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Abstract

Despite more than 52 years of lunar exploration, a wide range of first-order scientific questions remain about the Moon’s formation,
temporal evolution, and current surface and interior properties. Addressing many of these questions requires obtaining new in situ anal-
yses or return of lunar surface or shallow subsurface samples, and hence rely on the selection of optimal landing sites. Here, we present an
approach to optimize science-rich lunar landing site selection studies based on the integration of remote sensing observations. Currently
available remote sensing data, as well as features of interest published in the recent literature, were integrated in a Geographic Informa-
tion System. This numerical database contains geographic information about all these findings, which can be consulted and used to
simultaneously display multiple features and parameters of interest. To illustrate our approach, we identified the optimal landing sites
to address the two top priorities (or goals) relative to Concept 3 of the National Research Council of the National Academies (2007),
namely to ‘Determine the extent and composition of the primary feldspathic crust, (ur)KREEP layer, and other products of differenti-
ation’ and to ‘Inventory the variety, age, distribution and origin of lunar rock types’. We review site requirements and propose possible
landing sites for both these goals. We identified 29 sites that best fulfill both these goals and compare them with the landing sites of
planned future lunar lander missions. Finally, we detail two of these science-rich sites (Aristarchus and Theophilus craters) which are
particularly accessible through their location on the nearside.
� 2012 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Moon; Landing sites; Exploration; Remote sensing; Database; Crustal diversity
1. Introduction

In the wake of the publication of the NASA Vision for
Space Exploration (January, 2004), major publications by
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Jolliff et al. (2006) and the US National Research Council
of the National Academies (NRC, 2007) highlighted the
main remaining scientific challenges and opportunities for
future lunar exploration missions. The NRC report pro-
vided a clear overview of priorities and recommendations
for scientific lunar exploration, summarized in Table 1.
Many of the scientific priorities listed in Table 1 require per-
forming in situ analyses of lunar surface or shallow subsur-
face samples, and hence rely on the selection of optimal
landing sites. Successful missions by the USA (Clementine,
rved.
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Table 1
List of the top 11 lunar science priorities (NRC, 2007).

Priority Goal Title

1 1a Test the cataclysm hypothesis by determining the spacing in time of the creation of the lunar basins
2 1b Anchor the early Earth–Moon impact flux curve by determining the age of the oldest lunar basin (South Pole-Aitken Basin)
3 1c Establish a precise absolute chronology
4 4a Determine the compositional state (elemental, isotopic, mineralogical) and compositional distribution (lateral and depth) of the

volatile component in lunar polar regions
5 3A Determine the extent and composition of the primary feldspathic crust, KREEP layer, and other products of planetary

differentiation
6 2a Determine the thickness of the lunar crust (upper and lower) and characterize its lateral variability on regional and global scales
7 2b Characterize the chemical/physical stratification in the mantle, particularly the nature of the putative 500-km discontinuity and the

composition of the lower mantle
8 8a Determine the global density, composition, and time variability of the fragile lunar atmosphere before it is perturbed by further

human activity
9 2c Determine the size, composition, and state (solid/liquid) of the core of the Moon
10 3B Inventory the variety, age, distribution, and origin of lunar rock types
11 8b Determine the size, charge, and spatial distribution of electrostatically transported dust grains and assess their likely effects on

lunar exploration and lunar-based astronomy
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Lunar Prospector, Lunar Reconnaissance Orbiter LRO/
LCROSS), Europe (SMART-1), China (Change’E-1 and
Chang’E-2), Japan (SELENE), and India (Chandrayaan-
1), and state-of-the-art analyses of Apollo-era samples and
data are rapidly expanding the database that can be used
for landing site selection studies. In the coming years, the
quantity and quality of lunar remote sensing data is expected
to increase even further through institutional agency science
missions such as LADEE, GRAIL, Luna-Glob 1, and Chan-
drayaan-2. In addition, several agencies are developing lunar
lander missions (e.g., ESA Lunar Lander, Chang’E-3 and -4,
Luna-Glob 2, Luna-Grunt, SELENE-2), and there is the dis-
tinct possibility of non-agency missions to the lunar surface
carrying small scientific payloads, for example through
teams vying to win the Google Lunar X-Prize (GLXP)
(http://www.googlelunarxprize.org).

The widening range and improving quality of recent and
upcoming remote sensing data form an ideal basis for per-
forming landing site selection studies. Here, we show how
Fig. 1. Schematic cross section of a complex impact crater exhuming deep lay
crust-mantle boundary was calculated by subtracting the depth of origin (De o
thickness (T). Here proximity to the crust-mantle boundary (Pm, melt proxim
the integration of a large range of available datasets
(obtained at different spatial resolutions from different mis-
sions) can be employed to identify lunar landing sites with
maximum scientific potential. We gathered, processed, and
geo-referenced many available datasets from previous
lunar orbital missions into a Geographic Information Sys-
tem (GIS) which provides mapping and calculation tools.
We also included information from sections of as yet unre-
leased datasets that were published in recent literature, as
well as estimates of the depth of origin of material found
in impact craters. The GIS provides a complete numerical
database of older and recent lunar findings, which can be
consulted and used to display features and parameters of
interest.

In principle, our methodology can be applied to the
selection of optimal landing sites for lunar landing missions
of any type and size (i.e. lander only, lander plus rover,
manned landings), and for addressing any of the prioritized
NRC report goals listed in Table 1. We illustrate our
ers in its central peak. For each of these craters the proximity to the lunar
r Dm, excavation depth and melting depth, respectively) from the crustal

ity) via the maximum depth of origin is illustrated.

http://www.googlelunarxprize.org


Table 2
List of all the available global maps used to define regions of interest, with their mission of origin, digital resolution, and source. Abbreviations:
USGS = United States Geological Survey (www.usgs.gov), PDS = Planetary Data System (NASA, pds.nasa.gov), LPI = Lunar and Planetary Institute
(USRA, www.lpi.usra.edu).

