unstable configuration (Ringwood and Kesson, 1976; 

Hess and Parmentier, 1995; Elkins-Tanton et al., 2002).  Additionally, while early studies suggested that 

the observed variability in mare basalt and pyroclastic glass compositions, particularly TiO2 and KREEP 

abundances, could be explained by partial melting of discrete mantle sources at different depths (e.g., 

Taylor and Jakes, 1974), their relatively homogenous major element chemistry suggested global-scale 

mixing (Shearer and Papike, 1999 and references therein).  REE abundances show that this mixing must 

have occurred after initial magma ocean differentiation (Longhi, 1992). Further work on the volcanic 

products indicates that their source depths are independent of TiO2 abundance, and trace element 

considerations suggest that mare and glass sources contain nearly continuous variation in ilmenite content, 

something that cannot be produced by remelting of static cumulates (Longhi, 1992 and references therein). 

Finally, evidence of this hybridization process is seen across the Apollo sample collection, implying the 

global-scale nature of the overturn event (Delano, 1986), though this point is controversial.  

In order to explain these observations, some scientists have suggested a major phase of ñcumulate 

overturn,ò whereby the dense, FeO-rich ilmenite cumulates at the top of the LMO sank towards the center 

of the Moon, interacted with deep mantle material, and either blanketed a pre-existing metallic core or 

created a dense silicate core (e.g., Ringwood and Kesson, 1976; Hess and Parmentier, 1995; Elkins-Tanton 

et al., 2002; de Vries et al., 2010).  The sinking of this material, combined with heating from ilmenite- and 

KREEP-bearing liquids and mixing with earlier-formed ultramafic cumulates (olivine ± orthopyroxene), 

produced a ñhybridò mantle zone (Ringwood and Kesson, 1976; Hess and Parmentier, 1995; Elkins-Tanton 

et al., 2002) that could be remelted to form positively-buoyant plumes containing the range of observed 

volcanic compositions (e.g., Hess and Parmentier, 1995; Singletary and Grove, 2008).  One particularly 

important corollary of this process is that numerous rising or sinking plumes may have frozen in place to 

produce a laterally heterogeneous mantle (Hess and Parmentier, 1995; Sakamaki et al., 2010; Elkins-

Tanton et al., 2011). 

 However, the details of this process are still debated.  In particular, it is unclear if this overturn event 

was global (Hess and Parmentier, 1995; Elkin-Tanton et al., 2002) or confined to local-scale convection 

cells (Fig. 2.4; Snyder et al., 1992), and if the ilmenite-bearing material sank as a solid or liquid (Elkins-

Tanton et al., 2002).  The depth of the ñhybridizedò mantle zone is also poorly constrained, with some 

studies suggesting ~300ï500 km depth (Elkins-Tanton et al., 2002, 2011) to the core-mantle boundary 

(Hess and Parmentier, 1995).  Still other models for mantle structure do not require overturn and instead 

rely on melt generation at depth with assimilation of Ti-rich material at shallower mantle levels (e.g., 

Wagner and Grove, 1997).  The resolution of these issues requires both additional geophysical data and 

further petrologic data from as-yet unsampled volcanic and mantle lithologies. 
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Thickness of the Lunar Crust (c.f., Science Goal 2a) 

 The plagioclase-rich crust of the Moon is on average ~50 km thick (Wieczorek et al., 2006) and is 

thought to be vertically zoned from anorthositic compositions at the top to noritic or troctolitic 

compositions at its base (e.g., Arai et al., 2008).  It is thickest in the lunar highlands away from large 

impact basins (some of which are mare-flooded), with a maximum thickness of 110 km and a minimum 

thickness near zero (e.g., Ishihara et al., 2009).  The crust is notably asymmetric with respect to thickness; 

the farside highlands crust is on average 10ï15 km thicker than the nearside (e.g., Wood, 1973). These 

thickness changes apparently also correlate to compositional heterogeneity, such that the farside crust is 

more magnesian than the nearside (Arai et al., 2008 and references therein). 

Compositional and Physical Stratification of the Lunar Mantle (c.f., Science Goal 2b) 

 Stratification of the lunar mantle is thought to have originated from (1) differentiation from the LMO, 

producing an olivine-rich lower mantle with the addition of ortho- and clinopyroxene upsection, 

culminating in an ilmenite- and KREEP-rich layer just below the crust (e.g., Shearer and Papike, 1999), and 

(2) subsequent cumulate overturn that redistributed denser material to the base of the mantle and resulted in 

numerous positively- and negatively-buoyant plumes (e.g., Hess and Parmentier, 1995).  Apollo-era and 

more recent geophysical analyses have identified major compositional or mineralogical discontinuities such 

as a prevalent 500-km depth discontinuity (e.g., Nakamura et al., 1974; Goins et al., 1981b), which indicate 

at least some remnant stratification of the mantle underneath the Apollo seismic network. Additionally, 

these data indicate that lunar seismicity is concentrated in the upper- and lower-most mantle (Nakamura, 

1983).  While the nature of upper-mantle seismicity is inconclusive (Frohlich and Nakamura, 2006), 

numerous studies have suggested the presence of a partially-melted lower-mantle attenuation zone as a 

driver for deep moonquake occurrence (e.g., Frohlich and Nakamura, 2009; Qin et al., 2012).  

Size, Composition, and State of the Lunar Core (c.f., Science Goal 2c) 

 Little is known about the lunar core, but various geophysical and petrologic analyses suggest the 

presence of a small (1ï3 wt. %, <500 km radius), metallic (Fe to FeS) or dense silicate, partially to fully 

molten core (e.g., Williams et al., 2001; Wieczorek and Zuber, 2002).  Further constraints on the size, 

composition, and state of the lunar core require additional data collection. 

Past and Present Thermal State of the Lunar Interior (c.f., Science Goal 2d) 

 The past thermal state of the interior is poorly constrained due to a lack of data regarding bulk 

composition and internal structure.  However, it is generally believed that the Moon-forming impact 

(Cameron and Ward, 1976; Canup, 2004b) produced enough energy to create a lunar magma ocean (LMO) 

that extended to some depth (ranging from 200ï1000 km or more; Solomon and Chaiken, 1976; Nakamura, 

1983).  LMO crystallization (Taylor and Jakes, 1974) and cumulate overturn (Elkins-Tanton et al, 2002) 

                

FIGURE 2.4 Two possible scenarios for cumulate overturn: individual plumes (left) or global mixing 

(right).  Colors represent the same compositions as in Fig. 2.3. 
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directly affected internal structure and KREEP distribution, which in turn is hypothesized to dictate the 

location of magmatic activity (Wieczorek and Phillips, 2000).  The asymmetric nature of crustal thickness 

(Ohtake et al., 2012), KREEP distribution (Jolliff et al., 2000), and mare volcanism (Lucey et al., 1998; 

Zhong et al., 2000) has led to an asymmetric heat flux throughout lunar history.  Central magnetic 

anomalies (Hood, 2011) and paleomagnetic studies of Apollo samples (Garrick-Bethel et al., 2009; Shea et 

al., 2012; Suavet et al., 2012) have revealed that the early Moon may have possessed an early core dynamo, 

but its timing and strength are not fully constrained.  Data regarding the present thermal state of the interior 

is similarly lacking.  Heat flow measurements from Apollo were not an accurate representation of global 

heat flux (Warren and Rasmussen, 1987), which is necessary to determine the present thermal gradient 

(Turcotte and Schubert, 2002).  Additionally, constraints on core size, composition, and state (addressed in 

Science Goal 2c) are essential for understanding the past and current thermal state of the interior (Shearer et 

al., 2006; Wieczorek et al., 2006). 

