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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 Ig
variability on regional and global scales.

b. Characterize the chemical/physical stratificatiortie@ mantle, particularly the nature of the
putative 506km discontinuity and the composition of the lower mantle.

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

d. Characterize the thermal state of the interior and eltecitlhee workings of the planetary heat|
engine.

INTRODUCTION

Each of the Science Goals addresse&bignceConcept 2 is linked: data regarding the crust, mantle
and core must be obtained in order to understand the thermal state of the interior pladetegy heat
engine. Much about these Science Goals is currently unknown: crustal thickness and lateral variability are
constrained by gravity and seismic models which suffer fromurequeness and a lack of control points;
mantle composition is ambigusly estimated from seismic velocity profiles and assumed lunar bulk
compositions; mantle structure is obtained through seismic velocity profiles, bwiclitee structure is not
resolved and any structure outside the Apollo network and below 1000 lél@nEpth 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 thermatate 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
nonunique. Besides elucidating the principle objectives of eztibnce Goal, addressing tigience
Concept will also provide data regarding formation and evolution models of the Nlegrnthe Giant
Impact €.g, Canup, 2004a, 2004b) and Lunar Magma Ocean (L&@,; Woodet al, 1970 hypotheses
the details of with are debated or unknown.

Understandinghe 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 proceses active during early Solar System formation that have since been removed from the
Eart hds surface. Li kewi se, t he small size of the
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 pretearth. Thus, the composition and thermal evolution of the Moon and
Earth were intimately linked at the beginning of tladas 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.

Otherstudies of 8ienceConceptsn this volumesuggeslanding sites and data collection that will help
addressScienceConcept 2. In particular, the knowledge gained by addreSsirmmnceConcept 1 will help
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elucidate the early thermal history of the Mo@sgistingScience Goal 2d).Proposed sample return for
ScienceConcepts 3, 5 and 6 will contribute to current knowledge of crust and mantle litholagséstiog
Science Goals 2a, 2b). However, it should be noted that no Bitience Concepts overlap with
understanding the lunaore (Science Goal 2¢). The contributions of otBeienceConcepts 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 Sa@nce Concept 3cience Gal, we
examinelanding sites fobothgeophysical analyses and samplenme{frig.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 tim&his 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 ordgtaital 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 2¢c wherample return is proposed (Fig.1).

] . — Geophysical landing sites
2a (Crustal thickness and variability) —{ ; P S
Sample return landing sites

A , § el Geophysical landing sites

2b (Physical/chemical stratification i the mantle) —l § P =
Sample return landing sites

Geophysical landing sites

Geophysical landing sites

2c¢ (Size/composition/state of the core) —l

2d (Thermal state of the interior) —[ . .
Sample return landing sites

FIGURE 2.1The types ofanding sitedor ScienceConcept 2. Each Science Goal has separate geophy
and landing site requirements, with the exception of Science Goal 2c, which only considers geop
requirements.

GENERAL BACKGROUND

The aim ofScienceConcept 2 is to @svarious geophysical and compositional studies of the Moon to
elucidate the interior structure and composition of tedéhtiated planetary body (NRZDO7). In order to
address the state of the lunar crust (Science Goal 2a), mantle (Science Goall Zyeafscience 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 discudsg the Giant Impact model for the formation of the Moon (Canup,
2004a, 2004b, 2008), including pot&l lunar bulk compositiong2) the initial differentiation of the Moon
from a Lunar Magma Ocean (LMO: Smi#t al, 1970; Woodet al, 1970), (3) subsegnt cumulate
overturn and reorganization of the lunar interieuig( Hess and Parmentier, 1995), gl 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 Gagal
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Formation of the Moon

Early theories for the formation of the Moon suggested gramitakicapture of an independently
formed body, fission or derivation from a pref&arth, or ceformation with Earthi(e., a binary planetary
system; Ringwood, 1979; Canup, 2004b). These theories could explain aspects of lunar formation and
evolution, buteach was unable to explain certain key features of the-Eartin system such as lunar iron
depletion relative to Earth and the coupled Edtion angular momentum (Canup, 2004b). Though it has
not gained universal acceptance, most lunar scientists tigriethe Moon was created by the collision of
an impactor approximately twice the size of the current Moon with a-fatih that was ~70% f Ear t hds
current size (Fig2.2; Hartmann and Davis, 1975; Cameron and Ward, 1976; Canup and Asphaug, 2001;
Canup,2004a, 2004b, 2008). Dynamic simulations of this impaag,(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 impact@anup, 2004b; also supported by modelifithe
lunar interior as irkKhanet al, 2004), while the core may have accreted to Earth (Canup, 2008) and thus
could explain lunar iron depletion. Likewise,ondensati on of tvdper oudideothe f r om 6¢c
Earthds Roche | imit (Canup, 2008) may explain the de
(Taylor et al, 2006) and still allow for complete melting of the eddymed Moon (Canup and Asphaug,
2001). However, there is still significantaertainty in constraints for lunar formation.

FIGURE 2.2lllustration of an object twice the size of the Moon colliding with piggrth (~70% of its
current size). lllustration creditPl (Leanne Woolley).

Lunar Bulk Composition

A linked consideration with the formation of the Moon is its bulk composition (Tatl@l, 2006).
Estimates for the lunar bulk composition differ primarily in their consideratiorefvéctory lithophile
elements€.g, Al), but other considerations include the abundances of FeO and MgO (€agler2006).
Possible lunar bulk compositions have been modelled by a number of authors (seeflalyla006), but
recent experimentakork on early lunar differentiation (Elardat al, 2011; Rapp and Draper, 2012) has
focused on two possible emdembers: Taylor Whole Moon (TWM: Taylor, 1982), which is enriched in
refractory elements relative t Oppef MantehldPEIM: tomghiposi t i on,
2003, 2006), which contains similar refractory element aburetarelative to Earth (Table 2.17TWM and
LPUM also differ in FeO and MgO abundances (by ~3 and ~6 wt%, respectively: Efaedp2011).
However, it is importanto 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 woedgdrially aided by a sample
of the lunar mantle (Taylat al, 2006).
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TABLE 2.1 Lunar bulk compositions used by Taylor (1982) and Longhi (2006). Mg* is mu
MgO/[MgO+FeQ]. All oxide values are in wt%.