Data Mission Spatial resolution Source

Clementine UVVIS global map (5 bands) and derived products (RBG) Clementine 200 m/px USGS
Clementine UVVIS 750 nm filter albedo map Clementine 100 m/px USGS
Lunar Orbiter global mosaic Lunar Orbiter 60 m/px USGS
FeO global distribution map Clementine 100 m/px USGS, Lucey et al. (1998)

Lunar Prospector 15 km/px PDS
TiO global distribution map Clementine 100 m/px USGS, Lucey et al. (2000)

Lunar Prospector 60 km/px PDS
Th and H global distribution maps Lunar Prospector 15 km/px PDS
K and Sm global distribution maps Lunar Prospector 60 km/px PDS
Al, Ca, Mg, Si, O global distribution maps Lunar Prospector 150 km/px PDS
Lunar Impact Crater Database LPI
Crustal thickness maps Clementine 30 km/px Wieczorek and Phillips (1998)
topographic maps Clementine 1.9 km/px USGS

LRO (LOLA) 470 m/px PDS

Fig. 2. Map of suggested sites to sample the primary products of lunar differentiation. Purest anorthosite (PAN) detections from different missions and
sources (Tompkins and Pieters, 1999; Hawke et al., 2003a,b; Ohtake et al., 2009, 2010; cf. Appendix B) are represented by squares. Circular features
represent all the craters or basins that should have exhumed lower crust (in green) and/or mantle (in purple) material in their central peaks or uplifted
rings. The complete list of craters mapped is provided in Appendix A.
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approach with case studies focusing on landing sites that
can best deliver the prioritized goals related specifically to
Concept 3 of the NRC report: (3A) ‘Determine the extent
and composition of the primary feldspathic crust, KREEP
layer and other products of differentiation’ and (3B)
‘Inventory the variety, age, distribution and origin of lunar
rock types’. Concept 3 was chosen for this article based on
previous work done by the team of authors (Flahaut et al.,
2011; Blanchette-Guertin et al., 2011; Jilly et al., 2011;
Sharma et al., 2011; Souchon et al., 2011; LEIP, 2010).
We demonstrate the results of our investigation by focusing
on two landing sites of particular importance for crustal

http://www.usgs.gov
http://www.pds.nasa.gov
http://www.lpi.usra.edu


Fig. 3. Combined map showing the outline of the 3 main geochemical terranes defined by Jolliff et al. (2000), with the distribution of fresh craters
(Copernican or rayed) that are impacting one of the five highland types defined by Chevrel et al. (2002) (List in Appendix C). Sampling H1 and H2
highland types, which are more likely to represent remains of the lunar magma ocean, is a priority for requirements A1 and A2. Any place located within
the 3 distinct terranes is a possible landing site to fulfill requirement A3, but samples for the 3 terranes are required, implying multiple landings.
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rock diversity studies, and provide a detailed characteriza-
tion of these sites.

2. Datasets and methods

2.1. GIS setup

We used the ArcGIS software from ESRI to build a GIS
to integrate data from different lunar missions. A list of all
the publicly released datasets that were used for this study
is presented in Table 2. Clementine and Lunar Orbiter glo-
bal maps were used as a background for more recent Lunar
Reconnaissance Orbiter Camera (LROC) images (Robin-
son et al., 2010). A Lunar Orbiter Laser Altimeter (LOLA)
Digital Elevation Model (DEM) at 64 pixels per degree
(approximately 470 meters per pixel) was added to this
image collection, providing elevation data (Smith et al.,
2010). The LOLA data were used to create topographic
profiles of regions of interest and to create slope map to
help identify scarps. The base map in Figs. 2–7 of this
paper is the grayscale version of the LOLA topography.

The composition of the lunar surface was studied with
both Clementine RGB and Lunar Prospector global maps.
Clementine RGB images are made using ratios of UVVIS
bands from the multispectral imager (as described in
Heather and Dunkin, 2002). The color ratio image product
serves to cancel out the dominant surface brightness varia-
tions (controlled by albedo variations and topographic
shading) and enhances color differences related to soil min-
eralogy and maturity. The lunar highlands, mostly old
(>4 Ga) gabbroic anorthosite rocks, are dominated by
shades of red (old) and blue (younger). The lunar maria
(�3.9 to �1 Ga based on crater density distributions,
e.g., Hiesinger et al., 2003), mostly iron-rich basaltic mate-
rials of variable titanium content, are portrayed in shades
of yellow/orange (iron-rich, lower titanium) and blue
(iron-rich, higher titanium). Superimposed on and inter-
mingled with these basic units are materials from basins
and craters of various ages, ranging from the dark reds
and blues of ancient basins to the bright blue crater rays
of younger craters (e.g., McEwen et al., 1994; Pieters
et al., 1994). Although the relatively low resolution of this
map is not optimal for local-scale surveys, it provides an
informative first order assessment of the variety of rocks
in a certain area.

Contour maps were also generated using both Lunar
Prospector (Lawrence et al., 1998, 2002) and Clementine
elemental abundance (Lucey et al., 1998, 2000) maps, to



Fig. 4. Distribution of craters or basin sampling a hypothetical global urKREEP layer (based on calculations), compared to contours depicting enriched
abundances of thorium, potassium, and samarium. Sites with a KREEPy signatures are highlighted with a yellow outline.
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help locate the main geochemical terranes (Jolliff et al.,
2000) and possible regional anomalies. In relation to
NRC report concept 3, these maps are useful for under-
standing lateral heterogeneities in crustal composition. Of
particular interest are maps depicting the abundances of
thorium (Th), samarium (Sm), and potassium (K). Ele-
vated concentrations of these incompatible elements are
taken to be indicators of the presence of KREEP-rich
material (Snyder et al., 1995; Gillis et al., 2004; Wieczorek
et al., 2006). Thorium enrichment is defined at abundances
>2.2 ppm, while regions containing over 3.5–4.5 ppm are
almost entirely located in the mare regions of the nearside
(this region, generally labeled the Procellarum KREEP
Terrane (PKT) is discussed further in Section 3 of this
paper and in Haskin et al. (2000) and Jolliff et al.,
(2000)). We created contour maps depicting the areas of
the lunar crust that are enriched in thorium (>2.2 ppm
and >3.5 ppm). Similarly, we computed contour maps for
samarium abundances greater than 20 ppm, and potassium
abundances greater than 1000 ppm (Jolliff et al., 2000;
Elphic et al., 2000). It should be noted that the Lunar Pros-
pector potassium data are less reliable due to their low spa-
tial resolution of 5� per pixel.

We mapped different surface units on the Moon and dig-
itized them in the form of vector outlines or shapefiles.
These mapped surface units include: mare areas, crypto-
mare areas, highland areas, highland types (based on Chev-
rel et al., 2002), basin areas, pyroclastic (based on Gaddis
et al., 2000, 2003) and other volcanic deposits, as well as
fresh craters (Copernican and bright-rayed from Werner
and Medvedev (2010)).

To assess the vertical structure of the lunar crust, we cal-
culated morphological parameters related to impact crater-
ing, including the depth of excavation and maximum depth
of melting (cf. Section 2.2). Maps depicting the global vari-
ations of these parameters were created and added to the
GIS. All of the aforementioned maps were combined and
overlaid to help evaluate different potential lunar landing
sites. All maps presented in this paper were registered using
the Moon_2000 coordinate system in the Plate_Carree
(equidistant cylindrical) projection.