Geophysical Methods 

Seismology 

Seismology uses elastic waves propagating through a body to its first-order properties and structures.  In 

this sense, seismology is a direct method of probing the interior of the Moon.  Surface stations detect 

seismic waves travelling through the body of interest, which are used to infer the densities and phases of 

the materials that the seismic wave propagated through.  

A seismic source generates two kinds of waves that travel through the interior of a medium: the 

pressure wave (P-wave), and the shear wave (S-wave).  The P-wave arrives first, as it travels with a higher 

velocity, while the amount of lag before the arrival of the S-wave gives information on the waveôs path 

length from the seismic source to the station. S-waves do not propagate through liquids, a property useful in 

determining the presence/absence of liquid or partially melted layers in the interior.  Phase changes and ray 

path refraction can also lead to discontinuities in seismic velocities, Fig. 2.5 summarizes these properties.  

By taking advantage of this P and S-wave separation, one can obtain information on the vertical and lateral 

composition, phase, and density structures inside a body, as well as thermal and pressure variations, making 

seismology a powerful tool in investigating planetary interiors.  This technique has significantly advanced 

our knowledge of Earthôs interior structure (discussion above after Stacey and Davis, 2008). 

In global seismology, the arrival time ȹt of seismic rays formulate a forward problem: Gs = ȹt.  The 

matrix G contains geometric information pertaining to source-receiver configuration (i.e. the paths of the 

seismic ray through the medium), vector s contains information on the seismic velocity structure of the 

medium, and the vector ȹt contains the arrival times of each ray (discussion above after Lay and Wallace, 

1995). 

Obtaining the information in s, given ȹt is the goal of the inverse problem.  In most cases, due to the 

lack of coverage of ray paths, one can find many different model solutions for s when given G and ȹt.  

Thus, it is important to start with a design matrix G that minimizes this non-uniqueness.  This can be done 

(to some extent) through optimizing configuration of the seismometers according to a priori  information on 

the seismic source locations, or simply increasing the number and coverage of seismic stations.  By this 

philosophy, lunar seismology is best approached using a network of concurrently-operating seismometers 

that ensures global coverage in order to not only locate seismic events, but also adequately use these events 

to study the three-dimensional velocity structure of the Moonôs interior. 
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EM Sounding 

EM sounding is a method of measuring the electrical conductivity structure throughout the interior of a 

body. Since electrical conductivity is directly related to thermal conductivity and composition, EM 

sounding is often used to complement other geophysical methods.  

The electrical conductivities of various rock types are different.  The electrical conductivities are also 

different for the same composition at different temperature and pressure environments (Sonett et al., 1971).  

This is one of the ways EM sounding can provide an independent constraint on the thermal structure and 

interior composition. Another way the electrical conductivity profile of the planet can help constrain the 

thermal history of the body is through the Wiedemann-Franz Law.  This law directly relates the electrical 

conductivity of a metal to its thermal conductivity (Wiedemann and Franz, 1853): 

        (2.1) 

Here, L is a proportionality constant known as the Lorenz number, k is the thermal conductivity, and T 

is the temperature.  Because of this relationship, determining the electrical conductivity is essential in 

addressing the thermal state of the lunar interior and especially of the core. 

This method takes advantage of electromagnetic induction.  In a conductor, currents can be induced by 

time variations in the external magnetic field.  These induced currents will then generate their own 

magnetic field.  By measuring both the external magnetic field variations and the current-generated internal 

magnetic field, one can study the conductivity structure at various depths (Fig. 2.6). 

 
FIGURE 2.5 A summary of P- and S-wave ray paths propagating from a moonquake source (star) through 

the interior of a planetary body with a liquid outer core (orange) and solid inner core (red).  The amount of 

refraction through the mantle is exaggerated for the moon (left).  P-waves propagate with oscillations 

parallel to the direction of energy transfer, while S-waves use oscillations perpendicular to the energy 

propagation (right).  
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The inductive response of the body varies with depth because of signal attenuation.  The amount of 

attenuation depends on both the frequency of the time-varying signal (f) and the electrical conductivity (ů) 

of the body.  Thus, various frequency components of the signal can probe various depths (Fig. 2.6).  We 

thus can define the skin depth ŭ as the depth at which a signal attenuates by a factor of e, and adapt a 

quantity d from McNeill (1990) as the depth of exploration, equivalent to the depth to a perfect conductor 

for the specified conductivity and frequency (Grimm and Delory, in press and references therein): 

   (2.2) 

Complications arise in relating the measured total magnetic field to the induced magnetic field and in 

relating the induced field to the attenuation response below the surface.  Thus there are various methods of 

studying the conductivity structure from magnetic field measurements, which are summarized in Fig. 2.7, 

and described in the next subsections. 

Transfer Function (TF) 

The transfer function method measures the magnetic field at a distal station orbiting several planet 

diameters away from the surface and at a proximal station in low orbit or at the surface.  The distal station 

measures the undisturbed, time-varying external field, while the proximal station measures the total 

magnetic field due to both the external field and the induced field.  The transfer function A = (AR, AT) is 

the ratio of the two measurements for each component (radial and tangential): 

  (2.3) 

Using the transfer function, the apparent conductivity (ůa) as a function of frequency can be determined 

through a simple equation (Hobbs et al., 1983).  Here, ɛ is the magnetic permeability, and r is the lunar 

radius: 

      (2.4) 

 

FIGURE 2.6 Various frequency components of a time-varying external field induce currents at various 

depths. Long-period (low f) variations can penetrate deeper into the bodyôs interior.  The frequency-

response of the induced field can be used to invert for the conductivity structure as a function of depth. 



56 

Geomagnetic Depth Sounding (GDS)  

Another way to measure apparent conductivity is by taking the horizontal gradient of the tangential 

component of the magnetic field.  This can be done using two or more magnetometers placed with spacing 

comparable to the exploration depth.  The ratio between the radial magnetic field and the horizontal 

gradient of the tangential magnetic field can be used to determine the apparent conductivity.  Here, the 

derivative with respect to xT denotes a spatial gradient in the tangential direction (Gough and Ingham, 

1983): 

      (2.5) 

Magnetotellurics (MT)  

This method measures orthogonal components of the electric (E) and magnetic (B) fields from one 

station (Simpsons and Bahr, 2005).  Using these measurements, two apparent conductivities can be 

calculated using the equations: 

  (2.6) 

The two values will coincide if the medium below is horizontally isotropic in terms of the conductivity.  

Thus, comparing the two values can also give an indication of any lateral heterogeneity that might be 

present (Grimm and Delory, in press). 

 

 

 

 

FIGURE 2.7 Options for station set-up and requirements for Geomagnetic Depth Sounding (GDS), 

Magnetotellurics (MT) and Transfer Function (TF) EM sounding methods.  Dashed lines indicate 

measurements that need to be performed together.  Coordinate systems are also illustrated for each method 

(Modified after Grimm and Delory, in press). 
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Lunar Laser Ranging (LLR) 

The internal deformation of the Moon can modify its orbit and rotation in subtle ways (Fig. 2.8).  A 

suite of highly developed mathematical analyses can be used to interpret these movements and give 

information about the structure and behavior of the lunar interior.  To do so, one must first accurately 

measure these subtle lunar wobbles.  To date, lunar laser ranging (LLR) is the only viable means of doing 

so with the required accuracy (Williams et al., 2006). 

For a solid body object in 3-dimensions, its mass distribution is described by a moment of inertia tensor 

I .  This tensor can be decomposed into three separate tensors, describing the solid mass distribution (I rigid), 

the time-varying mass distribution due to tidal deformation (I tide), and the spin-related distortion to the 

moment of inertia measurement (I spin) (Williams et al., 2001): 

     (2.7) 

The rigid-body moment of inertia tensor (I rigid) has eigenvectors associated with the principal axes of 

the Moon. The eigenvalues of this coordinate system (A<B<C) are called the rigid-body moments.  These 

describe the time-averaged mass distribution of a body with respect to each of the principal axes.  The 

principal axis associated with A is approximately pointing towards the Earth.  The axis associated with C is 

pointing approximately in the direction of the rotational vector of the moon. 