Model Sio, MgO FeO AlLO, Ca0 Cr,0, Tio, MnO Na,0 K,0 P,O. Mg*  CaO/Al,0,
TWM
(Taylor, 44.4 32.7 10.9 6.1 4.6 0.61 0.31 0.15 0.09 0.01 0.01 84 0.75
1982)
LPUM, 46.1 38.3 7.6 3.9 3.2 0.5 0.17 0.13 0.05 0.01 0.01 90 0.82
(Longhi,

2006)

Lunar Magma Ocean (LMO)

Regardless of the coitidns of lunar formation,t is generally agreed thaubsequent widespread
mel ting of l unar materi al resulted in a fAmagma ocear
which firstorder lunar structure and stratification were derived and separafithe crust, mantle, and
possibly the core occurrefe.g, Shearer and Papike, 1999)Anorthositic (i.e., dominated by calcic
plagioclase feldsparjocks and soil samples collected by Apollo 11 led scientists to hypothesize the
existence of a global agma body that underwent extensive fractional crystallizagog, (Smithet al,
1970; Woodet al, 1970). According to this model, denser Mich mafic minerals (dominantly olivine,
with subsidiary orthopyroxene and clinopyroxesajpkto form lower matle cumulateshile lessdense
plagioclaseg(formed after 6080% total crystallizationjloatedto form the anorthositic crust (Smitt al,
1970, Woodet al, 1970; Taylor and Jakes, 1974; Ringwood and Kesson, 1914&.last vestigesf the
magma ocearliquid, after 9095% crystallization, wereenriched in incompatible elements such as
potassium, rarearth elements, and phosphorus (together termed KREEP), as well aargeTQ-rich
mineralssuch as ilmenite (Fid2.3; Woodet al, 1970; Taylor andakes, 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 igipteLMO
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 referencéeitein). Another complication is that early analyses of the L#@, (Wood
et al, 1970) considered a purely fractional engmber scenario, whereas more recent studigs Snyder
et al, 1992) have shown the importance of both equilibrium and fraadtiorystallization in producing
observed majerand traceslement patterns of mantle produdte.( mare basalts and pyroclastics).

Quenched crust Anorthositic crust

Vs
AT

Feldspathic crust

gioclase'
(floats)

Mafic cumulates
Olivine
(sinks)

Olivine +
28y Low Ca pyroxene

Olivine +
pyroxene

Core/unmelted interior

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

FIGURE 2.3Simplified model of the crystallization of the lunar magma ocean (LMO; after J. Rapp/I
See text for aetailed explanation.

It is also uncleahow much lunar marial was processed in the LM©e., how deep the magnacean
extendeand how much &6pri mit i vreetairs]oerow i). Most éstimatesadr thee e mai ne d
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depth of the LMO range fromOBi 1000 km (Taylor and Jakes, 1974; Ringwood and Kesson, 1976;
Sdomon and Chaiken, 197&Nakamura, 1983; Hess and Parmentier, 1995), although the purported
existence of a 56@m seismic discontinuity (Nakamued al, 1974; Goingt al, 1981b; see belowhas led

others to suggest this depth as the base of the magma @cgamM(eller 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 indeezbsult in wholeMoon melting but sloweraccretion produces a
shallower partially-melted zone (Shearer and Papike, 1988d 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 gisbale process.

Cumulate Overturn of LMO Stratification

Various observations suggest that thear inteior experienced significant reorganizatiafter its
initial stratification. For example, the crystallization of KREEP, Fesdd ilmeniterich components in the
last stages of magma ocean solidification resulted in inverse density stratification,endémest minerals
at the top of the cumulate pile in a gravitationally unstable configuration (Ringwood and Kesson, 1976;
Hess and Parmentier, 1995; Elkifantonet al, 2002). Additionally, while early studies suggested that
the observed variability imare basalt and pyroclastic glass compositions, particularly 8m@ KREEP
abundances, could be explained by partial melting of discrete mantle sources at differentedgpths (
Taylor and Jakes, 1974), their relatively homogenous major element clyesugigested globacale
mixing (Shearer and Papike, 1988d references thereinREE abundances show that this mixing must
have occurred after initial magma ocean differentiation (Longhi, 1992). Further work on the volcanic
products indicates that thesource depths are independent of Ji@bundance, and trace element
considerations suggest that mare and glass sources contain nearly continuous variation in ilmenite content,
something that cannot be produced by remeltingtatic cumulates (Longhi, 199hd references therein).
Finally, evidence of this hybridization process is seen across the Apollo sample collection, implying the
globalscale nature of the overturn event (Delano, 1986), thougbahis is controversial.

In order to explain these obg vati ons, some scientists have sugges
overturn, 0 wh e rrichhilmenite ltienulates atshe top of teeQ.MO sankaoig the center
of the Moon,interacted with deep mantle materiahd either blanketed a pesising metallic core or
created a dense silicate cdgeeg, Ringwood and Kesson, 1976; Hess and Parmentier, 1995; Hi&imsn
et al, 2002 de Vrieset al, 201Q. The sinking of this material, combined with heating from ilmerated
KREEPRbearing liquid and mixing with earlieformed ultramafic cumulates (olivine + orthopyroxene),
produced a Ahybridod mantle zone (Ringwoodladond Kesson,
et al, 2002) that could be remelted to form positivblyoyant plumes caaining the range of observed
volcanic compositionse(g, Hess and Parmentier, 1995; Singletary and Grove, 2008 particularly
important corollary of this process is that numerous rising or sinking plumes may hase iingplace to
produce a laterl heterogeneous mantle (Hess and Parmentier, 1995; Sakataki 201Q Elkins
Tantonet 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;irElkantonet al, 2002) or confined to lotsscale convection
cells (Fig.2.4; Snydert al, 1992), and if the ilmenitbearing material sank as a solid or liquid (Elkins
Tantonet al, 2002) . The depth of the Ahyrained, sh goemd 06 mant | e
studies suggesting ~30B00 km depth(Elkins-Tantonet al, 2002 201) to the coreamantle boundary
(Hess and Parmentier, 1995%till other models for mantle structure do not require overturn and instead
rely on melt generation at déptvith assimilation of TFrich material at shallower mantle levels.d,
Wagner and Grove, 1997)The resolution of these issues requires both additional geophysical data and
further petrologic data from agt unsampled volcanic and mantle lithologies.
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FIGURE 2.4Two possible scenarios for cumulate overturn: individual plumes (left) or global mi
(right). Colors represent the same compositions &#ir2.3.

Thickness of the Lunar Crust (.f., Science Goal 2a)

The plagioclaseich crust of the Moon is on average ~50 km thick (Wieczaetlal, 2006) and is
thought to be vertically zoned from anorthositompositionsat the top to noritic or troctolitic
compositionsat its based.g, Arai et al, 2008). It is thickest in the lundnighlands away from large
impact basins (some of which are méilcmded), with a maximum thickness of 110 km and a minimum
thickness near zer@.(g, Ishiharaet al, 2009). The crust is notably asymmetric with respect to thickness;
the farside lyhlandscrust is on average 105 km thicker than the nearside.d, Wood, 1973). These
thickness changes apparently also correlate to compositional heterogeneity, such that the farside crust is
more magnesian than the nearside (&tal, 2008 and referencdiserein).

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

Stratification of the lunar mantle is thought to have originated from (1) differentiation from the LMO,
producing an olivingich lower mantle with the additio of orthe and clinopyroxene upsection,
culminating in an ilmeniteand KREEPrich layer just below the crust.g, Shearer and Papike, 1999), and
(2) subsequent cumulate overturn that redistributed denser material to the base of the mantle anid resulted
numerous positivelyand negativeibuoyant plumese(g, Hess and Parmentier, 1995). Apedia and
more recent geophysical analyses have identified major compositional or mineralogical discontinuities such
as a prevalent 56Km depth discontinuityeg., Nakamureet al,, 1974;Goinset 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-gpumktowermost mantle Nakamura,

1983. While the nature of uppenantle seismicity is inconclusive (Frohlich and Nakamura, 2006),
numerous studies have suggested the presence of a pantidibd lowermantle attenuation zone as a
driver for deep moonquake occurrerfeeg, Frohlich and Nakamura, 2009; @nal, 2012).