2.2. Proximity models

In the context of NRC report concept 3, the selection of
lunar landing sites requires knowledge of locations on the
Moon’s surface where material originally formed in the
(deep) lunar subsurface might be exposed. To locate such
sites, we used an approach developed by Wieczorek and
Zuber (2001) and Cahill et al. (2009) for determining the
possibility of sampling material from the upper crust, lower
crust or mantle at an impact crater’s location. This
approach is based on an indirect method of quantifying
the vertical and lateral heterogeneity of the lunar crust by
considering impact craters as natural drills that sample
material from layers deep within the Moon’s interior. Large
complex impact craters and impact basins have the capacity
to excavate or uplift material from the lower crust and



Fig. 5. Combined map showing the location of the oldest and youngest known mare basalts, as well as possible areas of cryptomare (List in Appendix D),
usually identifiable with dark haloed craters or mixed signatures. Estimated surface ages of mare basalts were based on crater counts (map compiled using
the data of Tyrie, 1988; Greeley et al., 1993; Neukum and Ivanov, 1994; Hiesinger et al., 2000, 2003, 2006, 2008; Haruyama et al., 2009) and general
distribution of dark-haloed impact craters larger than 1 km in diameter determined by Schultz and Spudis (1979).

1652 J. Flahaut et al. / Advances in Space Research 50 (2012) 1647–1665
upper mantle. We examined all the complex craters and
impact basins listed in the Lunar Impact Crater Database
(Losiak et al., 2009; revised by Ohman at LPI) to determine
where on the Moon that material might be found.

2.2.1. Calculations of relevant morphological parameters
2.2.1.1. Excavation depth. Depth of excavation refers to
the maximum depth of origin of crater ejecta. Target mate-
rial deeper than the maximum depth of excavation is dis-
placed downward beneath the crater floor, and does not
emerge in the ejecta to be deposited on the target’s surface.
Strata below the depth of excavation are thus pushed
downward (Melosh, 1989). Using the Maxwell Z-model
for excavation flow (Maxwell, 1977) and assuming a 45�
impact angle for Z = 3, the maximum depth of excavation
(De in km) is found to be about 1/3 of the final transient
crater depth (Dtd in km) or about 1/10 of the final transient
crater diameter (Dtc in km), as shown in Eq. (1) below
(Melosh, 1989; Croft, 1980).

De ¼ Dtd=3 ¼ Dtc=10 ð1Þ

For complex craters, we utilized Eq. (2) (all units in km)
to find the transient diameter Dtc (Croft, 1985; Cintala and
Grieve, 1998). Here, Dsc is the transition diameter from
simple to complex craters (approximately 16–20 km for
the Moon), and D the final rim diameter
ðDtc � 10�5Þ1:18 ¼ ðD � 10�5Þ=ðDsc � 10�5Þ�0:18 ð2Þ

Depth of melting. We calculated the depth of melting
(Dm) corresponding to each crater to determine if the man-
tle and/or lower crust are chemically represented in the
melt emplaced at the surface by the impact event. We also
used Dm to determine the depth of material that might be
exposed in central peaks, assuming the maximum depth
of melting is equal to the minimum depth of origin for cen-
tral peaks (Cintala and Grieve, 1998). Eq. (3), based on
impacts of chondritic projectiles into anorthosite at
16.1 km/s, was used to calculate Dm corresponding to each
crater (e.g., Cahill et al., 2009; Tompkins and Pieters,
1999).

Dm ¼ 0:109D1:08 ð3Þ

Eqs. (1)–(3) were derived for complex central peak to
peak ring craters and are assumed here to be valid for
basin-size structures too.

2.2.2. Determination of average pre-impact lunar crustal

thickness

To determine if the material excavated by a crater orig-
inated from the lower crust and/or mantle, analyses of indi-
vidual craters were combined with models of crustal
thickness. In this study, we used crustal thicknesses derived
from models based on Clementine topography and Lunar



Fig. 6. Combined map of potential lithologies of interest that need to be sampled within their geological context: spinel (from Pieters et al. (2010),
Sunshine et al. (2010) and Dhingra et al. (2011)), pyroclastics (List in Appendix E), and various intrusive features reported in the literature (List in
Appendix F).
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Prospector gravity data (Wieczorek and Phillips, 1998;
Wieczorek et al., 2006). These models may be inaccurate
for the far side because of the lack of farside gravity cover-
age, and our analysis should be repeated when more accu-
rate crustal thickness estimates based on Kaguya or
GRAIL data become publicly available. Wieczorek and
Phillips (1998) considered two single-layered models and
one dual-layered model; we took into account estimates
from all three models. The crustal thickness values reported
in these models represent present-day values. We instead
require an estimate of the pre-impact crustal thickness to
accurately evaluate crust-mantle materials affected by the
impact events. To calculate the average pre-impact crustal
thickness corresponding to each crater in the Lunar Impact
Crater Database, we took an average of the crustal thick-
ness values corresponding to an annulus of pixels located
at a distance equal to one crater diameter from the rim
±10% of the crater diameter.

2.2.3. Determination of source of material in ejecta blanket/

central peak/melt sheet

We compared the excavation depth and the maximum
depth of melting with the crustal thickness at each of the
crater locations to determine if material in the ejecta blan-
ket/central peak was derived from the upper crust, lower
crust, or the mantle (similar to the calculations performed
by Cahill et al. (2009) (Fig. 1). The difference between the
estimated pre-impact crustal thickness and the calculated
depth of excavation or depth of melting is labeled ‘proxim-
ity’. If this proximity value is positive, then the crustal
thickness is greater than the impact depth reached, and
material from below the crust is not exposed at the surface.
If the calculated proximity has a negative value, the impact
exposed material from below the crust/mantle boundary.
To increase the reliability and accuracy of our results, we
applied a down-sampling criterion to the returned proxim-
ity values. Any crater with a proximity value greater than -
5 km was not taken into account, as it would be within the
modeling technique errors. Although these proximity cal-
culations are mostly used to study the crust/mantle inter-
face, they can also be applied to the upper crust/lower
crust interface by taking into account the thickness esti-
mates for the upper crust only (based on Wieczorek and
Phillips (1998) dual-layered model). This would indicate
where lower crust material could have been exhumed on
the lunar surface (with a similar 5 km error bar).

It should be noted however that our calculations do not
take into account the smaller, more recent craters that
might have exposed the older impact melt of large basins.
If these craters are too shallow to reach the crust-mantle
boundary (or the upper crust-lower crust boundary), they
would not be identified through our calculations as sam-
pling mantle/lower crust material, even though they might
be penetrating through the melt of the basin.



Fig. 7. Map displaying our 29 top landing sites, compared with the preliminary landing sites scheduled for the GLXP future lunar missions. White and
purple arrows respectively indicates Apollo and Luna landing sites that led to the return of samples to Earth. B is a close-up on the nearside of the Moon,
close to the equator, showing possible regions of interest nearby the proposed GLXP landing sites.
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3. Landing sites selection for NRC report goals 3A and 3B

3.1. Definition of goals and scientific background

Concept 3 of the NRC report is divided into five sub-
goals, two of which feature in the top 11 overall science pri-
orities: (3A) ‘Determine the extent and composition of the
primary feldspathic crust, KREEP layer and other prod-
ucts of differentiation’ and (3B) ‘Inventory the variety,
age, distribution and origin of lunar rock types’.