Tidal and rotational affects can act to deform the body with observed monthly variations of ±9 cm 

(Williams et al., 2010).  These variations depend on the Moonôs elastic properties, characterized by tidal 

Love numbers h2, l2 and k2.  These values can be used jointly with seismic data to invert for mantle and 

core structure (Merkowitz et al., 2007).  Thus, accurate determination of these values will help constrain 

the bulk elastic properties of the lunar interior. Love number k2 also depends on any flattening of the core-

mantle boundary (CMB) along the C-axis.  The tidal love numbers and the ratios of the principal moments 

(A, B and C) can all be determined through accurate measurements of the Moonôs physical librations.  The 

existence of a fluid core, size of the outer core, possible inner core and the geometry of the CMB can also 

have significant effects on this libration through their interactions with the solid mantle (Williams and 

Boggs, 2008).  

LLR measures the physical librations by precisely monitoring the positions of various points on the 

lunar surface relative to Earth.  This can be done by installing retroreflectors on the Moon and measuring 

the travel time of the pulses sent to these reflectors that have reflected back to Earth.  A retroreflector 

network is currently installed on the Moon, but it is limited in both E-W and N-S extent.  Increasing this 

 

FIGURE 2.8 Libration and tidal deformation of the Moon.  Precession corresponds to circular motion about 

the center of mass, whereas nutation corresponds to lateral movement rotating about the center of mass.  
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span would improve the accuracy of the measurements, and would help better constrain the bulk elastic 

properties of the lunar mantle, and the size, geometry and state of the core.  

Heat Flow Measurements 

By measuring the present rate at which a planetary body is dissipating heat, one can learn about not 

only the present interior thermal structure but also the thermal history of the body.  Knowledge of the 

thermal structure of the interior and how it evolved with time can also constrain the density and 

compositional stratification of the mantle.  In general, thermal energy is dissipated through advection, 

conduction and radiation.  Advection requires transport of heat-carrying material, which does not happen in 

the lunar regolith due to the lack of an advecting medium (e.g. water, air).  The regolith material is also 

radiatively opaque.  Although its porosity allows for radiative transfer within the regolith, it can be treated 

as a property of the regolith that affects its thermal conductivity (Kiefer, 2012). Thus, the total heat flow at 

the lunar surface can be well approximated by measuring the conductive heat flux.  In accordance to 

Fourierôs law of conduction, the conductive heat flux radially outward (qz) is given by: 

       (2.8) 

where z is depth, T is temperature, and k is the thermal conductivity of the material.  Therefore, the 

measurement of qz requires the determination of both the geothermal gradient and the thermal conductivity.   

The geothermal gradient can be measured in boreholes >3 m deep with temperatures taken at different 

depths spanning at least 1 m below material affected by the annual and diurnal thermal waves (Kiefer, 

2012).  The thermal conductivity can be determined through the measurements of the thermal diffusivity 

(ə), which is related to the rate at which a material responds to temperature perturbations at various 

distances from the perturbation.  This can be measured both actively (using a heating source and sensor) 

and passively (using periodic changes in surface insolation). The conductivity (k) can then be determined 

through the relation, k = əCpr, with appropriate values for the specific heat (Cp) and density (r) assigned.  

Gravity Measurements 

The sub-surface structure of the Moon can be probed by measuring the gravity field.  This can be done 

in orbit by tracking the acceleration of a spacecraft as it flies over the surface.  The acceleration a 

spacecraft experiences depends on the mass distribution: 

    (2.9) 

Here G is the universal gravitational constant, r¡  is the coordinate of the mass element (dm = ɟ(r¡)d r¡ 3), r 

is the position of the spacecraft and |r-r¡ | is the distance from the mass element to the spacecraft.  

The greatest contributor to changes in acceleration is the mass excess/deficit directly below the 

spacecraft.  Thus, accurately tracking the changes in position (r) and acceleration of an orbiter as it flies 

over a terrain will map the near-surface mass distribution (Stacey and Davis, 2008).  To overcome the 

difficulty of tracking an orbiter on the lunar farside, a twin satellite approach can be employed.  In this 

case, one satellite goes over a feature first and accelerates, changing the distance from the satellite behind.  

The separation change can be measured and recorded without communication with Earth.  This is the 

approach taken by the new Gravity Recovery And Interior Laboratory (GRAIL) mission (Zuber, 2008).  

The spatial resolution of gravity mapping is comparable to the orbital altitude.  Contributions to gravity 

anomalies from topographic features (e.g. mounds, craters) can be processed out of the data with 

knowledge of the featureôs average density (i.e., Bouguer correction).  

After corrections, the gravity anomaly is a measure of the subsurface density distribution and can give 

information about subsurface structure.  Any gravity excess/deficit will be due to a combination of 

variations in thickness and density of the crust or underlying mantle.  One can then use a priori information 

concerning density variations to produce global crustal thickness models (Wieczorek et al., 2006).  These 

models need to be refined/anchored with surface studies (i.e., seismology) of crustal thickness at 

representative sites.  In addition to crustal information, tracking orbiters can also yield the moment of 

inertia (I) of the body, which gives information on internal mass concentration, constraining the existence 
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of a dense core.  Temporal variations in the gravity field due to tides can also be measured with an orbiter, 

which would constrain tidal Love number k2 (Williams et al., 2010). 

 

GENERAL METH ODS 

ArcMap 10 geographic information systems (GIS) software and MATLAB were used extensively 

throughout the landing site selection process to locate regions which matched the criteria set out for 

geophysical and sample return requirements specific to each Science Goal.  

Separate project files for geophysical and sample return elements of each Science Goal were produced.  

These project files contain all relevant data available to find all the possible landing sites to address that 

particular element of the Science Concept.  At the end of each Science Goal, geophysical and sample return 

maps were combined to find the sites where the most questions may be answered for each Science Goal.  In 

some cases the geophysical and sample return elements of each Science Goal were not compatible.  Finally, 

all the maps were brought together to find landing sites that may be appropriate to address Science Concept 

2. 

There are two global map projections used throughout the report: Plate Carree and Orthographic.  Plate 

Carree is the most common for global datasets and is centered at 0°E.  An orthographic projection is used 

when there is a need to emphasize nearside and farside locations and is also centered at 0°E.  All 

projections use the International Astronomical Union (IAU) 2006 Moon as a reference sphere, which has a 

radius of 1,737.4 km (Seidelmann et al., 2007). 

DATA  

All data used for the landing site selection process are shown in Table 2.2. 

TABLE 2.2 All datasets used for Science Concept 2. 