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

Little is known about the lunar core, but various geophysical and petrologic analyses suggest the
presene of a small (13 wt. % <500 km radius), metallic (Fe to FeS) or dense silicate, partially to fully
molten core €.g, Williams et al, 2001; Wieczorek and Zuber, 2002). Further constraints on the size,
composition, and state of the lunar core require additional data catlectio

Past and Present Thermal State of the Lunar Interior €.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 egalty believed thathe Moonrforming impact
(Cameron and Ward, 1976; Canup, 2004b) produced enough energy to create a lunar magma ocean (LMO)
that extended to some depthr{ging from 2001000 km or more; Solomon and Chaiken, 1976; Nakamura,
1983. LMO crystallization (Taylorand Jakes, 1974) and cumulate overturn (Effiastonet al, 2002)
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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 asymmetricenafucrustal thickness
(Ohtakeet al, 2012), KREEP distribution (Jollifét al, 2000), and mare volcanism (Lucet/ al, 1998;

Zhong et al, 2000) has led to an asymmetric heat flux throughout lunar history. Central magnetic
anomalies (Hood, 2011) ampéleomagnetic studies of Apollo samples (GarBelthelet al, 2009; Shea&t

al., 2012; Suavegt al, 2012)haverevealed that the early Moon may have possessed an early core dynamo,
but its timing and strength are not fully constrained. Data regatiégresent 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
(Turcotteand 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 interioet(Shearer
al., 2006; Wieczorelet al, 2006).

Geophystal Methods
Seismology

Seismology uses elastic waves propagating through a body to Hsrfiesstproperties and structures. In
this sense, egsmology is a direct method of probing the interior of Bheon. Surface stations detect
seismic waves travelig 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 (ave),and the shear wave {8ave). The Rwave arrives first, as it travels with a higher
velocity, while the amount of lag before the arrival of thwy&ve gi ves information on t
length from the seismisource to the station-8aves do nopropagate 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 discontirastin seismic velocities, Fig@.5 summarizes theggoperties.
By taking advantage of this P andaave 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 todh investigating planetary interiors. This technique has significantly advanced
our knowledge of Earthés interior structure (discussi

In global seismology the arrival timegd of seismic rays formulate farward problem Gs = t.girhe
matrix G contains geometric information pertaining to souexeiver configurationi.g. the paths of the
seismic ray through the medium), vecwcontains information on theeismic velocity structure of the
medium and the vectogd contains the arrival times of each r@yscussion above after Lay and Wallace,
1995).

Obtainingthe information ins, given ad is the goal of the inverse problenn most cases,w tothe
lack of coverage of ray pathenecan fnd many different model solutiorfer s when given G andg.
Thus, it is important to start with a design matrix G ti@timizesthis noruniqueness.This can be done
(to some extent) through optimizing configuration of the seismometers acctwdipgiori information on
the seismic source locations;, simply increasing the number and coverage of seismic stati®yghis
philosophy, lunar seismology is begiproachedising a network otoncurrentlyoperatingseismometers
that ensures global covgein order to not only locate seismic events, but also adequately use these events
to studythe threedimensional velocity structuef t he Moondés i nterior
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FIGURE 2.5A summary of Pand Swave ray paths propagating from a moonquake source (stargthre
the interior of a planetary body with a liquid outer core (orange) and solid inner core (red). The amc
refraction through the mantle is exaggerated for the mdteft). ( Pwaves propagate with oscillation:
parallel to the direction of energy tifer, while Swaves use oscillations perpendicular to the enel
propagationright).

EM Sounding

EM sounding is a method of measuring the electrical conductivity structure throughout the interior of a
body. Since electrical conductivity is directly redtto 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 compositiondifferent temperature and pressure environments (Senaktt 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 thexgtlaan help constrain the
thermal history of the body is through the Wiedem&nanz Law. This law directly relates the electrical
conductivity of a metal to its thermal conductivity (Wiedemann and Franz, 1853):
k
g LT (2.1)
Here,L is a proportionalit constant known as the Lorenz numbeis the thermal conductivity, antd
is the temperature. Because of this relationship, determining the electrical conductivity is essential in
addressing the thermal state of the lunar interior and especially cdithe

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 extemmalgnetic field variations and the curr@@nerated internal
magnetic field, one can study the conductivitysture at various depths (Fi&.6).
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FIGURE 2.6Various frequency components of a tiverying external field induce currents at variot
deptrs. Longperiod (low f) variations can penetrate deep-e
response of the induced field can be used to invert for the conductivity structure as a function of dep

The inductive response of the body varies with démbause of signal attenuation. The amount of
attenuation depends on both the frequency of the-tianging signal f) and the electrical conductivityi)
of the body. Thus, various frequency components of the s@gmaprobe various depths (F@&6). We
thus can define the skin depiihas the depth at which a signal attenuates by a factor of e, and adapt a
guantityd from McNeill (1990) as the depidf exploration, equivalent to the depth to a perfect conductor
for the specified conductivity and frequency (Grimm and Deliorpressand references therein):

5[km] = u.i_ d[km] = G.E
Vef Vof 2.2)

Complicatiors arise in relating the measured total magnetic field to the inducedetiafleld 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 measuremehish are summarized in Fig.7,
and described in the nestibsections

Transfer Function (TF)

The transfer function method measures the magnetic field &ta dtation orbiting several planet
diameters away from the surface and at a proximal station in low orbit or at the surfecdistal station
measuresthe undisturbed, timgarying external field, while the proximal station measures the total
magnetic field due to both the external field and the induced fi€lke transfer functiod = (Ag, Ay) is
the ratio of the two nasurements for each componeiaidfal and angential):

;pro:rz'mrz! El"@:ro:rimﬂ!

Af(f) =
BR distal T Bl",riz'srrz! (2.3)

Ap(f) =

Using the transfer function, the apparent conductifity as a function ofrequency can be determined
througha simple equation (Hobbst al, 1983). Here,¢ is the magnetic permeability, amds the lunar
radius:

C Zmfu\rAg ) (2.4)
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FIGURE 2.7 Options for station seip and requirements for Geomagnetic Depth Sound®DS),
Magnetotellurics (MT) and Transfer Function (TF) EM sounding methods. Dashed lines inc
measurements that need to be performed together. Coorsiyisééens are also illustrated for each meth
(Modified after Grimm and Delory, in press).