Goal 3a relates to constraining the vertical stratigraphy
of the lunar crust and to the products of interior differenti-
ation in the context of the lunar magma ocean (LMO)
model. Assuming the Moon was completely molten to a
depth of hundreds of kilometers right after its accretion
(e.g., Wood et al., 1970; Shearer et al., 2006), the existence
of a magma ocean at the surface is thought to have had a
major impact on lunar differentiation and evolution. Pro-
gressive crystallization of the cooling magma ocean would
have led to a stratified interior, with early-formed, dense
cumulates containing olivine and pyroxene sinking to the
bottom of the ocean, and lighter material including plagio-
clase-rich cumulates floating to the top, forming the upper
crust (e.g., Warren, 1985; Spudis and Davis, 1986; Snyder
et al., 1992). This process also triggered an inhomogeneous
vertical distribution of minor and trace elements. The last
remaining liquid to crystallize, known by the term urK-
REEP, was significantly enriched in heat-producing and
incompatible elements including potassium (K), rare earth
elements (REE) and phosphorus (P) (Warren and Wasson,
1979) (the ur- prefix means “original” or “primitive”, and is
used specifically to distinguish the incompatible-rich layer
that formed through the LMO from secondary KREEP-
rich material). Although this concept has served well since
the days of the Apollo missions, remote sensing, geophys-
ical measurements, and sample analysis reveal that the
lunar crust is not simply vertically stratified, but also varies
laterally. The lunar surface seems to consist of multiple
geologically distinct provinces that may be the result of
internal or external processes, or a combination of both.
Examples of such processes include spatial variations in
tidal heating (Garrick-Bethell et al., 2010), asymmetry in
the crystallizing lunar magma ocean (e.g., Jolliff et al.,
2000; Elkins-Tanton et al., 2011)), asymmetric cratering
(Wood, 1973), and late accretion of a companion moon
(Jutzi and Asphaug, 2011)). To improve our understanding
of the evolution of the Moon, it is important to determine
the composition and the spatial extent of each of the main
differentiation products: the primary feldspathic crust, the
urKREEP layer, and the mantle (Warren and Wasson,
1979).

The aim of Goal 3b is to catalogue the surface products
of all types of planetary processes by identifying all rock
types present on the lunar surface. As stated above, the
lunar crust exposed at the surface varies in composition,
age, and mode of emplacement, a fact that the LMO model
cannot easily account for (e.g., Jolliff et al., 2000, 2011).
The Apollo samples, which originate from a limited pro-
portion (<4%) of the lunar surface area of the Moon (War-
ren and Kallemeyn, 1991), revealed a variety of rock types
(e.g., Shervais and Taylor, 1986). Some of these rocks were
expected (such as basalts), and some varieties were unex-
pected, such as the occurrence of granites (Ryder, 1976).
Some key hypothesized rock types, including pristine anor-
thositic crust, urKREEP, and mantle material, are absent
in our sample collection, even when lunar meteorites are
taken into account (e.g., Warren, 2005). In addition,
remote sensing data suggest some smaller unsampled
regions contain unique materials that can be of great inter-
est to both fundamental and applied lunar science (e.g., the
recent discovery of spinel-rich outcrops by M3, Pieters
et al., 2010). Compiling a database of all the lunar rock
types and their age as suggested by Goal 3b is crucial to
understand the history and evolution of the Moon.
3.2. Requirements

For each goal, we suggest a list of requirements that are
used to identify optimal landing sites. The four main
requirements for targeting potential landing sites that
may accomplish Goal 3a are suggested to be:

A1. Target sites with the potential to yield representative
samples of planetary differentiation products missing
from our current sample collection (e.g., primordial
anorthositic crust, lower crust, urKREEP, mantle).

A2. Target sites that could demonstrate the variety of
lunar highlands mineralogy and composition.

A3. Target sites that will allow sampling of the 3 main
geochemical terranes (Jolliff et al., 2000): (Feldspathic
Highlands Terrane, FHT; Procellarum KREEP Ter-
rane, FHT; South Pole Aitken Terrane, SPAT).

A4. Target sites that enable determination of the spatial
extent and composition of the urKREEP layer.

We suggest the following three main requirements for
identifying optimal landing sites for accomplishing Goal
3b:

B1. Target multiple sites that provide samples cataloging
the chronological history of the Moon, using crater
density determined from remote sensing as an
approximation of rock age.

B2. Target sites likely to provide samples cataloging the
lithological diversity of lunar rocks.

B3. Target sufficient sites to collect samples from all of
the main regions of the Moon.

As described below, we mapped relevant features for
each of these seven requirements and identified sites where
multiple requirements could be addressed in a single mis-
sion. The resulting list of potential landing sites was ranked
according to the number of requirements they could meet.
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Two of the most promising sites are discussed in more
detail in Section 4.

3.3. Selected landing sites related to Goal 3a

3.3.1. Landing sites meeting requirement A1

The best sampling sites were determined for each of the
main LMO differentiation products, and then integrated to
identify the best overall landing sites meeting requirement
A1.

Primordial feldspathic highlands material. The primary
feldspathic crust is expected to be a ferroan-rich anortho-
site, with very high and nearly pure plagioclase content
(Warren and Wasson, 1977, 1979; Pieters, 1986; Taylor,
1982; Wieczorek et al., 2006). Sites to investigate include
the highland areas and the recent purest anorthosite
(PAN) detections. PAN was detected by Earth-based
instruments as well as remote-sensing instruments onboard
various spacecraft (Fig. 2, Appendix B) (Hawke et al.,
2003a; Tompkins and Pieters, 1999; Ohtake et al., 2009,
2010). PAN detections are abundant in almost all fresh cra-
ters larger than 30 km in diameter, prompting the hypoth-
esis that there might be a ubiquitous PAN layer buried
under the mixed and brecciated surface material, especially
in the highland areas (Hawke et al., 2003a; Ohtake et al.,
2009). This PAN layer might represent remnants of the
ancient upper crust formed from the LMO. The lunar high-
lands are expected to contain feldspathic material derived
from the ancient upper crust. However, recent studies of
the feldspathic highlands (Chevrel et al., 2002; Nyquist
et al., 2010) suggest that not all highlands material is
derived from the LMO; other formation processes may
have led to various highland types. Chevrel et al. (2002)
identified and mapped at least 5 highland types; the types
‘H1’ and ‘H2’ that are abundant in the FHT as defined
by Jolliff et al. (2000) may correspond to the most pristine
highland material (cf. Section 3.3.2). Sampling H1 and H2
material in their original geological context would conse-
quently be highly valuable and could be achieved in young
craters impacting those highland types which could contain
fresh outcrops.