Data Resolution Instrument  Source Authors 

Imagery 

WAC Global 

Mosaic 

64 ppd LRO http://wms.lroc.asu.edu/lroc

/global_product/100_mpp_

global_bw 

 

Digital Terrain Model  

LDEM 64 ppd LOLA http://imbrium.mit.edu/DA

TA/LOLA_GDR/CYLIND

RICAL/IMG/  

 

LDEM 128 ppd LOLA http://imbrium.mit.edu/DA

TA/LOLA_GDR/CYLIND

RICAL/IMG/  

 

Crater Records 

LPI-CLSE crater 

database 

N/A N/A http://www.lpi.usra.edu/lun

ar/surface/Lunar_Impact_C

rater_Database_v24May20

11.xls 

Losiak et al. (2009); 

revised by Ohman 

(2011) 

LOLA Crater 

Database 

N/A LOLA http://www.planetary.brow

n.edu/html_pages/LOLAcr

aters.html 

Head et al. (2010) 

http://wms.lroc.asu.edu/lroc/global_product/100_mpp_global_bw
http://wms.lroc.asu.edu/lroc/global_product/100_mpp_global_bw
http://wms.lroc.asu.edu/lroc/global_product/100_mpp_global_bw
http://imbrium.mit.edu/DATA/LOLA_GDR/CYLINDRICAL/IMG/
http://imbrium.mit.edu/DATA/LOLA_GDR/CYLINDRICAL/IMG/
http://imbrium.mit.edu/DATA/LOLA_GDR/CYLINDRICAL/IMG/
http://imbrium.mit.edu/DATA/LOLA_GDR/CYLINDRICAL/IMG/
http://imbrium.mit.edu/DATA/LOLA_GDR/CYLINDRICAL/IMG/
http://imbrium.mit.edu/DATA/LOLA_GDR/CYLINDRICAL/IMG/
http://www.lpi.usra.edu/lunar/surface/Lunar_Impact_Crater_Database_v24May2011.xls
http://www.lpi.usra.edu/lunar/surface/Lunar_Impact_Crater_Database_v24May2011.xls
http://www.lpi.usra.edu/lunar/surface/Lunar_Impact_Crater_Database_v24May2011.xls
http://www.lpi.usra.edu/lunar/surface/Lunar_Impact_Crater_Database_v24May2011.xls
http://www.planetary.brown.edu/html_pages/LOLAcraters.html
http://www.planetary.brown.edu/html_pages/LOLAcraters.html
http://www.planetary.brown.edu/html_pages/LOLAcraters.html
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Magnetic Data 

Internal 

magnetic field 

1° LP 

magnetomet

er and 

Clementine 

Topography 

http://core2.gsfc.nasa.gov/r

esearch/purucker/moon_20

10/index.html 

Purucker and Nicholas 

(2007) 

 

Element Data 

Thorium  LP   

Titanium  LP   

Iron  LP   

Ejecta Material 

Crater ejecta 

material 

Shapefiles   Science Concept 5 

Other 

Sinuous Rilles Shapefiles   Hurwitz et al. 

(submitted to Planetary 

and Space Science, 

May 2012) 

Floor-Fractured 

Craters 

Shapefiles   Science Concept 5 

Pyroclastic 

database 

Shapefiles   Refer to Table A2.2 

for references 

Cryptomare 

deposits 

Shapefiles   Refer to Table A2.3 

for references 

Olivine detection Shapefiles   Yamamoto et al. 

(2010), Table A2.5 

Deep 

moonquake nest 

locations 

   Nakamura (2005) 

Shallow 

moonquake 

event locations 

   Nakamura (1977) 

 

Digital Elevation Model (DEM)  

The Lunar Orbiter Laser Altimeter (LOLA) 64 and 128 pixels per degree (ppd) gridded datasets were 

used to produce a slope map and a map of areas visible from the Earthôs surface.  

 

 

http://core2.gsfc.nasa.gov/research/purucker/moon_2010/index.html
http://core2.gsfc.nasa.gov/research/purucker/moon_2010/index.html
http://core2.gsfc.nasa.gov/research/purucker/moon_2010/index.html
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Imagery 

Images used in this study come from the Lunar Reconnaissance Orbiter (LRO) Wide Angle Camera 

(WAC) global mosaic.   The 64 ppd version of this dataset is used in global maps where higher resolution is 

not necessary. 

Slope 

Slope maps were produced from the LOLA 64 ppd elevation dataset, where the value of the slope 

represents the maximum slope between the pixel and one of its neighbors (slope value in degrees).  The 64 

ppd LOLA DEM was used as it was not deemed necessary to have slope at higher resolution and the only 

slope requirement was to land well away from areas of 20°or larger slope. 

 

 

SCIENCE GOAL 2A: DETERMINE THE THICKNESS OF THE LUNAR CRUST ( UPPER AND 

LOWER) AND CHARACTERIZ E ITS LATERAL VARIABILIT Y ON REGIONAL AND 

GLOBAL SCALES  

Introduction  

Compared to the relative lack of information regarding the lunar mantle and core, decades of petrologic 

and geophysical analyses of the lunar crust have resulted in a significant, but far from complete, 

understanding of its thickness, chemistry, and spatial variation across the Moon.  For example, it is 

generally accepted that (1) the crust is thicker under the primordial highlands than under major impact 

basins and mare (Wood, 1973), (2) the farside highlands crust is thicker and more magnesian than the 

nearside highlands (Wieczorek et al., 2006; Arai et al., 2008 and references therein), and (3) the crust is 

vertically stratified (Toksöz et al., 1974; Ryder and Wood, 1977; Spudis and Davis, 1986; Ryder et al., 

1997; Tompkins and Pieters, 1999) and laterally heterogeneous in thickness (Chenet et al., 2006) and 

composition (Arai et al., 2008).  Given the work of previous studies, additional geophysical analyses are 

key to further understanding the nature and distribution of lunar crustal material.  These analyses include 

passive seismic experiments and electromagnetic (EM) sounding data, coupled with orbital analyses of the 

lunar gravity field (e.g., the ongoing GRAIL mission).  These data will provide direct insights about crustal 

thickness and better constrain models for lunar crustal formation and evolution. 

The purpose of sample return in a crustal thickness context is to better understand the global 

geochemistry of the lunar crust, which has important implications for crustal thickness and petrogenesis.  It 

is widely accepted that the uppermost part of the lunar crust is mainly anorthositic (containing calcic 

plagioclase feldspar), whereas the lower crust is more mafic in composition (containing a greater fraction 

of olivine and pyroxene) (Ryder and Wood, 1977; Spudis and Davis, 1986; Wieczorek and Zuber, 2001; 

Arai et al., 2008 and references therein).  However, outcrops of pure anorthosite are limited (Hawke et al., 

2003) and there is evidence of significant lateral and vertical heterogeneity in crustal composition on a 

regional (Ryder et al., 1997) to global scale (Arai et al., 2008).  Additionally, it has recently been suggested 

that compositional variations may correlate to differences in crustal thickness (Cahill et al., 2009).  It is 

therefore anticipated that sample return will be used to provide compositional context for the geophysical 

measurements made.  For example, sample return may determine whether a physical or compositional 

transition is responsible for a marked change in seismic velocity at ~20 km depth (e.g., Toksöz et al., 

1974). 

Science Concept 3 also requires samples of crustal materials and as such many of the requirements and 

approaches described here will overlap with that Science Goal.  The rocks that will be considered for 

sample return are those that can be shown to provide representative compositions of the whole crustal 

stratigraphy (upper and lower lunar crust) over regional and global scales.  

Background 

Thickness of the Lunar Crust 

Though suffering from limited data and poor resolution, orbital gravity and laser altimetry studies first 

noted the hemispherical dichotomy in crustal thickness, with a farside crust that was proposed to be ~10ï15 
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km thicker than that of the nearside (e.g., Wood, 1973; Kaula et al., 1974).  Thinner crust was also inferred 

under mare basalts (i.e., in large impact basins: Wood, 1973; Kaula et al., 1974).  These studies were 

complemented by seismic data from Apollo 12, 14, 15, and 16 that placed constraints on crustal thicknesses 

at known surface locations (Toksöz et al., 1972, 1974; Goins et al., 1981a).  The Apollo 12 and 14 sites 

(located <200 km from each other) were interpreted to have crustal thicknesses around 58ï65 km (Toksöz 

et al., 1972, 1974; Nakamura et al., 1982), compared to the topographically higher Apollo 16 site that 

maintained a thicker 75-km crust (Goins et al., 1981a).  Both sites showed evidence of a 20-km seismic 

discontinuity (Toksöz et al., 1972, 1974; Goins et al., 1981a) that has been interpreted either as a physical 

(i.e., due to annealing of impact-related fractures with depth: Simmons et al., 1973) or a compositional 

boundary (i.e., a more mafic lower crust overlain by felsic anorthosites: Toksöz et al., 1972, 1974; Ryder 

and Wood, 1977; Tompkins and Pieters, 1999).  It has also been suggested that a compositionally-stratified 

crust may result in a physical fracture discontinuity due to differences in material properties (Wieczorek 

and Phillips, 1997). 