Geomagnetic Depth Sounding (GDS)

Another way to measure apparent conductivity is by taking the horizontal gradient of the tangential
component of the magnetic fieldThis 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 appackndtivdap. Here, the
derivative with respect ter denotes a spatial gradient in the tangential direction (Gough and Ingham,

1983)

a8, |’
2 |dx
f)=— L
%= B, (2.5)

Magnetotellurics (MT)

This method measures orthogonal components of the electric (E) and magnetic (Birdimldmne
station (Simpsons and Bahr, 2005). Using these measurements, two apparent conductivities can be

calculated using the equations

2 2

2 B.
Gw{f}=%f =

Ex

2xf
u

B
E

g&wl:fj =

¥ (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).
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Lunar Laser Ranging (LLR)

The internal deformation of the Moon can modify its orbit aoihtion in subtle ways (Fid2.8). A
suite of highly developed mathematical analyses can be used to interpret these moeschegitse
information about the structure and behavior of the lunar interfia.do so, one must first accurately
measire these subtle lunar wobble$o dae, lunar laser ranging (LLR) is the only viable means of doing
sowith the required accuradWilliams et al, 2006).

Ecliptic .
Spin  Normal Orbital
Axis Normal
£
Precession}
e
Nutation
4_—.\

Tidal
Deformation

FIGURE 2.8Libration and tidal deformation of the Moon. Precession corresponds to circular motion
the center of mass, wheraagation corresponds to lateral movement rotating about the center of mass

For a solid body object in-8imensions, its mass distribution is described by a moment of inertia tensor
I. This tensor can be decomposed into three separate tensors, deskelsntic mass distributiofligig),
the timevarying mass distribution due to tidal deformatiffye), and the sphmelated distortion to
moment of inertia measuremeni,() (Williams et al, 2001):

I=lrigia + Liige + Lopin (2.7)

The rigidbody moment of inertia teor (I,,4q) has eigenvectors associated witle principal ags of
the Moon. The eigenvalues of this coordinate systeaBEC) are called the rigidhody moments.These
describe the timaveraged mass distribution of a bodith respect to each of the pcipal axes The
principalaxis associated with A is approximately pointing towards the Edttle. 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 bwely with observed ranthly variations of +&cm
(Willams et al, 2010. These variations depend on the Moonés
Love numbers § I, and k. These values can be used jointly with seismic data to invert for mamtle a
core structure (Merkowitet al, 2007). Thus, accurate determination of these values will help constrain
the bulk elastic properties of the lunar interioove numbelk, also depends on any flattening of the eore
mantle boundaryCMB) along the Gaxis. The tidal love numberand the ratios of the principal moments
(A, B and C)can all be determined througlecuratene a sur ement s of t he NMleonds
existence of a fluid core, size of the outer core, possible inner core and thdrgeufrtiee CMB can also
have significant effects on this libration throutiteir interactions with the solid mantle (Williams and
Boggs, 2008).

LLR measurs the physical librations by precisely monitoring the positions of various points on the
lunar surfae relative to Earth.This can be done by installing retroreflectors on the Moonnagasuring
the travel time of thepulses sent to these reflectdhat have reflected back to Earth. rétroreflector
network is currenyl installed on the Moon, but isilimited in bothE-W and NS extent Increasing this
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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 Measuremés

By measuring the present rate at whachlanetary body is dissipating heat, one can learn about not
only the present interior thermal structure but also the thermal history of the Iadywledge of the
thermal structure of the interior and how it B with time can also constraithe density and
compositioml stratification of the mantle.In general, thermal energy is dissipated through advection,
conduction and radiationAdvection requires transport of hezdrrying material, which does not hggmn in
the lunar regolith due to the lack of an advecting mediem. (vater, 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 regolithat affects its thermal conductivity (Kiefer, 2012). Thus, the total heat flow at
the lunar surface can be well approximated by measuring the conductive heatrfl@ccordance to

Fourierdés |l aw of conduction, d)lisgivealoynducti ve heat f | u
daTl
9= =~k (2.8)

where z is depth,T is temperature, an#l is the thermal conductivity of the materiallTherefore, the
measurement of,gequires the determination of both the geothermal gradient and the thermal conductivity.

The geothermagradient can be measured in borehoi8an deepwith temperatures taken at different
depthsspanning at least 1 inelow material affected by the annual and diurnal thermal wgKieger,
2012). The thermal conductivity can be determined through the uneaents of the thermal diffusivity
(8), which is related to the rate at which a material responds to temperature perturbations at various
distances from the perturbatiohis can be measured both actively (usingeating sourcand sensor
and passivel (using periodic changen surface insolation The conductivity K) can then be determined
through the relatigrk = aC,r, with appropriate values for the specific he@g)(and density ) assigned.

Gravity Measurements

The subsurface structure of éhMoon can be probed by measuring the gravity field. This can be done
in orbit by tracking lhe acceleration of a spacecraft it flies over the surface. The acceleration
spacecraft experiencesmkends on the mass distribution:

a(r) = -G f j f % o Ydr? 00

HereG is theuniversal gravitational constanmt; is the coordinate of the mass elem@hh=j r()d r;3), r
isthe position of the spacecraft alnd /| 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 changes in positiom)(and acceleration of an orbiter as it flies
over a terrain will map the neaurface mass distribution (Stacey and Davis, 2008). To overcome the
difficulty of tracking an orbiter on the lunar farside, a twin satellite appre@achbe 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 byhé new Gravity Recovery And Interior Laboratory (GRAIL) mission (Zuber, 2008).
The spatial resolution of gravity mapping is cargble to the orbital altitudeContributions to gravity
anomalies from topographic features.g. mounds, craters) can be pessed out of the data with
knowl edge of t he fieeaBougueedbrsectiany.er age densi ty (

After corrections, the gravity anomaly is a measure of the subsurface density distribution and can give
information about subsurface structure. Any grawcess/deficit will be due to a combination of
variations in thickness and density of the crust or underlying mantle. One can tlzeprigseinformation
concerning density variations to produce global crustal thickness models (Wieer@elk2006). These
models need to be refined/anchored with surface studies geismology) of crustal thickness at
representative sites. In addition to crustal information, tracking orbiters can also yield the moment of
inertia () of the body, which gives inforation 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 withran orbite
which would constrain tidal ave numbek, (Williams et al,, 2010).

GENERAL METH ODS

ArcMap 10 geographic information systems (GIS) software and MATLAB were used extensively
throughout he landing site selectioprocess to locate regions which matched the criteria set out for
geophysical and sample return requirements specific to®eehce 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 th8cienceConcept. 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 Somnger& not compatible. Finally,
all the maps were brought together to find landing sites that may be appropriate to SdidmessConcept
2.

There are two global map projections used throughout the report: Plate Gatr@etlaographic. Plate
Carreeis the most common for global datasets and is centeredat A orthographic projectiois used
when there is a need to emphasize nearside and farside locations and is also centered at O°E. All
projections use the International Astronomical Union (1/20P6 Moon as a reference sphere, which has a
radius of 1,737.4 km (Seidelmaghal, 2007).

DATA

All data used for thednding site selection process at®wnin Table 2.2

TABLE 2.2 All datasets used for Scien€@®ncept2.