Lower crust, urKREEP and mantle material. As the
lower crust and mantle layers should not typically be
exposed on the lunar surface, the best way to observe mate-
rial from depth is through impact cratering processes (e.g.,
Tompkins and Pieters, 1999). There are three locations in
the vicinity of an impact crater where this material could
be sampled: the ejecta, the central peak (or peak rings),
and the melt sheet. We determined where on the surface
of the Moon the lower crust, urKREEP layer or mantle
could be sampled by comparing impact excavation depth
and melt depth to estimated crustal thickness as described
in Section 2.2 (Appendix A). Excavation depth provides
information on the depth of origin of ejecta material. Con-
versely, melt depth estimates the depth of origin of material
contained within impact melt, and also provides a mini-
mum limit to the depth of origin of the uplifted central
peak/peak ring material. We suggest that central peaks or
rings might represent better sampling sites as they likely
expose rocky outcrops, but a list of crater ejecta in which
lower crust or mantle material should be present is also
given in Appendix A. Results show that there are hundreds
of craters that could have tapped into the lower crust, con-
taining some of this material in their melt sheet or central
peaks; on the contrary, less than 40 craters might contain
mantle material in their melt or peak rings (Fig. 2, Appen-
dix A). As the urKREEP layer is expected to have been
sandwiched between the lower crust and mantle (Warren
and Wasson, 1979), all basins excavating mantle material
should also have excavated urKREEP material, assuming
the urKREEP layer is globally distributed (the case of a
possible patchy urKREEP layer is discussed in Sec-
tion 3.3.4). LOLA data were used to determine which of
these craters or basins have preserved central peaks or peak
rings, and can be considered as good sampling sites. Recent
olivine detections from the SELENE/Kaguya mission
(Yamamoto et al., 2010) were also considered as they pro-
vide possible evidence for mantle outcrops.

Final science-rich mission sites meeting requirement A1
are mapped on Fig. 2. Assuming a 10–20 km traverse range
for a mission on the lunar surface, our analysis shows that
in general, impact craters and especially central peaks, are
the best locations to study the main LMO differentiation
products absent from our current sample collection. It is
also clear that there is no single location where all main
LMO differentiation products can be sampled at once.
Analyzing and/or collecting representative samples of each
of the differentiation products thus implies multiple land-
ings at different sites.

3.3.2. Landing sites meeting requirement A2

As mentioned above, Chevrel et al. (2002) divided the
highlands areas into at least five compositional types using
data from instruments onboard Clementine and Lunar
Prospector spacecrafts. Highland samples are rare in the
Apollo collection, and correspond mainly to highland types
H3 and H5, which are thorium-rich units influenced by the
urKREEP layer.

Since the highlands are generally very old and have been
superficially mixed, brecciated, and covered by regolith,
particular care must be taken when selecting locations to
land within the highlands. Locations with fresh exposures
of highland material are preferred; we therefore suggest
using the fresh craters emplaced on the highlands types
H1–H5 of Chevrel et al. (2002) (Fig. 3, Appendix C).
Young (i.e. Copernican) and rayed crater (bright rays are
an indicator of young age) (Werner and Medvedev, 2010)
locations were projected on top of the highland variety
map of Chevrel et al. (2002), and craters impacting different
highland-type compositions were marked (Fig. 3). A list of
these craters is provided in Appendix C. H1 and H2 sites,
which might represent the most pristine anorthosite crust,
should be targeted to meet requirement A2, but a sample
of the H4 type would be useful too.



J. Flahaut et al. / Advances in Space Research 50 (2012) 1647–1665 1657
3.3.3. Landing sites meeting requirement A3

Fig. 3 shows a map of the three main geochemical terr-
anes, generated based on the criteria defined by Jolliff et al.
(2000) (Fig. 3):

The Procellarum KREEP Terrane (PKT) area is bound
by the thorium 3.5 ppm (lg/g) contour line.
The South Pole-Aitken Terrane (SPAT) area has iron
abundances larger than 5 wt% (up to 8 wt% in the inner
SPAT).
The Feldspathic Highland Terrane (FHT) is divided into
two areas: the FHTa, which corresponds to the farside
highlands where the crust is thicker that 70 km, and
the FHTo which corresponds to everything outside all
of the previously defined parameters.

Analyzing representative samples from each of the indi-
vidual terranes can essentially be fulfilled by landing any-
where within the three distinct provinces. As a result, the
optimal landing sites within these terranes should be
selected on the basis of their also fulfilling other
requirements.

3.3.4. Landing sites meeting requirement A4

The urKREEP layer corresponds to the last liquid that
crystallized from the LMO. Although it occupies <1% of
the lunar magma ocean by volume, urKREEP is thought
to have contained about half of the Moon’s incompatible
elements (Warren and Wasson, 1979), and as a result forms
a crucial part of the LMO model. Results from missions
such as Lunar Prospector and Clementine have questioned
the global extent of this hypothesized layer (Jolliff et al.,
2000). Contrary to the early model of a uniformly distrib-
uted urKREEP layer, current observations of patchy
incompatible element abundances on the lunar surface
may suggest an asymmetrical distribution of urKREEP
(Wieczorek et al., 2006), making it a regional attribute of
the PKT region (e.g., Wieczorek and Phillips, 2000; Par-
mentier et al., 2002). Furthermore, Yamaguchi et al.
(2010) recently determined that there was not a KREEP
component in the genesis of anorthosite and basaltic clasts
within lunar meteorite Yamato-86032, which implied the
meteorite came from a region far from the PKT, such as
the lunar farside, and that an urKREEP horizon did not
underlie that part of the Moon.

The hypothesized, primordial urKREEP layer of the
LMO has not been sampled directly. It is inferred from
extensive analyses of Apollo samples, which contain bas-
alts that entrained a KREEP component. KREEP basalts
are thought to originate in the deep lunar mantle and
assimilate part of the urKREEP reservoir on their way to
the surface (e.g., Warren and Kallemeyn, 1998). It would,
thus, be interesting to locate outcrops where that urK-
REEP layer can be sampled directly.

Using the previous proximity calculations (Sections 2.2
and 3.3.1), we identified areas where models indicate
excavation or melting of mantle material, and therefore
possible urKREEP presence. In Fig. 4, blue circles depict
craters or basins that could have uplifted material from
the urKREEP layer in their central peak or incorporated
it into their impact melt. As urKREEP material is expected
to be enriched in incompatible elements such as Th, Sm
and K, we compare the selected craters to the enrichment
contour maps of these elements. In the case of a global
urKREEP layer, the identified craters should all show geo-
chemical evidence of KREEP either in their central peak or
within the melt sheet. Fig. 4 shows that not all of the cra-
ters show high KREEP signatures. This may confirm a pat-
chy lateral extent of the urKREEP layer, in support of
heterogeneous urKREEP models (e.g., Parmentier et al.,
2002; Wieczorek et al., 2006). However, we cannot dis-
count the possibility that the features are covered by layers
of regolith or mare basalts, hiding the urKREEP signature.
For this reason, we suggest that any sites located outside
the boundaries of PKT with a high KREEP signature
could provide representative samples of KREEP-rich,
and possibly urKREEP material (e.g., the northern rim
of Compton crater; Antoniadi crater in SPAT). Craters
that penetrate the urKREEP layer in the proximity model,
yet show no KREEP signatures are also science-rich target
sites. Such craters are of interest to explore the patchy nat-
ure of urKREEP, and to identify which rocks form the
crust-mantle boundary if not a layer of KREEP-rich
material.