More recent studies of lunar crustal thickness have tended to either reanalyze the Apollo seismic data 

(Khan et al., 2000; Khan and Mosegaard, 2002; Lognonné et al., 2003; Chenet et al., 2006) or utilize 

updated gravity and topography datasets (e.g., Clementine: Zuber et al., 1994; Lunar Prospector: Konopliv 

et al., 1998, 2001) to calculate global crustal thickness (Zuber et al., 1994; Wieczorek et al., 2006; Hikida 

and Wieczorek, 2007; Ishihara et al., 2009; see below).  These datasets are not mutually exclusive; seismic 

analyses can only determine crustal thickness local to the Apollo Seismic Network (or any future network), 

but gravity- and topography-derived datasets require seismic data as pinning points for global models.  

Many early gravity-derived models were anchored to ~60 km crustal thicknesses at the Apollo 12 and 14 

sites (e.g., Zuber et al., 1994); however, recent seismic reanalyses and gravity models show that the Apollo 

12 and 14 sites are likely thinner than proposed by Toksöz et al. (1972, 1974), with various workers 

suggesting values of 30ï50 km (Khan et al., 2000; Khan and Mosegaard, 2002; Lognonné et al., 2003; 

Chenet et al., 2006; Hikida and Wieczorek, 2007; Ishihara et al., 2009).  Similarly, the proposed crustal 

thickness for the Apollo 16 landing site has also been reduced, for example to 38±7 km (Chenet et al., 

2006) or ~54 km (Hikida and Wieczorek, 2007).  Significant discrepancies in proposed crustal thicknesses 

exist between gravity- and seismic-derived models (e.g., the gravity model of Ishihara et al. (2009) 

compared to the seismic model of Chenet et al. (2006)) and even between models derived from similar 

datasets (e.g., the seismic model of Khan et al. (2000) compared to that of Lognonné et al. (2003)), 

elucidating the need for further orbiter and surface data collection.  (Additional data on crustal thickness are 

contained in geoid-to-topography ratio (GTR) and spectral admittance studies; see Wieczorek et al. (2006) 

for a compilation.) 

Still, a number of important conclusions derived by early studies have been supported.  For example, 

the farside highlands crust contains the thickest crust (up to ~110 km: Ishihara et al., 2009) and is on 

average 10ï20 km thicker than the nearside (Zuber et al., 1994; Chenet et al., 2006; Wieczorek et al., 

2006); crustal thickness is at a minimum in large, mare-flooded impact basins such as Crisium, Orientale, 

and Moscoviense (Zuber et al., 1994; Wieczorek et al., 2006; Hikida and Wieczorek, 2007); and the 20-km 

seismic discontinuity is likely real and may be widespread in the lunar crust (Wieczorek and Phillips, 1997; 

Khan et al., 2000; Khan and Mosegaard, 2002).  Additionally, there are large lateral variations in the crust, 

perhaps relating to heterogeneity in fracture concentrations or the influence of heterogeneous serial 

magmatism (Chenet et al., 2006).  Finally, the average crustal thickness for the entire Moon is thought to 

be around 50 km (Wieczorek et al., 2006; Ishihara et al., 2009), which is useful as a reference value for 

future crustal thickness models. 

The origin of the hemispherical asymmetry in crustal thickness is less clear.  Early studies correlated 

this anomaly to the nearside concentration of mare basalts and KREEP, and the center-of-mass/center-of-

figure offset (e.g., Wood, 1973; Kaula et al., 1974) and suggested their coupled derivation from asymmetric 

asteroid bombardment (Wood, 1973) or asymmetric crustal growth (Warren and Wasson, 1980; Arai et al., 

2008).  Recent work has considered the influence of either internal asymmetries in LMO convection (Loper 

and Werner, 2002) and tidal dissipation (Garrick-Bethell et al., 2010) or external asymmetries such as the 

distribution of SPA ejecta (Zuber et al., 1994; Arai et al., 2008).  Accretion of a companion moon to the 

lunar farside has also been proposed (Jutzi and Asphaug, 2011).  Further discussion is beyond the scope of 

this work, but increased understanding of crustal thickness and its variability will help constrain the 

accuracy of these models and contribute to knowledge of early lunar formation. 
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Recent and Ongoing Gravity Datasets (esp. for Crustal Thickness) 

 The most widely used lunar gravity map to model crustal thickness was developed using data from 

Lunar Prospector, which was launched by NASA in 1999.  These data were taken by measuring Doppler 

shifts in the microwave-tracking signal as it reaches Earth, and converted into acceleration to provide 

information on the gravity field (Konopliv et al., 1998).  This method has only been able to indirectly map 

the farside of the Moon due to the lack of line-of-site communication with Earth, and as such the precision 

and reliability of farside gravity maps is uncertain.  SELENE Kaguya first directly mapped the farside 

gravity field on the Moon by using four-way Doppler tracking with relay sub-satellite Okina, launched by 

JAXA in 2007 (Namiki et al., 2009), which has already significantly improved the accuracy of farside 

gravity maps (e.g., Ishihara et al., 2009). 

 The ongoing Gravity Recovery and Interior Laboratory (GRAIL) mission, launched by NASA in 2011, 

consists of two near-identical lunar orbiters, a leader (Ebb) and a follower (Flow), that measure a 

microwave beam transmitted between them to find their relative position (assisted by GPS) from which 

variations in the Moonôs gravity can be extracted.  The first stage has successfully mapped global gravity 

variations from a 50 km altitude with a spherical harmonic degree of 330, improving current lunar gravity 

data maps from SELENE by 3× on the nearside (previous spherical harmonic degree of 110) (Konopliv et 

al., 2001) and 5× on the farside (previous spherical harmonic degree of 70) (Matsumoto et al., 2010).  

During the second stage, GRAIL will perform high-resolution (30 km × 30 km) mapping to a higher 

accuracy of <1 mGal (1 mGal = 0.01 m/s
2
) (W. Kiefer, pers. comm.) with a tracking error of <0.1 ɛm/s 

(Weaver et al., 2010). 

 The main objectives of GRAIL are to determine the structure of the lunar interior from crust to core 

(Science Goal 2a and 2c) and to advance understanding of the thermal evolution of the moon (Science Goal 

2d).  In particular, GRAIL investigations will include: 

¶ Mapping crustal and lithospheric structure (combined with LOLA topography data) 

¶ Ascertaining temporal evolution of crustal brecciation and magnetism 

¶ Determining subsurface structure of impact basins and mascon (ñmass concentrationò) origin 

¶ Understanding asymmetric lunar thermal evolution 

¶ Constraining deep interior structure from tides 

¶ Placing limits on size of a possible solid inner core 

 Since these objectives directly correlate to Science Concept 2 (in particular Science Goals 2a, 2c, and 

2d), the completion of the GRAIL mission and subsequent release of data will greatly contribute to the 

work that is outlined here. 

Deriving Crustal Thickness from Gravity 

The gravity anomaly map is used in conjunction with a high-resolution topographic map to model the 

Moonôs crustal thickness, primarily by subtracting the gravitational effects from surface topography (e.g., a 

crater or mountain), amongst other corrections.  This method is illustrated as a flow diagram in Fig. 2.9. 

These models can be further constrained and improved by using passive seismic nodes with known crustal 

thicknesses as anchor points (e.g., Chenet et al., 2006). 