Data Resolution | Instrument | Saurce Authors

Imagery

WAC Global | 64 ppd LRO http://wms.Iroc.asu.edu/Iro

Mosaic /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| N/A N/A http://www.Ipi.usra.edu/lun| Losiak et al (2009);
database ar/surface/Lunar_Impact ( revised by Ohmar
rater Database v24May2( (2011)
11.xls
LOLA  Crater| N/A LOLA http://www.planetary.brow | Headet al (2010)
Database n.edu/html_pages/LOLAcr
aters.html
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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

Magnetic Data

Internal 1° LP http://core2.gsfc.nasa.gov/| Purucker and Nichola
magnetic field magnetomet esearch/purucker/moon_2( (2007)
er and| 10/index.html
Clementine
Topography
Element Data
Thorium LP
Titanium LP
Iron LP
Ejecta Material
Crater ejectg Shapefiles Science Concept 5
material
Other
Sinuous Rilles | Shapefiles Hurwitz et al
(submitted to Planetar
and Space Scienc
May 2012)
Floor-Fractured | Shapefiles Science Concept 5
Craters
Pyroclastic Shapéiles Refer to Table A2.2
database for references
Cryptomare Shapefiles Refer to Table A2.3
deposits for references
Olivine detection| Shapefiles Yamamoto et al
(2010), Table A2.5
Deep Nakamura (2005)
moonguake nes
locations
Shallow Nakamura (1977)
moonquake
event Iecations

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

used to
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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

Imagery

Imagesused in this study come from the Lunar Recorsasise 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 |6dd 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 deemedessaryo have slope at higher resolution and thé/o
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 th 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 variatiomssa¢he 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 highlags (Wieczoreket al, 2006; Araiet al, 2008 and references therein), and (3) the crust is
vertically stratified (Toksozt al, 1974; Ryder and Wood, 1977; Spudis and Davis, 1986; Ratdat,

1997; Tompkins and Pieters, 1999) and laterally heterogsnieothickness (Chenedt al, 2006) and
composition (Araiet 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 é.g, the ongoing GRAIL mission). These data will provide direct insights about crustal
thickness and better constrain modelsldoiar crustal formation and evolution.

The purpose of sample return @ crustal thickness contexs to better understand thglobal
geochemistry of the lunar crusthich has important implications for crustal thickness and petrogeresis.
is widely acepted that the uppermost part of the lunar crust is mainly anorthasititaining calcic
plagioclasefeldspaj, whereaghe lower crust is more mafio composition ¢ontaining a greater fraction
of olivine and pyroxene) (Ryder and Wood, 1977; Spudd Ravis, 1986; Wieczorek and Zuber, 2001;
Arai et al, 2008 and references therein). However, outcrops of pure anorthosite are limited @dalvke
2003) and there is evidence of significant lateral and vertical heterogeneity in crustal composition on a
regional (Rydeet al, 1997) to global scale (Arat al, 2008). Additionally, it has recently been suggested
that compositional variations may correlate to differences in crustal thickness @addi)l2009). t is
thereforeanticipated that samglreturn will be used to provide compositional context for the geophysical
measurements made. For exampkangle return mayetermine whether physical orcompositional
transition is responsible for a marked change in seismic velocity at ~20 km eapthT ¢ksozet al,
1974).

ScienceConcept 3 also requiresmple of crustal materialand as such many of the requirements and
approachesiescribed herevill overlap with that Science Goal The rocks that will be considered for
sample return are thoghat 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, oflgjtavity and laser altimetry studies first
noted the hemispherical dichotomy in crustal thickness, with a fargidetbat was proposed to be +16
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km thicker than that of the nearsided, Wood, 1973; Kaulat al, 1974). Thinner crust was alsoénfed

under mare basalts.€., in large impact basins: Wood, 1973; Kaetaal, 1979. These studies were
complemented by seismic data from Apollo 12, 14, 15, and 16 that placed constraints on crustal thicknesses
at known surface locations (Toksér al, 1972, 1974; Goinst al, 1981a). The Apollo 12 and 14 sites
(located <200 km from each other) were interpreted te ltauvstal thicknesses around 68 km (Toks6z

et al, 1972, 1974; Nakamurat al, 1982), compared to the topographically higher Apdb site that
maintained a thicker 7Bm crust (Goinset al, 1981a). Both sites showed evidence of &k&0seismic
discontinuity (Toksozt al, 1972, 1974; Goinst al, 1981a) that has been interpreted either as a physical
(i.e., due to annealing ofripactrelated fractures with depth: Simmoesal, 1973) or a compositional
boundary (ie., a more mafic lower crust overlain by felsic anorthosites: Tok$@@, 1972, 1974; Ryder

and Wood, 1977; Tompkins and Pieters, 1999). It has also been sugbgastedompositionalbgtratified

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 Apwiio daia
(Khan et al, 2000; Khan and Mosegaard, 2002; Lognoehél, 2003; Chenett al, 2006) or utilize
updated gravity and topography datasetg,(Clementine: Zubeet al, 1994; Lunar Prospector: Konopliv
et al, 1998, 2001) tealculate globatrustal thickness (Zubest al, 1994; Wieczorelet al, 2006; Hikida
and Wieczorek, 2007; Ishihaes al, 2009; see below). Thesdatasets are not mutually exclusive; seismic
analyses can only determine crustal thickness local to the Apollo Seismioréor any future network),
but gravity and topographylerived datasets require seismic data as pinning points for global models.
Many early gravityderived models were anchored to ~60 km crustal thicknesses at the Apollo 12 and 14
sites €.g, Zuberet al., 1994); however, recent seismic reanalyses and gravity models show that the Apollo
12 and 14 sites are likely thinner than proposed by Toks$dal. (1972, 1974), with variousvorkers
suggesting values of BBO km (Khanet al, 2000; Khan and Mosegak 2002; Lognonn&t al, 2003;
Chenetet al, 2006; Hikida and Wieczorek, 2007; Ishihatal, 2009). Similarly, the proposed crustal
thickness for the Apollo 16 landing site has also been reduced, for example to 387 km éClanet
2006) or ~54 kn (Hikida and Wieczorek, 2007). Significant discrepancies in proposed crustal thicknesses
exist between gravityand seismialerived models €.g, the gravity model of Ishiharat al. (2009)
compared to the seismic model of Cheeaetal. (2006)) and eveetween models derived from similar
datasets €.g, the seismic model of Khaat al. (2000) compared to that of Lognone¢ al. (2003)),
elucidating the need for further orbiter and surface data collection. (Additional data on crustal thickness are
contaned in geoieto-topography ratio (GTR) and spectral admittance studies; see Wieetcabk2006)
for a compilation.)

Still, a number of important conclusions derived by early studies have been supported. For example,
the farside highlands crust contsithe thickest crust (up to ~110 km: Ishihataal, 2009) and is on
average 1020 km thicker than the nearside (Zuletral, 1994; Chenett al, 2006; Wieczorelet al,

2006); crustal thickness is at a minimum in large, Ail@ded impact basins su@s Crisium, Orientale,

and Moscoviense (Zubet al, 1994; Wieczorelet al, 2006; Hikida and Wieczorek, 2007); and thek2®

seismic discontinuity is likely real and may be widespread in the lunar crust (Wieczorek and Phillips, 1997;
Khanet 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 (Chenedt al, 2006). Finally, the average crusthickness for the entire Moon is thought to

be around 50 km (Wieczore#t al, 2006; Ishiharat al, 2009), which is useful as a reference value for
future crustal thickness models.