3.4. Selected landing sites related to Goal 3b

3.4.1. Landing sites meeting requirement B1
The Apollo samples showed that most lunar rocks are

very old compared to terrestrial rocks, and that their ages
span a wide range from >4 Ga to < 3 Ga (e.g., Nyquist
et al., 2001 and references therein). Crater density analyses
(e.g., Hiesinger et al., 2008) suggest that some surface rocks
could be as ‘young’ as 1 Ga, but to date no lunar samples
have yielded this young age. The oldest lunar rocks are
likely to be the products of LMO differentiation, as
described in requirement A1. Other sites of interest include
locations showing evidence for geological activity after the
end of LMO crystallization, for example areas containing
products of serial magmatism that would enable the char-
acterization of the primitive lunar mantle after the comple-
tion of LMO crystallization.

Mare basalts, which are thought to be formed by ancient
volcanism, cover about 16% of the lunar surface, the
majority of which is exposed on the lunar nearside (Wil-
helms, 1987). Basalts vary in terms of age, elemental and
isotopic composition (e.g., titanium content), and mineral-
ogy. Sampling the youngest and oldest mare basalts is
required to understand how volcanic processes varied as
a function of time. Fig. 5 shows the latest results for mare
dating based on crater counting, which highlights the fact
that lunar volcanism was active over a long period of time,
starting at �4 Ga and ending at �1.1 Ga (Hiesinger et al.,
2008). The youngest basalts appear to be located in
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Oceanus Procellarum, in the vicinity of the Aristarchus Pla-
teau, while very old mare basalts are preferentially located
within Mare Tranquillitatis, Mare Australe, Mare Margi-
nis, Mare Humboldtianum, Mare Orientale and Mare
Humorum.

The oldest mare basalts, termed ‘cryptomare’ (plural,
‘cryptomaria’) (e.g., Schultz and Spudis, 1979; Antonenko
et al., 1995), are widely considered to be buried and
obscured from view by subsequent emplacement of mate-
rial of higher albedo, commonly ejecta from craters and
basins. Cryptomaria are primarily detected by the presence
of dark-haloed craters – later formed impact craters that
penetrated the outer regolith layer, ejecting the darker
mare material that lies underneath. Evidence for the old
age of cryptomare is mostly in the form of stratigraphic
relationships, as many cryptomaria are suspected to under-
lie material as old as pre-Nectarian in age (Hawke et al.,
2005a). Cryptomare basalts have not been sampled yet,
although the lunar meteorite Kalahari 009 has been inter-
preted to be a sample of cryptomare. Kalahari 009 has
been radiometrically dated at �4.35 Ga and shows extre-
mely low abundances of incompatible elements including
thorium and the rare earth elements (Terada et al., 2007).
Cryptomaria may represent the oldest mare volcanism on
the Moon, and could convey information on the mantle
and early volcanism, and their temporal evolution.

Fig. 5 shows the general distribution of dark-haloed
impact craters larger than 1 km in diameter as determined
by Schultz and Spudis (1979), and the locations where
cryptomare areas have been detected (Bell and Hawke,
1984; Pieters et al., 2001a,b; Antonenko, 1999; Antonenko
and Yingst, 2002; Hawke et al., 2003b, 2005a,b; Giguere
et al., 2003, 2007; Campbell and Hawke, 2005, see compi-
lation in Appendix D). We note that both the dark-haloed
craters and the cryptomaria presented here do not consti-
tute a comprehensive list, as many potential cryptomare
sites may still be unidentified (Antonenko, 1999). Apart
from the cryptomaria mapped in the regions of Lomono-
sov-Fleming, Balmer-Kapteyn, Schiller-Schickard, SPA,
and the South–West margin of Procellarum (which have
been studied in detail), all the other contours are very
imprecise and should only be taken as approximate loca-
tions of cryptomare. Fig. 5 also maps the units that have
been interpreted as being mixtures between highlands and
mare materials by Chevrel et al. (2002), with 6.6–7.8 wt%
in Fe, 0.15–0.35 wt% in Ti and 1.1–1.5 ppm in Th. These
locations correspond mostly to cryptomare deposits
detected using other methods, and thus add evidence for
their presence in these parts of the Moon.

3.4.2. Landing sites meeting requirement B2

This section focuses on the different lithologies that are
of high scientific interest and were not already investigated
in Goal 3a (Section 3.3).

Mare basalts. The integration of global maps of tho-
rium, iron and titanium abundances led to a subdivision
of the lunar maria in five types, named M1–M5 (Chevrel
et al., 2002). M1 and M2 are high-titanium mare basalts,
with differing thorium contents, while M3 and M4 units
are less enriched in titanium, again with different thorium
contents. M5 is the only unit with very low titanium levels,
and the lowest iron content as well. The mare rocks gath-
ered during the Luna and Apollo missions mainly represent
M1, M3 and M4 types, although this evaluation remains
quite imprecise. M2 and M5 types are lacking in the sample
collection, and sampling and analyzing them could greatly
improve our knowledge on the variety of mare rock types.
As it is still uncertain whether farside magmas were derived
from a similar source and depth as the nearside basalts
(Wieczorek et al., 2006), sampling both farside and near-
side mare basalts also appears recommendable.

Pyroclastic deposits. “Fire-fountain” eruptions have left
pyroclastic deposits (quenched iron-bearing glass and crys-
tallized beads with volatile-element coatings that have
chilled from the spray of molten lava) on the surface
(Lucey et al., 2006). Sampling pyroclastics is interesting
as the pyroclastic glasses identified in the Apollo samples
are primitive and hence provide among the best views of
interior source compositions. Most of these deposits are
of late Imbrian age, generally 3.2–3.7 Ga, corresponding
to the age of the peak period of ancient lunar volcanism
(Gaddis et al., 2003). Fig. 6 (and corresponding Appendix
E) shows that pyroclastic deposits are widely distributed on
the whole surface of the Moon; they can also greatly differ
in terms of both spatial extent (from 1 km2 to 49,000 km2)
and composition.