For the purposes of this report, we use crustal thickness models derived from Lunar Prospector data and 

Clementine topography (Wieczorek et al., 2006), as complete Kaguya SELENE and GRAIL data are not 

yet publicly available.  However, we note that preliminary results are available in the literature; the most 

recent iteration of lunar crustal thickness models uses combined SELENE gravity and topography data 

(Ishihara et al., 2009), and these models will be superseded by GRAILôs high-resolution gravity data 

combined with the LRO LOLA topography map. 

Composition and Petrogenesis of the Lunar Crust 

A full understanding of crustal thickness requires consideration of crustal composition, particularly to 

provide constraints to seismic and gravity/topography models (e.g., density) of the lunar crust.  

Additionally, compositional constraints are required to formulate models for the crustal formation and 

evolution that can explain crustal thickness distributions. 
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Considering the constraints from LMO differentiation models, the Al -rich anorthositic upper crust is 

thought to have formed directly from the magma ocean by plagioclase flotation (Wood et al., 1970), though 

others have suggested the influence of more complicated processes involving reprocessing of primitive 

crust (e.g., Walker, 1983; Longhi, 2003; Meyer et al., 2010).  In contrast, petrologic and remote sensing 

studies indicate that the lower crust is more mafic but still contains plagioclase (Ryder and Wood, 1977; 

Pieters et al., 1997; Ryder et al., 1997; Wieczorek and Zuber, 2001; Arai et al., 2008 and references 

therein).  A possible explanation for this difference is that the latest LMO liquids became denser and more 

Fe-rich after the removal of Mg-rich olivine and pyroxene, which allowed certain mafic minerals to float 

along with plagioclase (Wieczorek and Zuber, 2001).  Alternative theories suggest underplating by mare 

basalt liquids (Head and Wilson, 1992) or that the lower crust is composed of various mafic intrusive rocks 

(Ryder and Wood, 1977) which could represent a phase of post-magma ocean serial magmatism (e.g. 

Warren, 1993; Ryder et al., 1997; Longhi, 2003).  One item that remains unclear is the crust-mantle 

distribution of primitive urKREEP. 

 

FIGURE 2.9 Flow diagram indicating the steps taken to produce a global crustal thickness model for the 

Moon.  Global gravity datasets (e.g., from Clementine, Lunar Prospector, Kaguya SELENE, and GRAIL) 

are combined with topographic datasets (e.g., from Clementine, Kaguya SELENE, and LOLA), corrected, 

and inverted for crustal thickness (e.g., Model 3 from Wieczorek et al., 2006, shown here). 

Although the LMO is a convenient and accepted framework for lunar crust formation, geophysical and 

petrologic studies have shown that the lunar crust is not simply stratified but highly variable both laterally 

and vertically.  Based on remote sensing data from the Clementine mission, Jolliff et al. (2000) defined 

four geochemical terranes with distinct major and trace element abundances: the Procellarum KREEP 

Terrane (PKT), Feldspathic Highlands Terrane (FHT) (further subdivided into FHT-A, for ñanorthositic,ò 

and FHT-O, for ñotherò) and the South Pole Aitken Terrane (SPA or SPAT). Lateral crustal heterogeneity 

is also indicated by hemispherical asymmetry in crustal composition: whereas ferroan anorthosites are 
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thought to overlie a noritic lower crust (orthopyroxene + plagioclase) on the lunar nearside, the farside crust 

is proposed to consist of magnesian anorthosites overlying Mg-rich troctolites (olivine + plagioclase) 

(Takeda et al., 2006; Arai et al., 2008, Ohtake et al., 2009, 2012).  Furthermore, the nearly exclusive 

nearside distribution of basaltic maria, while not directly bearing on crustal composition, may stem from 

the same process that resulted in lateral heterogeneity.  

Vertical variability in crustal composition further complicates the simple LMO differentiation story. 

Global remote sensing data shows that the highlands crust is not composed of extensive areas of anorthosite 

(e.g., Lucey et al., 1995), but that the largest areas of anorthosite are exposed in impact craters and basins, 

especially in rings formed during crater modification stages (Hawke et al., 2003).  This suggests that the 

original upper crust has been significantly reworked and modified by impacts and volcanism on various 

scales, and that the principal layer of anorthosite underlies impact-excavated megaregolith (Taylor, 2009) 

with a possible mafic ñmixed layerò that represents a primordial, quenched LMO crust (Hawke et al., 

2003).  In addition, the ejecta of large impact basins are more mafic than the surrounding highlands, as are 

the central peaks and peak rings of select complex craters (Pieters et al., 1997).  Similarly, the SPA basin 

floor is notably more mafic in composition than the surrounding FHT (Pieters et al., 1997).  These lateral 

and vertical complexities in crustal composition require further review and refinement of the simple LMO 

model for crustal formation. 

Petrology of the lunar crust ï inferences from sample studies 

Previous studies of Apollo and Luna samples have organized pristine non-mare rocks into 3 broad 

groups: the ferroan anorthosite suite (FAS), the magnesian suite (Mg-suite), and the alkali suite (e.g. 

Warren, 1993; Taylor, 2009).  As defined by Warren and Wasson (1978), ópristinityô is a term used to 

distinguish those rocks that have survived significant modification (physically and chemically) by impacts.  

Fig. 2.10 illustrates the compositional and geochemical variations among the highlands lithologies, as well 

as the approximate locations of these within the crust.  

Ferroan Anorthosite Suite (FAS) 

Generally, the FAS rocks are composed of ~77 to 96 vol. % Ca-rich (anorthite) plagioclase feldspar 

(Fig. 2.12) having relatively high Al2O3 compositions (Wieczorek et al., 2006). The mafic silicate minerals 

in the FAS have low Mg# (molar Mg/(Mg+Fe)), indicating the ferroan nature of the FAS (Taylor et al., 

1991; Wieczorek et al., 2006).  The FAS also display low concentrations of incompatible elements (e.g., Th 

and La) and have large positive europium (Eu) anomalies (Taylor et al., 1991).  The FAS can be further 

subdivided on the basis of modal mineralogy and composition (e.g., Taylor, 2009).  For example, the pure 

anorthosite (PAN) has a plagioclase content of >95 vol. %, FeO <3 wt. % and an An 70-90 plagioclase 

composition (e.g. Ohtake et al., 2009).  The range in compositions and ages displayed by the FAS suggests 

that they likely represent the primary crystallization products of the LMO (e.g. Norman and Ryder, 1979; 

Taylor, 2009). 
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FIGURE 2.10 From left to right, the image illustrates the rock name, the corresponding plagioclase-olivine-

pyroxene ternary composition diagram (where 90, 77.5, 60, 10 indicate the relevant % plagioclase), two 

rare earth element spider diagrams highlighting the difference in composition between the FAN and 

proposed super-KREEP (after Taylor, 2009) with respective positive and negative Eu anomalies, and 

finally where the rocks may be found within lunar crust-mantle stratigraphy.  Color scheme is consistent 

throughout this chapter.  Modified from Jolliff (2012).   

Mg-suite 

The Mg-suite lithologies contain less feldspar than the FAS (<80 vol. %, Fig. 2.12) (Taylor, 2009).  The 

lithologies constituting the Mg-suite are norite, troctolite, and dunite.  The Mg-suite is geochemically 

unusual in that it is relatively enriched in trace elements (i.e., KREEP) indicating a highly evolved parental 

magma, but its Mg# (>64) suggest a primitive parental magma (Wieczorek et al., 2006).  Petrologic studies 

of the Mg-suite samples suggest that they represent intrusions into the primary lunar crust and are possibly 

the result of serial magmatism post-LMO crystallization (Taylor, 2009 and references therein).  Two 

petrogenic models have been developed for the Mg-suite: Model 1 involves decompression melting and 

rising of highly magnesian early LMO cumulates, which assimilated with the late LMO urKREEP; Model 

2 suggests that hybridized mantle cumulates and urKREEP were the source for Mg-magmas as a result of 

massive overturn (Shearer and Papike, 2005).  