The origin of the hemispherical asymmetry in crustal thickness is lems diarly studies correlated
this anomaly to the nearside concentration of mare basalts and KREEP, and thefaeats/centeof-
figure offset €.g, Wood, 1973; Kaulat al, 1974) and suggested their coupled derivation from asymmetric
asteroid bombament (Wood, 1973) or asymmetric crustal growth (Warren and Wasson, 198@t Atai
2008). Recent work has considered the influence of either internal asymmetries in LMO convection (Loper
and Werner, 2002) and tidal dissipation (Ganisthell et al, 2010) or external asymmetries such as the
distribution of SPA ejecta (Zubet al, 1994; Araiet 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 mos widely used lunar gravity map to model crustal thickness was developed detimgrom
Lunar Prospector, which was launched by NASAL®#99 Thesedata wergaken by measurinoppler
shifts in the microwawéracking signal as it reaches Earth, and eoted into acceleration to provide
information on the gravity fieldKonopliv et al, 1998). This method has only been able to indirectly map
the farside of the Moon due to the lack of lmfesite communication witlarth, and as such the precision
and eliability of farside gravity maps is uncertain. SELENE Kagtiyst directly mapped the farside
gravty field on the Moon by using forwvay Doppler tracking with relay stdatellite Gkina, launched by
JAXA in 2007 (Namiki et al, 2009), which has alreadsignificantly improved the accuracy of farside
gravity maps€.g, Ishiharaet al, 2009).

The ongoingGravity Recovery and Intenr Laboratory (GRAIL) mission, launched by NASA in 2011,
consists of two neadentical lunar orbiters, a leader (Ebb) andioflower (Flow), that measure a
microwave beam transmitted between them to findr ttedative position(assisted by GPSyom which
variationsinthe M onds gr avi ty Thedirst stighassuecessfdlyc nappad global gravity
variations froma 50 km altitudewith a splerical harmonic degree of 33idpproving current lunar gravity
data maps from SELENE by3n the nearsidep(eviousspterical harmonic degree of 110 dnopliv et
al.,, 2001)and 5 on the farside greviousspherical harmonic dgee of 70) (Matsumotoet al, 2010)
During the second stage, GRAIL will perform higésolution (30 kmx 30 km) majping to a higher
accuracy of <ImGal (L mGal = 0.01 mA) (W. Kiefer, pers. commyvi t h a tracking error o
(Weaveret al, 2010.

The man objectives of GRAIL ard¢o determine the structure of the lunar interior from ctastore
(Science Goal 2a and 2c¢) arrdadvance understandingtbethermal evolution of the moors€ience Goal
2d). In particular, GRAIL investigations wilhclude:

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

Ascertaining temporal evolution of crustal brecciation and magnetism

Determining subsurface structure of i mpact basins
Underganding asymmetric lunar thermal evolution

Constraining deep interior structure from tides

Placing limits on size of a possible solid inner core

= =4 =4 =4 -4 -4

Since these objectives directly correlateSitienceConcept 2 (in particular Science Goals 2a,and
2d), the completion of the GRAIL mission arsdibsequentelease of data will greatly contribute to the
work that is outlined here

Deriving Crustal Thickness from Gravity

The gravity anomalynap is used in conjunction with a higésolution topographic map to el the
Mo on6s cr u spgriradrilybly $ubtadting ¢he gravitational effects from surface topograploy &
crater or mountain)amongst other correctionsrhis method is illustrated as a flosvagram in Fig.2.9.
Thesemodels can be further csinained and improved by using passseismic nodes with known crustal
thicknesses as anchor poingsg, Chenett al, 2006).

For the purposes of this report, we use crustal thickness models derived from Lunar Prospector data and
Clementine topograph§Wieczoreket al, 2006), as complete Kaguya SELENE and GRAIL data are not
yet publicly available. However, we note that preliminary results are available in the literaturgshe
recent iteration of lunar crustal thickness med&escombinedSELENE gravity and topography data
(Ishiharaet al, 2009), andtese mod | s wi | | be s up dighsesotutéon gravity daGR A1 L 6
combined with the LRO LOLA topography map.

Composition and Petrogenesis of the Lunar Crust

A full understanding of crustal tHioess requires consideration of crustal composition, particularly to
provide constraints to seismic and gravity/topography modelg, (density) of the lunar crust.
Additionally, compositional constraints are required to formulate models for the cfostation and
evolution that can explain crustal thickness distributions.
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Considering the constraints from LMO differentiation modéig, Al-rich anorthositicupper crustis
thought to havéormeddirectly from the magma ocean by plagiocléstation (Waod et al, 1970), though
others have suggested the influence of more complicated processes involving reprocessing of primitive
crust €.g, Walker, 1983; Longhi, 2003; Meyet al, 2010). In contrast, petrologic and remote sensing
studies indicate thahe lower crust ismore mafic but still contains plagioclag®yder and Wood, 1977;
Pieterset al, 1997 Ryderet al, 1997; Wieczorek and Zuber, 2001; Awti al, 2008 and references
thereir). A possibleexplanation for this difference is that tla¢eg LMO liquids became denser and more
Ferich after the removal of Mgich olivine and pyroxene, which allowed certain mafic minerals to float
along with plagioclase (Wieczorek and Zuber, 2001). Alternative theories suggest underplating by mare
basalt liquds (Head and Wilson, 1992) or that the lower crust is composed of various mafic intrusive rocks
(Ryder and Wood, 1977) which could represent a phasgosfmagma ocean serial magmatiseg(
Warren, 1993 Ryder et al, 1997; Longhi, 2003). One item thegmains unclear is the crustantle
distributionof primitive uKREEP.

Gravity

Topography

Crustal
Thickness

0 - W i i -

U
-180° -150° -1 -ar A0 -3 o'E 0 a0 w0 1200 150* 180"

FIGURE 2.9Flow diagram indicating the steps taken to produce a global crustal thickness model for the
Moon. Global gravity datasets.f, from Clementine, Lunar Prospector, Kagi8BLENE, and GRAIL)

are combined with topographic datasetsgy( from Clementine, Kaguya SELENE, and LOLA), corrected,
and inverted for crustal thicknessd, Model 3 from Wieczorekt al, 2006, shown here).