Intrusive features. Compositional and petrographic rela-
tions among the lunar samples suggest that unmapped plu-
tonic activity contributed significantly to early crustal
evolution. Plutons might have been formed early after the
magmatic ocean crystallized by intense and repeated peri-
ods of serial magmatism. Remote sensing study of Bullial-
dus crater (21�S, 22�W) showed the possible existence of a
pluton at this site, whose size was estimated to be on the
order of the size of the crater (�60 km) (Pieters, 1991).
Based on the character of mafic minerals present and com-
positional diversity with depth, most additional candidate
areas for pluton excavation appear concentrated in the
western hemisphere: for instance Copernicus, Aristarchus,
and Tycho (Pieters, 1991). Seven highland craters (namely
Jackson, King, Langmuir, Orlov, Ohm, Stevinus and
Tycho) in which the central peaks are more mafic than
the central peaks of other highland craters, were identified
using Clementine UVVIS data (Tompkins, 1998). These
seven mafic craters are not supposed to have tapped the
deeper mafic lower crust; their particular composition can
reasonably be interpreted by the occurrence of excavated
plutons at these locations. Plutonic rocks exhibit a range
of compositions that include dunites, troctolites, norites,
and gabbronorites, although anorthosite-rich plutons
may also exist on the Moon. For example, Nyquist et al.
(2010) identified highland material that had a different
age and isotopic composition than the primordial high-
lands formed from the LMO. Similarly, Borg et al. (2011)
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also recently reported the existence of 4.36 Gy ferroan
anorthosites.

Unfortunately, plutons are hard to identify as their com-
position might be similar to the composition of the upper
(in the case of anorthosite-rich plutons) or lower (in the
case of mafic plutons) crust. The only ways to distinguish
them from the material of the primordial crust formed by
the magma ocean, is by their geological context (e.g., out-
crops in central peaks of small craters that are only reach-
ing the subsurface material, intrusive contacts in craters
walls or cliffs). Rocks formed in plutons will have a differ-
ent age and isotopic composition from those of the rocks
formed from the magma ocean, as they have different for-
mation processes, but these parameters cannot be assessed
with remote sensing data or in situ measurements at pres-
ent – as a consequence it will be crucial to return samples
of plutonic intrusions to the Earth to date plutonic activity.

Other intrusive features include subsurface magmatic
intrusions, where magma flows under a surface of solidified
lava and lifts it up, forming flattened or domical shaped fea-
tures. Such features on the Moon are called intrusive domes.
Intrusive domes do not display effusive vents and differ mor-
phologically from the common effusive domes. They are
characterized by very low flank slopes of less than 0.9�, often
have larger diameters than effusive lunar domes (30 km and
more), and display regular but non-circular outlines (Wöh-
ler and Lena, 2009). These domes tend to be associated with
tectonic faults or linear rilles, which are indicative of ten-
sional stress and may suggest their possible intrusive mode
of formation. Wichman and Schultz (1996) attributed the
modification processes observed in floor-fractured lunar
craters to the formation and growth of laccoliths.

These intrusive features are also hard to locate with
remote sensing data, especially since high resolution gravity
data have not been publicly released yet. Still, an attempt
to map some of these features was made in Fig. 6 which
presents probable locations of intrusive material exposures,
namely plutons, laccoliths, and intrusive domes that were
reported in the literature (list in Appendix F). Visiting these
sites would help understand the complexity of the current
lunar crust on a local scale.

Spinel-rich lithologies. Spinel group minerals are com-
mon in lunar samples, but only occur as accessory phases
(modal abundances of <10%). Investigation of spectral
anomalies in global data acquired with the Moon Mineral-
ogy Mapper (M3) onboard the Chandrayaan-1 mission
revealed a spinel-rich lithology on the central nearside,
found among the Sinus Aestuum pyroclastic deposits
(5.1�N, 15.2�W and 6.0�N, 8.4�W), thus consistent with a
volcanic origin, but notably absent from the adjacent Rima
Bode pyroclastic deposits (12.0�N, 4.1�W) (Sunshine et al.,
2010). While the pyroclastic deposits are spatially extensive
(�104 km2), the spinel-rich signatures occur at much smal-
ler scales (<1 km). A possible explanation for the presence
of these spinel-rich deposits is that they may have been
underlying the thin layer of pyroclastic glass deposits,
and were exposed by subsequent cratering of the region.
The observation that the whole region is embayed by
mare volcanism with the spinel-rich and pyroclastic depos-
its exposed only on topographic highs suggests that the spi-
nel-rich deposits are ancient (Sunshine et al., 2010). M3

data also allowed the detection of a rock type dominated
by Mg-rich spinel with no other detectible mafic minerals
on the western edge of Mare Moscoviense, as well as in
the central peak of Theophilus crater (Pieters et al., 2010;
Dhingra et al., 2011). These detections do not easily fit with
current crustal evolution models and has been interpreted
as being a new, unsampled rock type. Sampling and analy-
sis of spinel-rich lithologies could bring new insight into
early lunar volcanism and help to constrain lunar evolution
models.

Impact rocks. Breccias are clastic rocks composed of
pieces of older rocks that were disaggregated or melted
by meteoroid impacts, and subsequently lithified. Different
types of breccias should occur near an impact structure,
depending on where they formed (Stöffler, 1981). Given
the variety of compositions that can be displayed in brec-
cias (according to the crater age, size, and excavation
depth), we suggest that samples coming from various loca-
tions in and around an impact crater are needed to get a
representative breccia types sample collection. Precise cata-
loging of the all types of impact-related breccias would
improve our understanding of cratering processes. Access
to impact rocks can be achieved at virtually any crater site
on the Moon. Fig. 6 provides a compilation of all features
of interest we identified for addressing requirement B2.

3.4.3. Landing sites meeting requirement B3
Requirement B3 implies multiple sampling sites on var-

ious locations on the Moon. Although all sample return
missions to the Moon would contribute to fulfilling part
of this requirement, some sites are scientifically richer than
others. For instance, even though nearly all the different
lithologies of the lunar crust can be found mixed together
in the regolith (usually in a brecciated form), information
regarding their respective geologic contexts are lost in this
case. We suggest that optimal sampling sites should be
selected by integrating all features of interest listed in the
other two requirements of Goal 3b (Fig. 5 and 6).