Alkali suite 

The alkali suite includes KREEP basalt, alkali anorthosite, alkali gabbronorite, quartz monzodiorite, and 

felsite, all of which are rocks enriched in alkali elements (Taylor, 2009).  The alkali suite contain ~50 vol. 

% plagioclase, with bulk Al2O3 ranging from 13 to 16 wt. % and Mg# between 52 and 65 (reviewed by 

Wieczorek et al., 2006).  This suite displays a typical KREEP incompatible element enriched signature 

(Taylor, 2009) (Fig. 2.12).  Although most lunar basalt samples have a KREEP component, actual KREEP 

basalts are only found in the Apollo 15 sample collection (Wieczorek et al., 2006).  Petrological models 

evoke the possibility that the fractional crystallization of KREEP basalt created the cumulate diversity seen 

in the alkali suite samples, and that the parentage of KREEP basalt is more applicable to the alkali suite 

than the Mg-suite (e.g., as shown by experimental studies of quartz monzodiorite) (e.g. Taylor, 2009).  The 

alkali suite crystallization ages range from ~4.3 to 3.8 Ga, overlapping that of the FAS and Mg-suite 

(Wieczorek et al., 2006).  

A significant problem with these studies to date is that the sample collection is limited to rocks from the 

PKT, and it is unclear how well these lithologic groupings apply to the entirety of the lunar crust (e.g., 

Cahill et al., 2009).  In order to better understand asymmetry in crustal thickness, determine its relationship 
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to chemical stratification, and gain better understanding of urKREEP chemistry and its distribution at the 

crust-mantle boundary, samples from all geochemical terranes and the full stratigraphy of the crust need to 

be collected.  These data can also constrain the chemical and physical properties of the medium in 

geophysical models. 

Using Impact craters as windows into the lunar interior 

Impacts drill holes deep into the lunar subsurface, excavating and exposing this material in crater 

deposits and landforms.  We have utilized equations, which are briefly described below, to calculate which 

craters or basins on the lunar surface may expose upper and lower crust material.  For a more detailed 

discussion please refer to the Methodology section in Science Concept 3.  

For simple craters (craters with diameter less than approximately 16ï20 km), the transient crater 

diameter (Dtc) can be calculated using Equation (2.10), where D represents the final diameter of the crater 

(all in km): 

Dtc = 0.84D       (2.10) 

For complex craters, we utilized Equation (2.11) to determine the transient crater diameter (after Croft, 

1985), where Dsc is the transition crater diameter from simple to complex craters (approximately 16ï20 km 

on the case of the Moon) and all parameters are in cm: 

  D = Dsc
-0.18

Dtc
1.18

       (2.11) 

The Dtc
 
was then used in the following equations to calculate the maximum depth of excavation (de) and 

maximum depth of melting (dm). These two key parameters were compared against three models of crustal 

thickness from Wieczorek et al. (2006) (as discussed in the Science Concept 3 methodology section). 

Depth of excavation  

Ejecta deposits are material mobilized from the site of impact onto the surrounding terrane.  The ejecta 

material does not come from the full depth of the crater but rather from much shallower levels (Melosh, 

1989). The maximum depth from which the ejecta material originates is determined by calculating the 

depth of excavation (de) (Equation 2.12: Croft, 1980; Melosh, 1989), which is important for determining 

the contribution of crust/mantle components.  de is generally equal to one third of the transient crater depth 

dtd, or one tenth of the transient crater diameter Dtc (all in km): 

De = 1/3Dtd = 1/10Dtc      (2.12) 

Maximum depth of melting 

The maximum depth of melting (dm) for complex craters, i.e., those with diameters >16ï20 km, is 

calculated by Equation (2.13) (after Cahill et al., 2009), where D is the final rim diameter of the crater in 

kilometers: 

Dm = 0.109D
1.08

       (2.13) 

For all complex craters with a diameter >20 km listed in the Lunar Impact Crater Database (Losiak et 

al., 2009, revised by Ohman, 2011), the proximity to the crust-mantle boundary was calculated by 

subtracting either the depth of excavation or depth of melting, from the pre-impact crustal thickness (as 

determined by each of the three crustal thickness models) (after Cahill et al., 2009).  Where a positive 

proximity means that de or dm is located only within the crust and a negative proximity means that de or dm 

may extend into the mantle.  

Impact melt sheet 

An impact melt sheet is formed due to the vast amount of kinetic energy generated during an impact, 

which melts the target lithology and any residual impactor material (e.g. Kring, 1995).  In the case of 

complex (or larger) craters most of the melt pools inside the transient cavity of the crater and creates the 

central melt sheet, while some is deposited on crater walls or in terraces and a smaller proportion is mixed 

with broken up material and ejected from the crater.  The maximum depth of melting allows consideration 

of a maximum depth of origin for the melt material.  
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Central peak  

Central peaks are formed in complex craters. They result from the shock-compression of material 

directly beneath where the impactor hit, which rebounds or recoils back towards the surface, finally resting 

above the apparent crater floor (Fig. 2.11; Baldwin, 1974).  As concluded by Cintala and Grieve (1998), the 

minimum depth of origin for a central peak coincides with the maximum Dm (Equation 2.13).  Thus the 

maximum dm can be used to determine where within the crust or mantle the central peak material has come 

from.  

 

FIGURE 2.11 Schematic cross section of a complex crater with crater deposits and landforms identified.  

Notice that the central peak can contain outcrops of uplifted material from deeper stratigraphic levels than 

sampled elsewhere in the crater.  Not to scale. 

Central peak ring or basin inner ring  

There are several hypotheses for the formation of peak rings within peak ring craters and multi-ring 

basins (Fig. 2.12).  Unlike the case for central peaks where the maximum depth of melting likely 

corresponds to the minimum depth of origin for the peak material, after Cintala and Grieve (1998) the peak 

ring formation is considered to be intrinsically affected by impact melting.  They conclude that the material 

for the peak ring likely does not come from the maximum depth of melting but from much shallower levels, 

and that this applies to peak ring basins and multi-ring basins.  

However some workers have also proposed that the central peak ring is an enlargement of a central 

peak (e.g. Kring, 2005), thought to be formed from the collapse and spreading of a central peak if it has 

risen too far above the surface.  Please note that the formation of rings in multi-ring basins is poorly 

understood and the reader is redirected to Pike and Spudis (1987) for a comprehensive discussion. 
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FIGURE 2.12 Schematic cross section of a peak ring basin (which is also applicable to a multi-ring basin).  

The figure illustrates that breccia and ejecta material can potentially contain material from all levels 

sampled by the crater.  Note the homogenization of the crustal material from multiple stratigraphic levels in 

the massive melt sheet. Not to scale. 

Requirements 

Orbital Geophysics 

Gravity Surveying 

Surveying the gravitational field is the best way to characterize both regional and global crustal 

thickness variations.  This will be completed to a high degree of spatial resolution (~27 km globally) by the 

current GRAIL mission (Zuber et al., 2012; Hirt and Featherstone, 2012).  Since this data can be obtained 

from orbit, it is not considered when selecting landing site locations. 

In situ Geophysics 

Seismology 

While gravity surveys provide a direct measure of the subsurface mass concentration variation, the 

crustal thickness (H) itself is modeled from these surveys and requires anchor points where H is known to a 

higher degree of certainty.  A passive seismic experiment can be used to invert for H both at the 

seismometer location and at surrounding locations where meteoroid impacts occur (Chenet et al., 2006). To 

maximize the usefulness of these anchor nodes, they need to be positioned at locations representative of the 

ótypicalô crustal thickness for each terrane (Jolliff et al., 2000).  Thus, a minimum of four seismometers is 

required (one in each terrane), and passive seismic experiments must be implemented concurrently to 

obtain maximum constraints for subsequent analyses.  Active seismic experiments are not appropriate for 

this Science Goal as they do not provide information below ~500 meters depth (Watkins and Kovach, 

1972). 