Although the LMOis a convenient and accegtébcamework for lunar crust formatiogeophysical and
petrologic studiefiave shown that the lunar crust is not simply stratifiethighly variable both laterally
and vertically. Based on remote sensitaja from the Clementine missiodolliff et al. (2000) defined
four geochemical terranewith distinct major and trace element abundand¢ks Procellarum KREEP
Terrane (PKT), Feldspathic Highlands Terrane (Fiftijther subdivided into FHA , for fanorthosit
and FHFO, f or arddhe Boaith Be)Aitken Terrane $PA orSPAT). 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 pethisiarside crust

is proposed to consist of magnesian anorthosites overlyingidfigtroctolites (olivine + plagioclase)
(Takedaet al, 2006; Araiet al, 2008, Ohtakest al, 2009, 2012). Furthermore, the nearly exclusive
nearside distribution of baklic 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 seifrgg data shows that the highlands crust is not composed of extensive areas of anorthosite
(e.g, Luceyet al, 1995), but that the largest arezsanorthosite are exposedimpact craters and basins
especially in rings formed during crater modificatislagegHawkeet al, 2003). This suggests that the
original upper crustds been significantly reworked amdodified by impacts and volcanisom various
scalesandthat the principalayer of anorthosite underliempactexcavatednegaregolith (Taylor2009
with a possible mafic fAmixed | ayerd thatetalepresents
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 seteenplex craters (Pieteet al, 1997). Similarly, theSPA basin
floor is notably more mafic in compositidhan the surroundingHT (Pieterset al, 1997. These lateral
and vertical complexities in crustal composition require further review ancénedint of the simple LMO
model for crustal formation.

Petrology of the lunar crustinferences from sample studies

Previous studies of Apollo and Luna samples harganizedpristine nonmare rocks into 3 broad
groups: the ferroan anorthosite suite (FABE magnesian suite (Mguite), and the alkali suitee.g.
Warr en, 1993; Tayl or, 20009) . As defined by Warren
distinguish those rocks that have survived significant modification (physically and chemigaiiypacs.
Fig. 2.10illustrates the compositional and geochemical variations among the highlands lithologies, as well
as the approximate locationgthese within the crust.

Ferroan Anorthosite Suite (FAS)

Generally the FAS rocks are composed of ~6796 vol. % Carich (anorthite)plagioclase feldspar
(Fig. 2.12) having relatively high AD; compositions (Wieczoregt al, 2006). The mafic silicate minerals
in the FAS have low Mg# (molar Mg/(Mg+Fe)), indicating the ferroan nature of the FAS (Tetyddby
1991; Wieczorelet al, 2006). The FAS also display low concentrations of incompatible elengegisTh
and La) and have largmositive europium (Eu) anomalieSdylor et al, 199]). The FAS can be further
subdivided on the basis of modalmerabgy and compositione(g, Taylor, 2009). For example, the pure
anorthosite (PAN) has a plagioclase content of >95 vol. %, FeO <3 wt. % and apoAragioclase
composition €.g.Ohtakeet al, 2009). The range in compositions and ages displayed &y &S suggests
that they likely represent the primary crystallization products of the LM@ Korman and Ryder, 1979;
Taylor, 2009).
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FIGURE 2.D From left to right, the image illustrates the rock name, the corresponding plagioliléase-
pyroxene temary 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 supeKREEP (after Taylor, 2009) with respective positigad negative Eu anomalies, and
finally where the rocks may be found withimnlar crustmantle stratigraphy.Color scheme igonsistent
throughout this chapteModified from Jolliff (2012).

Mg-suite

The Mgsuite lithologies contain less feldsphan he FAS (<80 vol. %, Fig2.12) (Taylor, 2009). The
lithologies constituting the Mguite are norite, troctolite, and dunite. The -Mgte is geochemically
unusual in that it is relatively enriched in trace elemergs KREEP) indicating a highly evodd parental
magmabut its Mg# (>64) suggest a primitive parental magma (Wieczerek, 2006). Petrologic studies
of the Mgsuite samples suggest that they represent intrusions into the primary lunar crust and are possibly
the result of serial magmatis postLMO crystallization (Taylor, 2009 and references therein). Two
petrogenic models have been developed for thestg: Model 1 involves decompression melting and
rising of highly magnesian early LMO cumulates, which assimilated with the late LMREEP; Model
2 suggests that hybridized mantle cumulates and urKREEP were the sourcerfagvi@s as a result of
massive overturn (Shearer and Papike, 2005).

Alkali suite

The alkali suite includes KREEP basalt, alkali anorthosite, alkali gabbronoféez quonzodiorite, and
felsite, all of which are rocks enriched in alkali elements (Taylor, 2009). The alkali suite contain ~50 vol.
% plagioclase, with bulk AD; ranging from 13 to 16 wt. % and Mg# between 52 and 65 (reviewed by
Wieczoreket 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 (Wieczerel, 2006). Petrological models
evoke the possibility that the fractional crystallization of KREEP basalt created the cumulate diversity seen
in the alkali suitesamples, and that the parentage of KREEP basalt is more applicable to the alkali suite
than the Mgsuite(e.g, as shown by experimental studiesgofartz monzodioritefje.g. Taylor, 2009). The
alkali suite crystallization ages range from ~4.3 to 3.8 @&arlapping that of the FAS and Muite
(Wieczoreket al, 2006).

A significantproblem withthesestudies to date is that the sample collection is limited¢ksfrom the
PKT, and it is unclear how well these lithologic groupings apply to the entirety of the lunar st (
Cahill et al, 2009) In order to better understamgymmetry in crust thickness, determine its relationship
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to chemical stratificationand gainbetter understandingf urKREEP chemistryand its distribution at the
crustmantle boundary, samples from giéochemical terranemnd the fullstratigraphy 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 exposingatkisal 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 refertite Methodology section i&cienceConcept 3.

For simple craters (craters with diameter lessthpproximately 1620 km), the transient crater
diameter D) can be calculated using Equation (2.10), whH2mepresents the final diameter of the crater
(all in km):

D= 0.8D (2.10)

For complex craters, we utilized Equation (2.11) to determine the transient crater diameter (after Croft,
1985), whereDg. is the transition crater diameter from simple tonptex craters (approximately 180 km
on the cae of the Moon) and all parameters are in cm:

D = Dgg” Dy (2.11)

The D was then used in the following equations to calculate the maximum depth of excasggtaord(
maximum depth of meltingd(,). These two key parameters were compagainst three models of crustal
thickness from Wieczoredt al. (2006) (as discussed in tBeienceConcept 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 excavationdf) (Equation 2.12: Croft, 198 Melosh, 1989), which is important for determining
the contribution of crust/mantle componentk.is generally equal to one third of the transient crater depth
dw, or one tenth of the transient crater diamétg(all in km):

De = 1/3Dyg = 1/1MDy (2.12)

Maximum depth of melting

The maximum depth of meltingl{) for complex cratersi.e., those with diameters >180 km, is
calculated by Equation (2.13) (after Calatlal, 2009), where D is the final rim dianeetof the crater in
kilometers:

Dm= 0.10D*% (2.13)

For all complex craters with a diameter >20 km listed in the Lunar Impact Crater Database étosiak
al., 2009, revised by Ohman, 2011), the proximity to the emesttle boundary was calculatdxy
subtracting either the depth ekcavation or depth of melting, from the fpingact crustal thickness (as
determined by each of the three crustal thickness models) (after €ahlll 2009). Where a positive
proximity means thatgbr d,, is located only within the crust and a negatweximity means thatgbr d,
may extend into the mantle.