4. Selected landing sites meeting goals 3A and 3B

A complete list of considered landing sites for each goal
is available in Appendix G. We note that no single location
can fulfill all the requirements for Goal 3a, nor can a site be
identified that meets all requirements for Goal 3b. The top
ten landing site candidates are the Orientale basin, Schro-
dinger basin, Apollo basin, Aristarchus crater, Australe
basin, Copernicus crater, Humboldtianum basin, Humo-
rum basin, Korolev crater, and Mendeleev basin. Interest-
ing, Schrodinger is also a high priority target for addressing
several other NRC (2007) science priorities (Kring, 2009;
O’Sullivan et al., 2011; Souchon et al., 2011). To assess
the sites with the largest potential scientific yield, we



Fig. 8. (a) LROC-WAC color composite of Aristarchus crater (NASA/GSFC/Arizona State University) overlain by a suggested landing site, suggested
sampling stations, as well as some recent mineral detections. The red circles show regions with 10 km radius (solid line) and 20 km radius (dashed line) with
are reasonable roaming distances for a lunar rover or vehicle. The black arrow points to the center of image (b). (b) Picture depicting layering from the
central peak of Aristarchus crater. The white dashed square outlines picture (c). Picture is feature from LROC image M122423410L. (c) Close up view of the
layering features and albedo contrasts from image (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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established a ranking system where we attribute points to
each site based on the goals (3A, 3B, or both) fulfilled by
that site. Sites were then ranked on the basis of their total
score. Fig. 7 shows the locations of the resulting 29 pre-
ferred landing sites, which all fulfill parts of Goal 3a and
non-overlapping parts of Goal 3b. Fig. 7 also points out
the location of sites chosen for future GLXP lunar missions
for comparison, enabling the identification of top science
targets in the vicinity of proposed landing sites. Detailed
studies of each of these areas can be made using our
GIS. To illustrate this detailed landing site characterization
process, in the next section we present case studies for two
sites that rank among the top 29 of our list, and that are
also relatively easy to access due to their near-side location:
Aristarchus and Theophilus craters.

5. Two case studies

5.1. Aristarchus crater (23.7�N, 47.4�W, 40 km,

Copernican, PKT)

The Aristarchus crater and nearby plateau show an
incredibly complex mixture of geomorphologic features
and lithologies. The Aristarchus region has been studied
in much detail in the literature (e.g., McEwen et al.,
1994; Le Mouélic et al., 2000; Chevrel et al., 1999). Being
a young Copernican crater, morphologic features of Ari-
starchus including its walls, central peak and ejecta blanket
have undergone very little erosion. The crater thus provides
a fresh glimpse into the surrounding PKT region. The pre-
served details are apparent in recent imagery from the
Lunar Reconnaissance Orbiter Camera (LROC), display-
ing vivid layered stratigraphy within the central peak
(Fig. 8b and c).

Located within the nearside mare region, the crater
would allow for sampling of a diversity of crustal rocks,
including key highland and mare types. Specifically, Ari-
starchus penetrates into H5 highland type terrain, and is
surrounded by a variety of mare types, including M2, M3
and young mare. These layers could potentially all be
accessed in the central peak, provided there is no substan-
tial erosion or weathering. Fig. 8 shows a true color image
of the central peak of Aristarchus crater from the LROC
instrument. This image shows distinct layering of multiple
rock types. Recent analyses of spectral data hint at the
presence of pure anorthosite (Ohtake et al., 2009) and of
Mg-spinel bearing rocks (Dhingra et al., 2011) in the cen-
tral peak. Other detections include olivine-rich exposures



Fig. 9. LROC-WAC Mosaic centered on Theophilus crater (NASA/GSFC/Arizona State University) showing two suggested landing sites and several
potential sampling locations covering the central uplift, the crater floor and the crater walls. PAN, olivine and Mg- Spinel have been detected in various
amounts in the central uplift.
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in a concentric region around Aristarchus crater (Yamam-
oto et al., 2010) as well as an olivine-enriched southern half
of the crater and a low-Ca pyroxene-rich northern half
(Mustard et al., 2011).

Geochemical remote sensing analysis suggests that Ari-
starchus crater penetrates into a KREEP-rich region of
the PKT. Although Aristarchus itself is not deep enough
to have primordial urKREEP material in its melt or ejecta,
the young crater lies on the outskirts of the Imbrium basin,
which could contain urKREEP within its ejecta blanket.
Samples from Aristarchus crater will likely yield highly
KREEP-enriched material, with the possibility of remnant
urKREEP material from the Imbrium impact event. Any
residual urKREEP exposure would occur in the uplift of
the central peak or in the crater walls, as the crater would
need to penetrate the topmost regolith and mare basalt.
However, KREEP-basalt samples are likely to be found
throughout the crater.

The region surrounding Aristarchus crater is lithologi-
cally diverse. Aristarchus crater lies on the Aristarchus
plateau, which is an uplifted block of crustal material,
formed likely due to volcanic processes. The scarp of the
plateau, that rises more than 2 km above Oceanus Procel-
larum on the southeastern margin, might be an interesting
target for observing outcrops of intrusive material and lay-
ering of different lithologies. There is also evidence for
pyroclastic deposits which may be sampled on the plateau,
as well as a system of sinuous rilles (Rillae Aristarchus)
dominated by Vallis Schröteri. Such features all suggest
that that this region was dominated by volcanic processes
in the past, creating a very geologically diverse terrain.
Observations of possible layered structures within the cen-
tral peak and exposed crater walls may provide insight into
the complex volcanic and impact lithologies.

Most of the features of interest within the Aristarchus
region can be observed within the central peak and exposed
walls of the crater. For this reason, we suggest a landing
site on the crater floor, midway between the crater walls
and the central peak. However, it should be noted that
the entire region outside of the crater is also of interest,
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and if landing within the crater is not feasible, a site in the
plateau region, especially near the scarp of the plateau,
could be equally scientifically rewarding (Fig. 8).

5.2. Theophilus crater (11.4�S, 26.4�E, 110km,

Eratosthenian, FHTo)

Landing and sampling at Theophilus crater would sat-
isfy requirements to meet parts of goals 3A and 3B of the
NRC report. Theophilus’ central peak is mostly anorthosi-
tic (possible PAN detections), with large-scale exposures of
Mg-spinel, one of only two such exposures observed to
date (Dhingra et al., 2011). Smaller exposures of olivine
and pyroxene-bearing materials have also been detected
in the central peak (Yamamoto et al., 2010).

The location of Theophilus crater at the edge of the
much larger Nectaris basin offers an interesting opportu-
nity to sample material from much deeper in the lunar inte-
rior. As such, material that has been uplifted during the
Nectaris impact event (with maximum depth of exposure
of �30 km (Whitford-Stark, 1981), could be exposed in
Theophilus central peak. This may be of particular interest
as Nectaris is considered one of the oldest basin-forming
impact events; samples of bed rock and impact rock could
help to constrain timescales of geologic processes.

An interesting landing site would be on the smooth sec-
tion of the crater floor (north-east quadrant) near the cen-
tral peak (Fig. 9). Samples from the central uplift would
help to provide ground-truth for validating recently
acquired orbital data (Kaguya, M3, LRO) and the poten-
tial depth of origin of those samples would give us invalu-
able insight into the composition of the lower crust, and
potentially even the upper mantle.

6. Conclusions

This study demonstrates the use of integrated remote
sensing observations as a basis to identify and characterize
science-rich landing sites for lunar lander missions. Using a
GIS containing many different data sets, we conclude that
multiple landing sites will be required to address the
entirety of goals 3A and 3B of the NRC report. We identi-
fied 29 top locations as having the potential to address sev-
eral requirements within a goal, and propose specific
landing sites and sampling areas for two of these locations
(Aristarchus and Theophilus craters).
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