EM Sounding 

EM sounding can be used in conjunction with seismology to further constrain crustal thickness at the 

anchor points.  Magnetotellurics (MT) is perhaps the most suitable method, as it does not require an orbital 

station (c.f., Geophysical Methods).  Detection of the shallow crust requires an EM field signal above 10 

Hz, though well-documented fields on the Moon are Ò 10 Hz in frequency (Grimm and Delory, 2010). 

Fortunately, solar wind fluctuations produce robust signals up to 100 Hz, allowing for detection of the 

crust-mantle boundary (Fillingim et al., 2010). For Science Goal 2a, MT measurements must be conducted 

at the same location as the seismic experiments, but has no requirements of its own as to where the 

experiment should be done. 
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Sample Return 

Landing sites should be selected to obtain samples that are representative of both the upper and lower 

crustal compositions laterally and vertically, specifically: 

1. Rocks of both the upper (anorthosite) and lower (norite, troctolite, or gabbro) crust representing 

the full  compositional range of crustal stratigraphy. 

2. Rock samples from each of the four geochemical terranes (after Jolliff et al., 2000). 

In order to maximize the probability of successful sampling, selected landing sites should also meet the 

following criteria:  

3. Outcrops and deposits of a specific basin should be known so that it is clear which crater or 

basin is being sampled. 

4. Outcrops or deposits should be exposed at the surface and easily accessible. 

Methodology 

In situ Geophysics 

The terranes (as identified by Jolliff et al., 2000) were first traced out in ArcMap 10.  To find regions of 

ótypicalô crustal thickness, crustal thickness distributions were extracted and plotted in MATLAB to find 

the mean and the standard deviation of crustal thickness for each terrane individually (Fig. 2.13).  The 

Model 3 total crustal thickness model data from Wieczorek et al. (2006) was used, which is derived from 

Clementine topography, and Lunar Prospector LP150Q gravity model data.  This model will be replaced 

with a model which makes use of LOLA topography and GRAIL data, when the latter becomes available.  

ArcMap 10 was then used to extract locations where crustal thickness is within one standard deviation (ů) 

of the mean crustal thickness for each terrane, to map areas of ótypicalô crustal thickness.  

As EM sounding can be carried out anywhere on the lunar surface, there is no mapping required for this 

method.  This means that Fig. 2.14 is the only map for the geophysical methods within this Science Goal.  

Sample Return 

In the context of the NRC report, landing site candidates require exposures of rocks that have originated 

from deep within the Moon.  To fulfill the requirements outlined above, only those craters and basins that 

potentially sample the full stratigraphy of the lunar crust have been considered.  We have used the 

following approach, discussed in more detail in Science Concept 3 (e.g., Flahaut et al., 2012). 

1. We utilized the Lunar Impact Crater Database (Losiak et al. 2009, revised by Ohman, 2011) to 

identify all craters and basins that may expose the lower crust in either ejecta blankets, melt 

sheets, or central uplifts (i.e., central peaks and peak rings).  We sought to identify those craters 

and basins that tapped both the lower and upper crust, assuming that a crater sampling the lower 

crust must have sampled the upper crust as well. 

2. Using Equations 2.10ï2.13 (outlined above), we identified all craters or basins that may 

theoretically expose lower crustal material in their ejecta. 

3. Melt depth proximity calculations were used in combination with (1) to determine where the 

lower crust may be sampled in impact melt sheets or in central peaks and peak rings (if 

preserved).  

4. The calculations described above are theoretical and as such LROC Quickmap was used to 

verify whether craters/basins did indeed preserve their central peaks or peak rings. 
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FIGURE 2.13 A histogram showing the frequency distribution of óthinô, ótypicalô, and óthickô crustal 

thickness for each of the terranes, as defined in Jolliff et al. (2000).  óTypicalô crustal thickness is defined 

as Ñ1ů of the mean crustal thickness of the terrane (middle vertical line).  Lighter shades denote óthinô crust 

for each terrane; darker shades denote óthickô crust for each terrane.  Color scheme is also used in Fig. 2.16 

However, there are a number of sampling details that must be considered: 

1. The calculations for dm have been used here to determine where the material for the peak rings 

comes from.  However, there is significant debate regarding how the rings are formed, which in 

turn dictates what depth the material comes from.  Therefore the rings which have been 

identified here as potentially sampling the lower crust should be treated with caution.  

2. Only lower and upper crustal exposures within basins are considered.  As an example, Imbrium 

has a basin diameter of ~1160 km and is theoretically likely to contain lower crust and mantle 

material in its ejecta deposits, melt sheet or uplifted central peak or peak rings.  However, 

Imbrium does not have a well preserved central peak or peak ring, as most of the melt sheet has 

been covered with mare basalts and megaregolith.  Thus it is likely that samples of mantle 

material may be preserved within the basin itself, but most are likely not available for easy 

sampling and would be difficult to identify.  On the other hand, ejected mantle material may be 

well preserved given the relative age of the basin, but the temporal connection between ejected 

samples and specific impacts is difficult to verify.  

3. As of yet there are no contour maps for ejecta material on the Moon, and modeling has 

suggested that deeper material is more likely to be exposed closer to the central uplifts of 

craters and basins.  Therefore our focus is on sampling the rim ejecta material, as material 

further away from the crater is more likely to be buried by regolith (which is particularly true 

for older craters). 

4. Similarly, larger craters and basins are filled with younger volcanic deposits that obscure the 

underlying melt sheet.  Thus the most optimal place to sample the melt sheet is where it is 

preserved in crater walls or terraces. 
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5. In cases where the central peak or peak ring are preserved, there are likely to be steeply inclined 

outcrops of rock that are good places to sample either directly or in debris at the base of the 

uplift.  

Suggested Landing Sites 

In situ Geophysics 

Locations where crust is óthickô (>1ů from the mean), and óthinô (< 1ů from the mean) are shown in Fig. 

2.14 as darker and lighter shades respectively.  In accordance to the geophysical requirements, one seismic 

station needs to be placed within each of the terranes, and at a location with ótypicalô crustal thickness, 

which is defined as within 1ů of the mean modeled crustal thickness.   

Sample Return 

Locations that satisfy the above requirements are shown in Fig. 2.15.  All results are displayed in Table 

A2.1.   Based on proximity calculations, the following craters (identified in Fig. 2.15) have ejecta 

potentially containing lower crust material: Nectaris, Orientale, South Pole-Aitken, Ingenii, Poincare, 

Antoniadi, and Minkowski (the latter four are located within SPA).  Figure 2.17 shows craters and basins 

that may have lower crustal material in their melt and preserved central peaks (e.g., Humboldt, Zeeman).  

Figure 2.17 also shows craters and basins that may have lower crust material in their melt and preserved 

peak rings (e.g., Schrödinger, Orientale, Moscoviense).  As noted above, our recommendation is to sample 

at least one crater or basin within each terrane; however, note that no craters were identified within the PKT 

according to our method.  We do not feel that this is a drawback, as Apollo breccias from the PKT may 

contain clasts of crustal lithologies.   

It should be noted that only specific areas within craters and basins can be sampled to attain upper and 

lower crustal compositions.  Examples of complex crater (Humboldt) and multi-ring basin (Orientale) 

sample locales are illustrated below.   However it is important to recall that the formation of peak rings is 

poorly understood and that the application of proximity calculations to determine the depth of origin of 

peak ring material is somewhat ambiguous.   
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