Impact melt sheet

An impact melt shedas formed due to the vast amount of kinetiemyy generated during an impact,
which melts the target lithology and any residual impactor mateeig. Kring, 1995). In the case of
complex (or larger) cratersoat of the melt pools inside thiensient cavityof the craterand createshe
central melt sheetyhile some is depositedn crater walls or in terracesd a smaller proportion is mixed
with brokenup material and ejected from the crater. The maximum depth of melting @itmsgleration
of a maximum depth of origin fdhe melt material.
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Central peak

Central peaks are formed in complex craterseyThesult from the shoekompression oimaterial
directly beneath wherthe impactor hit, which rebounds or recoils back towards the surface, finally resting
above the appareorater floor (Fig2.11; Baldwin, 1974. As concluded by Cintaland Grieve (1998), the
minimum depth of origin for a central a@le coincides with the maximum D(Equation2.13). Thus the
maximum ¢, can be used to determine where within the crust or mantle the central peak rhateciaine
from.

Ejecta material Ejecta material
v

Large Central Peak ) Breccia
Meit Sheet

Central Uplift

FIGURE 2.11Schematic cross section of a complex crater with crater depositsratfdrias 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 themfation of peak rings within peak ring creteand multiring
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 Grievetli£99&k
ring formation is considetkto be intrinsically affected biynpact 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 peakg basins and muhiing basins.

However someworkers have also proposed that the central peak ring is an enlargement of a central
peak €.9.Kring, 2005, thought to be formed from the collapse and spreading of a central peak if it has
risen too far abee the surface Please note that the formation of rings in mirhg basins is poorly
understood and the reader is redirected to Pike and Spudis (1987) for a comprehensive discussion.
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Breccia containing
clasts of multiple target
rocks, sampling upper
¢ layers

Homogenized melt mixture
sampling same and deeper
layers as breccia

Peak Qng Peak Ring

Massive melt

Region of Region of
Stratigraphic Uplift Stratigraphic Uplift

FIGURE 2.12Schematic cross section of a peak ring basin (whieltsis applicable to a multing 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 Gabkpesolution (~27 km globally) by the
current GRAIL mission (Zubegt 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 expetincan be used to invert for H both at the
seismometer location and at surrounding locations where meteoroid impacts occur €Chen2d06). To
maximize the usefulness of these anchor nodes, they need to be positioned at locations representative of the
6typical d crustal t h ietak A083). sThus,a minisancoh fout seismometees is( J ol | i f
required (one in each terrane), and passive seismic experiments must be implemented concurrently to
obtain maximum constraints for subsequentys®s. Active seismic experiments are not appropriate for
this Science Goal as they do not provide information below ~500 meters &&atkir(s and Kovach,
1972).

EM Sounding

EM sounding can be used in conjunction with seismology to further constrataldhiskness at the
anchor points. Magnetotellurics (MT) is perhaps the most suitable method, as it does not require an orbital
station €.f., Geophysical Methods). Detection of the shallow crust requires an EM field signal above 10
Hz, though weldocumented fields on the Mooar e O 10 Hz in frequency (Grimm
Fortunately, solar wind fluctuations produce robust signals up to 100 Hz, allowing for detection of the
crustmantle boundary (Fillinginet al, 2010). For Science Goal 2a, MT measurements must be cedduct
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 ompostions laterally and vertically, specifically:

1. Rocks of both the upper (anootite) and lower(norite, troctolite, or gabbjccrust representing
thefull compositional range afrustal stratigraphy

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

In order to maximize the probability of successful sampling, selected landing sites atsmulteet 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 suafateasily accessible
Methodology
In situ Geophysics

Theterranegas identified by Jollifet al, 2000)werefirst traced out in ArcMap 10To find regions of
6t ypi c dthicknessycrustal thickness distributions were extracted and plotted in MATLAB to find
the mean and the standard deviation of crustal thicknessaétr terrane individually (Fig2.13. The
Model 3 total crustal thickness model data from Wieczatel. (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 waghen used to extract locations where crustal thickness is within one standard dewjation (
of the mean crustal thickness for each terrane, t

As EM sounding can be carried out anywhere on the lunar surface jsher mapping required for this
method. This means that F@14is 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 havedrigina
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 deitaibcienceConcept 3 €.g, Flahautet al, 2012).

1. We utilized the Lunar Impact Crater Database (Losiasl. 2009, revised by Ohman, 2011) to
identify all craters and basins that may expose the lower crust in either ejecta blankets, melt
sheets, or cerdt uplifts (.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 2.1@.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 impact mdt sheets or in central peaks and pealgs (if
preserved).

4. The calculations described above are theoretioal as suchROC Quickmap was usetd
verify whethercraters/basindid indeed preserve their central peaks or peak rings.
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Crustal Thickness Histogram for each Terrane
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FIGURE 2.13A histogr am showing the frequency distribution of
thickness for each of the terranes, as defined in Jetli#fi.( 2 000 ) . 6Typical 8 crust al t
as N1G of the mean crust ealrttilciadkndsise)af tLh e htterrr asrhe df
for each terrane; darker shades dedoteh i ¢ k 6 c¢ r u s tColdr schemeeinatst usedinFRyl& n e .

However, therer@ a number of sampling details that mstconsidered:

1. The calculations fod,, 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 consid&seain example, Imbrium
has a bda diameter of ~1160 km and theoretically likely to contain l@er crust and mantle
material in its ejecta depositmelt sheet or uplifted central peak agaj rings. However,
Imbrium does not havawell preserved central peak or peak riagmost of the melt sheet has
beencoveredwith mare basalts and megaretfuli Thus it is likely that samples of mantle
material may be preserved within the basin itdelft most are likely not available for easy
samplingandwould bedifficult to identify. On the other hand, ejectethntlematerial may be
well preserved givethe relative age of the basibut 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 Moonmaddling has
suggested thadeeper material is morékély to be exposed closer thet central uplifts of
craters and basins. Therefavar focus is on samiplg the rim ejecta material, as material
further away from the cratés more likely to be buried by regolith (which is particularly true
for older craers).

4. Similarly, larger craters antasins are filled with younger volcanic deposftat obscure the
underlying melt sheet.Thus the mosbptimal 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 deal peakor peak ring are preserved, teare likely to be steeply inclined
outcrops of rock that are good places to sanaitleer directly or in debris at the base of the
uplift.

Suggested Landing Sites
In situ Geophysics

Locations whlkde(ztlistrom ©Ohdéiomthenmean)aensdowdin Fig. n6 (< 1
2.14as 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 logationh 6t ypi cal 6 crust al
which is defined as within 10 of the mean model ed crt

Sample Return

Locations that satisfy the above requirements are showigi2.15 All results are displayed in Table
A2.1. Based on proximity caltations, the followng craters (identified in Fig2.15 have ejecta
potentially containing lower crust material: Nectaris, Orientale, South-Atiken, Ingenii, Poincare,
Antoniadi, and Minkowski (the latter four are located within SPA). Figure 2.6Wsltcraters and basins
that may have lower crustal material in their melt and preserved central pegkblgimboldt, Zeeman).
Figure 2.17 also shows craters and basins that may have lower crust material in their melt and preserved
peak rings €.g, Schidinger, 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 drelkytes 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)nault-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 naterial is somewhat ambiguous.
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